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Preface 

The physical theories behind Measurement-While-Drilling design should 
be rich in scientific challenges, engineering principles and mathematical 
elegance. To develop the next generation of high-data-rate tools, these must 
be understood and applied unfailingly without compromise. But one does 
not simply peruse the latest petroleum books, state-of-the-art reviews, or 
the most recent patents to understand their teachings. Most descriptions 
are just wrong. The science itself does not exist. All simply rehash hearsay 
and misconceptions that have proliferated for more than three decades -
recycled street narratives and folklore about sirens, positive and negative 
pulsers, and yes, mud attenuation; over-simplified product brochures from 
oil service companies that monopolize the industry; and, unfortunately, all 
preach the same complaints about low data rates and industry's failure to 
address modern logging needs. 

The truth is, there have been no substantive developments in MWD 
telemetry and design over the years. Not one paper has appeared that 
deals with telemetry in a manner worthy of scientific publication. New 
tools, more like muscle-machines than intelligent instruments, are 
designed without regard for acoustic concepts, while signal optimization 
and surface processing, more often than not based on "hand-waving" 
arguments, proceed without guidance from wave equation models. True, 
tools are better engineered; mechanical parts erode less, pulser modulation 
is controlled more reliably, high-powered microprocessors have replaced 
simple circuit boards, electronic components survive higher temperatures 
and pressures, and overall reliability is impressive, all of which enables the 
logging industry to reach deeper targets. However, these are incremental 
improvements unlikely to change the big picture. And the big picture is 
bleak: unless conceptual breakthroughs are made, the present low data-
rate environment is likely to persist. 

Through this rapid progress, several disturbing problems are appar-
ent. The author, having consulted for established as well as start-up com-
panies over the past twenty years, is aware of no comprehensive theory 

xv 
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addressing MWD acoustics. There are no university courses developed to 
educate the next generation of telemetry designers. The one-dimensional 
wave propagation models that are available are no more sophisticated that 
organ acoustics formulas from Physics 101. And tight-lipped service com-
panies have been reluctant to publicize their failings, for obvious reasons, 
a business decision that has stymied progress in an important commercial 
endeavor. But unless companies are willing to share ideas and experiences, 
no one will benefit. 

All of this is not new to science and certainly not unique to the com-
mercialization of new products. The aerospace industry, decades ago just 
as subdued and secretive, suffered from similar failings. In that era though, 
just as the author completed his Ph.D. from the Massachusetts Institute of 
Technology in aerospace engineering, companies like Boeing, Lockheed 
and McDonnell-Douglas, for instance, finally recognized that the best way 
forward was free dissemination of scientific methods and ideas. Engineers 
openly carried their Fortran decks from one company to the next, pub-
lished their findings in open journals and debated their ideas with new-
found colleagues near and far. Increased employment mobility only 
increased idea dissemination more rapidly. The rest is history: the Space 
Shuttle, the Space Station, the 767, 777 and 787. It is in this spirit that the 
present book is written: intellectual curiosity and honesty and a genuine 
interest to see MWD data rates improve. 

The author, no new-comer to MWD, earned his stripes at Schlumberger 
and Halliburton, managing MWD telemetry efforts that developed and 
refined new hardware concepts and signal processing techniques. However, 
research funding was fragmented and scientific objectives were unclear. 
Knowing the right questions, it is understood, solves half the problem. But 
it was not until the new millenium that progress in the formulation and 
solution of rigorous wave equation models took hold. Numerical models, 
notorious for artificial dissipation and dispersion, that is, phase error, were 
abandoned in favor of more challenging exact analytical solutions. Physical 
principles could, for once, be clearly understood. New methods to model 
acoustic sources were developed and special studies were initiated to define 
broad classes of noise together with the requirements for their elimination. 
New experimental procedures based on acoustics models were designed, 
as were special "short" and "long wind tunnels" that accommodated subtle 
physical mechanisms newly identified. 

Theories and models, even the most credible, can be incorrect. In the 
final analysis, well designed experiments are needed to validate or disprove 
new ideas. In this regard, China National Petroleum Corporation (CNPC) 
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offered to build laboratory facilities, test siren designs, educate staff and 
evaluate new telemetry methods, and importantly, to share its results and 
technology openly with the petroleum industry 

A comprehensive project overview was first presented by CNPC authors 
in "High-Data-Rate Measurement-While-Drilling System for Very Deep 
Wells," Paper No. AADE-ll-NTCE-74, at the American Association 
of Drilling Engineers 2011 AADE National Technical Conference and 
Exhibition, Houston, Texas, April 12-14, 2011. The paper summarized 
key ideas and results, but given page limits, could not provide details. All 
theoretical and experimental methods are now explained and summarized 
in this book, with numerous examples, providing useful tools to students 
and designers alike - our signal processing methods, dealing with signal 
reflection, distortion and optimization, are formulated, solved, validated 
and described for the first time. 

In addition, we offer a new prototype roadmap for high-data-rate MWD 
that has found strong support from knowledgeable industry professionals. 
Since publication of the above paper, numerous commercial drivers have 
made high data-rate telemetry needs increasingly urgent. In the "old days," 
conventional well logging data, e.g., resistivity, sonic or positioning, was 
simply transmitted to the surface for monitoring and evaluation. However, 
recent trends call for near-bit geosteering and rotary-steer able capabilities, 
in support of real-time economic and pore and annular pressure 
measurements. Despite their importance, few industry publications or 
websites provide "behind the scenes" descriptions of tool and software 
development processes, offering little to newer engineers eager to 
understand the technology - an unfortunate circumstance occurring even 
as the industry's "great crew change" takes place. 

To fill this need, China National Petroleum Corporation (CNPC) had 
encouraged us to document in detail its engineering processes, new tools 
and well logging sensors, in a comprehensive collection of laboratory and 
field photographs. Much of this work parallels ongoing developments 
in the West and sheds considerable insight into the country's efforts to 
embrace high technology, e.g., stealth fighters, moon missions, fast com-
puters and deep-sea submersibles, and its new-found open-ness in sharing 
its intellectual property. This book captures the spirit of MWD engineering 
in China - we also provide recent paper abstracts and describe advanced 
sensor development activities. 

Importantly, since the appearance of first edition of this book, other 
organizations have adopted our ideas and methods, among them Gyrodata, 
GE Oil & Gas, Sinopec and others. It is the author s hope that the newer 
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insights offered in the following chapters will contribute to the industry's 
expertise in developing more sophisticated and reliable telemetry devices. 
We have developed an exciting technology and are confident that the best 
is yet to come. 

Wilson C. Chin, Ph.D., M.I.T. 
Houston, Texas 

Email: wilsonchin@aol.com 
Phone: (832) 483-6899 
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1 

Stories from the Field, 
Fundamental Questions and Solutions 

This chapter might aptly be entitled "Confessions of a confused, high-tech 
engineer." And here's why. In my previous reincarnation, I was Manager, 
Turbomachinery Design, at Pratt & Whitney Aircraft, United Technologies 
Corporation, the company that supplied the great majority of the world's 
commercial jet engines. Prior to that, I had served as Research Aerodynamicist 
at Boeing, working with pioneers in computational fluid dynamics and advanced 
wing design. What qualified me for these enviable positions was a Ph.D. from 
the Massachusetts Institute of Technology in acoustic wave propagation - and I 
had joined a stodgy M.I.T. from its even stodgier cross-town rival, the California 
Institute of Technology. These credentials in acoustics and fluid mechanics 
design made me eminently qualified to advance the state-of-the-art in 
Measurement-While-Drilling (also known as, "MWD") telemetry - or so I, and 
other companies, unknowingly thought. At this juncture in my life, a 
tumultuous journey through the Oil Patch begins. 

1.1 Mysteries, Clues and Possibilities. 
As a young man, I had dreaded the idea of forever making incremental 

improvements to aircraft systems, merely as a mainstay to the art of survival and 
paying the mortgage, sitting at the same desk, in the same building, for decades 
on end. That possibility, I believed, was a fate worse than death. Thus, in that 
defining year, I would answer a Schlumberger employment advertisement in 
The New York Times for scientists eager to change the world - the petroleum 
world, anyway. But unconvinced that any normal company would hire an 
inexperienced aerospace engineer, and of all things, for a position chartered with 
high-tech underground endeavors, I was unwilling to give up one of my ten 
valuable, hard-earned vacation days for a job interview doomed to fail. Still, the 
company was stubborn in its pursuit and, for better or worse, kindly 
accommodated my needs. 

1 
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Carl Buchholz, the division president at the time, interviewed me that one 
fateful Saturday. "What do you know about oil?" he bluntly asked, giving me 
that honest Texan look in the eye. To be truthful, I did not know anything, zilch. 
"Nothing, but I've watched Jed Clampett shoot it out of the ground," I confessed 
(Clampett was the hillbilly in the television sitcom who blasted his rifle into the 
ground, struck oil and moved to Los Angeles to settle in his new mansion in 
"The Beverly Hillbillies"). Buchholz broke out in uncontrolled laughter. That 
type of honesty he appreciated. I got the job. And with that, I became 
Schlumberger's Supervisor, MWD Telemetry, for 2nd generation mud siren and 
turbine design. 

The company's Analysts division, at the time responsible for an ambitious 
next-generation, high-data-rate MWD design program, had built ultra-modern 
office and flow loop facilities in southwest Houston. The metal pipe test section 
was housed in an air-conditioned room where engineers could work in a clean 
and comfortable environment away from the pulsations of the indoor mudpump 
that supplied our flow. A small section of the flow loop was accessible in this 
laboratory with the main plumbing carefully hidden behind a wall - details no 
self-respecting, white-collar Ph.D. cared for nor admitted an interest to. 

My charter was simple. We were transmitting at 3 bits/sec in holes 
shallow by today's standards with a 12 Hz carrier frequency. Our objective was 
N bits/sec, where N » 3 (the value of N is proprietary). The solution seemed 
straightforward, as company managers and university experts would have it. 
Simply "crank up the carrier to (N/3) x 12 Hz and run." I did that. But my 
transducers would measure only confusion, with new pressure oscillations 
randomly adding to old ones and results depending on mud type, pump speed 
and time of day. What happened "behind the wall" controlled what we observed 
but we were too naive to know. Anecdotal stories told by different field hands 
about new prototypes were confusing and contradictory. One simply did not 
know what to believe. Thirty years later, the data rate is still comparable, a bit 
better under ideal conditions, as it was then. Clearly, there were physical 
principles that we did not, or perhaps were never meant to, fully comprehend. 

Fast-forward to 1992 at Halliburton Energy Services, an eternity later, 
where I had been hired as Manager, FasTalk MWD. Again, mass confusion 
prevailed. Some field engineers had reported excellent telemetry results in 
certain holes, while others had reported poor performance under seemingly 
identical conditions. The company had acquired several small companies during 
that reign of corporate acquisitions in the oil service industry. It would turn out 
that "good versus bad" depended, with all other variables constant, on whether 
the signal valve was a "positive" or a "negative" pulser. No one really 
distinguished between the two: because the MWD valve was simply viewed as a 
piston located at the end of the drillpipe, exciting the drilling fluid column 
residing immediately above, it didn't matter if it was pushing or pulling. 
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Sirens were a different animal; no one, except Schlumberger, it seemed, 
understood them. But nobody really did. Additional dependencies on drilling 
conditions only added to the confusion. Industry consensus at the time held that 
MWD telemetry characteristics depended on drillbit type and nozzle size and, 
perhaps, rock properties, to some extent. It also appeared that whether or not the 
drillbit was off-bottom mattered. Very often, common sense dictated that the 
drillbit acted as a solid reflector, since nozzle cross-sectional areas were "pretty 
small" compared to pipe dimensions. Yet, this line of reasoning was 
contradictory and had its flaws; strong MWD signals by then had been routinely 
detected in the borehole annulus, where their existence or lack of was used to 
infer gas influx. It became clear that what the human eye visually perceived as 
small may not be small from a propagating wave's perspective. 

Lack of controlled experiments also pervaded the industry and still does. 
Whenever any service company design team was lucky enough to find a test 
well, courtesy of obliging operating company customers, engineering "control" 
usually meant installing the same pressure transducer in the same position on the 
standpipe. New tools that were tested in one field situation would perform 
completely differently in others: standpipe measurements had lives of their own, 
it seemed, except at very low data rates of 1 bit/sec or less, barring mechanical 
tool failure, which was often. Details related to surface plumbing, bottomhole 
assembly, bit-box geometry, drilling motor details and annular dimensions, were 
not recorded and were routinely ignored. The simple "piston at the end of pipe 
model" didn't care - and neither did most engineers and design teams. 

By the mid-1990s, the fact that higher data rate signaling just might depend 
on wave propagation dawned upon industry practitioners. This revelation arose 
in part from wave-equation-based seismics - new then, not quite understood, but 
successful. I began to view my confusion as a source of inspiration. The 
changing patterns of crests and troughs I had measured had to represent waves -
waves whose properties had to depend on mud sound speed and flow loop 
geometry. At Halliburton, I would obtain patents teaching how to optimize 
signals by taking advantage of wave propagation, e.g., signal strength increase 
by downhole constructive wave interference (without incurring erosion and 
power penalties), multiple transducer array signal processing to filter unwanted 
signals based on direction and not frequency, and others. 

Still, the future of mud pulse telemetry was uncertain, confronting an 
unknowing fate - a technology held hostage by still more uncontrolled 
experiments and their dangerous implications. At the time, industry experts had 
concluded that mud pulse telemetry's technology limits had been attained and 
that no increases in data rate would be forthcoming. At Louisiana State 
University's ten-thousand-feet flow loop, researchers had carefully increased 
MWD signal frequencies from 1 to 25 Hz, and measured, to their dismay, 
continually decreasing pressures at a second faraway receiver location. At 
approximately 25 Hz, the signal disappeared. Completely. 
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That result was confirmed by yours truly, at the same facility, using a 
slightly different pulser system. Enough said - the story was over. Our MWD 
research efforts were terminated in 1995 and I resigned from the company in 
1999. The key revelation would come years later as I watched children play 
"jump rope" in the park. A first child would hold one end of the rope, while a 
second would shake the opposing end at a given frequency. Transverse waves 
on a rope are easy to visualize, but the ideas apply equally to longitudinal waves. 
The main point is this. At any given frequency, a standing wave system with 
nodes and antinodes is created that depends on material properties. If the 
frequency changes, the nodal pattern changes and moves. If one fixes his 
attention at one specific location, the peak-to-peak displacement appears to 
come and go. Node and anti-node positions move: what may be interpreted as 
attenuation may in fact be amplitude reduction due to destructive wave 
interference - a temporary effect that is not thermodynamically irreversible loss. 

This was exactly the situation in the 10,000 feet LSU flow loop. At one 
end is a mudpump whose pistons act like solid reflectors, assuming tight pump 
seals, while at the opposite end, a reservoir serves as an open-end acoustic 
reflector. Pressure transducers were located at fixed positions along the length 
of the acoustic path. Unlike the jump-rope analogy, the MWD pulser was 
situated a distance from one of the ends, adding some complexity to the wave 
field since waves with antisymmetric pressures traveled in both directions from 
the source. The exact details are unimportant for now. However, the main idea 
drawn from the jump rope analogy applies: increasing frequency simply changes 
the standing wave pattern and we (and others) were measuring nothing more 
than expected movements nodes and antinodes. Attenuation results were buried 
in the mass of resulting data. This is easy to understand in hindsight. Recent 
calculations, in fact, show that large attenuation is impossible over the length of 
the flow loop for the mud systems used. 

One crucial difference was suggested above. Whereas, in our jump rope 
example, excitations originated at the very end of the waveguide (i.e., "at the 
bit"), the excitations in the LSU flow loop occurred within the acoustic path, 
introducing subtleties. For example, when a positive pulser or a mud siren 
closes, a high-pressure signal is created upstream while a low-pressure signal is 
formed downstream, with both signals propagating away from the valve; the 
opposite occurs on closure. These long waves travel to the ends of the acoustic 
channel, reflect accordingly as the end is a solid or open, and travel back and 
forth through the valve (which never completely closes) to set up a standing 
wave patterns whose properties depend on mud, length and source frequency. 

Had our pulser created disturbance pressure fields that were symmetric 
with respect to source position, as opposed to being antisymmetric - that is, had 
we tested a "negative pulser," our results and conclusions would have been 
completely different. Any theory of wave propagation applicable to MWD 
telemetry had to accommodate end boundary conditions, acoustic impedance 
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matching conditions at area (pipe and collar junctions) or material 
discontinuities (rubber interfaces in mud motors), and importantly, signal source 
"dipole" or "monopole" properties. Fortunately, such a general theory is now 
available for signal prediction and inversion and forms, in part, the subject 
matter of this book. Using the six-segment-waveguide model in Chapter 2, one 
can confirm the LSU findings. Importantly, one can show that MWD signals 
can survive well beyond published 25 Hz limits and explain why the industry's 
very slow pulsers always create strong signals. In fact, wave augmentation 
methods can be used to provide a conceptual prototype system capable of 
transmitting more than 10 bits/sec without data compression in very deep wells. 
This is later considered in this book. 

Engineers even today give overly simplified explanations for MWD signal 
generation; these physical inadequacies are reflected in models which do not, 
and cannot, extrapolate the full potential of mud pulse telemetry. We describe 
some of these fallacies. First, many believe that an "obvious" pressure drop, or 
"delta-p" (denoted by Ap), created by a valve is essential for MWD signal 
generation. Very often, this is incorrectly measured in laboratory flow loops 
using slowly opening and closing pulsers and orifices. This unfortunately 
measures static pressure drops associated with viscous losses about blunt valves 
- and has nothing to do with the acoustic water hammer pulses associated with 
high data rate - that is, the "banging" of the mud column that brings it to a near 
stop. This dynamic element of the testing cannot be ignored or compromised. 

But even more troublesome is the Ap explanation itself. Viewed as an 
essential requirement for MWD signal generation, the concept is completely 
inapplicable to negative pulsers. For positive pulsers and sirens, the created 
acoustic pressures are antisymmetric with respect to source location, and a 
nonzero pressure differential always exists. But while it is true that such pulsers 
create acoustic Ap's that excite the telemetry channel, Ap's are not necessary for 
all MWD systems. A negative pulser on opening (or closing) creates acoustic 
disturbance pressure fields that are symmetric with respect to source position. 
As such, the corresponding Ap is identically zero; for such systems, it is the 
(nonzero) discontinuity in axial velocity across the source position that is 
directly correlated to the signal. The formulation differences between acoustic 
"dipoles" (that is, positive pulsers and mud sirens) and "monopoles" (negative 
pulsers) are carefully distinguished in this book. Because negative pulsers can 
damage or even fracture underground formations, and are therefore a liability in 
deepwater applications, we will not focus on their design in this book. 

Competent engineering requires one to distinguish between length scales 
that are relevant and those that are not. As will become clear in Chapter 2, and 
as suggested in our discussion on drillbit geometry, the ratio between nozzle and 
drillpipe diameters is one such measure that is mostly irrelevant to long wave 
acoustics. Another meaningless measure is the ratio of the pulser-to-drillbit 
distance to drillpipe length. The extreme smallness of this dimensionless 
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number is often used to justify, for modeling purposes, the placement of the 
pulser at the bottom end of an idealized drilling channel. In effect, this reduces 
the formulation to a simple "piston at the end of a pipe" model which can be 
solved by most graduate engineers. But as we will demonstrate, this 
simplification amounts to "throwing out the baby with the bath water." 

And why is this? Piston models are unable to deal with source properties: 
they cannot distinguish between created pressures that are antisymmetric with 
respect to source position and those that are symmetric. Thus they predict like 
physics for both dipoles and monopoles. What's worse, the possibility that 
upgoing waves can interact constructively with those that travel downward and 
then reflect up cannot be addressed - this potential application is extremely 
important to signal enhancement by constructive wave interference, which is 
achievable by tailoring the telemetry scheme to take advantage of phase 
properties associated with the mud sound speed and bottomhole assembly. 

Moreover, the simple piston model precludes signal propagation up the 
borehole annulus, which as discussed, has proven to be useful in gas influx 
detection while drilling. When the complete waveguide - to include the annulus 
and bit-box as essential elements - is treated as an integrated system, as will be 
done in Chapter 2, it becomes clear that our simple description of the drillbit as a 
solid or an open reflector - offered only for illustrative purposes - is too 
simplified. By extending our formulation to allow pulsers to reside within the 
drill collar and not simply at the drillbit, we will demonstrate a wealth of 
physical phenomena and engineering advantages previously unknown. 

The subject of surface signal processing and reflection cancellation is 
similarly shrouded in mystery. An early patent for "dual transducer, differential 
detection" draws analogies with electric circuit theories, however, using 
methods with sinusoidal e/CDt dependencies. But why time periodicity is relevant 
at all in systems employing randomly occurring phase shifts is never explained. 
Rules-of-thumb related to quarter-wavelength interactions, appropriate only to 
steady-state waves (which do not convey information) used in the patent, prevail 
to this day for transient situations. They can't possibly work and they don't. 

Just as troubling are more recent company patents on multiple transducer 
surface signal processing which sound more like accounting recipes than 
scientific algorithms, e.g., "subtract this, delay that, add to the shifted value," 
when, in fact, formal methods based on the wave equation (derived later in this 
book) yield more direct, rigorous and generalizable results. We take our cues 
directly from wave-equation-based seismic processing where all propagation 
details, including those related to source properties, are treated in their full 
generality. With this approach, new multiple transducer position and multiple 
time level reflection cancellation schemes can be inferred straightforwardly 
from finite difference discretizations of a basic solution to the wave equation. 

As if all of this were not bad enough, we take as our final example, the 
infamous "case of the missing signal," the mystery which had stymied many of 
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the best minds one too many times - a situation in which MWD tools of all 
kinds refused to yield discernible standpipe pressures despite their near-perfect 
mechanical condition. It turned out that, of all things, operators were using 
inexpensive centrifugal (as opposed to positive displacement) pumps. This 
illustration offers the strongest, most compelling evidence supporting the wave 
nature underlying MWD signals. Pistons on positive displacement mud pumps 
function as solid reflectors, which double the upgoing signal at the piston face; 
centrifugal pumps with open ends, to the contrary, enforce "zero acoustic 
pressure" constraints which destroy signals. An understanding of basic 
acoustics would have reduced frustration levels greatly and saved significantly 
on time and money. 

Despite the problems raised, there are reasons for optimism in terms of 
understanding the physics and modeling it precisely. At high data rates, acoustic 
wavelengths A, are short but not too short. For example, from A, = c/f where c is 
mud sound speed and f is excitation frequency in Hertz, a siren in a 3,000-5,000 
ft/sec - 12 Hz environment would have a A of about 300-500 ft. At 100 Hz, the 
wavelength reduces to 30-50 ft, which still greatly exceeds a typical drillpipe 
diameter. It is "long" acoustically. Thus, one-dimensionality applies to 
downhole signal generation and three-dimensional complications do not arise. 
More importantly, the waves are still long even in wind tunnels. Hence, signal 
creation and acoustic-hydraulic interactions at the pulser can be studied 
experimentally in convenient laboratory environments. Use of air as the 
working fluid is ideal: it is free, non-toxic and easy to work with. Moreover, 
models can be constructed from light weight plastics or even balsa wood. 

For those who have forgotten, one-dimensional acoustics is taught in high 
school and amply illustrated with organ pipe examples. Classical mathematics 
books give the general solution "f(x + ct) + g(x - ct)" showing that any solution 
is the sum of left and right-going waves; books on sound discuss impedance 
mismatches and conservation laws applicable at such junctions. Basic 
frequency-dependent attenuation laws have been available for over a hundred 
years. In this sense, the field is well developed. But in other respects the field 
offers fertile ground for nurturing new and practically useful ideas. 

These new ideas include, for example, (1) formal derivations for receiver 
array reflection and noise cancellation based on the wave equation, (2) model 
development for elastic distortions of MWD signal at desurgers, (3) constructive 
and destructive wave interference in waveguides with multiple telescoping 
sections, (4) downhole signal optimization by constructive wave interference, 
(5) reflection deconvolution of multiple echoes created within the downhole 
MWD drill collar, and so on. All of these topics are addressed in this book. In 
fact, forward models are developed which create transient pressure signals when 
complicated waveguide geometries and telemetering schemes are specified, and 
complementary inverse models are constructed that extract position-encoded 
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signals from massively reverberant fields under high-data-rate conditions, with 
mathematical consistency between the two demonstrated in numerous examples. 

While innovative use of physical principles is emphasized for downhole 
telemetry design and signal processing, testing and evaluation of hardware and 
tool concepts are equally important, but often viewed as extremely time-
consuming, labor intensive and, simply, expensive. This need not be - and is 
not - the case. In "Flow Distribution in a Tricone Jet Bit Determined from Hot-
wire Anemometry Measurements," SPE Paper No. 14216, by A.A. Gavignet, 
L.J. Bradbury and F.P. Quetier, presented at the 1985 SPE Annual Technical 
Conference and Exhibition in Las Vegas, and in "Flow Distribution in a Roller 
Jet Bit Determined from Hot-Wire Anemometry Measurements," by A.A. 
Gavignet, L.J. Bradbury and F.P. Quetier, SPE Drilling Engineering, March 
1987, pp. 19-26, the investigators, following ideas suggested by the present 
author, who had by then routinely used wind tunnels to study sirens and 
turbines, showed how more detailed flow properties can be obtained using 
aerospace measurement methods in air. The scientific justification offered was 
the "highly turbulent nature of the flow." This counter-intuitive (but correct) 
approach to modeling mud provides a strategically important alternative to 
traditional testing that can reduce the cost of developing new MWD systems. 
Wind tunnel use in the petroleum industry was, by no means, new at the time. 
For instance, Norton, Heideman and Mallard (1983), with Exxon Production 
Research Company, and others, had published studies employing wind tunnel 
use in offshore platform design, extrapolating air-based results dimensionlessly 
to water flows using standard Strouhal and Reynolds number normalizations. 

Additional reasons for wind tunnel usage are suggested by some simpler, 
but deeper arguments, than those in Gavignet et al. For static measurements 
(e.g., those for stall torque, power determination, erosion trends and streamline 
pattern) wind tunnels apply also to laminar flows. From basic fluid mechanics, 
for two flows to be alike dynamically, their Reynolds numbers need to be 
similar. This dimensionless parameter is given by Re = pUL/|u = UL/v where p 
and jll are density and viscosity, U is the speed of the oncoming flow, and L is a 
characteristic length (v is the kinematic viscosity jn/p). It can be shown that if 
both U's and both L's are identical in an experiment (which is actually ideal and 
doable since full-scale testing of plastic or wood mockups at full speed is 
inexpensive and straightforward for downhole tools) then dynamic similarity is 
achieved when both kinematic viscosities match. In fluid-dynamics, even a ten-
fold difference is "close" for modeling purposes. Reference to physical tables 
shows that this is remarkably the case - the kinematic viscosities for mud and air 
are very close and justify wind tunnel usage! 

Additionally, a common normalization given in turbomachinery books can 
be used to reduce static and dynamic torque properties for various flow rates and 
densities to a single dimensionless performance curve - simply plot torque 
(normalized by a dynamic head) against the velocity swirl or "tip speed" ratio. 
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This also motivates intelligent test matrix design: by judiciously choosing 
widely separated test points, everything there is to know about torque can be 
inferred - there is no need to perform hundreds of tests for different flow rates, 
rotation speeds and mud weights. Taken together, the two recipes just discussed 
allow simple and rigorous characterization of siren and turbine properties over 
the entire operating envelope with a minimum of labor, time and expense/ 

Short wind tunnels, envisioned for torque and erosion objectives, are easily 
and inexpensively designed and built within days. What is generally not known 
is the justifiable use of intermediate length (100-200 feet) and very long wind 
tunnels (say, 2,000 feet) in evaluating telemetry concepts, for instance, acoustic 
Ap signal strength, wave interference effects, surface signal processing schemes, 
downhole wave-based signal optimization methods, and so on. There are two 
reasons supporting such applications. For one, acoustic waves, even in wind 
tunnels, are still "long" in the classical sense. The sound speed in air is 
approximately 1,000 ft/sec. For a very high 100 Hz carrier wave, the 
wavelength A, = 1,000/100 ft = 10 ft still greatly exceeds the diameter of a 
typical drillpipe, say, six inches. Second, it can be shown that if co is circular 
frequency, |li is viscosity, p is mass density, c is sound speed and R pipe radius, 
then the pressure P corresponding to an initial signal P0 can be determined from 
P = P0 e " ax where x is the distance traveled by the wave and a is the attenuation 
rate given by a = (Rc)"1 V{(|uco)/(2p)} = (Rc)"1 V{(vco)/2}. The kinematic 
viscosity v again appears, although fortuitously, but its presence indicates that 
signal tests can be cleverly designed to mimic attenuation using air as the 
working fluid/ Thus, baseline MWD designs can be evaluated in air-
conditioned offices and labs using short and long wind tunnels, deferring 
expensive hardware considerations related to mechanical reliability, vibrations, 
dynamic seals, corrosion, and so on, to the tail end of the design process. 

The subject matter of this monograph represents years of both mental 
satisfaction and endless frustration, that is, continuing "love-hate" conflicts in 
confronting imposing challenges. These chapters summarize key ideas and 
highlight new theoretical results, physical insights, and testing and evaluation 
strategies that were developed in thinking "outside the box." But the endeavor 
would not come full circle until the suggestions were put to real tests in real 
engineering design and field testing programs. 

Under the leadership of Dr. Yinao Su, Director of CNPC's Downhole 
Control Institute, and also Academician, Chinese Academy of Engineering, 
comprehensive wind tunnel facilities were developed in Dongying City, China, 
and procedures, algorithms and theories were tested. The work described in 
"High-Data-Rate Measurement-While-Drilling System for Very Deep Wells," 
Paper No. AADE-ll-NTCE-74 presented at the American Association of 
Drilling Engineers' 2011 National Technical Conference and Exhibition in 
Houston, summarizes findings aimed at an MWD system architecture that 
provides at least 10 bits/sec (without data compression) in very deep wells with 
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lengths up to 30,000 ft. An updated version (with additional photographs and 
illustrations) concludes the present chapter, providing an overview of current 
MWD project results and objectives. 

We emphasize that all of the theoretical and experimental methods in this 
book are available to the industry. The author hopes that, by openly identifying 
and discussing problems, solutions and strategies, petroleum exploration can be 
made more efficient and with greater emphasis on safety, while reducing 
economic and exploration risk and educating the next generation of engineers. 
In fact, since the original draft of this book appeared in 2011, and subsequently 
published by John Wiley & Sons in 2014 (see Chin et al. (2014)), a number of 
organizations had embraced our test methods and philosophies. These include 
(i) Gyrodata, a leading Houston borehole surveying company, which combines 
gyroscopic, rotary steerable and MWD capabilities in its tools, (ii) Sinopec 
Group, China's largest petroleum organization, (iii) GE Oil & Gas, operating out 
of Houston and Oklahoma City, (iv) Scientific Energy, LLC, a newcomer to 
high-data-rate telemetry, and others. These companies have generously shared 
their experiences and progress through useful photographs and illustrations, and 
their contributions to this Second Edition are kindly acknowledged. 
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1.2 Paper No. AADE-11 -NTCE-74 -
"High-Data-Rate MWD System for Very Deep Wells." 

Significantly expanded with additional photographs and detailed annotations. 

1.2.1 Abstract. 
Measurement-While-Drilling systems presently employing mud pulse 

telemetry transmit no faster than one or two bits/sec from deep wells containing 
highly attenuative mud. The reasons - "positive pulsers" create strong signals 
but large axial flow forces impede fast reciprocation, while "mud sirens" 
provide high data rates but are lacking in signal strength. China National 
Petroleum Corporation research in MWD telemetry focuses on improved 
formation evaluation and drilling safety in deep exploration wells. A high-data-
rate system providing 10 bits/sec and operable up to 30,000 ft is described, 
which creates strong source signals by using downhole constructive wave 
interference in two novel ways. First, telemetry schemes, frequencies and pulser 
locations in the MWD drill collar are selected for positive wave phasing, and 
second, sirens-in-series are used to create additive signals without incurring 
power and erosion penalties. Also, the positions normally occupied by pulsers 
and turbines are reversed. A systems design approach is undertaken, e.g., strong 
source signals are augmented with new multiple-transducer surface signal 
processing methods to remove mudpump noise and signal reflections at both 
pump and desurger, and mud, bottomhole assembly and drill pipe properties, to 
the extent possible in practice, are controlled to reduce attenuation. Special 
scaling methods developed to extrapolate wind tunnel results to real muds 
flowing at any downhole speed are also given. We also describe the results of 
detailed acoustic modeling in realistic drilling telemetry channels, and introduce 
by way of photographs, CNPC's "short wind tunnel" for signal strength, torque, 
erosion and jamming testing, "very long wind tunnel" (over 1,000 feet) for 
telemetry evaluation, new siren concept prototype hardware and also typical 
acoustic test results. Movies demonstrating new test capabilities will be shown. 

1.2.2 Introduction. 

The petroleum industry has long acknowledged the need for high-data-rate 
Measurement-While-Drilling (MWD) mud pulse telemetry in oil and gas 
exploration. This need is driven by several demand factors: high density 
logging data collected by more and more sensors, drilling safety for modern 
managed pressure drilling and real-time decision making, and management of 
economic risk by enabling more accurate formation evaluation information. 

Yet, despite three decades of industry experience, data rates are no better 
than they were at the inception of mud pulse technology. To be sure, major 
strides in reliability and other incremental improvements have been made. But 
siren data rates are still low in deeper wells and positive pulser rates also 
perform at low levels. Recent claims for data rates exceeding tens of bits/sec are 



12 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2 ND EDITION 

usually offered without detailed basis or description, e.g., the types of mud used 
and the corresponding hole depths are rarely quoted. 

From a business perspective, there is little incentive for existing oil service 
companies to improve the technology. They monopolize the logging industry, 
maintain millions of dollars in tool inventory, and understandably prefer the 
status quo. Then again, high data rates are not easily achieved. Quadrupling a 3 
bits/sec signal under a 12 Hz carrier wave, as we will find, involves much more 
than running a 48 Hz carrier with all else unchanged. Moreover, there exist 
valid theoretical considerations (via Joukowski's classic formula) that limit the 
ultimate signal possible from sirens. Very clever mechanical designs for 
positive pulsers have been proposed and tested in the past. Some offer 
extremely strong signals, although they are not agile enough for high data rates. 
But unfortunately, the lack of complementary telemetry schemes and surface 
signal processing methods renders them hostage to strong reverberations and 
signal distortions at desurgers. 

Figure 1.1a. Prototype single-siren tool (assembled). 

Figure 1.1b. Prototype single-siren tool (disassembled). 

One would surmise that good "back of the envelope" planning, from a 
systems engineering perspective underscoring the importance of both downhole 
and surface components, is all that is needed, at least in a first pass. Acoustic 
modeling in itself, while not trivial, is after all a well-developed science in many 
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engineering applications. For example, highly refined theoretical and numerical 
models are available for industrial ultrasonics, telephonic voice filtering, 
medical imaging, underwater sonar for submarine detection, sonic boom 
analysis for aircraft signature minimization, and so on, several dealing with 
complicated three-dimensional, short-wave interactions in anisotropic media. 

By contrast, MWD mud pulse telemetry can be completely described by a 
single partial differential equation, in particular, the classical wave equation for 
long wave acoustics. This is the same equation used, in elementary calculus and 
physics, to model simple organ pipe resonances and is subject of numerous 
researches reaching back to the 1700s. Why few MWD designers use wave 
equation models analytically, or experimentally, by means of wind tunnel 
analogies implied by the identical forms of the underlying equations, is easily 
answered: there are no physical analogies that have motivated scientists to even 
consider models that bear any resemblance to high-data-rate MWD operation. 
For instance, while it has been possible to model Darcy flows in reservoirs using 
temperature analogies on flat plates or electrical properties in resistor networks, 
such approaches have not been possible for the problem at hand. 

1.2.3 MWD telemetry basics. 
Why is mud pulse telemetry so difficult to model? In all industry 

publications, signal propagation is studied as a piston-driven "high blockage" 
system where the efficiency is large for positive pulsers and smaller for sirens. 
The source is located at the very end of the telemetry channel (near the drillbit) 
because the source-to-bit distance (tens of feet) is considered to be negligible 
when compared to a typical wavelength (hundreds of feet). 

For low frequencies, this assumption is justified. However, the 
mathematical models developed cannot be used for high-data-rate evaluation, 
even for the crudest estimates. In practice, a rapidly oscillating positive pulser 
or rotating siren will create pressure disturbances as drilling mud passes through 
it that are antisymmetric with respect to source position. For instance, as the 
valve closes, high pressures are created at the upstream side, while low pressures 
having identical magnitudes are found on the downstream side. The opposite 
occurs when the pulser valve opens. 

The literature describes only the upgoing signal. However, the equally 
strong downgoing signal present at the now shorter wavelengths will "reflect at 
the drillbit" (we will expand on this later) with or without a sign change - and 
travel through the pulser to add to upgoing waves that are created later in time. 
Thus, the effect is a "ghost signal" or "shadow" that haunts the intended upgoing 
signal. But unlike a shadow that simply follows its owner, the use of "phase-
shift-keying" (PSK) introduces a certain random element that complicates signal 
processing: depending on phase, the upgoing and downgoing signals can 
constructively or destructively interfere. Modeling of such interactions is not 
difficult in principle since the linearity of the governing equation permits simple 
superposition methods. However, it is now important to model the source itself: 
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it must create antisymmetric pressure signals and, at the same time, allow up and 
downgoing waves to transparently pass through it and interfere. It is also 
necessary to emphasize that wave refraction and reflection methods for very 
high frequencies (associated with very short wavelengths) are inapplicable. The 
solution, it turns out, lies in the use of mathematical forcing functions, an 
application well developed in earthquake engineering and nuclear test detection 
where long seismic waves created by local anomalies travel in multiple 
directions around the globe only to return and interfere with newer waves. 

Wave propagation subtleties are also found at the surface at the standpipe. 
We have noted that (at least) two sets of signals can be created downhole for a 
single position-modulated valve action (multiple signals and MWD drill collar 
reverberations are actually found when area mismatches with the drill pipe are 
large). These travel to the surface past the standpipe transducers. They reflect 
not only at the mudpump, but at the desurgers. For high-frequency, low 
amplitude signals (e.g., those due to existing sirens), desurgers serve their 
intended purpose as the internal bladders "do not have enough time" to distort 
signals. On the other hand, for low-frequency, high amplitude signals (e.g., 
positive and negative pulsers), the effects can be disastrous: a simple square 
wave can stretch and literally become unrecognizable. 

Thus, robust signal processing methods are important. However, most of 
the schemes in the patent literature amount to no more than crude "common 
sense" recipes that are actually dangerous if implemented. These often suggest 
"subtracting this, delaying that, adding the two" to create a type of stacked 
waveform that improves signal-to-noise ratio. The danger lies not in the 
philosophy but in the lack of scientific rigor: true filtering schemes must be 
designed around the wave equation and its reflection properties, but few MWD 
schemes ever are. Moreover, existing practices demonstrate a lack of 
understanding with respect to basic wave reflection properties. For example, the 
mud pump is generally viewed with fear and respect because it is a source of 
significant noise. It turns out that, with properly designed multiple-transducer 
signal processing methods, piston induced pressure oscillations can be almost 
completely removed even if the exact form of their signatures is not known. In 
addition, theory indicates that a MWD signal will double near a piston interface, 
which leads to a doubling of the signal-to-noise ratio. Placing transducers near 
pump pistons works: this has been verified experimentally and suggests 
improved strategies for surface transducer placement. 

1.2.4 New telemetry approach. 
A nagging question confronts all designers of high-data-rate mud pulse 

systems. If sirens are to be the signal generator of choice (say, if lowered 
torques enable faster direction reversals), how does one overcome their 
inherently weaker signal producing properties? The Joukowski formula "p = 
pUc" provides an exact solution from one-dimensional acoustics stating that the 
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pressure induced by an end-mounted piston is equal to the product of fluid 
density p, impact velocity U and sound speed c. It closely describes the acoustic 
performance of the positive pulser. And because the positive pulser brings the 
mud column to an almost complete stop - in a way that mud sirens cannot - the 
Joukowski formula therefore provides the upper limit for siren performance at 
least as presently implemented. 

This understanding prompts us to look for alternatives, both downhole and 
uphole. We first address downhole physics near the source. We have observed 
that up and downgoing waves are created at the siren, and that reflection of the 
latter at the drillbit and their subsequent interaction with "originally upgoing" 
waves can lead to "random" constructive or destructive wave interference that 
depends on the information being logged. This is certainly the case with 
presently used phase-shift-keying which position-modulates "at random" the 
siren rotor. However, if the rotor is turned at a constant frequency, random 
wave cancellations are removed. The uncertainty posed by reflections of phase-
shifted signals, whose properties depend on nozzle size, wavelength, annular 
geometry, logging data, and so on, are eliminated in the following sense: a 
sinusoidal position modulation always creates a similar sinusoidal upgoing 
pressure wave without "kinks" and possible sign changes. In fact, depending on 
the location of the source within the MWD drill collar, the geometry of the 
bottomhole assembly, the transmission frequency and the mud sound speed, the 
basic wave amplitude can be optimized or de-optimized and controlled with 
relative ease. Pump and desurger reflections at the surface, of course, still 
require surface signal processing. 

Information in the form of digital O's and l 's can therefore be transmitted 
by changes in frequency, that is, through "frequency-shift-keying" (FSK). But, 
unlike conventional FSK, we select our high frequencies by using only those 
values that optimize wave amplitude by constructive interference. Neighboring 
low-amplitude waves need not be obtained by complete valve slowdown, as in 
conventional PSK. If, say, 60 Hz yields a locally high FSK amplitude, it is 
possible (and, in fact, we will show) that 50 Hz may yield very low amplitudes, 
thus fulfilling the basic premise behind FSK. The closeness in frequencies 
implies that mechanical inertia is not a limiting factor in high data rate telemetry 
because complete stoppage is unnecessary, so that power, torque and electronic 
control problems are minimal and not a concern. Eliminating complete stoppage 
also supports data rate increases because the additional time available permits 
more frequency cycles. In fact, using a frequency sequence like "60-50-70-80" 
would support more than O's and l's, suggesting "0, 1, 2 and 3" encoding. 

In order to make constructive interference work, the time delay between 
the downgoing waves and their reflections, with the newer upgoing waves, must 
be minimized. This is accomplished by placing the siren as close to the drillbit 
as possible, with the downhole turbine now positioned at the top of the MWD 
drill collar. This orientation is disdained by conventional designers because "the 
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turbine may block the signal." However, this concern is unfounded and 
disproved in all field experiments. This is obvious in retrospect. The "see 
through area" for turbines is about 50% of the cross-section. If signals can pass 
through siren rotor-stator combinations with much lower percentages, as they 
have time and again, they will have little difficulty with turbines. 

1.2.5 New technology elements. 
The above discussion introduces the physical ideas that guided our 

research. An early prototype single-siren tool designed for downhole testing is 
shown assembled and disassembled in Figures 1.1a and 1.1b. Multiple siren 
tools have been evaluated. To further refine our approach and understanding of 
the scientific issues, math models and test facilities were developed to fine-tune 
engineering details and to obtain "numbers" for actual design hardware and 
software. We now summarize the technology. 

1.2.5.1 Downhole source and signal optimization. 

As a focal point for discussion, consider the hypothetical MWD drill collar 
shown in Figure 1.2a. Here, physical dimensions are fixed while siren 
frequency and position are flexible. Up and downgoing signals (with 
antisymmetric pressures about the source) will propagate away from the pulser, 
reflect at the pipe-collar intersection, not to mention the interactions that involve 
complicated wave transfer through the drillbit and in the borehole annulus. 

A six-segment acoustic waveguide math model was formulated and solved, 
with the following flow elements: drillpipe (satisfying radiation conditions), 
MWD drill collar, mud motor or other logging sub, bit box, annulus about the 
drill collar, and finally, annulus about the drillpipe (also satisfying radiation 
conditions). The "mud motor" in Figure 1.2a could well represent a resistivity-
at-bit sub. At locations with internal impedance changes, continuity of pressure 
and mass was invoked. The siren source was modeled as a point dipole using a 
displacement formulation so that created pressures are antisymmetric. 
Numerical methods introduce artificial viscosities with unrealistic attenuation 
and also strong phase errors to traveling waves. Thus, the coupled complex 
wave equations for all six sections were solved analytically, that is, exactly in 
closed form, to provide uncompromised results. 

Calculated results were interesting. Figure 1.2b displays the actual signal 
that travels up the drillpipe (after all complicated waveguide interferences are 
accounted for) as functions of transmission frequency and source position from 
the bottom. Here, "Ap" represents the true signal strength due to siren flow, i.e., 
the differential pressure we later measure in the short wind tunnel. For low 
frequencies less than 2 Hz, the red zones indicate that optimal wave amplitudes 
are always found whatever the source location. But at the 12 Hz used in present 
siren designs, source positioning is crucial: the wrong location can mean poor 
signal generation and, as can be seen, even "good locations" are bad. 



STORIES FROM THE FIELD, FUNDAMENTAL QUES TIONS AND SOLUTIONS 17 

Drillpipe 

5.0" OD, 2.8" ID 

MWD Collar 

8.0" OD, 4.5" ID 
22 ft 

Mud Motor 

8.0" OD, 3.5" ID 

Rotor, 2.5" dia. 

Bit-Box/Nomles 
3.5" ID 

25 ft 

12.25" 

Figure 1.2a. Example MWD collar used for siren frequency and source 
placement optimization analysis. 

These calculations are repeated for upper limits of 50 Hz and 100 Hz in 
Figures 1.2c and 1.2d. In these diagrams, red means optimal frequency-position 
pairs for hardware design and signal strength entering the drillpipe. Our 
objective is p/Ap » 1 (Ap is separately optimized in hardware and wind tunnel 
analysis). That present drilling telemetry channels support much higher data 
rates than siren operations now suggest, e.g., carrier waves exceeding 50 Hz, is 
confirmed by independent research at www.prescoinc.com/science/drilling.htm 
(see Figure 10.5). In our designs, we select the frequencies and siren positions, 
or for sirens-in-tandem, in such a way that high amplitudes are achieved 
naturally without power or erosion penalties (mud siren signal amplitudes are 
typically increased by decreasing rotor-stator gap, which leads to higher 
resistive torques and local sand-convecting flow velocities). 
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Figure 1.2b. Drillpipe p/Ap to 12 Hz. 

Figure 1.2c. Drillpipe p/Ap to 50 Hz. 

Figure 1.2d. Drillpipe p/Ap to 100 Hz. 
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1.2.5.2 Surface signal processing and noise removal. 

Downhole signal optimization, of course, has its limits. To complement 
efforts at the source, surface signal processing and noise removal algorithms 
must be developed that are robust. Our approach is based on rigorous 
mathematics from first principles. The classic wave equation states that all 
"solutions (measured at some point "P" along the standpipe) are superpositions 
of upgoing " f ' and downgoing "g" waves. A differential equation for " f ' is 
constructed. It is then finite differenced in space and time as if a numerical 
solution were sought. However, it is not. The Az and At in the discretized result 
are re-interpreted as sensor spacing (in a multiple transducer array) and time 
step, whose pressure parameters are easily stored in surface data acquisition 
systems. The solution for the derivative of the signal was given in U.S. Patent 
5,969,638 or Chin (1999). At the time, it was erroneously believed that 
telemetered data could be retrieved from spatial derivatives but this proved 
difficult. In recent work, the method was corrected by adding a robust integrator 
that handles abrupt waveform changes. The successful recovery of "red" results 
to match "black" inputs, using the seemingly unrelated green and blue 
transducer inputs, is shown in Figures 1.3a and 1.3b. Mudpump generated noise 
can be almost completely removed. Experimental validations are given later. 

Figure 1.3a. Three step pulse recovery from noisy environment. 

Figure 1.3b. Three step pulse recovery (very noisy environment). 
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1.2.5.3 Pressure, torque and erosion computer modeling. 

The mud siren, conceptualized in Figure 1.4a, is installed in its own MWD 
drill collar and consists of two parts, a stationary stator and a rotor that rotates 
relative to the stator. The rotor periodically blocks the oncoming mud flow as 
the siren valve opens and closes. Bi-directional pressure pulses are created 
during rotation. At the very minimum, the cross-sectional flow area is half-
blocked by the open siren; at worst, the drill collar is almost completely blocked, 
leaving a narrow gap (necessary for water hammer pressure signal creation) 
between stator and rotor faces for fluid passage. This implies high erosion by 
the sand-laden mud and careful aerodynamic tailoring is needed. Because there 
are at least a dozen geometric design parameters, testing is expensive and time-
consuming. Thus, the computational method in Chin (2004), which solves the 
three-dimensional Laplace equation for the velocity potential in detail, is used to 
search for optimal designs. Computed results, displayed for various degrees of 
valve closure, are shown in Figures 1.4b and 1.4c. Other results include 
"resistive torque vs angle of closure" important to the design of fast-action 
rotors. Results are validated and refined by "short wind tunnel" analyses 
described later. 

Figure 1.4a. Early 1980s "stable closed' siren (left) and improved 1990s 
"stable-opened" downstream rotor design. 

While apparently simple in design, unanticipated flow effects are to be 
found. The upstream rotor design used in early designs produces numerous 
operational hazards, the least of them being stoppage of data transmission. 
When rock debris or sudden jarring occurs, the rotor is known to stop at a closed 
azimuthal position that completely blocks mud flow. This results in severe tool 
erosion, extremely high pressures that affect well control, not to mention surface 
safety issues associated with high pressure buildup at the mudpump. Early 
solutions addressed the symptoms and not the cause, e.g., mechanical springs or 
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pressure relief valves that unload the locked rotor, strong permanent magnets 
that bias special steel assemblies to open positions (thus compromising direction 
and inclination measurements and requiring the use of nonmagnetic drill 
collars), and so on. It can be shown that "stable closed" tendencies are a natural 
aerodynamic consequence of upstream rotor configurations - the rotors tend to 
close even in clean water. Numerous unsuccessful tests addressing this problem 
were performed in the 1970s: operational failures associated with jamming 
valves were catastrophic. 

Figure 1.4b. Streamline traces for erosion analysis. 
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U. S. Patent 4,785,300 or Chin and Trevino (1988) solved the problem by 
placing the rotor downstream as indicated in Figure 1.4a. The rotor, now "stable 
open," is augmented with special tapered sides. Torques required to turn, stop 
or speed up the rotor are much lower than those associated with upstream rotors. 
From a telemetry standpoint, this means faster position modulation requiring 
less torque and power, or, much higher data rate. Of course, mechanical 
considerations are a small part of the problem. Downhole signal enhancement 
and surface noise removal are equally important, as noted earlier. In our 
research, all are addressed and fine-tuned to work in concert to provide a fully 
optimized system. 

Figure 1.4c. Velocities for erosion and pressure analysis. 
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1.2.5.4 Wind tunnel analysis: studying new approaches. 

While computer models are useful screening tools, they alone are not 
enough. Gridding effects mask the finest flow details that can be uncovered 
only through actual testing. The use of wind tunnels in modeling downhole mud 
flow was first proposed and used by the last author of this paper during his 
tenure with Schlumberger. Technical details and justification are disclosed, for 
instance, in Gavignet, Bradbury and Quetier (1987) who used the method to 
study flows beneath drill bits nozzles. This counter-intuitive (but correct) 
approach to modeling drilling muds provides a strategically important 
alternative to traditional testing and reduces the time and cost of developing new 
MWD systems. 

The CNPC MWD wind tunnel test facility consists of two components, a 
"short flow loop" where principal flow properties and tool characteristics are 
measured, and a "long loop" (driven by the flow in the short wind tunnel) 
designed for telemetry concept testing, signal processing and noise removal 
algorithm evaluation. Field testing procedures and software algorithms for tool 
properties and surface processing are developed and tested in wind tunnel 
applications first and then moved effortlessly to the field for evaluation in real 
mud flows. This provides a degree of efficiency not possible with "mud loop 
only" approaches. 

Our "short wind tunnel," actually housed at a suburban site, is shown in 
Figure 1.5a. This laboratory location was selected because loud, low-frequency 
signals are not conducive to office work flow. The created signals are as loud as 
motorcycle noise and require hearing protection for long duration tests. More 
remarkable is the fact that internal pipe pressures are several orders of 
magnitude louder than the waves that escape - in practice, this is further 
multiplied by the (large) ratio of mud to air density, about 800 in the case of 
water. Thus, careful and precise acoustic signal measurement is required to 
accurately extrapolate those to mud conditions. Similarly, torques acting on 
sirens in air are at least 800 times lower. In fact, air-to-mud torque scaling is 
simply proportional to the dynamic head "pU2" ratio, where U is the oncoming 
speed. Thus, wind tunnel tests can be run at lower speeds with inexpensive 
blowers provided a quadratic correction factor is applied for downhole flow 
extrapolation. The MWD turbine, similarly designed and tested, is not discussed 
in this paper. 

In Figure 1.5a, a powerful (blue) blower with its own power supply pumps 
more or less constant flow rate air regardless of siren blockage. A sensitive flow 
meter is used to record average flow rate. Flow straighteners ensure uniform 
flow into the siren and to remove downstream swirl for accurate differential 
pressure measurement. The siren test section deserves special comment. The 
motion of the rotor is governed by its own electrical controller and is able to 
effect position-modulated motions as required for telemetry testing. 
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Figure 1.5a.l. Short "hydraulic" wind tunnel, or simply "short wind tunnel." 

Figure 1.5a.2. Short wind tunnel, "bird's eye" perspective. 
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Siren motion is driven electrically as opposed to hydraulically; azimuthal 
position, torque and Ap signal strength, i.e., the differential pressure between 
upstream and downstream sides of the siren, are measured and recorded 
simultaneously. This data is important to the design of control and feedback 
loops for actual modulation software. At the bottom of Figure 1.5a, a black 
PVC tube turns to the right into the wall. This emerges outside of the test shed, 
as shown in Figure 1.5b, into a long flow section more than 1,000 feet in length. 
Because the waves are acoustically "long," they reflect minimally at bends, even 
ninety-degree bends. The long wind tunnel wraps itself about a central facility 
several times before exhausting into open air. This boundary condition is not, of 
course, correct in practice; we therefore minimize its effect by reducing signal 
amplitude, so that end reflections are not likely to compromise data quality. 

Also shown in Figure 1.5b. 1 are "a single transducer" near the test shed 
(bottom left) and a three-level "multiple transducer array" (bottom right). The 
former monitors signals that leave the MWD collar, as they are affected by 
constructive or destructive wave interference, while the latter provides data for 
echo cancellation and noise removal algorithm evaluation. For the simplest 
schemes, two transducers are required; three allow redundancies important in 
the event of data loss or corruption. Additional (recorded) noise associated with 
real rigsite effects is introduced in the wind tunnel using low frequency woofers. 

Numerous concepts were evaluated. Several sirens shown are impractical 
but were purposely so; a broad range of data was accumulated to enhance our 
fundamental understanding of rotating flows as they affect signal, torque and 
erosion. We re-evaluated conventional four-lobe siren designs and developed 
methods that incrementally improve signal strength and reduce torque. Results 
reinforced the notion that the technology has reached its performance limits. 
Radically different methods for signal enhancement and minimization of 
resistive torque were needed. 

As noted earlier, constructive wave interference provides "free" signal 
amplitude without erosion or power penalties. This is cleverly implemented in 
two ways. First, FSK with alternating high-low amplitudes is used. High 
amplitudes are achieved by determining optimal frequencies from three-
dimensional color plots such as those in Figures 1.2b,c,d. Design parameters 
include sound speed, source position and frequency, MWD collar design, and 
whenever possible, drillpipe inner diameter and mud density. This information 
is used in the waveguide model of Figure 1.2a and also in a model for non-
Newtonian attenuation applicable over the length of the drillpipe. 
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Figure 1.5b.l. Very long "acoustic" wind tunnel. 

2 5 
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Figure 1.5b.2. Multiple transducer array for surface noise removal 
(top, accommodating multiple frequencies; bottom, one configuration used). 

Low amplitudes need not be achieved by bringing the rotor to a complete 
stop. If a high-amplitude is associated with, say 60 Hz, then a useful low-
amplitude candidate can be found at, say 55 Hz, as suggested by Figures 
1.2b,c,d. Thus, FSK can be efficiently achieved while minimizing the effects of 
mechanical inertia. Rotor torque reduction, while an objective in wind tunnel 
analysis, is useful, but need not be the main design driver in our approach. 

In order to make constructive wave interference work, the siren must be 
located as close to the most significant bottom reflector, normally the drillbit, as 
possible (intervening waveguides, e.g., mud motors, resistivity-at-bit subs, and 
so on, support wave transmission). Thus, the siren is placed beneath the turbine 
in the MWD collar, in contrast to existing designs. This reduces the time needed 
for waves to meet and reinforce. Figure 1.2a shows a "mud motor." This 
acoustic element may, in fact, represent a resistivity-at-bit sub. Calculations 
show that 10 bits/sec can be accomplished provided this section is 
approximately fifteen feet in length or less. Tests confirm that long waves pass 
effortlessly through turbines without reflection. Detailed waveguide analyses 
suggest that signal gains of 1.5-2.0 are doable using single-siren designs alone. 
PSK methods, again, are undesirable because they result in wave cancellations 
and ghost signals that hinder signal processing. 
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Figure 1.5c. A pair of ganged or tandem mud sirens. 

Additional signal enhancement is possible using constructive interference 
of a different nature: multiple sirens arranged in series or in tandem. If the 
distance between sirens is small and siren apertures are properly phased, signals 
will be additive. This idea was first proposed in U.S. Patent 5,583,827 or Chin 
(1996) and a possible design from that publication is reproduced in Figure 1.5c. 
Variations on this design, with test results, are provided later in this book. 

Two sirens, for instance, mean twice the signal. If the amplification 
afforded in the previous paragraphs provides a modest signal gain of 1.5, that is, 
50%, the net would be a three-fold signal increase more than enough to 
overcome attenuation at the higher frequencies used. In principle, any number of 
sirens can be connected to provide signal increases as needed. Performance is 
determined by the single transducer in Figure 1.5b.l (second row, far left) which 
measures the signal leaving the MWD collar. The extent to which constructive 
wave interference works is found by comparison with the measured differential 
pressure Ap taken across the siren (e.g., see Figure 1.5h, middle and right). This 
Ap depends on siren geometry, flow rate and rotation speed only: it is 
independent of reflections since waves pass through without interaction (that is, 
reflected waves do not affect differential pressure measurements providing both 
sensing ports are close). 

Note that Figures 1.2b,c,d suggest that frequencies in the 50-60 Hz range 
are not unrealistic, a conclusion independently reached at the website 
www.prescoinc.com/science/drilling.htm (see Figure 10.5). This use of higher 
frequencies is also supported by test results from actual flow loop tests with real 
muds. We stress that attenuation measurements are subtle since the effects of 
acoustic nodes and antinodes (which depend on frequency and flow loop 
boundary conditions) must be properly accounted for. Almost all existing 
papers on attenuation fail to even recognize this problem, let alone correct for it. 

Our systems approach to high-data-rate design requires an equal focus on 
surface systems. As implied earlier, signal strength enhancement must be 
accompanied by using the most sensitive piezoelectric transducers and robust 
multiple-transducer echo cancellation methods. Figure 1.5b.2 shows a 
transducer array located far from the test shed. Noise can be introduced by 
playing back actual field recordings. We have found, to our amusement, that the 
large firecrackers used at Chinese weddings, e.g., see Figure 1.5o, provide a 
useful source of low-frequency, plane-wave "pump" noise when all else is 
unavailable. 
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Conventional siren designs are built with four lobes cut along radial lines. 
Rotating sirens with additional lobes would surely increase frequency or data 
rate, but large lobe numbers are associated with much lower Ap signals. For this 
reason, they are not used in designs to the authors' knowledge. Because 
constructive interference now enhances our arsenal of tools against attenuation, 
we have been able to reassess the use of higher lobe numbers. Downhole and 
uphole telemetry concepts are easily tested in our wind tunnels. 

Wind tunnel usage enables a scale of knowledge accumulation, together 
with cost, time and labor efficiencies not previously possible. Numerous 
parameters can be evaluated, first by computational models, and then by testing 
in air. Design parameters are numerous: lobe number, stator and rotor 
thicknesses, stator-rotor gap, rotor clearance with the collar housing, rotor taper 
angles, and so on. 

Tests are not limited to signal strength. Torque is important, as is the ability 
to pass lost circulation material - this is assessed by introducing debris at the 
upstream end of the short wind tunnel and observing the resulting movement. 
Erosion tendencies are determined by noting the convergence effects of threads 
glued to solid surfaces - rapid streamline convergence implies high erosion, 
e.g., see Figures 1.4b,c. 

Two new parameters were included in our test matrix. The bottom left 
photograph in the top group of Figure 1.5d.l shows a "curved siren" with swept 
blades. Research was performed to determine the degree of harmonic 
generation associate with constant speed rotations. Since the sound generation 
process is nonlinear, a rotation rate of co will not only produce pressure signals 
with co, but those with frequencies ± 2 co, ± 3co, ± 4co and so on. Higher 
harmonics are associated with acoustic inefficiencies we wish to eliminate, not 
to mention added surface signal processing problems - the ability of blade 
sweep-back in reducing undesirable energy transfer was one objective of the test 
program. Sweep effects are likely to affect jamming due to lost circulation 
materials, so that jamming considerations cannot be ignored - they may help by 
cutting in scissor-like fashion or hinder by obvious reductions in flow area. 

The second parameter considered upstream effects. Figure 1.5.d.2 shows 
conical flow devices which guide inlet flow into the siren. Their effects on 
torque and signal generation were studied. Convergence and divergence, 
together with additional grooved helical tracks etched into the hub surface, could 
possibly affect signal strength, acoustic harmonic distribution and torque, and a 
variety of hub designs was defined to evaluate possible outcomes. 

In order to achieve a given high data rate, one might employ sirens with 
"few lobes, turning rapidly" or "many lobes, turning slowly." Each design, 
characterized by different signal strength versus torque relationships, must be 
assessed in the wind tunnel. Very often, strong signals are accompanied by high 
resistive torques, an undesirable situation that impedes rapid angular 
reciprocation. Experiments help to identify optimal designs. 
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Figure 1.5d.l. Siren concepts tested in wind tunnel (standard size). 
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Figure 1.5d.2. Evaluation of hub convergence effects. 

Figure 1.5e.l. Siren concepts, miniature sirens for slim tools 
(the United States quarter shown is similar to the one-yuan Chinese coin). 

Figure 1.5e.2. Siren concepts, miniature sirens for slim tools (cont'd). 
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The sirens shown in Figures 1.5.d.l and 1.5.d.2 are standard ones, typically 
several inches in diameter, intended for use in conventional tools. In some 
applications, the need for ultra-slim MWD devices arises and very small sirens 
are required. Example designs are shown in Figure 1.5.e.l, where tapers and 
notches are milled into rotor sides to examine effects on torque and signal. Over 
twenty were built. Some spontaneously spin due to wind action, drawing kinetic 
energy from the flow, while others jam due to "stable closed" behavior. 

Miniature sirens, mounted on fine bearings, are easily tested even without 
wind tunnels, and various novel designs have been identified. The candidate 
shown in Figure 1.5.e.2, interestingly, remains stable-open regardless of wind 
direction, as demonstrated with the lead author breathing in-and-out as the siren 
spins and creates signals without interruption (note the presence and absence of 
condensation in the plastic tube associated with breathing in-and-out). A 
continuous air-hammer "roar" can be heard, which is indicative of low resistive 
torque and low turbine power demand - an ingredient for high-data-rate 
telemetry. A short movie for this experiment is available from the lead author. 

In the figures presented here, we provide photographs of actual sirens 
tested and devices used. Many are self-explanatory and are followed by brief 
comments. In addition, numerous videos are available for viewing upon 
request. All provide a useful "engineering feel" for the types of testing 
conveniently and economically performed in our challenge to find high-data-rate 
solutions. Improvements to both short and long wind tunnel testing have been 
and are continuously being made in light of our experiences described below. 

Figure 1.5f.l. Flow straighteners for upstream and downstream use. 

Comments: Flow straighteners eliminate large-scale vortical structures in 
the air flow induced near pipe bends and fan blades. Small scale turbulence 
remains - much as it does in real drillpipe flows, while acoustic plane waves 
associated with MWD signals pass effortlessly. For turbine testing, flow 
straighteners are essential to eliminate any azimuthal biases to torque that are 
inherent in an uncorrected wind. 
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Figure 1.5f.2. Flow straightener construction. 

Comments: Flow straighteners can be inexpensively fabricated from raw 
PVC stock. Different combinations of diameter and length were tested to 
evaluate their effectiveness and influence on wave propagation and pressure 
drop. Generally speaking, twelve inch lengths with inner tube diameters as 
shown in Figure 1.5f.l suffice. 

Figure 1.5g.l. Digital flowmeter. 

Comments: Accurate flow rate measurements are critical to wind tunnel 
testing, since air-based data must be extrapolated to mud conditions. While mud 
flow rates can be accurately estimated, that is, calculated from piston 
displacements and "strokes per minute," those in air are generally inferred from 
rotating impeller data obtained in different conduits with siren blockages. The 
consequences can be serious. Suppose torque data from a wind tunnel test at 
100 gpm is extrapolated to flow at 500 gpm. Under perfect conditions, the 
torque would increase quadratically as (500/100)2 or twenty-five-fold based on 
velocity considerations alone. A 10% error in flow rate, that is, a measurement 
range of 90-110 gpm, would replace the "25" by "21-31." 
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Errors in power extrapolation are more severe. For the same problem, the 
exact power increase varies cubically, that is (500/100)3 or 125; the extrapolated 
range would vary by factors in the range 94-171. These uncertainties introduce 
obvious difficulties in engineering design, e.g., seal performance, alternator 
selection, and so on. It is important to understand that calibrations marked on 
flowmeter boxes rarely perform as indicated - some flowmeters are designed for 
heating and air conditioning applications where the conduit assumed standard 
rectangular cross-sections, while others for circular pipes assume blockage-free 
flows, meaning no mud sirens! 

Thus, wind flow rate measurements must be carefully calibrated. 
Fortunately, experimental data can be easily checked for physical consistency. 
For instance, suppose torque data for a siren or turbine configuration are 
available at two speeds U, say Ta and Tb for UA and UB. Since torque is known 
to vary quadratically with oncoming speed, these measurements must satisfy 
(Ta/Tb) = (UA/UB ) 2 - if not, either the calibration procedure or the torque 
measurement itself is incorrect, or both. A separate density ratio correction, of 
course, applies to both torque and power. 

We have emphasized flow rate accuracy for torque analysis, and similar 
considerations apply to "signal strength versus flow rate." Here the dependence 
of Ap on U is less obvious. At high speeds, a water (or air) hammer mechanism 
prevails and the dependence on U is linear; at lower speeds, an orifice effect 
dominates with a quadratic dependency. Care must be exercised since these 
trends are used in estimating tool signal generation in field applications - an 
incorrect result might lead to weak signals observed at the standpipe. 

Finally, we offer a note on data integrity. For rotating sirens and turbines, 
recorded movies for the flowmeter in Figure 1.5g.l show very steady gauge 
readings at constant pump settings. This is always achieved since, on the 
average, sirens and turbines are half-open. This, of course, is not the case with 
reciprocating positive pulsers that close with very small gaps; for such 
applications, it is necessary to define other types of time-averaged means. Flow 
rate is not always important. For example, "stable open versus stable closed" 
behavior is completely independent of flow rate. A completely satisfactory test 
is possible by spinning the siren and allowing it to open or close as it slows 
down. This "roulette wheel" approach is documented in our movies. 

Figure 1.5g.2. Safety message - note plastic tape at right. 
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Comments: The foregoing discussion focuses on "opened versus closed" 
stability. When a siren jams, arising from "stable closed" tendencies, high wind 
tunnel pressures build dangerously and may fracture the test section. Figure 
1.5g.2 shows "plastic tape repairs" which were needed not infrequently. In our 
tests, plastic tubing lengths of six feet with 0.25 in wall thicknesses were used. 
Wind tunnel fracturing is a safety hazard that must be avoided since it may lead 
to flying debris and plastic shards. Safety goggles and protective clothing are 
recommended since "pipe blowouts" are possible without warning. 

Figure 1. 5h. Siren test sections with differential transducers for signal 
strength measurement (not influenced by reflections and propagating noise). 

Comments: The above figure shows how upstream and downstream ports 
of a differential pressure transducer are installed for Ap measurement as 
functions of flow rate and rotation speed. Note that siren signal strength cannot 
be measured using a single transducer, since the presence of multiple reflections 
will cause complications and introduce interpretation uncertainty. When the two 
ports of a differential pressure transducer are closely spaced, however, 
reflections cancel identically since the instrument "does not have time" to 
respond to the traveling disturbance (this is obviously untrue of large 
separations). Just how close is close? This was easily determined by shouting 
into the tube, or by setting off a short-duration firecracker - if the differential 
transducer does not respond, then the separation used is "close enough." 

Figure 1.5i. Real-time data acquisition and control system 
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Comments: Experiments are automated using a Lab view user interface, as 
shown in Figure 1.5i, and standard data acquisition instruments monitor signal 
strength, rotation speed, torque and local pressures in both short and long wind 
tunnels. Motor drivers, pump and a "long wind tunnel observation window" are 
shown in Figures 1.5j - 1.51 without further comment. 

—* 1 5 f fc/ 

Figure 1.5j. Torque, position and rpm counter. 

Figure 1.5k. Water-cooled air blower with separate power source. 

I - ma 

Figure 1.51. Test shed window overlooking long wind tunnel. 
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Figure 1.5m. Single piezoelectric transducer closest to siren 
for constructive interference and nonlinear harmonic generation study. 

Comments: For high data rate applications, piezoelectric transducers are 
essential since they provide the required frequency response and data resolution 
needed for signal processing. In the above, a single transducer close to the test 
shed monitors the effects of constructive or destructive interference near the 
pulser - this "efficiency" is compared with the Ap measurement obtained from 
short wind tunnel analysis. In a sense, Ap characterizes the "brute force" ability 
of a siren to create sound, while the single-transducer reading measures how 
cleverly we can amplify it. Far away, transducer arrays collect data for multiple 
transducer signal processing for echo cancellation and pump noise removal. 

Figure 1.5n. Distant multiple transducer array setup. 

Comments: In the top photographs, a short plastic section is tapped for 
close transducer placements needed for "very, very high" data rates 
characterized by very short wavelengths. In the lower figure, a similar 
configuration is used in the long acoustic wind tunnel. 
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Figure 1.5.0.1. Chinese fireworks. 

Figure 1.5o.2. Artificial low frequency "mud pump" noise. 

Comments: During one test session, a vendor failed to deliver our "mud 
pump emulator" on time. Improvising was key to obtaining qualitative data. 
Chinese firecrackers will produce strong plane waves at approximately once per 
second. These were constrained in the wind tunnel and ignited as needed. 

Figure 1.5p.l. Lead author tests wind effects at the outlet. 

Figure 1.5p.2. Volume flow sensor at long wind tunnel outlet 
characterizes frequency or wavelength-dependent effects. 
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Comments: It is imperative that long wind tunnels model reality. In actual 
MWD field application, a downhole pulser creates an upward propagating wave 
that reflects at a solid mudpump piston (much slower piston movement in 
progress is irrelevant to this reflection). Pressure waves impinging at solid 
piston boundaries will reflect with their signs or polarities unchanged. In the 
setup shown, the far end of the long wind tunnel is open to the atmosphere and 
pressures will reflect with opposite signs and return toward the source. To 
minimize this effect, signal strengths were controlled so that unrealistic 
reflections do not affect other transducer measurements (a special wind tunnel 
has since been designed which exhausts wind differently while allowing 
impingement at a solid boundary). Interestingly, theory shows that pressure 
waves impinging at a solid boundary locally double in magnitude. This was 
verified in experiments, suggesting that pressure transducers mounted near the 
mud pump could provide improved signal to noise ratios - this idea has been 
applied to the "one hundred feet hose" amplifier described elsewhere in this 
book, a significant invention that has been field tested and patented. Figures 
1.5q and 1.5r show work sessions captured during wind tunnel testing. 

Figure 1.5q. Early prototype tool. 

Figure 1.5r. At work in the test shed. 
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Figure 1.5s. Short wind tunnel, with long wind tunnel connection. 

Comments: When long wind tunnel testing is required, the siren is driven 
by the motor with its shaft penetrating the end of the short section at the junction 
shown. This leads to a small amount of tolerable air leakage. Note that ninety-
degree turns, while requiring higher pressures to move air, do not induce 
reflections, since the wavelengths are long. This was in fact validated by 
monitoring reflection arrival times associated with "firecracker" blasts at an 
inlet. For example, if a signal is created at an open end, and the hollow pipe is 
1,000 ft long, the reflection time will be two seconds since the sound speed is 
1,000 ft/sec. Any arrivals prior to this would indicate undesirable reflections. 

Figure 1.5t. Short wind tunnel "alone." 

Comments: When the "short wind tunnel alone" is required without the 
"black tube" of Figure 1.5s, e.g., for Ap signal strength, harmonic distribution 
and torque testing for a given frequncy, or for erosion flow visualization, it is 
not necessary to connect its long wind tunnel appendage. Thus, air blowers may 
operate at much lower pressures, although high pressure wind tunnel fracturing 
is still possible under "stable closed" conditions. At the above right, a six lobe 
siren is shown closing in the "stable open" position. Its low torque and good 
stability characteristics make it a front-running candidate for use in "multiple 
sirens in series" designs. 
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And now, a few informal photographs showing daily routines, work and living 
conditions . . . 

Figure 1.5u. Wind tunnel design and test planning (Bian Hailong). 

~mmm i 
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Figure 1.5v. Wave interference ideas explained (Wilson Chin). 

Figure 1.5w. Test shed, left; local restaurant, center, where 
experimental results and test plans were reviewed and updated daily; our 

simple hotel, right, residing next to a pumping unit, in contrast to -
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Figure 1.5x. CNPC Headquarters, Beijing. 

1.2.5.5 Example test results. 

Here we highlight some interesting test results. The first pertains to signal 
strength as a function of rotation rate with flow speed fixed. Early 
Schlumberger papers claim that Ap's obtained at high frequencies are 
independent of frequency, i.e., the siren behaves as an orifice. We believed 
otherwise. As the rotor turns, it brings oncoming mud to a halt whatever the 
frequency. However, the water hammer signal must weaken as rotation rate 
increases because less time is available for fluid stoppage and rebound. Our test 
setup is summarized in Figure 1.6a.l. The expected monotonic decrease of Ap 
with increasing frequency is seen, for instance, in Figure 1.6a.2, where we 
typically test up to 60 Hz as suggested by calculations in Figures 1.2b,c,d. The 
low Ap's associated with existing "siren alone" approaches reinforced our 
efforts to seek more innovative signal enhancement methods utilizing ideas from 
constructive wave interference. Good signal strength alone does not imply a 
usable siren - a workable design must be low in resistive torque to enable rapid 
rotational speed changes. Figure 1.6a.3 provides a spreadsheet example of 
torque data collected as functions of flow and rotation rate. Signal strength, 
torque and erosion pattern (obtained by flow visualization) are catalogued for 
each siren prototype. 

Figure 1.6a.l. Simultaneous signal strength and torque measurements. 
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Figure 1.6a.2. Siren Ap signal strength vs co at with flow rate fixed. 

Figure 1.6a.3. Siren torque versus co at with flow rate fixed. 

In Figure 1.6b, pressure data from the near transducer in Figure 1.5m 
appears at the left, while data from two far transducers in Figure 1.5n are shown 
at the center and right. At the left, the pure sinusoid shows that high-order 
harmonics have been completely eliminated by the siren design. The two right 
figures, which contain additive noise, are almost identical. Multiple transducer 
signal processing in Figure 1.6c shows how the red signal is successful extracted 
from the blue and green to match the black upgoing waveform. 
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Figure 1.6b. Low-frequency (10 Hz) long wind tunnel data. 

Figure 1.6c. Low-frequency (10 Hz) signal recovery. 

Complementary results obtained at 45 Hz are shown in Figures 1.6d,e. 
The left diagram of Figure 1.6d is clearly not sinusoidal and provides evidence 
of nonlinear harmonics. Their magnitudes are measured from frequency domain 
analysis and efforts are made to determine their physical origin. Again, we have 
successfully extracted the MWD signal from a noisy environment. Our work 
showed that transducer spacings of 10% of a wavelength sufficed for signal 
extraction. At the present, not all noise sources are included in our modeling 
efforts. Vibration and other sound mechanisms will be included in future work. 

Figure 1.6d. High-frequency (45 Hz) long wind tunnel data. 
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Figure 1.6e. High-frequency (45 Hz) signal recovery. 

Our experiences with constructive wave interference "at the drillbit" are 
also worth noting. In U.S. Patent 5,583,827 or Chin (1996), where the use of 
downhole constructive interference for signal enhancement was first suggested, 
the published analytical model mistakenly assumed the bit as a solid reflector. 
In fact, it is now known that MWD signals are detectable in the annulus, where 
their absence is used as an indicator of gas influx. The six-segment waveguide 
model presented in Chapter 2 is used to study typical MWD collars, e.g., see 
Figure 1.2a. It is more general and does not assume any particular reflection 
mechanism on an a priori basis. Detailed calculations show that, more often 
than not, the drillbit acts as an open reflector - attesting to the dangers of 
"common sense" and visual inspection. This model creates plots similar to 
Figures 1.2b,c,d. The wave characteristics of siren and positive pulsers from 
present MWD vendors are consistent with those in Figure 1.2b. 

1.2.6 Conclusions. 
We have summarized our strategy for high-data-rate mud pulse telemetry 

and means for developing the technology. Our target objective of 10 bits/sec at 
30,000 feet appears to be doable. The signal amplification approach used, 
together with new surface signal processing techniques, plus the use specially 
designed tools that are integrated with mud and drillpipe properties, provide a 
systems oriented process that optimizes data transmission. Needless to say, we 
have acquired much in our testing program, and we are continually learning 
from our mistakes and developing new methods to improve the technology. 
Prototype (metal) tools have been built, using one or more sirens, and are 
presently being tested for mechanical integrity and telemetry performance; an 
example is given in Figures l.la,b. The top photograph in Figure 1.5b.l shows 
the "long wind tunnel" described in this paper, however, it also operates with 
mud or water using a mud pump and redesigned pulser section (not shown) that 
is controllable from a test shed at the center of the loop. Real mud laboratory 
and field tests are in progress and results will be presented at a later date. 
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2 
Harmonic Analysis: 

Six-Segment Downhole Acoustic Waveguide 
High-data-rate pulsers in continuous wave MWD telemetry not only create 

acoustic signals that propagate uphole, but in addition, down-going signals that 
"reflect at the drillbit," reverse direction and combine with the former to create 
waves that may constructively or destructively interfere. The ultimate signal 
that travels up the drillpipe depends on mud sound speed, the position of the 
pulser in the drill collar and its operating frequency, and importantly, the details 
of the bottomhole assembly forming the host waveguide. The implications are 
both good and bad. Destructive interference in signal generation can severely 
limit data rate and transmission distance, but constructive wave interference, 
properly applied, can enhance MWD signal strength without the usual power 
and erosion penalties incurred by purely mechanical methods. 

"Reflection at the bit," a phenomenon noted above, actually is more 
complicated than simple acoustic "open" or "closed" models would have us 
believe. In reality, signals do propagate through nozzles that may be small, and 
signals are detectable in the annulus. Thus, a telemetry model used to study 
fundamental physics and potential technical capabilities must not disallow 
transmissions into the annulus; moreover, as explained in Chapter 1, it is 
additionally important to model the antisymmetric disturbance pressure field 
about the source, so that downhole constructive and destructive interference 
processes and reverberant fields within the MWD collar can be properly studied. 

Exact solutions for a basic six-segment waveguide model representing the 
complete acoustic transmission channel are obtained for siren and poppet-type 
sources and their implications in high-data-rate tool design are discussed. 
Detailed solutions for a representative bottomhole assembly are provided in 
which signal generation efficiency is evaluated as a function of source position 
and frequency. These results suggest the use of new telemetry schemes that 
specifically focus on the positive aspects of wave propagation in signal creation 
and also the possibility that transmission rates and distances greatly exceeding 
the values conventionally accepted can be developed. In Chapter 9, we find that 
the model is more accurate than long flow loop analysis, since many industry 
loops are built satisfying practical boundary conditions that are not consistent 
with actual "radiation conditions" found in the drillpipe and annulus. 
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2.1 MWD Fundamentals. 

In conventional Measurement-While-Drilling operations, the problems 
associated with surface reflections, e.g., those at the mudpump, the desurger, the 
rotary hose, and so on, are well known. Several echo cancellation schemes 
using delay line models based on single and multiple transducers are available 
for surface signal processing, these importantly acknowledging the perils and 
subtleties associated with acoustic wave motions. These problems will be 
compounded at higher data rates because they are necessarily associated with 
higher frequencies and much shorter wavelengths. A single pressure transducer 
installed arbitrarily on the standpipe is not likely to be optimal; careful planning 
and the use of transducer arrays may be required. Many surface signal 
processing ideas are appreciated by MWD designers, but perhaps are not as well 
understood as they should be. As we will find in this book, important and useful 
models for forward and inverse applications can be developed using rigorous 
solutions to the one-dimensional acoustic wave equation. 

The technical and patent literature has generally focused on the 
consequences of reflections as they affect surface signal processing. However, 
as described in the chapter introduction, they are equally prominent downhole in 
the way that they affect signal creation at higher data rates. For example, 
consider a mud siren (or other pulser type) transmitting information and 
employing a phase-shift-keying (PSK) scheme, but at carrier frequencies much 
higher than those presently used. The "usual" wave will propagate uphole to the 
surface with encoded data and it is this wave that is addressed in surface signal 
processing. However, a downgoing wave is also created at the source that 
reflects "at the drillbit" with amplitude and phase changes that depend on mud 
sound speed, pulser location and the details of the bottomhole assembly and 
annulus. This reflected wave (still "long" in the sense that its wavelength 
greatly exceeds a typical diameter) passes through the mud siren (or other 
pulser) and combines with later created waves that are moving upwards. 

The net signal that travels up the drillpipe contains both the "usual" wave 
and the more complicated reflected one - it is impossible to determine, at the 
surface using present signal processing methods, which phase-shifts are real and 
which are not. These "ghost reflections" cannot be eliminated without 
additional information - these are not problematic if they are not created in the 
first place, of course, and Chapter 10 suggests a practical solution using an 
alternative "FSK" telemetry scheme. Because ghost echoes do exist, 
improvements to existing continuous wave telemetry over the years have been 
limited. This observation suggests the use of telemetry schemes which are more 
robust from a downhole source oriented perspective - and perhaps, one that can 
additionally increase transmission distance as well as data rate - by harnessing 
the use of constructive wave interference. These applications suggested the 
development of a math model that can be used in both telemetry job planning 
and in high-data-rate tool design. 
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2.2 MWD Telemetry Concepts Re-examined. 

The Measurement-While-Drilling literature has, for almost four decades, 
classified telemetry methods in a simple-minded manner according to three 
well-known categories: "positive pulser," "negative pulser," and "mud siren," 
the latter synonymously referred to as "continuous wave telemetry" (continuous 
transmissions are, of course, possible with positive and negative pulsers). These 
are conceptually illustrated in Figures 2.1, 2.2 and 2.3, respectively, where only 
the upgoing signals (as in conventional publications) are shown. It turns out that 
this representation is valid at very low frequencies, as we will demonstrate from 
our more general model. For now, we begin by explaining accepted 
conventional views and their original rationale, and then, re-examine extensions 
to the physical problem in the high-data-rate context in each instance. 

Figures 2.1, 2, 3. Positive, negative and siren pulsers (left to right). 

2.2.1 Conventional pulser ideas explained. 

Positive pulsers are essentially poppet valves that slowly plug and unplug 
small orifice openings by axial motions. When the orifice closes, the speed of 
the fluid column upstream reduces significantly while pressure slowly increases 
- a pressure that returns to ambient conditions when the valve fully opens. For 
this reason, this signal generator is known as a "positive pulser." Positive versus 
ambient hydrostatic pressures are used to communicate "O's" and "l 's" to the 
surface. It is clear that such pulsers require high levels of mechanical power as 
well as the ability to withstand significant levels of erosion. 
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Negative pulsers can be idealized as "holes" in drill collars that slowly 
open and shut. When the orifice opens, drilling fluid in the collar is diverted 
into the annulus and pressure decreases - this pressure returns to ambient 
conditions upon closure. For this reason, the signal generator is known as a 
"negative pulser." Negative versus ambient pressures are used to communicate 
"O's" and "l 's" to the surface. Such pulsers, in addition to requiring high levels 
of mechanical power to operate, erode valve components and may damage the 
formation and lead to well control problems. For this reason, they present 
liabilities in deepwater applications and are not recommended. 

Sirens are high-data-rate devices. While both positive and negative pulsers 
are lower in data rate, typically offering 1 bit/sec or less, sirens potentially offer 
10 bits/sec or more. The mud siren is known as a "continuous wave" pulser 
with a rotor component that rotates relative to an immobile stator. It resembles a 
single-stage turbine except that the turbine's thin blades are replaced by thick 
block-like "lobes" which almost completely block the flow when in a closed 
position. In industry publications, a positive over-pressure is shown traveling 
uphole much as it would with positive pulsers - however, the ability of the siren 
to increase and decrease its rotary speed allows it to send data at much higher 
speeds than with positive and negative pulsers. The siren makes use of acoustic 
transmissions, whereas slower positive and negative pulsers often do not. 

2.2.2 Acoustics at higher data rates. 

Now we re-examine positive pulser operation at higher axial reciprocation 
speeds. As the valve rapidly closes, it creates an over-pressure (by "banging" 
into the mud) that travels upstream as before; but at the same time, it creates an 
under-pressure ("pulling away" from the flowing mud) that travels downstream. 
When the valve opens, an under-pressure travels uphole while an over-pressure 
travels downhole. In other words, the pulser creates both positive and negative 
signals that travel away from the valve at both sides, noting that, at either side of 
the valve, signals may be positive, negative or zero. While this description is 
correct at high reciprocation speeds, we will continue, for historical purposes, to 
refer to high speed poppet valve pulsers as positive pulsers. 

We might note that, because the dynamic pressure field (relative to 
hydrostatic conditions) corresponding to a positive pulser is antisymmetric with 
respect to the source position, a nonzero pressure difference (or "delta-p," 
usually denoted by "Ap") generally exists across the valve. We will refer to 
such antisymmetric pressure fields as "dipole" fields produced by dipole tools. 
If the valve were positioned in an infinite uniform pipe, "/4 Ap" will propagate 
in one direction while the other "/4 Ap" will travel in the opposite direction with 
an opposite sign by virtual of symmetry. If "transmission efficiency," a new 
term introduced here, were defined as the pressure transmitted in a single 
direction relative to the source Ap, the transmission efficiency for an infinite 
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uniform pipe is exactly 0.5. We also emphasize that Ap is an "acoustic delta-p" 
and not the pressure drop associated with viscous pressure losses in the wake of 
a blunt body. For example, a nearly-closed stationary poppet valve is associated 
with high pressure losses, but these do not propagate and therefore cannot be 
used to create traveling sound waves. While viscous pressure drops may be 
important insofar as mudpump power requirements or tool losses are concerned, 
they are irrelevant to high data rate MWD signal generation. 

When a mud siren closes, the upstream flow slows significantly and the 
associated over-pressure travels uphole; at the same time, fluid pulls away at its 
downstream side and an under-pressure travels downhole. The reverse occurs 
when the siren opens. This, of course, applies whether the siren rotor rotates 
about its axis or simply oscillates back-and-forth. This physical description 
from the acoustical perspective is identical to that provided above for rapidly 
reciprocating positive pulsers, that is, both pulser classes are associated with 
pressure disturbances that are antisymmetric with respect to source position. 
Both sirens and positive pulsers represent realizations of dipole tools. In this 
wave propagation sense, positive pulsers and mud sirens function identically 
although there are obvious mechanical and practical design differences. As 
before, the siren signal can also be characterized by a "source strength" we shall 
term "Ap." In general, the Ap for a positive pulser or a siren valve will depend 
on geometry, the size of the drill collar, flow rate, mud sound speed and 
reciprocation or rotation; it can be determined independently in a flow loop, or 
in a wind tunnel, if measured results are properly rescaled. We importantly 
emphasize that Ap may be frequency dependent - with all parameters fixed, it 
may increase or decrease with frequency depending on mechanical design. 

Negative pulsers function differently. When the drill collar orifice opens, 
an under-pressure is locally created, but this under-pressure propagates both 
uphole and downhole; likewise, when the valve closes, a local over-pressure is 
created that propagates both uphole and downhole. The pressure difference, if 
measured at identical distances upstream and downstream of the orifice, 
identically vanishes because the disturbance pressure field is symmetric with 
respect to source position. Negative pulsers therefore represent "monopole" 
tools. For historical reasons, we will continue to refer to such pulsers as 
negative pulsers. It is clear that a non-zero Ap is not necessary for negative 
pulser operation and, in fact, is never achieved because Ap is always zero (for 
such pulsers, it is "delta velocity" that is important). As with positive pulsers 
and sirens, the source strength associated with a negative pulser depends on the 
acoustic "water hammer" component of the valve motion and not the pressure 
drop due to viscous losses across the drill collar wall. The pressure symmetries 
and antisymmetries noted for different pulser types are not speculative and have 
been observed and recorded in detailed wind tunnel and mud flow loop studies. 
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2.2.3 High-data-rate continuous wave telemetry. 
Sirens have offered relatively high data rates in the past. But it is 

important to observe that axially reciprocating positive pulsers and rapidly 
opening-and-closing negative pulsers can also be used to provide waves for 
continuous wave telemetry. The rationale for selecting one pulser type over 
another, in the past, was based on power and erosion considerations and, in this 
sense, on limitations in mechanical design and performance. However, if the 
wave properties of signal production used in continuous wave generation can be 
harnessed by taking advantage of constructive interference in order to 
significantly increase source strength without incurring power and erosion 
penalties, a game-changing means for high-data-rate telemetry and high 
resolution well logging would become reality. 

The importance of wave motions in telemetry physics cannot be 
deemphasized. For existing positive and negative pulsers, signal detection and 
decoding at the surface presently involve the monitoring of slowly changing 
pressure levels - a relatively elementary endeavor. At high data rates, new 
classes of subtle surface signal processing problems arise and we describe these 
complications next - but again, these same subtle effects offer the potential for 
significant gain if their physics can be intelligently and robustly harnessed. 

Consider the problem of signal generation. Whether we use positive 
pulsers, negative pulsers or mud sirens, waves are created that travel both uphole 
and downhole. Trade journals (and even scientific papers) normally depict only 
the upgoing wave, which ideally is correlated with valve displacement or 
velocity (which is, in turn, driven by assumed strings of "O's" and "l ' s dictated 
by logging sensors). In reality, the down-going wave reflects "at the drillbit" to 
travel uphole; this wave will add to newly created up-going waves, and the wave 
that ultimately travels uphole contains the intended signal plus "ghost 
reflections" of created data from earlier times. 

The above paragraph only "scratches the surface" insofar as complications 
are concerned. Depending on the data stream transmitted (that is, the detailed 
motion history of the valve), the geometry of the bottomhole assembly, the mud 
sound speed, the transmission frequency, the pulser type and the telemetry 
scheme, the results of constructive and destructive wave interference can lead to 
good versus bad signals, but more than likely, simply unpredictable signals. In 
designing a reliable continuous wave telemetry system, it is important to 
understand in detail the physics of downhole wave interactions as this 
understanding is critical to surface signal processing - these can have disastrous 
operational consequences but they can also be used to advantage. 

We have casually noted "reflection at the bit," but we again emphasize that 
reflections at the drillbit represent only those at one obvious reflector. In fact, 
changes in acoustic impedance are found at drillpipe-collar junctions for the 
downgoing mud flow and at other area changes; they are additionally found, for 
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example, at mud-motor and MWD collar interfaces, as well as at entrances and 
exits of drillbit nozzles and bit subs or bit boxes and in the annulus. All of these 
effects must be modeled correctly, but unfortunately, none of the numerous 
models with which the author is familiar addresses even the simplest reflection 
problem properly. We will review some fundamental issues before developing a 
comprehensive acoustic waveguide model encompassing all of these effects. 

2.2.4 Drillbit as a reflector 
In many studies, the ratio of total nozzle cross-sectional area to the cross-

sectional area of the bit or bit sub is seen to be small and the drillbit is 
accordingly modeled as a solid reflector. This appears to be reasonable from an 
engineering perspective but it is completely wrong. This is obvious from the 
following "thought experiment." It is worthwhile noting that, for a 12 Hz carrier 
wave in water with a sound speed of 5,000 ft/sec, the wavelength is 5,000/12 or 
about 500 feet - at lower frequencies, the wavelengths are much longer. Let us 
consider a positive pulser or a siren, located about 100 feet from the drillbit, in 
the process of obstructing the oncoming mud flow. A positive signal (that is, an 
over-pressure) is created that propagates uphole. At the same time, a negative 
signal is created which travels downhole. If the drillbit is a solid reflector, this 
negative signal will reflect as a negative signal and travel uphole past the source 
to combine with the long positive signal already traveling uphole. The net result 
is a wave, by virtue of destructive interference, with mostly zero disturbance 
pressure amplitude. 

It is known from operational experience, of course, that signals created 
using positive pulsers and mud sirens are measurable at the surface - and, in 
fact, that they have been observed even in the surface borehole annulus -
therefore, the solid reflector model must be wrong. Let us, then, reconsider the 
downgoing negative wave on this basis. If the drillbit nozzles represent, 
alternatively, an effective open-ended reflector, negative pressures will reflect as 
positive pressures - these positive pressures will add to the positive pressures 
that initially travel uphole and hence increase the possibility of detection. An 
open-end reflector will therefore double the propagating pressure associated 
with an infinite uniform pipe - the "transmission efficiency" should approach 
1.0, or nearly twice the 0.5 considered previously, only because the end is not 
entirely opened in an acoustic sense. An open-end model also allows wave 
transmission up the annulus and is consistent with field observation. 

These simple explanations on drillbit reflections are in fact supported by 
results of our detailed waveguide calculations which assume very general 
acoustic impedance matching conditions. Again, we note that the transmission 
efficiency for a uniform drillpipe infinite in both directions is 0.5. For the 
simple open reflector model above, this increases to 1.0, and interestingly, 
values exceeding 1.0 are possible, a phenomenon not surprising to designers of 



5 6 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2 ND EDITION 

telescoping acoustic waveguides with internal area changes. For many 
bottomhole assemblies, efficiencies approaching 3.0 have been calculated for 
higher frequencies, although the attenuation effects will limit their usefulness. 

These observations point to the importance of retaining drillbit nozzles (or 
more correctly, the "bit box" or "bit sub") as important conduits for wave 
transmission modeling insofar as optimizing MWD signals in the drillpipe is 
concerned. However, they also play an important role in signal production for 
the annulus. There are two important applications. First, the ability to correlate 
MWD signals in the annulus with those in the drillpipe (or lack of) is often taken 
as an indicator of gas influx detection; this is an important safety measurement. 
Second, the annular signal, which is inherently less noisy than the drillpipe 
signal, can be used to improve drillpipe signal decoding, since it is not 
contaminated as much by mudpump or desurger noise. Thus, in some 
applications, one might aim at optimizing signals in both drillpipe and annulus 
for the purpose of minimizing bit error, an objective that is not impossible. Not 
only is the bit sub important - all impedance changes within the drillpipe and 
drill collar system, as well as different annuli dimensions surrounding drillpipe 
and drill collar, form important elements of the acoustic channel model. The 
ratio of nozzle to total area, while dimensionless, is relevant only to hydraulic 
studies related to viscous pressure loss and not to acoustic transmission directly. 

2.2.5 Source modeling subtleties and errors. 
Proper source modeling is another area which is incorrectly addressed in 

all published analyses. It is generally argued that the distance between the 
MWD source and the drillbit reflector (located at the origin "x = 0") is small 
compared to a wavelength, so that the source can be modeled as a moving piston 
located at x = 0. This seems reasonable, and if so, the analysis would apply to 
all pulsers, whether their disturbance pressure fields are antisymmetric or 
symmetric with respect to the source. However, the method completely ignores 
the presence and sign of the downgoing wave discussed above. Thus, the effects 
of destructive interference (disastrous from a well logging perspective) and 
constructive interference (significant to signal enhancement without additional 
power and erosion penalties) cannot be modeled. Whether method-of-
characteristics or finite difference approaches are used (to solve the plane wave 
formulations usually given) is irrelevant. The "x = 0" piston model implicitly 
assumes very, very low frequencies where downgoing wave effects are 
extremely simple (this statement, in fact, will be seen from detailed calculations 
using the more rigorous model valid for all frequencies to be derived later). 

The correct theoretical approach requires us to more generally place the 
source within the MWD drill collar away from the bit and not to introduce any 
piston or solid reflector assumptions that would unrealistically preclude 
important classes of reflected wave motions. A priori assumptions related to 
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drillbit reflections would not be made; instead, general acoustic matching 
conditions would be invoked at impedance mismatches and "the dice would 
fall" as they will. However, mathematical complications arise which need to be 
addressed. When the source is located within the drilling fluid itself, its 
dynamic properties must be modeled. That is, whether the disturbance pressures 
(relative to hydrostatic) created by it are symmetric or antisymmetric with 
respect to source location are critically important - the dipole or monopole 
nature of signal creation must be accounted for in the mathematical model. For 
the same telemetry channel and frequency, positive pulsers and mud sirens will 
obviously create wave patterns - and hence upgoing MWD signal fields - that 
are completely different from those of negative pulsers. 

In summary, the least complicated analytical model of signal generation 
and wave interference downhole must contain at least the following elements. 
(1) A six-segment waveguide is required, the basic elements being the drillpipe; 
the MWD collar (containing a pulser and possibly other logging sensors); a 
collar beneath it to represent a positive displacement mud-motor (with rubber 
stators with different acoustic impedance) or, say, resistivity sub with different 
collar dimensions; a drillbit, bit box or bit sub component; an annulus 
surrounding the drill collar; and finally, a different annulus surrounding the 
drillpipe. (2) The "monopole" or "dipole" nature of the source must be 
specified, that is, whether the disturbance pressure field is symmetric or 
antisymmetric with respect to the source. And finally, for analysis and modeling 
purposes, (3) the source must be located within the MWD drill collar and allow 
the propagation of created signals away from it in both directions, as well as the 
complete transmission of reflected waves through the source itself - this latter 
requirement is necessary because the long waves created (even at frequencies at 
high as several hundred Hertz) will effortlessly propagate through valve 
openings that never completely close, e.g., siren "rotor-stator gaps" (detailed 
experiments show no evidence of reflections from practical MWD pulsers). 

The source strength "Ap," which depends on mechanical design, geometry, 
drill collar areal cross-section, flow rate, frequency, density and sound speed, is 
a quantity that is most accurately determined by laboratory differential pressure 
measurements. However, with care, it can also be inferred from field tests when 
the only available data is surface data. The value of Ap is not affected by wave 
motions and the longitudinal geometry of the waveguide (the cross-sectional 
area will affect local signal strength, however). For telemetry modeling, this 
strength can be left as "Ap," noting that this will generally depend on frequency. 
Only the ratios of upgoing drillpipe pressure to Ap, that is "pp i p e /Ap," and 
upgoing annular pressure to Ap, that is, "pannuius /Ap," are dynamically 
significant. Again, we caution that Ap may vary with frequency in a manner that 
depends on the mechanical design of the valve. The objective of the analysis in 
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this chapter is to identify the conditions under which ppipe /Ap is weak, or on a 
positive note, the conditions under which it can be optimized, so that signal 
enhancement without the usual anticipated penalties related to power and 
erosion are realized. We also recognize, of course, that any increase in ppipe /Ap, 
if it is obtained at a higher frequency, is subject to higher frequency-dependent 
attenuation. The hope is that increases in signal amplitude more than offset 
decreases incurred along the acoustic path. A complete telemetry analysis will 
consider both the downhole model addressed in this chapter, plus the subject of 
irreversible thermodynamic losses over large distances as well as the frequency 
dependence of Ap on mechanical design, both of which are treated later. 

2.2.6 Flowloop and field test subtleties. 

In deep wells containing attenuative drilling mud, the up and down-going 
waves created by the source will interact to form standing waves within the drill 
collars, the lower annulus and the bit box, while upgoing propagating waves 
will be found in the drillpipe and in upper annulus (this statement strictly applies 
to a system excited by a constant frequency source) provided the travel path is 
long. This observation also applies if the downward waves reflected from 
mudpumps and desurgers (and from the mud pit) have attenuated enough that 
they can be ignored - in shallow wells, we emphasize, this outgoing wave 
condition may be inapplicable and standing wave assumptions in both pipe and 
annulus may be required. In this chapter, we assume that propagating waves do 
in fact exist, and use such "radiation" or "outgoing wave" conditions as 
boundary conditions for the acoustic math model - that is, the drillpipe and 
upper annulus both extend to infinity and are each in themselves semi-infinite 
waveguides - or possibly, that they are both finite in length, but that their 
reflections toward the pulser attenuate significantly enough that they are not 
dynamically relevant. We implicitly assume deep wells. 

The same careful observations apply to flow loop testing and 
interpretation. In several flow loops operated by petroleum organizations, 
lengths of 5,000 to 15,000 feet are available and have been used for MWD 
telemetry testing. Typically, water is used as the test fluid since it is both clean 
and requires significantly less pump power. Positive displacement pumps act at 
one end of the loop while open reservoir conditions apply at the other. These 
boundary conditions are not the ones encountered operationally in real wells -
they support systems of standing waves as opposed to radiating waves. Often a 
valve or downstream choke near the reservoir is adjusted to control mean 
pressure levels in order to prevent cavitation. This valve, while nearly closed, is 
never completely closed because pumped fluid must be allowed to pass. This 
opening, per the drillbit-pulser discussion above, permits signals to propagate 
through it, since long waves will invariably never "see" the valve. 
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Because flowloops are finite as opposed to infinite despite their mile-long 
length, pulsers positioned within almost all flowloops that the author is familiar 
with will create systems of standing waves. These waves - and not propagating 
waves that attenuate with distance - are the ones measured experimentally and 
whose data must be reinterpreted in the context of wave motions encountered in 
the well. As pulser frequency changes within the flowloop, the nodes and anti-
nodes of the standing wave move. A pressure transducer located at a fixed 
position will measure amplitude changes related both to attenuation and node 
movement that are difficult to distinguish if a single transducer is used - or if 
multiple transducer data is not properly interpreted. In several publications, 
measured pressure changes that occurred with frequency increases have been 
incorrectly identified with attenuation - a term that, in the scientific literature, is 
usually reserved for irreversible thermodynamic losses. In fact, for a given Ap, 
the measured pressure at a given location versus frequency increase does not 
always decrease - it may increase, or otherwise vary non-monotonically with 
periodic character, but importantly, always in a manner dependent on the sound 
speed of the fluid, the length of the flow loop and its end boundary conditions. 

We emphasize that the measurement of Ap across a positive pulser or mud 
siren, say using differential pressure transducers, is correct and perfectly 
legitimate whether the flowloop is finite or infinite because the continuous 
background wave field (containing even the most complicated reflections) is 
subtracted out at both sides. However, the measurement of pressure itself needs 
interpretation because it is subject to the vagaries of reflection - care must be 
taken to determine if it is in fact a propagating wave result, a standing wave 
anomaly, or a wave that has been contaminated by reflections. 

Many field reports obtained at different service companies have provided 
confusing and contradictory reports related to high-data-rate signal generation. 
Invariably, workers failed to distinguish between positive versus negative pulser 
sources and failed to note the type of drillbit used or the length of the hole. As 
we have discussed, downhole reflection patterns depend on source type, the 
manner of reflection at the drillbit, not to mention mud sound speed, pulser 
frequency and the details of the bottomhole assembly. The parameters discussed 
thus far explain the sources of confusion encountered by workers in MWD 
telemetry. Measured standpipe signals have often varied significantly from one 
rig to another without explanation. Sometimes, extremely weak signals are 
found with tools that are functioning perfectly mechanically. However, in all 
cases, differences can be reconciled when bottomhole assembly geometries, the 
lengths of the boreholes, and other acoustic parameters, are considered within 
the framework of a comprehensive and rigorous mathematical model. 

Again, flowloop testing can be dangerous when pressures (not to be 
confused with Ap's) are to be measured, and particularly so, when the pulser is 
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placed in a uniform flow loop and not a replica of the bottomhole assembly. 
Likewise, "real world" field test results are likely to lead to confusing 
conclusions if not interpreted properly - and similarly, successful high-data-rate 
MWD telemetry will not be optimal unless preliminary job planning is 
performed to determine the range of desirable frequencies and also the suite of 
useful telemetry schemes for any particular rigsite operating scenario. 

2.2.7 Wind tunnel testing comments. 

Analogous test interpretation problems may arise with wind tunnel testing, 
that is, the use of hundred-feet versus thousand-feet long wind tunnels for MWD 
telemetry acoustic testing. For instance, different pressure patterns are obtained 
accordingly as the fluid source is positive displacement piston driven (that is, a 
solid reflector) or acts as a centrifugal pump (an open-end reflector). While 
such wind tunnels are ideal for Ap source strength testing and preliminary signal 
processing instrumentation and software design, particularly because such tests 
are convenient and inexpensive, care must be taken to understand the physical 
phenomenon actually modeled and how it relates to telemetry in a deep well. 
For example, if outgoing wave conditions are to be modeled at both inlet and 
outlet, enough damping along all propagation paths (say, using soft acoustic 
liners) and sufficient length are required to eliminate end reflections. In the next 
section, we develop a detailed waveguide model for the complete MWD 
telemetry channel. In later chapters, however, models for finite loops are 
designed for laboratory application. 

2.3 Downhole Wave Propagation Subtleties. 

We have discussed the complexities related to source signal generation in a 
continuous wave environment from a downhole perspective. In Figure 2.4, 
where constant frequencies are assumed, single arrows denote pure propagating 
wave motions while double-arrows indicate the existence of standing waves. 

Diagram (a) illustrates the situation encountered downhole for deep wells, 
while Diagrams (b), (c) and (d) illustrate other situations that may be appropriate 
to shallow wells or wind tunnel tests (the darkened cross-sections indicate that 
alternative boundary conditions might apply, e.g., shortened wind tunnel 
lengths, shallow wells, open reservoirs or orifice plates). In this chapter, we 
develop and discuss model results for (a) only, although similar results for the 
other configurations are easily obtained by modifying one or two end boundary 
conditions. In addition, our model applies to sirens and poppet dipole valves 
and not negative pulsers or monopoles. 
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Figure 2.4. Positive and mud siren pulsers in various telemetry channels. 

2.3.1 Three distinct physical problems. 
So far we have refrained from discussing wave propagation through the 

entire drillpipe length itself and also the complicated problems associated with 
reflections at the surface. We now address these issues and explain why these 
problems can, at least from a modeling perspective, be considered separately. 
For the downhole problem in Figure 2.4a, the typical length scale in the axial 
direction is about 200 feet, that is, the distance from the drillbit to the top of the 
highest collar. Over this distance, the effects of attenuation (meaning 
irreversible thermodynamic loss) are unimportant and can be neglected. This is 
not to say that zeros in pressure are not found; they are, but they are related to 
reversible wave cancellations. With this simplification, the problem for Figure 
2.4a can be solved analytically, using algebraic manipulation software or 
numerical matrix solvers, as we will demonstrate later in this chapter. 

What the drillpipe "sees" from afar is not the complicated interactions 
implicit in Figure 2.4a, but only the net pressure wave ppipe/Ap that ultimately 
leaves the MWD collar - in this sense, the drillpipe problem, primarily one for 
simple attenuation, is a separate one from that in the foregoing paragraph. In 
Figure 2.4a, drilling mud is shown moving downward; it interacts with an 
oscillating positive pulser or rotating mud siren to create signals of strength Ap 
which depend on flow rate, valve geometry, sound speed "c," rotation and so on. 
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We assume that Ap is independently known from short wind tunnel 
measurement. Only Ap and c appear explicitly in the drillpipe acoustic 
discussion. 

The pressure initially entering the drillpipe may be denoted by Teff Ap 
where Teff is a dimensionless acoustic "transmission efficiency" factor for source 
strength production whose properties are the subject of this report. Again, it is 
0.5 for a uniform pipe, almost unity for present low-frequency positive pulsers, 
but it can be much greater than one for an optimized high frequency tool. Even 
in the ideal case when surface reflections and related complications are not 
problematic, we note that Teff Ap is not the signal that ultimately arrives at the 
surface standpipe. This initial signal is corrupted by two mechanisms. First, the 
wave is attenuated as it travels through the drillpipe by a dissipation factor 
"exp(-ax)" that varies exponentially with frequency. This irreversible 
thermodynamic loss arises from the effects of fluid viscosity, heat transfer and 
local pipe expansion - what is lost cannot be resurrected. In addition, weak 
periodic reflections are set up which is associated with pipe joints along the 
transmission path. These two phenomenon define the drillpipe problem. 

As explained above, the downhole signal generation problem is distinct 
from that in the drillpipe. Analogously, the problem of surface reflection 
modeling - in particular, the extraction of signals from a wavefield corrupted by 
reflections, desurger distortion and mudpump noise - is likewise distinct from 
the drillpipe problem. What the surface problem "sees" is simply the reduced 
MWD input signal Teff Ap exp(-ax) as a "black box" input plus the entire gamut 
of reflections obtained at the surface. When a single pressure transducer is 
introduced in the standpipe, it most likely will not measure "Teff Ap exp(-ax)," 
but that, plus a complicated set of reflections and signal distortions. The overall 
objective is to recover the information encapsulated in Ap(t) itself through 
multiple sets of problems in an environment characterized by high signal-to-
noise ratio. The physics described justifies our separate treatment of three key 
problems, namely, those for downhole signal generation, drillpipe attenuation, 
and surface reflection deconvolution. We now return to the downhole source 
problem and consider it in detail, the subject of the present chapter. 

2.3.2 Downhole source problem. 
It is important to understand the differences between wave propagation 

when drillpipe and annulus are both long, as in Figure 2.4a, versus situations 
where either or both are terminated close to the source, as in Figures 2.4b,c,d. 
This is necessary in order to model field situations for proper telemetry job 
planning and tool system design, and also, to correctly interpret laboratory data, 
for instance, using fixtures as suggested in Figures 2.4b,c,d for extrapolation to 
field situations similar to Figure 2.4a. 
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The schematic in Figure 2.4a shows a six-segment waveguide consisting of 
(1) a long drillpipe, (2) an MWD drill collar possibly containing other sensors, 
(3) the drill collar housing a positive displacement mud motor with possible 
impedance mismatches due to the presence of the rubber stator - this waveguide 
section can be used to alternatively model, say, a resistivity-at-bit sub, (4) the 
drillbit nozzles or the bit sub, (5) a "bottom annulus" surrounding the drillbit, bit 
sub and both drill collars, and finally, (6) a long "upper annulus" that extends to 
the surface. If the pulser has operated at a given frequency for some time, 
standing waves (denoted by double-arrows) are set up at all finite bounded 
sections while propagating waves (denoted by single-arrows) traveling away 
from the source appear in the semi-infinite drillpipe and upper annulus. 

The assumptions implicit in Figure 2.4a are subtle. Consider first the 
drillpipe. It is assumed in the model that all waves move upward to the surface 
and do not return to the bottom. But at the surface, they will reflect at desurgers 
and mudpumps and travel downward - more than likely, though, any waves that 
reach the bottomhole assembly will be so weak that our simple upgoing wave 
assumption applies (if not, a second, smaller standing-wave pattern is created). 
This will not be so for very strong sources, in which case multiple reflections 
will be found; when this is so in wind tunnel testing, the "cure" is an appropriate 
reduction in signal amplitude, which is easily accomplished by decreasing wind 
speed. Similar considerations apply to the annulus and reflections from surface 
facilities. Now, both of these upgoing waves will damp as they travel upward, 
but since their reflections are assumed to be so weak that their influences on the 
standing wave pattern are unimportant, the simple fact that the only waves that 
leave the bottomhole assembly are waves that travel upward suffices. This 
represents the so-called "radiation" or "outgoing wave" condition used in 
physics. Again, for the purposes of modeling wave interactions in the 
bottomhole assembly (such as constructive and destructive interference effects 
in signal enhancement or destruction), the local effects of irreversible 
thermodynamic attenuation are not important. 

Now consider the alternative scenarios shown in Figures 2.4b, 2.4c and 
2.4d where dark gray caps indicate terminations where strong reflections are 
possible. Sections bounded by these terminations will now contain standing 
wave patterns as opposed to propagating waves and the complete wave pattern 
found in the bottomhole assemblies will differ from that of Figure 2.4a. In 
particular, they will depend upon the nature of the reflector. If the termination 
acts as a solid reflector, the acoustic pressure locally doubles; if it acts as an 
open-end reflector, the acoustic pressure will locally vanish; finally, if it is an 
elastic reflector, i.e., a desurger, acoustic reflections will distort in shape and 
change in size depending on how wave amplitude and frequency interact with 
effective mass-spring-damper parameters. 

Again, the same MWD hardware (that is, bottomhole assembly and tool 
configuration) operating identically in Figures 2.4a,b,c,d will not produce 
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identical acoustic wave patterns because of boundary condition differences. 
Also, changing the mud (or, "c") will affect each differently. In some cases, the 
upgoing wave is strong; in others, it is not. In MWD field tool testing, the 
effects of the complete acoustic channel must be understood. Simply having 
pressure transducers in the same location along the standpipe means very little, 
since the upgoing signals can vary widely depending on borehole length, 
frequency and mud sound speed, and the locations of surface components like 
mudpumps and desurgers. With these physical arguments explained clearly, we 
now turn to a mathematical expression of these ideas and provide exact 
analytical solutions. We emphasize that computational finite difference and 
finite element solutions to the general formulation are the worst way to proceed, 
since numerical dispersion and diffusion errors lead to effective local sound 
speeds that differ significantly from actual ones, thus implying large phase 
errors. Great effort was expended to obtain analytical solutions; owing to the 
complexity of the linear system derived below, recourse to computerized 
algebraic manipulation methods was necessary, as will be described in detail. 

2.4 Six-Segment Downhole Waveguide Model. 

In order to develop a realistic and accurate acoustic waveguide simulator 
for the bottomhole assembly, the source and the annulus, it is important to 
understand every component that affects the combined wave that eventually 
leaves the MWD drill collar. We have already discussed pressure symmetries 
and antisymmetries for source-field modeling, appropriate acoustic impedance 
treatment at areal and material changes, and the proper application of radiation 
conditions. In this chapter we neglect the effects of repeating drillpipe joints 
because they are not significant - these have not proven to be detrimental to 
field operation even in long wells where the initial signals are weak. One final 
modeling assumption is discussed, related to the events near the drillbit where 
the directions of the waveguide and the local mud flow both reverse. 

We specifically refer to the lowest portion of the borehole occupied by the 
drill collar, drill bit and the lower annulus. What happens when a downward 
traveling wave passes through the bit nozzles and turns up into the annulus? 
One should not confuse hydraulic viscous losses with acoustic losses. For 
instance, the flow of fluid through a sharp bend will lead to large pressure 
losses, requiring higher pump power; however, the transmission of sound, 
particularly sound associated with long waves, through that same fluid and bend 
will be nearly lossless. How efficient is sound transmission through a bend? 
Fortunately, this question can be answered because, for frequencies several 
hundred Hertz or below, our waves are in fact long compared to the cross-
sectional dimensions of the pipe or annulus. For this, we draw upon an exact 
solution of Lippert (1954, 1955) obtained in his well known studies of long 
wave reflection from ninety-degree bends. 
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His classic paper provides plots for both measured and calculated 
reflection and transmission coefficients, versus the dimensionless quantity 2fa/c, 
where f is the frequency in Hertz, a is the width of the conduit, and c is the 
sound speed. Lippert shows that long, low frequency sound waves are 
transmitted through such bends with very minimal reflection. If we take f = 50 
Hz (which is high by present MWD standards), and assume a = 0.5 ft, with a 
sound speed c of 5,000 ft/sec, we find that for 2fo/c = 0.01, more than 99% of 
the incident power will pass through the bend. In other words, elbows are 
effectively straight for acoustical purposes. It is interesting that an increase of f 
to 500 Hz increases 2fa/c to 0.1; this increases the reflection coefficient to 0.05 
and decreases the transmission coefficient to 0.99, which is still extremely close 
to unity. In conclusion, for frequencies up to several hundred Hertz, a loss-free 
wave assumption is perfectly reasonable - channels with bends, for the purpose 
of acoustical analysis, can be assumed as straight without loss of generality, as 
shown in Figure 2.5, thus significantly simplifying the mathematical formulation 
and its solution. Further discussion and other essential acoustic ideas are found 
in the classic book of Morse and Ingard (1968). 

Annulus-1 Annulus-2 Bit Motor Collar Drillpipe 

MWD 

1P 
*\P> 

1 
x < > X = x£ 

X, Xt "ill 

x = -x Lm x = 0 x = x 

Figure 2.5. "Unwrapped" downhole MWD waveguide structure, 
to be compared with illustration in Figure 2.4a. 
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2.4.1 Nomenclature. 

A P Internal cross-sectional area in drillpipe 
A c Internal cross-sectional area in MWD drill collar 
A m Internal cross-sectional area in mud motor (exclude metal rotor) 
Ab Internal cross-sectional area in "bit passage" 
Aa2 Cross-sectional area, annulus surrounding drill collar 

A, Cross-sectional area, annulus surrounding drillpipe 

^ mud Bulk modulus in mud 
B mm Bulk modulus in mud motor (weighted average, rubber and mud) 

^mud Speed of sound in mud 
c mm Sound speed in mud motor (weighted average, rubber and mud) 
f Frequency of dipole source (in Hertz) 
P Acoustic pressure 
Ap Dipole signal strength (for positive pulser or siren, not explicitly 

used, since it is "p/Ap" that is actually considered here) 

P mud Mass density of mud 

P mm Mass density in mud motor (weighted average, rubber and mud) 
t Time 
U Lagrangian displacement of fluid element from equilibrium 
CO Circular frequency of dipole source 
X Axial coordinate, "x = 0" at mud-motor/drill-collar interface 
X s Distance to MWD acoustic dipole source, located in drill collar 
X c Drill collar length 
X m Length of mud motor 
X b Length of "bit passage" beneath mud motor 
X a Length of annulus, from floor of hole to pipe-collar interface 

The foregoing long-wave property is significant to MWD telemetry 
modeling. Since the passage of a long acoustic wave down the drillpipe and 
drill collar and then up the annulus can be regarded as the kinematic equivalent 
of two consecutive 90° bends separated by a short "drill bit passage," we can 
topologically "unwrap" the collar-bit-annulus telemetry channel to approximate 
Figure 2.4a by the equivalent one-dimensional waveguide in Figure 2.5. In this 
representation, the origin "x = 0" is taken as the interface between mud motor 
and MWD drill collars; at the far left, a single left-going wave travels up the 
annulus, while at the far right, a single right-traveling wave travels up the 
drillpipe. The lengths and cross-sectional dimensions in Figure 2.5 do not 
represent actual geometries, but are intended for display purposes only; they are 
not drawn according to scale. The drillbit, mud motor and MWD collar lengths 
are, respectively, xb, xm and xc. 

High-data-rate mud pulse telemetry is governed by the equations of 
classical acoustics, e.g., Morse and Ingard (1968). The role of the wave 
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equation is well known, governing fluctuations in quantities such as mass 
density, pressure, temperature and entropy; not only does the equation apply to 
the quantities cited, but it applies to more abstract (but often used) mathematical 
entities such as the "displacement potential" and the "velocity potential." The 
particular choice of dependent variable to be used is crucial to obtaining useful 
solutions. Elementary textbooks emphasize, for example, that the selected 
variable must accommodate the type of boundary conditions used; cases in point 
are the reflection conditions corresponding to the open or closed ends of an 
organ pipe. In MWD telemetry, the modeling problem is more complicated: the 
dependent variable used in our case must also accommodate the "dipole nature" 
of the source, that is, it must describe in a natural manner the antisymmetric 
disturbance pressures about the acoustic source generating the downhole signal. 

The simplest example of an MWD dipole source is created by placing a 
low-frequency woofer in a pipe filled with stagnant fluid (e.g., air), with the face 
of the speaker lying in the cross-sectional plane of the pipe. When the speaker is 
excited by electric current, its cone oscillates, thereby creating sound waves that 
propagate in both directions. The nearfield mechanics of the speaker are 
interesting. When the created pressure on one side is high relative to ambient 
levels, the pressure on the opposite side is low by the same amount, and vice-
versa. Several diameters away from the speaker, the three-dimensional details 
associated with cone geometry vanish - the resulting so-called "plane wave" 
does not vary with cross-section. 

In other words, the created pressure (or, disturbance pressure relative to 
hydrostatic levels) is antisymmetric with respect to the source point. Because 
this pressure field is always antisymmetric, the difference in pressure levels 
across the source point, at any instant in time, will typically be nonzero. Hence, 
we say that a jump or discontinuity in pressure (that is, "delta-p") in pressure 
exists. We emphasize that this is not to be confused with a statically unchanging 
pressure differential, e.g., the viscous wake behind a bluff body, which does not 
propagate as sound; of course, since such a static drop is associated with a 
change in surface hydrostatic pressure, it can be used to encode information, 
although at extremely low data rates. 

The strength of this jump is determined by events that fall outside the 
mechanics of acoustic wave propagation. In the foregoing example, the strength 
of the speaker signal is fixed by the amplitude of the electrical signal fed to the 
wave generator and the contours of the cone. In MWD, the strength of the 
created dipole signal will depend the geometry of the poppet valve or mud siren, 
the frequency of oscillation, the hydraulics of the problem by way of the flow 
rate and density of the drilling fluid, and so on. The (long) wave, upon 
reflection and re-reflection from boundaries, will pass freely through the source 
because rotor-stator gaps are never fully closed; only the jump in pressure can 
be specified with certainty in any formulation, since exact pressure levels at the 
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source, which arise from interference and re-reflections, will depend on the 
geometry and boundary conditions associated with the waveguide assumed. 

In summary, the mathematical formulation must permit convenient 
implementation of farfield boundary conditions, but it must allow free passage 
of pressure waves through the source point, as well as permitting us to represent 
the MWD source by a "jump in pressure" without specifying the exact local 
pressure (the exact source pressure will, of course, be available from the solution 
of the boundary value problem). Before proceeding, we again emphasize that a 
jump in pressure, or delta-p, is not necessary for signal creation. For example, 
two oppositely-facing speakers placed in close contact so that their outer rims 
touch, would model a negative pulser. These will obviously generate pressures 
that are symmetric with respect to the source point. However, they are 
associated with a zero delta-p, and instead execute monopole-type "breathing 
volume oscillations." The dipole sources considered in this book instead 
generate propagating signals associated with displacement changes and 
antisymmetric pressures produced without simultaneous volume creation. 

2.4.2 Mathematical formulation. 
In this section, we will derive the boundary value problem formulation 

describing the coupled acoustical interactions discussed above. This 
formulation consists of governing partial differential equations, dipole source 
model, matching conditions at impedance junctions, and farfield radiation 
conditions. Again, the objectives of the model are two-fold. We wish to design 
a model that allows us to study the conditions under which the drillpipe signal is 
good or bad and the extent to which improvements in MWD telemetry can be 
made. Second, we desire to obtain predictive values for strong annular MWD 
signal because their correlation with drillpipe signals can be useful in 
monitoring gas influx or in providing improved signal detection. 

2.4.2.1 Dipole source, drill collar modeling. 

A number of physical quantities were cited earlier for potential use as 
candidate dependent variables; however, none of these fulfill the requirements 
discussed. It turns out that the "Lagrangian displacement" variable u(x,t) 
familiar to seismologists provides the flexibility needed to simultaneously model 
impedance, farfield, and source "delta-p" boundary conditions. The quantity 
"u" is a length representing the lineal displacement of a fluid element from its 
equilibrium position, which arises as a result of propagating compression and 
expansion waves that momentarily displace it from its initial position. This 
length, which varies with space and time, satisfies the one-dimensional wave 
equation "pmudu

c
tt - Bmudu

c
xx = 0," where pmud and Bmud represent, respectively, 

the mud density and bulk modulus. When desirable, in this book, subscripts will 
be used to denote partial derivatives, in order to simplify the presentation. 
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We will add to this classical equation the right-hand-side forcing function 
"Ap" 8(x-xs) where we refrain from conjecturing the meaning of "Ap" for now. 
We do, however, note that 8(x-xs) represents the Dirac delta function - that is, a 
concentrated force - situated at the source point x = xs; in physical terms, the 
assumption that the imposed excitation lies at a single point in space requires 
that the dimensions of the MWD pulser be small compared with a typical 
wavelength, a requirement presently satisfied by all commercial tools. In doing 
so, we obtain the inhomogeneous partial differential equation 

PmudUc
tt-Bmudu

c
xx = "Ap"8(x-xs) (2.1) 

The superscript "c" refers to the MWD drill collar, of course, which houses the 
siren source (we discuss drill collar acoustics first in order to show why the 
Lagrangian displacement is the proper dependent variable for use in the 
remainder of the analysis). Note that Equation 2.1 does not include damping. 
Again, this is not to say that attenuation is unimportant; it is, but attenuation is 
only significant over large spatial scales, as would be the case when signals 
travel through the drillpipe. In the present section, which deals with interference 
dynamics near the source point, interactions act only over short distances on the 
order of the bottomhole assembly length and the mathematically complicating 
effects of damping can be justifiably neglected. 

Let us now multiply Equation 2.1 throughout by the differential element 
dx, and integrate the resulting equation from "xs - e" to "xs + 8," where 8 is a 
small positive length on the order of the source dimensions. Since u(x,t) and its 
time derivatives are continuous through the source point, that is, there is no 
"tearing" in the fluid, we obtain the "jump condition" 

- ® mudU° x (xs + s,t) + B m u dn ( X -s,t) = "Ap" (2.2) 

since the integral of the delta function is unity. If we note that the acoustic 
pressure is in general defined by 

P = - B u , (2.3) 

it follows that "Ap" = pc
x (xs + 8,t) - pc

x (xs -8,t). In other words, "Ap" is the jump 
in acoustic pressure through the MWD source and it appears naturally only in a 
fluid displacement formulation using u(x,t). This jump is created not only by 
our aforementioned speakers, but by poppet valves and mud sirens which stop 
the oncoming flow in one direction, thus creating high pressure, while 
permitting the flow at the opposite position to pull away, thereby producing low 
relative pressure. It is also physically clear that the created pressures on either 
sides of the dipole source must be equal and opposite in strength, measured 
relative to hydrostatic background levels. We emphasize that this Ap is not to be 
confused with a statically unchanging pressure differential, e.g., the viscous 
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wake behind a bluff body, which does not propagate as sound and does not 
possess the required antisymmetries; of course, since such a static drop is 
associated with a change in surface hydrostatic pressure, it can be used to 
encode information, although at low data rates. Incidentally, delta functions are 
used to represent point excitations for jump ropes and violin strings undergoing 
transverse motions when similar displacement formulations are used. 

We note that the source strength Ap for mud sirens and positive pulsers 
used for continuous wave generators depends on flowrate, the mud sound speed, 
the mud density, the geometric details of the pulser, and finally, on the manner 
in which the pulser is driven. It does not depend on the wave propagation itself, 
and in this sense, can be regarded as a known prescribed quantity for acoustic 
modeling purposes. The properties of Ap are difficult to assess analytically. 
Instead, it is simpler to measure them directly in mud flow loops or in wind 
tunnels, an analysis area we develop more fully later in Chapter 9. 

As a digression, we emphasize again that a "Ap" is not necessary for MWD 
signal generation and transmission, as we have discussed for negative pulsers -
in fact, Ap = 0 identically. To model negative pulsers, the forcing function in 
Equation 2.1 would take the form "Ap" [8(x-xs + c) - 5(x-xs - c)] where "Ap" 
would refer instead to the acoustic pressure drop across the drill collar to the 
formation. The difference in delta functions ensures that no net pressure drop is 
occurs in the axial direction. More precisely, one models the negative pulser 
source as a "couple," that is, as the derivative of the delta function in a 
formulation for u(x,t). To simplify the mathematics for negative pulsers, one 
alternatively uses "velocity potentials" for (|)(x,t) where the axial acoustic 
velocity is v = cty/dx and pressure is related to its time derivative. In the MWD 
drill collar, the statement pmud (|)ctt - Bmud (|)cxx = B "Av" 5(x-xs ) would now 

indicate that a discontinuity in Av is the natural math model for negative pulsers. 
We also observe that a numerical solution to Equation 2.1, say based on 

finite differences or finite elements, would lead to very inaccurate results, given 
the point force excitation used. Even high-order schemes are complicated by 
large truncation errors which lead to dissipation and inaccuracies in modeling 
phase effects. The results, for instance, give local sound speeds that may be 
different than those characteristic of the actual mud. Inaccurate phase modeling 
would render all conclusions for constructive and destructive wave interference 
useless. We therefore pursue a completely analytical approach. 

2.4.2.2 Harmonic analysis. 

We have identified "Ap" as the transient acoustic pressure source, which 
can take on any functional dependence of time; this dependence, again, is 
dictated by pulser geometry, oncoming flow rate, fluid density, and the 
telemetry scheme selected. In this chapter, we physically represent "Ap" in the 
frequency domain as the product of a harmonic function eicot and a signal 
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strength Ap(co) that may depend on frequency, but the exact dependence will 
vary with valve design, flow rate, and so on. Of course, this separation of 
variables is not as limiting as it initially appears; any transient signal can be 
reduced to superpositions of harmonic components using Fourier integral 
methods. Together with the assumption 

"Ap" = Ap eicot (2.4) 

we consistently assume, still restricting our discussion to the MWD drill collar, a 
Lagrangian displacement of the form 

uc(x,t) = Uc(x)eicot (2.5) 

Substitution of Equations 2.4 and 2.5 in Equation 2.1 leads to a simple ordinary 
differential equation, better known as the one-dimensional Helmholtz equation 
governing the modal function Uc(x), 

which is satisfied by all fluid elements residing in the drill collar (here, we have 
introduced the sound speed defined by cmud = V(Bmud /pmud)). This real 
inhomogeneous differential equation can be solved using standard Green's 
function or Laplace transform techniques (had we allowed attenuation, a more 
complicated complex equation would have been obtained). Its general solution, 
to be given later, can be represented in the usual manner as the superposition of 
a homogeneous solution (with two arbitrary integration constants) satisfying 
Uc

xx(x) + (co2/cmud
2) Uc = 0, and a particular solution (without free constants) 

satisfying Equation 2.6 exactly. Now that the fundamental mathematical ideas 
have been discussed in the context of drill collar analysis, let us consider the 
remaining elements of the waveguide. 

2.4.2.3 Governing partial differential equations. 

We have discussed in detail the properties of the differential equation 
governing the acoustics within the drill collar. The equations governing other 
sections of the one-dimensional waveguide are similar, although simpler, 
because they are not associated with MWD sources. Again, using separation of 
variables like u(x,t) = U(x)eicot, we obtain a sequence of Helmholtz equations for 
our waveguide sections. For clarity and completeness, going from the right to 
the left of Figure 2.5, these are 

lPxx(x) + (co2/cmud
2) Uc = - (Ap/Bmud) 8(x-xs) (2. 6)  

UPXX(X) + (O)2/cmud
2) UP = 0 

U°„(x) + (<o2/cmud
2) Uc = - (Ap/Bmud) 5(x-xs) 

Um m ( x ) + (CD2/C 2 ) Um m = 0 
xx^ ' v mm ' 

[mm 

(2.7a) 

(2.7b) 

(2.7c) 
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Ub
xx(x) + (032/cmud

2) Ub = 0 (2.16) 

U*2
xx(x) + (032/cmud

2) Ua2 = 0 (2.7e) 

Ual
xx(x) + (032/cmud

2) Ual = 0 (2.7f) 

We observe that cmud appears in all of the above equations, except Equation 2.7c, 
which contains cmm. This quantity is just the speed of sound in the mud motor 
passage, which must be further obtained as a suitable weighted average of 
rubber, mud, and possibly, steel rotor properties (note that use of our Helmholtz 
model will preclude the modeling of signal shape distortions possible at 
downhole rubber interfaces). More than likely, laboratory investigation will be 
required to determine cmm , the corresponding bulk modulus Bmm and the 

equivalent density pmm (as in the case of drilling mud, the relationship of the 
form c /pmm applies). We also emphasize that the attenuative nature 

of the hard rubber that makes up the stators in the mud motor is not important at 
MWD frequencies less than 100 Hz and typical motor lengths less than 100 ft. 
Now, the general solutions for Equations 2.7a - 2.7f can be easily written down 
in closed analytical form, and in particular, are obtained as 

UP(X) = C1 exp (-icox/CMUD) (2.8a) 

Uc(x) = C2 cos cox/cmud + C3 sin cox/cmud (2.8b) 
+ 0 i f x < xs, or 

~ {c^Ap/CcoB^^sincoCx-x^/c^ z /x>x 

Um(x) = C4 cos 03X/CMM + C5 sin 03x/cmm (2.8c) 

Ub(x) = C6 cos 03X/CMUD + C7 sin 03x/cmud (2.8d) 

Ua2(x) = C8 cos 03X/CMUD + C9 sin 03x/cmud (2.8e) 

Ual(x) = C10 exp (+icox/cmud) (2.8f) 

Observe that sines, cosines, and complex exponentials have been used in 
the solutions given by Equations 2.8a - 2.8f. Let us explain the motivation 
behind the exact choices made. Note that the typical homogeneous differential 
equation, e.g., Uxx(x) + (co2/cmud

2) U = 0, has two real linearly independent 
solutions, namely, the usual sin cox/cmud and cos cox/cmud, but that equivalent 
solutions are also given by the complex mathematical expressions 
exp(+icox/cmud) and exp(-icox/cmud). Direct substitution in the governing 
equation, of course, demonstrates that both of these solution pairs are valid. 

The exact representation useful in any particular instance, however, 
depends on the nature of the wave propagation found in the waveguide section 
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under consideration. Let us consider, for example, the acoustic field in the 
drillpipe. Recall that we had used the separation of variables u(x,t) = U(x)eicot. 
The assumption taken in Equation 2.8a, namely, Up(x) = Cl exp (-icox/cmud), 
implies that the time-dependent solution is u(x,t) = Cl exp {ico(t-x/cmud)} which 
is the representation for a propagating wave. Similar comments apply to 
Equation 2.8f for the annulus. In contrast, the "sine" and "cosine" 
representations naturally describe standing waves inside the waveguide. 

2.4.2.4 Matching conditions at impedance junctions. 

Continuity of volume velocity requires that the product between 
waveguide cross-sectional area "A" and longitudinal velocity du(x,t)/dt remain 
constant through an impedance junction, that is, any point through which an 
acoustic impedance mismatch exists. Since we have chosen the Lagrangian 
displacement as the dependent variable, the area-velocity product takes the form 
A5u(x,t)/5t. Because u(x,t) = U(x)e/cot, this quantity is Ad{U(x)e/cot}/dt or 
/AUcoe/cot. And furthermore, since the coefficient /coe/cot is the same on both sides 
of an impedance change despite changes in the modal function U, it follows that 
the continuity of volume velocity, at least for time harmonic disturbances, 
requires only that we enforce the continuity of product AU (hence, we have 
"A1U1 = A2U2"). Continuity of the acoustic pressure p = - B du(x,t)/dx, on the 
other hand, requires that the derivative quantity BU'(x) remain invariant 
(consequently, we obtain uB l U\ = B2U'2"), where B represents the bulk 
modulus. Although these impedance matching conditions superficially involve 
real quantities only, the equations for the coefficients C which arise from 
substitution of Equations 2.8a - 2.8f are complex, because combinations of 
sinusoidal and complex exponential solutions have be used to fulfill boundary 
conditions and radiation conditions. Hence, the coefficients C will, in general, 
be complex in nature. For a more detailed discussion on boundary and matching 
conditions, the reader is referred to the classical acoustics books of Morse and 
Ingard (1968) and Kinsler et al (2000). 

Let us now give the algebraic equations that result from the assumed 
sinusoidal or exponential forms for U and the required matching conditions 
(refer to our nomenclature list for all symbol definitions). After some algebra, a 
detailed set of coupled linear complex equations is obtained, which is solved 
analytically and exactly in closed form and then evaluated numerically (phase 
errors of the type found in finite difference and finite element methods are not 
obtained in the present approach). In the following summary, the particular 
impedance junction considered is listed and underlined, and followed, 
respectively, by matching conditions obtained for volume velocity and pressure. 



7 4 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2 ND EDITION 

Collar-Pipe Interface: 

{1 - i tan coxc/cmud} C, - {Ac/Ap}C2 - {(Ac/Ap) tan coxc/cmud}C3 = 
"{Ac mud Ap sin <o(xc-xs)/cmud}/{A <oB mud ^ ^ S 0 3 Xc / Cm u d } (2.9a) 

{-tan <oxc/cmud - ij C, + {tan coxc/cmud}C2 - C3 = 

- {CmudAP C0S ^c-XsVCmJ/^Bmud005 ®Xc/Cmud} (2"9b) 

Mud Motor-Collar Interface: 

C2-{Am/AJC4 = 0 (2.10a) 

C3" {(CmudBmm)/(CmmBmud)}C5 = 0 (2.10b) 

Bit Passage-Mud Motor Interface: 

{Amcos (Bxm/cmm}C4 - {Amsin ©xm/cmm}C5 

- {Abcos coxm/cmud}C6 + {Absin coxm/cmud}C7 = 0 (2.11a) 

{(Bmm/Cmm)sin a>xm/cmm}C4 + {(Bmm/Cmm) cos (oxm/cmm}C5 (2.11b) 

" {(Bmud/Cmud)sin coxm/cmud}C6 - {(Bmud/Cmud) cos coxm/cmud}C7 = 0 

Annulus (2) - Bit Passage Interface: 

C6 - {tan co(xm+xb)/cmud}C7 - {AJ\}CS 

+ {(Aa2/Ab) tan co(xm+xb)/cmud}C9 = 0 

{tan co(xm+xb)/cmud}C6 + C7 - {tan co(xm+xb)/cmud}C8 - C9 = 0 

Annulus (1) - Annulus (2) Interface: 

C8-{tano3(xm+xb+x)/cmud}C9 

+ ( A a i / A a 2 ) { -
 1 + itan 03(xm+xb+x)/cmud}C10 = 0 

{tano3(xm+xb+x)/cmud}C8+C9 

+ {- tan 03(xm+xb+x)/cmud - i}C10 = 0 

2.4.2.5 Matrix formulation. 
The foregoing equations define a 10 x 10 system of linear algebraic 

equations in the complex unknowns Cl , C2 , ... , C10. An analytical solution is 
possible with the use of algebraic manipulation software - it can, of course, be 
derived more laboriously by hand. The equation system can be represented 
efficiently if we rewrite our equations in a more transparent matrix form that 
highlights the structure of the coefficient terms. When we do this, we 
straightforwardly obtain an equation of the form [S] [C] = [R] which can be 
easily interpreted by computer algebra algorithms, that is, 

(2.12a) 

(2.12b) 

(2.13a) 

(2.13b) 
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q C C 
1,1 1,2 1,3 q q q 

2,1 2,2 2,3 
3,2 

4,3 

1 | C 1 I R ; 

1 I C 2 |R . 

^3,4 
S4,5 

1 | C 3 

1 | C 4 

10 

10 

^5,4 S 5 , 5 S 5 , 6 S 5 , 7 1 I C 5 
= 10 

^6,4 S 6 , 5 s 6 , 6 
S6,7 1 I C 6 

10 

S7,6 ^7,7 ^7,8 S7,9 1 | C 7 10 

S8,6 ^8,7 S8,8 S8,9 1 I C 8 
10 

S9,8 S9,9 Q 9, 10 1 I C 9 
10 

q 10, 8 Q ^10, 9 q °10, 10 1 I C 1 0 10 

(2.14) 

where the elements of S and R are defined by the real and complex quantities 
given below. For the elements of the coefficient matrix S, we have 

(2.15a ) S u = 1 - i tan «xc/cmiid 

S,,2 = -AC/AP 

S,3 = - (Ac/Ap) tan C0xc/Cni 

S2 =-tancoxc/cmud 

S22 = tancoxc/cmud 

52.3 = -l 

S 3 ,2=l 

53.4 = -Am/A 

S4,3 = 1 

S4, = -(C ,B )/(C B .) mud m m ' v mm m u d ' 

S5,4 = Amcoscoxm/cni 

S5,5
 = -Amsincoxm/cii 

s
5, 6  = -Abcoscoxm/cmud 

S5i7 = Absinroxm/cmud 

S =(B /C )sin cox /c 6,4 V mm m n v m ir 

S = (B /C ) cos cox /c 6,5 V mm mm^ m ir 

(2.15b) 

(2.15c ) 

(2.15d) 

(2.15e ) 

(2.15f ) 

(2.15g) 

(2.15h ) 

(2.15i ) 

(2.15j ) 

(2.15k) 

(2.151 ) 

(2.15m) 

(2.15n ) 

(2.15o) 

(2.15p) 
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56.6 = -(Bmud/Cmud)sincoxm/cmud (2.15q) 

56.7 =" (Bmud/Cmud) cos <oxm/cmud (2.15r ) 

S 7 6 =l (2.15s) 

S77 = -tan(«(xni+xb)/cmud (2.15t ) 

h* = - A J \ (2.15u) 

s7,9 = (Aa2 /Ab) tan co(xm+xb)/cmud (2.15v ) 

S8 6 = tan co(xm+xb)/cmud (2.15w) 

S 8 7 =l (2.15x) 

58.8 = -tan(»(xm+xb)/cmud (2.15y) 

S89 = -l (2.15z) 

S 9 8 =l (2.15a') 

S99 = - tan co(xm+xb+xa)/cmud (2.15b') 

S9,o = (Aal/Aa2){- 1 + itan co(xm+xb+xa)/cmud} (2.15c') 

S10 8 = tan co(xm+xb+xa )/cmud (2.15d') 

S 1 0 9 =l (2.15e') 

S1010 = - tan <»(xm+xb+xa)/cmud - i (2.15f') 

whereas, for the elements of the forcing function R, we have 

R1 = " {AcCmudAP Sil1 ^ CV ^ mudl ^ ^ ^ mud 0 0 8 WXc/Cmud} ( 2 ' 1 6 a ) 

^ = " {Cmud AP C0S ^CV ^mudl ^^mud0 0 8 WXc/Cmud} ( 2 ' 1 6 b ) 

2.4.2.6 Matrix inversion. 

It is important to observe from Equation 2.14 that the coefficient matrix S 
is both sparse (that is, most of its terms are identically zero, and therefore need 
not be stored by a custom designed algorithm) and banded (in other words, each 
equation contains a limited, closely clustered number of unknowns, with the 
overall nonzero elements of S located within a narrow diagonal band). To 
mathematicians anyway, these properties imply significant computational 
advantages, especially in view of the complex nature of the coefficients 
underlying the overall system. Although the solution to the foregoing system is 
trivial on workstations and mainframe computers, we emphasize that practical 
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solutions even on modern personal computers are not always possible, since 
stack overflow is typically encountered in the execution of the required complex 
transcendental arithmetic. A computer program was therefore written and 
structured to accommodate memory limitations expected of desktop machines; 
the program, written in standard Fortran for portability, delivers almost 
instantaneous acoustic solutions on all desktop computers, and, as noted earlier, 
can be used to optimize MWD source placement and telemetering frequency. 
Obvious checks were used to validate the production code against programming 
error. For example, in the uniform waveguide limit where all cross-sectional 
areas are identical and materials do not change, calculated pressures 
immediately to the left and right of the source point are found, as required, to be 
equal and opposite; their difference, of course is found to be the inputted Ap. 
Other checks included agreement with transmission and reflection coefficients 
obtained for simple waveguide geometries for which simple analytical solutions 
were available. 

2.4.2.7 Final data analysis. 

Once the numerical values for the elements of [C] are available from 
matrix inversion, the primary quantities of physical interest can be obtained by 
straightforward post-processing. The Lagrangian displacement and acoustic 
pressure of fluid particles in the drillpipe are obtained by taking real parts as 
indicated in Equations 2.17a - 2.17c, 

uP(x,t) = Re Up(x) eicot (2.17a) 

pp(x,t) = - BmudRe dUp(x)/dx eicot (2.17b) 

= Re {(i03Bmud/cmud) Cx exp io3(t-x/cmud)} (2.17c) 

noting that the argument "t - x/cmud" signifies an upward propagating wave. For 
the borehole annulus, the corresponding "t + x/cmud" solutions traveling away 
from the drillbit nozzles are 

ual(x,t) = Re Ual(x) eicot (2.18a) 

pal(x,t) = - BmudRe dUal(x)/dx eirot (2.18b) 

= Re {(-icoBmud/cmud) C10 exp io3(t+x/cmud)} (2.18c) 

While pressure levels themselves are important to signal-to-noise 
determination in signal processing, as well as to surface transducer selection and 
placement, very often some measure of signal generation efficiency is required, 
for different reasons. For example, one might reasonably ask, "How optimal is 
the created signal that is propagating up the drillpipe for a given Ap?" This 
question is important in applying downhole constructive interference to 
maximizing carrier wave strength, a technique that is all the more significant 
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because there is no valve erosion or turbine power penalty associated with this 
type of signal enhancement. On the other hand, suppose that MWD signals are 
desired, which are to travel up the annulus (such signals have been used for gas 
influx detection, e.g., the inability to cross-correlate with drillpipe waveforms 
suggests the possible existence of un-dissolved gas bubbles). For such 
applications, we might ask the complementary question, "How optimal is the 
created signal that is propagating up the annulus for a given pulser Ap?" 

A convenient dimensionless measure, in either case, is obtained by 
normalizing the acoustic pressure by the pulser Ap; the absolute value of this 
ratio, we have termed the "transmission efficiency." In designing an optimized 
pulser, it is this quantity that we seek to maximize. We emphasize, however, 
that high values of p/Ap alone may not suffice. Since greater (thermodynamic) 
attenuation is found at higher frequencies, the increase in source strength may 
not always be enough to enable transmission to the surface; these increases must 
offset increases in attenuation found at higher frequencies. Whereas Ap depends 
largely on flow rate and pulser geometry, the transmission efficiency is 
completely independent of Ap and depends on waveguide geometry, sound 
speed, and pulser location and frequency only. 

In an idealized situation where the dipole source resides in an infinite pipe 
without areal or material discontinuities, so that reflections and impedance 
mismatches are entirely ruled out, it is clear that half of this Ap signal 
propagates uphole while the remaining half travels downhole. This physical fact 
can be easily deduced from D'Alembert's formula in mathematics but it is also 
apparent from symmetry considerations. The theoretical value for transmission 
efficiency is identically 0.5; indeed, this simple value for both pipe and annular 
wave solutions serves as a critical software and programming check in the said 
limit. It turns out, as detailed calculations show, that at low frequencies, e.g., 
those typical of existing positive pulsers, a value of unity is approached as a 
result of constructive interference reflections at the bit - we had previously 
explained why this was so using purely physical arguments for dipole sources. 
However, this unit value by no means represents perfection - at higher 
frequencies, depending on pulser location and BHA details, transmission 
efficiencies exceeding 1.0 and approaching 3.0 are possible. In Chapter 10, a 
prototype design for a 10 bits/sec system is offered, in which the transmission 
efficiency is 1.7 assuming typical bottomhole assemblies and muds. 

The transmission efficiencies corresponding to Equations 2.17c and 2.18c 
are easily determined from division by Ap and taking absolute values. Since the 
absolute value of exp ico(t ± x/cmud) is exactly unity, it follows that 

Transmission efficiency 110= |p/Ap| = {coBmud/(|Ap|cmud)} |C1101 

= {03Bmud/(|AP|cmud)}V(C110C110* ) (2.19) 

where the asterisk denotes complex conjugates. 
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Transmission efficiency plays a strong role in later calculations, i.e., for a 
given BHA and mud sound speed, the dependence of p/Ap on position in the 
drill collar and on frequency is of interest. In practice, mud properties and BHA 
are not within the control of the MWD operator. However, the complete range 
of frequencies can be "swept," with signals evaluated at the surface, to 
determine optimal values for phase or frequency shift keying. 

2.5 An Example: Optimizing Pulser Signal Strength. 
2.5.1 Problem definition and results. 

We now consider a practical example and examine signal strength 
optimization by constructive wave interference, which is relevant to carrier 
wave enhancement for phase-shift-keying (PSK) schemes or frequency selection 
for frequency-shift-keying (FSK) methods. The reader new to acoustic methods 
should bear in mind the two examples from classical physics illustrated in 
Figure 2.6. At the top, an incident P0 signal doubles at the reflector, whereas 
for the telescoping waveguide, an incident signal quadruples (the area ratio is 
two and the length of the extension is a quarter wavelength). The first 
amplification method was in fact successfully tested on the standpipe by the 
author using one hundred feet of hydraulic hose and subsequented patented (see 
Chapter 6). Our point is this: signal amplification is as natural as signal loss. 

Figure 2.6. Classical wave amplification solutions. 

What happens with the bottomhole assembly in Figure 2.7? For our input 
variables, we assumed water as the drilling fluid, and neoprene rubber as the 
mud motor stator medium. In calculating the cross-sectional area available to 
wave propagation for the mud motor, we subtracted out that corresponding to 
the metal rotor, whose acoustic impedance greatly exceeds that of water or 
rubber. Also, the presence of the MWD tool body within the MWD collar was 
ignored for simplicity; its effect is simply to reduce the collar area. In our 
calculations, the position of the MWD pulser xs was incremented every foot, 
starting with xs = 1 ft immediately above the motor, to xs = 22 ft just below the 
drillpipe; also, transmission frequencies ranging from 1 Hz to 50 Hz were taken 
in single Hertz increments. The 50 x 22 matrix of runs required approximately 
five seconds of computing time on a typical personal computer, making the 
algorithm practical for MWD telemetry job planning, say, in applications where 
ideal frequencies are to be identified. Representative numerical results are given 
in Figure 2.8a below, while the surface plots in Figures 2.8b and 2.8c are based 
on the entire set of 1,100 data points. 
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Drillpipe 

5.0" 00,2.8" ID 

MWD Collar 

8.0" OD, 4.5" ID 
22 ft 

Mud Motor 
8.0" 00,3.5" ID 
Rotor, 2.5" dia. 

Bit-Box /Nozzles 
3.5" ID 

25 ft 

12.25" 

Figure 2.7. "Typical" bottomhole assembly with mud motor. 

Insofar as the signal propagating up the drillpipe is concerned, the positive 
effects of constructive interference always obtain at 1 Hz or less; enough of the 
downward wave propagating toward the bit apparently reflects upward to 
positively superpose in phase with new upgoing waves. As noted earlier, the 
transmission efficiency associated with low data rate transmissions is typically 
90% or more and source position is unimportant. But at 12 Hz, the signal 
decreases as the pulser moves away from the mud motor; however, this spatial 
trend reverses itself at high frequencies. The magnitudes of the pressure wave in 
the borehole annulus show consistently low values, typically 1-6 % of the pulser 
Ap, with higher values achieved at the lower frequencies. These results are 
consistent with numbers quoted by workers in MWD gas influx detection. We 
caution that the above results apply only to the bottomhole assembly studied in 
Figure 2.7, and then, only to our use of water as the drilling fluid; the reader 
should not generalize these results to other situations. 
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P/ AP i n Dr i l l p i pe  
Hz  Sour c e  Pos i t i on Xs ( f t )  

1  5  10 15 2 2 
1 0. . 9422 0 . . 9 4 1 1 0 . . 9397 0 . . 9 3 8 3 0. . 9 3 6 3 
1 2 0. . 7 4 8 5 0 . . 6084 0 . . 4 3 0 9 0 . . 2 5 3 6 0. . 0744 
2 0 0. . 2 6 2 8 0 . . 0 8 1 0 0 . . 1 6 8 7 0 . . 3 9 9 8 0. . 7 1 4 2 
3 0 0. . 0 3 0 8 0 . . 1 7 5 0 0 . . 4 1 8 3 0 . . 6 4 6 6 0. . 9248 
40 0. .0 8 9 4 0 . . 3 0 4 7 0 . . 5 5 5 1 0 . .7 6 9 4 0. . 9828 
5 0 0. . 1 9 6 1 0 . . 4 3 7 2 0 . . 6970 0 . . 8 8 6 1 0. . 9974 

P/ AP i n Uppe r  An n u l u s  
Hz  Sour c e  Pos i t i on Xs ( f t )  

1  5  10 1 5 2 2 
1 0. . 0 5 9 3 2 0 . . 0 5 9 2 8 0 . . 0 5 9 2 4 0 . . 0 5 9 2 1 0. . 0 5 9 2 0 
1 2 0. . 0 8 1 6 2 0 . . 0 7 6 4 7 0 . . 0 7 1 0 8 0 . . 0 6 7 2 5 0. . 0 6 5 1 6 
2 0 0. . 0 6 4 7 0 0 . . 0 5 8 1 3 0 . . 0 5 0 5 6 0 . . 0 4 4 5 8 0. . 0 4 1 0 4 
3 0 0. . 0 4 5 8 3 0 . . 0 4 0 5 3 0 . . 0 3 3 5 7 0 . . 0 2 7 2 7 0. . 0 2 3 0 5 
40 0. . 0 3 2 4 5 0 . . 0 2 9 0 4 0 . . 0 2 3 7 4 0 . . 0 1 8 2 2 0. . 0 1 3 9 8 
5 0 0. . 0 3 1 5 4 0 . . 0 2 9 5 6 0 . . 0 2 4 4 7 0 . . 0 1 8 1 9 0. . 0 1 2 6 6 

Figure 2.8a. Transmission efficiency p/Ap in drillpipe and annulus. 

Figure 2.8b. PANPIPE /Ap in drillpipe versus source position and frequency. 

001 

000 

uxF 
Soure* PMltfon X^Mt) 

Figure 2.8c. Pannu ius/Ap in annulus versus source position and frequency. 
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2.5.2 User interface. 
In order to streamline routine analyses, a convenient Windows graphical 

user interface is employed as shown in Figure 2.9a. The menu provides simple 
text input boxes. Clicking "Simulate" launches the solver and automatically 
produces the color graphical results for drillpipe and annulus shown in Figures 
2.9b,c. Figure 2.9b clearly demonstrates that for low data rate pulsers, the 
transmission efficiency is close to unity and not sensitive to pulser position 
within the MWD drill collar. At 12 Hz, however, destructive interference can 
reduce the wave energy available to support a viable carrier frequency. 
Although changes in the bottomhole assembly, in pulser position within the 
collar and in mud sound speed are not within the control of the operator, the 
choice of frequency is, at least for operators of a next generation tool being 
considered. The software can be used, as in Chapter 10, to evaluate optimized 
higher frequencies which support higher data rate. 

Figure 2.9a. Graphical user interface. 

H W P — 
r m w a r^ i v j a.— I' f i v , r« r» | 

Figures 2.9b,c. MWD signal entering drillpipe (left) and annulus (right). 
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2.5.3 Constructive interference at high frequencies. 
We emphasize that a high drillpipe p/Ap by itself will not guarantee higher 

data rate. In the final analysis, the increase in starting pressure must offset any 
frequency-dependent increase in attenuation over the drillpipe acoustic path. 
But what are the limits of pressure optimization? The exact results for Figure 
2.6 suggest that amplifications exceeding unity may be possible, but calculations 
have never (until now) been undertaken for waveguides with the geometric 
complexity of Figure 2.7. Are the increases 10%, 20% or more? With 
expectations of only modest increases, this author ran the acoustic simulator, 
each time only increasing the range of analysis frequencies incrementally. But 
each time, optimistic results encouraged additional increases in the frequency 
range. Again, the results obtained are exact and do not contain numerical 
dissipation or phase errors typical of discretization schemes. Results for 
drillpipe p/Ap, plotted against pulser position and frequency, are offered next. 

Figure 2.10a. Drillpipe p/Ap to 12 Hz. 

Figure 2.10a again shows that, say at 1 Hz and below, source position is 
not important and all signals are equally strong. The (red) transmission 
efficiency is almost unity. In fact, a wave description of the problem is not 
necessary. But at 12 Hz, destructive interference will reduce the carrier 
frequency range available for MWD transmission if the pulser is not positioned 
properly. The range of frequencies considered is increased to 24 Hz in Figure 
2.10b. One clearly observes an intermediate band of frequencies for which the 
transmission efficiency is low (highlighted in blue). However, near 24 Hz, a 
transmission efficiency of unity is almost achieved for a narrow range of source 
positions. Similar results are found in Figure 2.10c. In Figure 2.10d, the range 
of frequencies studied increases to 75 Hz. At low frequencies near 1 Hz, the 
transmission efficiency at all pulser locations is approximately unity as before, 
although the color mapping is now green. Interestingly, high (red) transmission 
efficiencies near two are now found for a limited band of frequencies greater 
than 60 Hz for a range of pulser locations. Similar results are found in Figure 
2.10e in which the frequency analysis range is increased to 100 Hz. 
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Figure 2.10b. Drillpipe p/Ap to 24 Hz. 

Figure 2.10c. Drillpipe p/Ap to 50 Hz. 

Figure 2.10d. Drillpipe p/Ap to 75 Hz. 

Figure 2.10e. Drillpipe p/Ap to 100 Hz. 
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2.6 Additional Engineering Conclusions. 

In Figures 2.10f,g,h, the frequency range is increased to 1,000 Hz. Two 
results in this unfolding drama are surprising. First, the maximum transmission 
efficiency increases to about 2.6, which is desirable. But even more important is 
the number of good frequencies (strong signals) and their close proximity to bad 
frequencies (weak signals). In a frequency-shift-keying (FSK) scheme, one 
need not alternate between good frequencies and zero Hertz (that is, complete 
siren stoppage, which imposes unreasonable system power demands associated 
with siren rotor inertia). Alternating, say, between 50 and 60 Hz would increase 
data rate (since more time is available for frequency cycling) while simplifying 
mechanical design. From Figure 2.1 Oh, there is no shortage of red peaks. 

Figure 2.10f. Drillpipe p/Ap to 200 Hz. 

Figure 2.10g. Drillpipe p/Ap to 300 Hz. 
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Figure 2.10h. Drillpipe p/Ap to 1,000 Hz. 

The implications for MWD telemetry are clear. Phase-shift-keying (PSK) 
not only confuses surface detectors with "ghost reflections" created at the 
drillbit: they typically reduce the wave amplitudes needed for transmission over 
large distances. On the other hand, frequency-shift-keying (FSK) schemes in 
which O's and l 's are transmitted by alternating between frequencies with high 
and low transmission efficiency offer significant advantages. First, constructive 
wave interference is used to enhance signal strength without incurring power or 
erosion penalties as would be the case in mechanical methods, e.g., mud sirens 
now increase signal only by reducing rotor-stator gap. 

Second, the multiplicity of available frequencies allows significantly 
higher transmission data rates, say, by switching rapidly between 100 Hz, 110 
Hz and 120 Hz. Third, the closeness of these frequencies implies that the 
mechanical power requirements needed to change from one rotation rate to 
nearby close ones are small, and this is particularly so with low-torque, rotor-
downstream sirens such as those described in Chin and Trevino (1988) and Chin 
(2004). Finally, the large number of available optimal frequencies suggests that 
next-generation tools with multiple sirens should be investigated. Numerous 
"conversations" can be multiplexed along the channel using methods standard in 
communications theory. 

Over the years, petroleum industry practitioners have accepted a maximum 
threshold of about 25 Hz for MWD transmissions based on flawed assumptions. 
The results of flow loop tests, for one, have not been interpreted properly, in the 
sense that commingled destructive wave interference and true attenuation effects 
have never been separately analyzed. Adding to the confusion, long flow loops, 
as will be explained in Chapter 9, offer boundary conditions that differ from 
those in real wells - they tend to support irrelevant standing wave systems rather 
than provide test platforms for evaluating novel telemetry concepts. 
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Software reference. The numerical engine and software interface for the foregoing model reside in 
C:\MWD-00. The Fortran source code is TENEQ22.FOR while the Visual Basic interface code in 
SOURCE.VBP calls the Fortran engine. 

2.7 References. 

Oppenheim, A.V. and Schafer, R.W., Digital Signal Processing, Prentice-Hall, 
New Jersey, 1975. 

Oppenheim, A.V. and Schafer, R.W., Discrete-Time Signal Processing, 
Prentice-Hall, New Jersey, 1989. 



3 
Harmonic Analysis: 

Elementary Pipe and Collar Models 

In Chapter 2, we developed a comprehensive six-segment downhole 
acoustic waveguide model in order to understand interactions between the 
pulser, bottomhole assembly and the geometry of the borehole. The harmonic 
analysis is useful for detailed analysis and in designing hardware and telemetry 
schemes for signal optimization. In other applications, simpler models suffice, 
e.g., when it is not possible to characterize the environment accurately. Also, 
simple models descriptive of idealized geometries may be useful for interpreting 
tests made in specially designed laboratory facilities. In this chapter, we 
continue our study of wave motions under harmonic excitation, that is, those 
underlying "frequency shift keying" (FSK) schemes. The "simple" geometric 
models considered here consist of, at most, a finite length drill collar and a semi-
infinite drillpipe. For clarity, we present our results in two categories: (A) those 
in which the waveguide is uniform in area (i.e., drillpipe only) and (B) solutions 
for which an MWD signal originating in a drill collar travels up the drillpipe. In 
the latter case, the source can be located anywhere within the collar, the 
frequency (and, hence, wavelength) is general, and the collar cross-sectional 
area (that is, the collar area minus that of the central hub) may be less than, 
equal to, or greater than that of the drillpipe. 

3.1 Constant area drillpipe wave models. 
Here we develop four mathematical models for which the MWD source 

resides in a "drillpipe only" environment without a drill collar. The source is 
situated away from the drillbit end of the pipe. The drillbit may be a solid or 
open reflector. As in Chapter 2, we caution against visual judgement; whether 
the bit is solid or open depends on acoustic frequency and geometric 
characteristics like bit box lengths, and not, for instance, on "how small" the 
nozzles appear visually. 

88 
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We discuss several solutions to the acoustic wave equation applicable to 
wave propagation where the signals are created by dipole sources within the 
acoustic channel. These solutions correspond to the waveguides shown in 
Figure 3.A.I. In order to illustrate key ideas, uniform cross-sectional areas are 
assumed for simplicity (for more detailed analysis, use the six-segment 
waveguide model of Chapter 2). Again we take the Lagrangian displacement 
u(x,t) as the dependent variable, where t is time and x is the propagation 
coordinate. Then, away from the source, in the absence of attenuation, we have 

a2u/at2 - c2 d2u/dx2 = 0 (3.A.1) 

c2 = B/p (3.A.2) 

p = -Bdu/dx (3.A.3) 

where c is the sound speed, B is the bulk modulus, p is fluid density and p is the 
acoustic pressure. 

a 
 4 

(a) 

(b) 

x = 0 xs 

0 NET 

0 *» 
x = 0 xs +OD 

'  ( d)  

Figure 3.A.I. Different propagation modes. 

3.1.1 Case (a), infinite system, both directions. 

The "infinite-infinite" system in Figure 3.A.la is considered. Both ends 
are far away and reflections do not return to the dipole source located at x = 0. 
As our system is linear, we consider a Fourier component of the excitation 
pressure having frequency co. We seek separable solutions of the form 

u(x,t) = X(x) e ZCDt (3.A.4) 

in which case 

d2X(x)/dx2 + co2/c2 X = 0 (3. A.5) 

This has linearly independent solutions of the form sin cox/c, cos cox/c, e/a)x/c and 
e"/a)x/c, different combinations of which may be used to satisfy boundary 
conditions. For this example, we include all the mathematical details in order to 
illustrate the method. For the example in Figure 3.A.la, complex exponentials 
are appropriate and we assume 
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ui = CI e za(x/c +1} + C2 e
 ,'a**/c +1}, x < 0 (3.A.6) 

u2 = C3 e
 zro(x/c +1} + C4 e

 ,'a**/c + t\x>0 (3.A.7) 

That Ui and u2 represent left and right-going waves, respectively, requires C2 = 0 
and C3 = 0. This illustrates the implementation of so-called "radiation" or 
"outgoing wave" conditions in classical physics. Continuity of fluid 
displacement requires 

ui(x,t) = u2(x,t) at x = 0 (3 .A.8) 

If the dipole source produces a Ap in the form p2 - Pi = ps e
/CDt, then 

B dui/dx - B du2/dx = ps e
ZCDt at x = 0 (3.A.9) 

These conditions lead to the pressure solutions 

pi(x,t) = - B dui/dx = - x/2 ps e
 za)(x/c +1}, x < 0 (3.A. 10) 

p2(x,t) = - B du2/dx = + y2 ps e ^-x/c + t), X > 0 (3.A.11) 

These equations state the obvious fact that a Ap pulse of strength ps splits into 
two waves that travel in opposite directions having equal and opposite strengths 
- Vi ps and + Vi ps. For this "infinite-infinite" system, nothing else happens that 
is of physical interest. It is interesting to note that |pi| /Ap = |p2| /Ap = 0.5 
identically for this ideal infinite-infinite system, a property explained previously. 

3.1.2 Case (b), drillbit as a solid reflector. 
Here we consider the wave motion in Figure 3.A.lb. This applies when 

the drillbit nozzles are very small and when the drillbit is firmly pressing against 
hard rock. The problem is defined on x > 0 and the dipole source is now located 
at x = xs. For 0 < x < xs, we take Ui with linear combinations of sin cox/c and 
cos cox/c to model standing waves, but for x > xs, our u2 is proportional to e /a)(_x/c 

+ t o represent a non-reflecting propagating wave traveling to the right. Since a 
solid reflector satisfies u = 0 at x = 0, and Equations 3.A.8 and 3.A.9 now apply 
at x = xs, we find the solution 

p2(x,t) = + / {2 sin (coxs/c)} ^ ps e
 +1}, x > xs (3.A. 12) 

3.1.3 Case (c), drillbit as open-ended reflector. 
Here we consider the wave motion in Figure 3.A.lc. Although we often 

think of a drillbit as a solid reflector because the nozzle area is small compared 
to the cross-sectional area, this is not true most of the time. In Case (a), we 
found that |pi| /Ap = |p2| /Ap = 0.5 in the absence of reflections. In Chapter 2 for 
our six-segment waveguide, we found that at very low frequencies, source 
position was unimportant in the drill collar and pp i p e /Ap ^0.95, approximately, 
or almost 1.0. This result, as explained in that write-up, is consistent with 
modeling the drillbit as an open-ended reflector. The problem here is defined on 
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x > 0 and the dipole source is again located at x = xs. For the domain 0 < x < xs, 
we take ux with linear combinations of sin cox/c and cos cox/c to model standing 
waves, but for x > xs, our u2 is proportional to e /a)(_x/c + ^ to represent a non-
reflecting propagating wave traveling to the right. Since an open-ended reflector 
satisfies du/dx = 0 at x = 0, and Equations 3.A.8 and 3.A.9 apply at x = xs, we 
find the solution 

p2(x,t) = {2 cos (coxs/c)} 72 ps e ^"x/c + t), x > xs (3.A.13) 

3.1.4 Case (d), "finite-finite" waveguide of length 2L. 

The illustration in Figure 3.A.Id shows a dipole source centered at x = 0 in 
a waveguide of length 2L. We will assume open-ended reflectors satisfying 
du/dx = 0 at x = ± L and discuss its physical significance later. Since standing 
waves are found at both sides of the source, linear combinations of sin cox/c and 
cos cox/c are chosen on each side to represent the displacement u(x,t). Use of 
our Equations 3.A.8 and 3.A.9 at the source x = 0 leads to the solutions 

PI(x,t) = - {ps/(2 tan coL/c)} [sin cox/c + (tan coL/c) cos cox/c] e/CDt 

on - L < x < 0 (3.A.14) 

p2(x,t) = - {ps/(2 tan coL/c)} [sin cox/c - (tan coL/c) cos cox/c] e/CDt 

on 0 < x < + L (3.A.15) 

3.1.5 Physical Interpretation. 

Here we address the physical meanings and implications of the solutions 
obtained in Cases (a) - (d). These solutions may not represent the detailed 
telemetry channel discussed in Chapter 2, but they facilitate physical 
understanding and enable us to build acoustic test fixtures whose data may be 
interpreted unambiguously and accurately. More on testing and evaluation 
methods appears later in Chapter 9. 

Case (a). Again, our exact solution states that a Ap pulse of strength ps 

splits into two waves that travel in opposite directions having equal and opposite 
strengths - V2 ps and + V2 ps. That is, we have pi(x,t) = - V2 ps e

 za)(x/c +1}, x <0 
and p2(x,t) = + V2 ps e

 /a)(_x/c + x > 0. These solutions are the result of not having 
reflections - the waves on both sides travel away from the source and do not 
return to the point of origin. 

Case (b). When the drillbit is modeled as a solid reflector, we have p2(x,t) 
= + i {2 sin (coxs/c)} V2 ps e /a)(_x/c + t\x> xs. This important solution indicates 
that the pressure is the product of an interference factor "2 sin (coxs/c)" and the 
no-reflection ul/2 ps e

 /a)(_x/c +1)" solution of Case (a). This factor is the result of 
constructive or destructive interference. It states that we can expect constructive 
interference if coxs/c = tt/2, 3 tt/2, 5n/2 and so on, and destructive interference if 
coxs/c = 7i,  271,  371  and so on. 
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It is interesting to note that the maximum amplitude increase is a factor of 
2.0 for this simple model - our six-segment waveguide results indicate that 
factors exceeding 2.0 are also possible for more complicated bottomhole 
assembly geometries. It is even more important that multiple frequencies exist 
which give this maximum constructive interference. These frequencies are 
uniformly separated by increments of coxs/c = n. If frequency shift keying is 
used to telemeter results, one or more of these optimal frequencies (each 
associated with different amplitudes) can be used to achieve not just O's and l's, 
but O's, l 's, 2's, 3's and so on. A simple binary scheme is also possible. 
Adjacent to each "good" frequency fgood (strong signal) is a "bad" frequency fbad 

(weak signal), as our equations show. Importantly, to convey O's and l's, it is 
not necessary to frequency shift between fgood and 0 Hz, that is, bring the siren to 
a complete stop, since mechanical inertia demands on the drive motor may be 
significant. Instead, one might alternate between fgood and fbad. 

Case (c). When the drillbit is an open-ended reflector, we have instead 
p2(x,t) = {2 cos (coxs/c)} Vi ps e

 /a)(_x/c + t \ x > xs. In this case, we have the same 
maximum constructive interference factor of 2.0 as in Case (b). Maximum 
constructive interference is now obtained at coxs/c = 0, n, 2n, 3n and so on, and 
destructive interference is achieved at coxs/c = 7i/2, 3n/2, 5TT/2 and so on. Now, 
we may justifiably say that all of this is confusing - in practice, how do we 
know if we have Case (b) or Case (c)? The answer is interesting - it does not 
matter. The important conclusion is that, whatever the model, whether we have 
a solid reflector, open reflector or the more complete six-segment waveguide, 
multiple frequencies exist that yield good constructive interference and that 
these frequencies are close. We do not need a math model at the rigsite to 
compute these. Periodically, drilling operations can stop and the MWD pulser 
can "sweep" a range of frequencies (that is, slowly change from 1 Hz to 200 Hz, 
say). We can "listen" at the standpipe (being careful to subtract out the effects 
of surface reflections) to look for good and bad frequencies. Measured signals 
on the standpipe will contain the effects of surface reflections, which may also 
be good or bad. These FSK frequencies can be used as explained above. 

Case (d). It is easily verified that pi = 0 at x = - L and p2 = 0 at x = +L. 
Also, the acoustic pressure solution is antisymmetric with respect to the source 
position x = 0, where Ap is maintained. This is an important solution for wind 
tunnel determination of Ap. It allows placement of the piezoelectric transducer 
anywhere, at any position "x" for measurement of the "p," which includes the 
effects of all reflections needed to set up the standing wave. Then, depending on 
whether Equation 3.A. 14 or 3.A. 15 is used, we can solve for the ps representing 
"delta-p" in "p2 - pi = ps e

ZCDt" directly. 
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It is important that we understand how different sources of experimental 
error may arise in our use of Case (d) results. In particular: 

(1) We have mathematically assumed that "x = 0" was our dipole source. 
In practice, the siren stator-rotor and electric drive system may be as much 
as 1 foot long and is not "x = 0." To minimize measurement error, the use 
of a longer wind tunnel is preferred, say 100-200 feet. It is not necessary 
to use the very long, 2,000 ft wind tunnel described later for evaluating 
many telemetry concepts - a simple 100-200 ft pipe with a blower and a 
piezoelectric pressure transducer suffices. 

(2) If the dipole source were an electric speaker, the pressures pi and p2 

will be perfectly antisymmetric because there are no other sources of noise. 
However, when a mud siren is used, there is turbulent flow noise upstream 
of the stator, and downstream of the rotor, there exists turbulence noise 
plus strong pressure oscillations due to a swirling vortex motion imparted 
by the turning rotor. Measured pressures will be acoustic ones calculated 
in this book, plus these additional sources of noise. In order to measure 
acoustic Ap's properly, the noise on each side of the siren should ideally be 
filtered. The noise upstream of the stator is probably simpler to filter out -
one might attempt a white noise or a Gaussian noise filter. The noise 
downstream of the rotor is more challenging. There is a periodic 
component due to the acoustics, but also a periodic component of the same 
frequency due to vortex motions (to visualize these motions, one might use 
the "ball in cage" method described in Chapter 9). This vortex component 
can be removed by placing flow straighteners just downstream of the rotor. 
These straighteners might occupy an axial distance of, say, 3-4 inches. A 
differential pressure transducer can be used to obtain Ap directly, with one 
end of the transducer placed just upstream of the stator and the other 
downstream of the flow straighteners. Of course, the method of Case (d) 
assumes that a differential transducer is not used, and that ps is to be 
calculated from "p" obtained at a location "x." 

(3) Again, the recommendation is to use piezoelectric pressure data 
upstream of the stator as it is less noisy and does not contain the swirling 
effects of the flow downstream of the rotor. However, it should not be 
located at the ends x = ± L because acoustic pressure vanishes at this 
locations; it is preferable, for example, to select an upstream location 
midway to the blower, say, x = - Vi L, in order to avoid downstream noise 
associated with the swirling rotor vortex flow having the same frequency. 
Turbulence noise may need to be filtered before calculating ps from 
Equation 3.A. 14. 
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3.2 Variable area collar-pipe wave models. 

In MWD wave propagation, two characteristic cross-sectional areas are 
important, namely, the area of the drillpipe and the drill collar area minus that of 
the central hub. When these areas differ, reverberant fields are created within 
the MWD collar that produce noisy upgoing signals. Ideally, area mismatches 
are eliminated in the mechanical design; when this is so, the uniform pipe 
models discussed above apply. 

3.2.1 Mathematical formulation. 
When area mismatches cannot be avoided, our models must be able to 

predict the reverberant fields excited by the dipole source. Here we consider the 
waveguide geometry of Figure 3.B.1 where an MWD drill collar is present. The 
cross-sectional area of the collar may be less than, equal to, or greater than that 
of the drillpipe because the collar center usually contains a central housing with 
mechanical components. The waves generated by the siren dipole source will 
reverberate within the collar, leading to constructive or destructive interference, 
depending on geometric and fluid acoustic properties. The wave shown at the 
right of Figure 3.B.1 is the MWD signal that ultimately leaves the simplified 
bottomhole assembly assumed. Both solid and opened "drillbit" left-end 
reflectors are considered here. 

Drillbit, s = 0 Pulser MWD Collar Drillpipe 

«o 
« 0 

„2„ A A ..3.. 

ui ii nr „n IÎ II h t - g q 

Figure 3.B.I. Collar-pipe acoustic two-section waveguide. 

The functions h, f, g and q above refer to a general transient formulation 
considered later and may be ignored here. In this chapter, we consider harmonic 
oscillations only. In the above, Ac and Ap are cross-sectional areas for the collar 
and pipe, with Ac referring to the collar area minus the area of the central hub. 
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d2u/di2-c2d2u/dx2 = 0 (3.B.1) 

c2 = B/p (3.B.2) 

p = - B du/dx (3.B.3) 

u(x,t) = X(x) e /cot (3.B.4) 

d2X(x)/dx2 + co2/c2 X = 0 (3.B.5) 

Xi(x) = A sin cox/c + B cos cox/c (3.B.6) 

X2(x) = C sin cox/c + D cos cox/c (3.B.7) 

X3(x) = E exp (-icox/c) (3.B.8) 

Equations 3.B.6 and 3.B.7 allow standing waves to form in Sections 1 and 
2, while Equation 3.B.8 for Section 3 states that u3 = E e which implies 
that the wave is traveling to the right without reflection. This wave will 
attenuate, but only at a distance far from the dimensions shown in Figure 3.B.I. 
At x = Lc, continuity of volume velocity (Acu2 = Apu3) and of acoustic pressure 
(du2/dx = du3/dx) require that 

C sin coLc/c + D cos coLc/c = (Ap/Ac) E exp (-icoLc/c) (3.B.9) 

C cos coLc/c - D sin coLc/c = - i E exp (-icoLc/c) (3.B.10) 

At x = Lm, continuity of displacement yields 

A sin coLm/c + B cos coLm/c = C sin coLm/c + D cos coLm/c (3.B. 11) 

The pulser develops a pressure discontinuity at x = Lm of the form 

p2 - PI = Ap = Ps exp (icot) (3.B.12) 

Since p = - B du/dx, we have 

A cos coLm/c - B sin coLm/c - C cos coLm/c + D sin coLm/c = cPs/(coB) 

(3.B.13) 
At the drillbit x = 0, the assumption of an open reflector, i.e., Case (e), 

requires dui/dx = 0 or A = 0, while the assumption of a solid reflector, that is, 
Case (f), requires ux = 0 or B = 0, In either event, we have five equations for the 
five complex unknowns A, B, C, D and E which can be solved exactly in closed 
analytical form. Some algebra shows that 

Esoiid = {(cPs)/(©B)} sin ooLm/c exp (+iooLc/c) / {(Ap/Ac) cos ooLc/c + i sin ooLc/c} 
(3.B.14) 

Eopen
 = - {(cPs)/(coB)} cos ooLm/c exp (+iooLc/c)/ {(Ap/Ac) sin ooLc/c - i cos ooLc/c} 

(3.B.15) 
Since p3(x,t) = - B du3/dx = i(Bco/c) E eza)(t x/c), then 
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p3,soi id( x
? t) /Ps

 = i s i n ooLm / c e x p ( +i ooL c / c ) / { ( A p / A c ) c o s c aLc / c + i s i n ooLc / c } e l co(t 

p 3 o p e n ( x , t ) / P s = - i c o s ooLm / c e x p ( +i c aL c / c ) / { ( A p / A c ) s i n ooLc / c - i c o s ooLc / c } e l co(t 

The quantity | P3(Lc,t)/Ps | provides a dimensionless measure of signal 
optimization due to constructive wave interference. Recall that in an "infinite-
infinite" system without area change, a Ap pulse of strength ps splits into two 
waves that travel in opposite directions having equal and opposite signal 
strengths - Vi ps and + Vi ps. The complicated factors shown above represent 
wave interference factors accounting for reflections at the drillbit and the collar-
pipe junction. The factors involve both amplitude and phase changes. 

3.2.2 Example calculations. 
Here we describe typical results and software capabilities. Our simulations 

assume a drillpipe ID of 4 inches; an MWD drill collar having an ID of 6 inches, 
an inner hub with a 3 inch diameter, and an axial length of 30 feet; a mud sound 
speed of 4,000 ft/sec; and, finally, a maximum frequency of 300 Hz. Figures 
3.B.2a to 3.B.2f display the MWD signal entering the drillpipe as a function of 
source position in the collar and excitation frequency. 

These displays are automatically generated - the entire process requires 
seconds on personal computers. Results for "open" and "solid reflector" are 
both computed. Dynamic views allowing rotation of the figures about various 
axes and static views supporting contour plots are both supported. Again, the 
following work assumes sinusoidal excitations whereas Chapters 4 and 5 allow 
fully transient waveforms. 

Case (e), two-part waveguide, open-ended reflector. 

(3.B.16) 

(3.B.17) 

Figure 3.B.2a. MWD signal, open reflector, dynamic rotatable view. 
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Figure 3.B.2b. MWD signal, open reflector, dynamic rotatable view. 

[. rti.} JB&. j 
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Figure 3.B.2c. MWD signal, open reflector, static view. 

f ^ r ^ l ' f ? ? ^ I ^ r« I 

Figure 3.B.2d. MWD signal, open reflector, static view. 
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Case (f), two-part waveguide, solid-end reflector. 

MWD Sign j! - Solid Reflectci - Two Pat 'Ma-.-a guide 

V 
r rurfi II 
^ II 

JtJ 
Figure 3.B.2e. MWD signal, solid reflector. 

mm 

Figure 3.B.2f. MWD signal, solid reflector. 

Software reference. Computer programs are not given for the constant area models in Cases (a), (b), 
(c) and (d) since the solutions already appear analytically in closed form. For the variable area 
problem, both solid and open drillbit reflector models are hosted in C:\MWD-00\TENEQ22-
SUBSET-3.FOR. Plots similar to those shown above are automatically produced by the Fortran 
code. An interface does not exist. Parameters are changed by editing Fortran source code directly. 

3.3 References. 

Oppenheim, A.V. and Schafer, R.W., Digital Signal Processing, Prentice-Hall, 
New Jersey, 1975. 

Oppenheim, A.V. and Schafer, R.W., Discrete-Time Signal Processing, 
Prentice-Hall, New Jersey, 1989. 



4 
Transient Constant Area 

Surface and Downhole Wave Models 

Overview 

In Chapters 2 and 3, we assumed harmonic or sinusoidal Ap(t) excitations, 
for the purposes of analysis; these two chapters considered, respectively, 
comprehensive six-segment waveguides and simpler pipe-alone and collar-pipe 
models for downhole signal analysis and optimization. The results are directly 
applicable to "frequency shift keying" (FSK) telemetry. They are also useful in 
determining the extent to which constructive wave interference methods might 
be employed in signal enhancement, since destructive signal cancellations 
associated with random phase-shifting are not present. We focused on a 
particular downhole "forward" problem in Chapters 2 and 3, that is, the 
mathematical properties of the total created pressure field when a harmonic Ap 
is prescribed at a specific source location at a given frequency. The strength of 
Ap, that is, its dependence on flow rate, valve geometry, rotation rate, mud 
properties, and so on, is measured separately in flow loops or wind tunnels. 

In this chapter, we introduce the study of uphole models. These methods 
apply at the surface and are principally developed to model reflections of the net 
upgoing MWD signal at the desurger and mudpump, and to evaluate single and 
multi-transducer echo cancellation and pump noise removal signal processing 
methods. Several uphole methods are presented and different models are 
evaluated and compared computationally against each other. The recovery of 
the upcoming Ap signal from noisy signals contaminated by surface reflections 
and mudpump action defines the "surface inverse problem." The transient 
models here and in Chapter 5 are "true transient" models derived in the time 
domain and do not rely on FFT and similar constructions. 
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We will also continue our investigation of downhole signal generation, 
studying the interaction between the wave traveling directly uphole from the 
source and that propagating down toward the drillbit and then reflecting upward. 
The transmitted signal, i.e., the sequence of O's and l 's that is a consequence of 
the Ap(t) pressure differential created by the position-encoded MWD pulser that 
travels up the drillpipe, however, is not Ap(t). Instead, it is the cumulative 
"confused" signal consisting of up and downgoing waves noted. For downhole 
problems, our objective is the recovery of the Ap(t) signal from the "confused" 
signal waveform entering the drillpipe - this signal is really complicated 
because a completely transient signal not restricted to sinusoidal motions is now 
permitted in our analysis. We term this the "downhole inverse problem." 

For the downhole inverse problem in this chapter, the telemetry channel is 
assumed to be constant in area and is terminated at the "left" drillbit end -
differences in MWD collar and drillpipe area are ignored. This assumption is 
not unrealistic: the MWD drill collar in practice contains a central hub (say, 
three inches in diameter) to which mechanical siren, turbine and alternator 
components are attached, and the resulting mismatch in collar and drillpipe 
cross-sectional area is often small (refer to Figure 5.0 in Chapter 5 and its 
discussion). If it isn't, it should be - area mismatches result in inefficient 
acoustic reverberations that additionally "scramble" the Ap(t) wave into 
unrecognizable upgoing pressure waveforms that are difficult to deconvolve. 
This constant area model is introduced for simplicity only: the downhole inverse 
problem allowing large general changes in cross-sectional area is studied in 
detail in Chapter 5. The methods in this chapter are listed below. The 
particular source code used appears within the individual write-ups. 

Contents 

Method 4-1. Upgoing wave reflection at solid boundary, single transducer 
deconvolution using delay equation, no mud pump noise. 

Method 4-2. Upgoing wave reflection at solid boundary, single transducer 
deconvolution using delay equation, with mud pump noise. 

Method 4-3. Directional filtering - difference equation method (two 
transducers required). 

Method 4-4. Directional filtering - differential equation method (two or 
more transducers required). 

Method 4-5. Downhole reflection and deconvolution at the bit, waves 
created by MWD dipole source, bit assumed as perfect solid reflector (very, 
very small drillbit nozzles). 

Method 4-6. Downhole reflection and deconvolution at the bit, waves 
created by MWD dipole source, bit assumed as perfect open-end, that is, 
zero acoustic pressure reflector (typical nozzle sizes). 
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4.1 Method 4-1. Upgoing wave reflection at solid boundary, 
single transducer deconvolution using delay equation, no mud 
pump noise (Software reference, XDUCER*.FOR). 

4.1.1 Physical problem. 

Consider an upgoing pressure wave originating from downhole, containing 
encoded mud pulse information. It travels up the standpipe and is assumed to 
reflect at a solid reflector, the mudpump piston (this model does not apply to 
centrifugal pumps), and then propagates downward. Both incident and reflected 
waves are found in the surface standpipe where pressure transducers are 
installed. We wish to extract the upgoing wave from the total signal. We will 
not consider mudpump noise, random noise, or other noise sources here, as these 
subjects are deferred to Chapter 6. Multiple transducer methods are available to 
remove downward reflection and other down-going signals as given in Methods 
4-3 and 4-4. Here, we describe a single transducer method that assumes a solid 
reflector - convenient for standpipe use when two transducers cannot be 
installed. The solid reflector in Figure 4.1a represents the pump piston. 

Schematic. 

Upgoing 
wave 

^ Solid 
Transducer reflector 
x = 0 x = L 

Figure 4.1a. Wave reflection at solid reflector. 

The surface reflector is assumed to be solid for the single transducer 
approaches of Methods 4-1 and 4-2. This applies to positive displacement 
pumps only - an excellent assumption for almost all mud pumps that is 
validated by numerous experiments. For centrifugal pumps, an open end, zero 
acoustic pressure boundary condition would apply; centrifugal pumps and free-
end conditions are not treated in this book because they are not very common, 
although an exact analysis would only require minor theory and software 
changes. However, our multiple-transducer deconvolution models in Methods 
4-3 and 4-4 apply to both solid (u = 0) and open-end (u x = 0) reflectors. 
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Also note that the upcoming wave, which is closely correlated to Ap(t) only 
at low frequencies, does not typically represent the train of desired logging O's 
and l 's since it contains "ghost reflections" generated downhole. Again, 
downhole near the MWD signal source, waves are created that travel uphole; in 
addition, waves are created which travel downhole and then reflect upward. 
Thus, the net signal traveling uphole from the MWD tool is not the siren 
position-encoded Ap(t) but the superposition of an intended signal and its 
unwanted ghost reflections. Surface signal processing only removes undesired 
surface effects. From the signal obtained from surface processing, the models 
derived in Methods 4-5 and 4-6 must be used next to extract the intended signal, 
that is, Ap(t), which contains the encoded O's and l 's containing logging 
information. All of these filters must be supplemented by additional ones, 
introduced in Chapter 6, for other noise mechanisms. Taken together, the 
complete system of filters provides the basic foundation of a signal processor 
applicable to very high data rates. 

4.1.2 Theory. 

Let u(x,t) denote the Lagrangian fluid displacement variable for the 
acoustic field. Then, the function 

u(x,t) = F(t - x/c) - F(t + x/c - 2L/c) (4.1a) 

represents the superposition of an upgoing wave F(t - x/c) and a downgoing 
wave - F(t + x/c - 2L/c), with 

u(L,t) = F(t - L/c) - F(t + L/c - 2L/c) = 0 at x = L (4.1b) 

Note that we have assumed u = 0 at the pump piston face x = L (the pressure is 
measured at the standpipe location x = 0). The piston speed is very small 
compared to the sound speed in the fluid and can be ignored. If we had assumed 
a centrifugal pump, the boundary condition at x = L would have been du/dx = 0. 
If p denotes the acoustic pressure and B is the bulk modulus, then 

p(x,t) = -B du/dx = + (B/c) [F'(t - x/c) + F'(t + x/c - 2L/c)] (4. lc) 

At the transducer x = 0, p(0,t) = (B/c) [F'(t) + F'(t - 2L/c)] states that the total 
measured pressure p(0,t) is the sum of an upward contribution + (B/c)F'(t) and 
the delayed function + (B/c)F'(t - h) having the same sign because a solid 
reflector has been assumed, where h = 2L/c is the known roundtrip time delay 
from the transducer to the solid reflector. In more physically meaningful 
nomenclature, we can rewrite Equation 4.1c as 

Pupgoing(t) Pupgoing(t"h) — PmeasuredC0 (4.1 d) 

The deconvolution problem is stated as follows. When the total pressure 
Pme as ure d( t) is available at a single transducer as a discrete array of values at 
different instances in time, and P Upg 0 i ng ( t) vanishes at t < 0, find the function 
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Pupg oi ng ( t) . This simple "delay equation" can be solved in closed analytical form 
and its solution is easily implemented digitally. Before proceeding with 
example solutions, we emphasize the physical assumptions. 

Equation 4.Id applies to solid reflectors only and assumes that the 
functional form and amplitude of the reflection is unchanged. This type of 
reflection does not necessarily apply to desurgers, for which there may be shape 
distortion and damping, particularly at low frequencies and high amplitudes 
(detailed discussions are offered in Chapter 6). Thus, it is only applicable to 
positive displacement mudpumps with piston reflectors, and only when the 
roundtrip signal attenuation between the transducer and the pump pistons is 
negligible, a condition satisfied in practice. It is a trivial matter to handle 
attenuation by inclusion of a fractional scale factor in Equation 4. Id if required, 
for instance, if significant attenuation due to the rotary hose is present. 

In summary, if the pump is a centrifugal pump and attenuation is 
negligible, the above equation is replaced by 

Pupgoing(t) " Pupgoing(t"h) — Pmeasure d(t) (4.1e) 

because an acoustically-opened (zero pressure, "du/dx = 0" ) boundary condition 
applies instead of the solid reflector "u = 0." If attenuation is not negligible, the 
above equations are replaced by P Upg 0 i ng ( t ) + 8Pupgoing(t-h) = P m e a s u r e d ( t ) and 
Pupg oi ng ( t) - 8Pupgoing(t-h) = PmeasuredCO? respectively, where 0 < 8 < 1 is a positive 
loss factor, with 8Pupg0ing(t-h) describing the reduced pressure at the transducer 
after the roundtrip travel time t = h (the constant 8 is measured separately). 

Note that the distance L from the standpipe to the mudpump is typically 50 
ft or less, since space on offshore rigs is limited (the total length of the standpipe 
is about 30 ft). If water or brine is used as the drilling fluid, then approximately, 
c = 5,000 ft/sec and h = 2L/c = 2(50)/5,000 ft or 0.02 sec. For typical drilling 
muds, c = 3,000 ft/sec and the delay time h may increase to 0.03 or 0.04 sec. 
Results for typical field numbers are presented next. Again, no other noise 
excepting reflection at the solid piston is assumed in these examples. 

4.1.3 Run 1. Wide signal - low data rate. 

The upgoing signal assumed is a rectangular pulse with rounded edges, 
with higher R values increasing the sharpness of the corners. This is 
constructed as shown below using two hyperbolic tangent functions. In this 
book, the Fortran code used is shown in Courier font, as seen below. 

C CASE 1.  BROAD PULSE WI DTH 
C Cl e a r l y  s e e  upg o i ng a nd r e f l e c t e d pul s e s  e nha nc e  t he  s i g na l  

A = 1 . 0 
R = 2 0 . 0 
G = A * ( TA NH( R* ( T- 0 . 1 0 0 ) ) - TA NH( R* ( T- 0 . 6 0 0 ) ) ) / 2 . 
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Roundtrip delay time = 0.02 sec 
Sampling time = 0.01 sec = 10 ms 
Pulse width is 0.600 - 0.100 or 0.500 sec. 

H J I o 
r i ! A i : i 

T i mp.fQArl 
1 5 

Figure 4.1b. Wide signal - low data rate. 

Fortran source code XDUCER*.FOR is used to produce the results in 
Method 4-1, Run 1. Figure 4.1b shows pressure measurements at a single 
standpipe transducer. The incident upgoing assumed signal (black) is a broad 
pulse with a width of about 0.5 sec. The reflection (red) is the reflection 
obtained at a solid reflector with no attenuation assumed; there is very little 
shifting of the red curve relative to the black curve, since the total travel distance 
to the piston is very short. The transducer will measure the superposition of 
incident and reflected signals which broadly overlap. This superposition 
appears in the green curve - about twice the incident signal due to constructive 
wave interference, it does not cause any problems and actually enhances signal 
detection. The blue curve is the signal extracted from data using only the green 
curve and the algorithm described above. This blue curve clearly recovers the 
black incident wave very successfully. This is a low data rate run, typical of 
existing MWD systems. (For readers of the black and white version of this 
book, colors above are, respectively, black, red, green and blue, starting from the 
bottom curve.) The previous run is next repeated with finer sampling time, in 
particular, 

Roundtrip delay time = 0.02 sec 
Sampling time = 0.005 sec = 5 ms 

Again, the superposition of incident and reflected waves enhances signal 
detection, noting that the time pulse width (0.5 sec, for 1 or 2 bits/sec) is large 
compared to the roundtrip delay time (0.02 sec). Reflections do not cause 
confusion, and both coarse and fine sampling times are acceptable. The 
computed results are shown in Figure 4.1c. 
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Figure 4.1c. Wide signal - low data rate. 

4.1.4 Run 2. Narrow pulse width - high data rate. 

C CASE 2 . NARROW PULSE WIDTH 
C C l e a r l y s e e i n t e r f e r e n c e b e t w e e n u p g o i n g and r e f l e c t e d p u l s e s 

A = 2 0 . 0 
R = 1 0 0 . 0 
G = A * ( T A NH( R* ( T - 0 . 1 0 0 ) ) - T A NH( R* ( T - 0 . 1 0 1 ) ) ) / 2 . 

C 

Due to the properties of the hyperbolic tangent function used above to 
model a real-world pulse, emphasizing that it is not the Heaviside step function, 
the "0.101 - 0.100" time difference of 0.001 sec is not directly related to pulse 
width (a step function would yield unrealistic infinite derivatives at the front and 
back ends of the pulse). For pulse width, refer directly to the black upgoing 
wave. The pulse width, from Figure 4.Id, is small and indicates high data rate. 

Roundtrip delay = 0.02 sec 
Sampling time = 0.001 sec = 1 ms 

Figure 4.1d. Narrow pulse width - high data rate (with widened green trace). 
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Source code XDUCER*.FOR is used for Method 4-1, Run 2. Here, the 
incident upgoing black signal is about 0.05 sec wide, nominally a 20 bit/sec run. 
The delayed red reflected signal is also shown. The green is the superposition of 
the upgoing and reflected signals. It is clearly much wider than the black signal, 
and shows the interference of the upgoing and downgoing signals. In fact, the 
green line falsely conveys the presence of two signals, and definitely, would 
confuse the transducer into "thinking" that there really are two signals. This 
widening is not good for high-data-rate telemetry and is also known as 
"intersymbol interference." The top blue curve uses data from the green curve 
only, and recovers the black curve successfully. The above run was repeated for 
finer sampling, in particular, 

Roundtrip delay = 0.02 sec 
Sampling time = 0.0005 sec = 0.5 ms 

Again, when the pulse width is narrow compared to the delay time, the 
standpipe transducer will "see" two pulses instead of one, or if the two are 
overlapping, one large signal with two "camel humps." Results appear in Figure 
4.1e. The top blue curve recovers the black signal very nicely. Both sampling 
rates show same phenomena. 

Figure 4.1e. Narrow pulse width - high data rate. 

4.1.5 Run 3. Phase-shift keying or PSK. 

We consider first a 12 Hz low carrier frequency. This is the frequency 
used to transmit siren information at 3 bits/sec or less. The input source code 
shown below is used to create the black curve in Figure 4.If. 

C CASE 3 . PHASE-SHIFTING (F = FREQUENCY IN HERTZ) 
PI = 3 . 1 4 1 5 9 
A = 0 . 2 5 
F = 1 2 . 

C G = A* S I N( 2 . * P I * F* T) 
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C Me ans 2 * PI* F c y c l e s i n 2 * PI s e e s , o r F c y c l e s p e r s e c , F i s 
Hz .  
C One c y c l e r e q u i r e s t i m e PERIOD = l . / F 

PERIOD = 1 . / F 
I F( T . GE . 0 . 0 . AND.T.LE. PERIOD) G = +A* S IN( 2 . * PI* F* T) 
IF( T. GE. PERIOD. AND. T. LE. 2 . * PERIOD) G = - A * S I N( 2 . * P I * F* T) 
I F( T . GE.2 .^ PERIOD) G = 0 . 

Roundtrip delay = 0.02 sec 
Sampling time = 0.001 sec 

Figure 4.If. 12 Hz low frequency carrier wave with phase shift keying. 

Source code XDUCER*.FOR is used to produce the results of Method 4-1, 
Run 3. A 12 Hz carrier wave is assumed. We phase-shift after one cycle; we 
continue wave generation and turn off the pulser after two wave cycles. Note 
the black upgoing clean signal in Figure 4.If and the delayed reflected red 
signal. The green signal combines both incident black and reflected red signals, 
and appears somewhat like the black signal, except for two indentations on the 
bottom (one for incident phase-shift and the second for the reflected phase-
shift). The "apparent phase shift" seen in the green signal is a somewhat 
stretched valley. The green signal is a little wider than the original black signal 
with taller humps and can be very confusing. The blue one is the deconvolved 
signal using only input from the green data, and recovers the black one very 
nicely, to include both the phase shift and the silent tail end of the signal. 

Next, we consider a 24 Hz carrier wave, the higher carrier frequency 
typically used in PSK schemes. This may transmit information at up to 6 
bits/sec if attenuation is not problematic. In practice, the Ap siren signal 
strength is weak and the transmitted signal attenuates over large distances. This 
target data rate is almost never used in deep wells. 

Roundtrip delay = 0.02 sec 
Sampling time = 0.001 sec 
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A sampling time of 0.001 sec is used in Figure 4.1g. The green curve does not 
look like the black. The blue curve is recovered from the green data, and is 
almost identical to the original black curve. The recovery is very successful. 

C CASE 3 . PHASE-SHIFTING (F = FREQUENCY IN HERTZ) 
PI = 3 . 1 4 1 5 9 
A = 0 . 2 5 
F = 2 4 . 

C G = A* S IN( 2 . * PI* F* T) 
C Means 2 * PI* F c y c l e s i n 2 * PI s e e s , or F c y c l e s p e r s e c , F i s 
Hz .  
C One  c y c l e  r e qui r e s  t i me  PERI OD = l . / F 

PERI OD = 1 . / F 
I F ( T. GE. 0 . 0 .  AND. T. LE.  PERI OD)  G 
I F ( T. GE. PERI OD. AND. T. LE. 2 . * PERI OD)  G 
I F( T.  GE. 2 . ^PERI OD)  G 

, A 
a V A 7 a V A 7 

A ^ X : 

0 1 0 2 0 

T i m a 

3 0 4 0 

1 1 W'lsj 

Figure 4.1g. 24 Hz low frequency carrier wave with phase shift keying. 

Next we continue with 24 Hz, but instead use finer time sampling, in 
particular, selecting 

Roundtrip delay = 0.02 sec 
Sampling time = 0.0005 sec 

In Figure 4.1h, the sampling time of 0.0005 sec is used. Both Figures 4.1g and 
4.1h show that the green superposed signal is distorted relative to the original 
black one. There are two positive crests in the signal, as there are in the original 
black signal, and a single bump on the bottom. Also, the green signal is wider 
than the black. Intersymbol interference is strong. Also observe how well the 
algorithm using the blue signal recovers the black. Next, in Runs 4 and 5, let us 
examine very high data rates. 

= +A* SI N( 2 . * PI * F * T)  
= - A* SI N( 2 . * PI * F * T)  
= 0. 
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Figure 4.1h. 24 Hz low frequency carrier wave with phase shift keying. 

4.1.6 Runs 4 and 5. Phase-shift keying or PSK, very high data rate. 
In this example, we consider a high data rate 48 Hz carrier wave not 

presently used commercially by any service company. 

C CASE 3 . PHASE-SHIFTING (F = FREQUENCY IN HERTZ) 
PI = 3 . 1 4 1 5 9 
A = 0 . 2 5 
F = 4 8 . 

C G = A* S IN( 2 . * PI* F* T) 
C Means 2 * PI* F c y c l e s i n 2 * PI s e e s , or F c y c l e s p e r s e c , F i s 
Hz .  
C One  c y c l e  r e qui r e s  t i me  PERI OD = l . / F 

PERI OD = 1 . / F 
I F ( T. GE. 0 . 0 .  AND. T. LE.  PERI OD)  G 
I F ( T. GE. PERI OD. AND. T. LE. 2 . * PERI OD)  G 
I F( T.  GE. 2 . ^PERI OD)  G 

Roundtrip delay = 0.02 sec 
Sampling time = 0.00025 sec 

= +A* SI N( 2 . * PI * F * T)  
= - A* SI N( 2 . * PI * F * T)  
= 0. 

Figure 4.1i. New high data rate 48 Hz carrier with PSK. 
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In Figure 4.1i, the green signal is 50% wider than the black signal and is 
showing severe distortion compared to the original black signal. However, our 
algorithm using the blue data recovers the black curve successfully. 

Finally, we ambitiously increase our carrier wave frequency to 96 Hz in 
order to test the robustness of our scheme. The following parameters are used. 

Roundtrip delay = 0.02 sec 
Sampling time = 0.0002 sec 

This very, very high data rate run with narrow black pulse shows how the 
incident and reflected red wave can superpose in the green signal to appear as a 
longer duration signal with additional fictitious phase shifts. This effect is 
detrimental to high-data-rate continuous wave telemetry. However, using the 
green data only, the blue curve recovers the black curve very nicely. Results are 
shown in Figure 4. lj. 

V V : 

b i j O b i 
n V / : 

. VoYo.i 02 0.1 D3 0.04 0.05 0J 
. . . Tirho fear ) . . . 

D6 0.1 37 0.1 D8 0.( 

Figure 4.1 j. Very, very high 96 Hz carrier with PSK. 

4.2 Method 4-2. Upgoing wave reflection at solid boundary, 
single transducer deconvolution using delay equation, with mud 
pump noise (Software reference, HYBRID*.FOR). 

4.2.1 Physical problem. 

This single transducer approach is similar to Method 4-1, except that the 
mudpump noise measured at the pump is delayed and subtracted from the 
standpipe transducer signal (which now records both upgoing and reflected 
signals, plus mudpump noise). Once the pump noise is subtracted, the algorithm 
is identical to Method 4-1. This capability is listed as a separate method only 
because of subtle differences in software structure. As in Method 4-1, this 
method does not handle wave shape distortion induced by the desurger. 
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4.2.2 Software note. 

In Method 4-1, we did not allow pump noise; the purpose was to evaluate 
the echo cancellation or deconvolution method under ideal circumstances. 
Method 1 utilizes the XDUCER*.FOR software series. Method 4-2 here with 
mudpump noise utilizes our HYBRID*.FOR software series, a modification of 
the single transducer XDUCER*.FOR model to include downward traveling 
pump noise. By pump noise, we mean traveling pressure waves excited by the 
pump pistons and not turbulence or other noise associated with surface facilities. 

Schematic. 

Upgoing 
wave _ _ 

Pump 
noise Solid 

Transducer reflector 
x = 0 x = L 

Figure 4.2a. Wave reflection at solid reflector, with pump noise. 

4.2.3 Theory. 

In this section, consider the reflection of an upgoing wave at a solid pump 
piston, to include the effect of pump noise propagated in the downgoing 
direction from the piston location. Again a single transducer method is 
assumed. Let pmeasured(t) now denote all pressures recorded by the standpipe 
transducer, upgoing and downgoing, which would include mud pump noise. We 
also assume that another pressure transducer independently records the mud 
pump noise function N(t) at the pump, where "t" is the same time instant at 
which the transducer records its signals. This is, in a sense, a two transducer 
method. However, from an operational viewpoint, it only requires a single 
transducer located on the standpipe, which is more convenient (and less 
dangerous) for rigsite operations. The second transducer can be placed near the 
mudpump and will not inconvenience any drillers on the rig floor. Then, if p(t) 
is the upgoing signal, and p(t-h) is the downgoing pressure reflected at the solid 
piston, where "h" is the roundtrip delay time, it follows that 

p(t) + p(t-h) = Pmeasured(t) " N(t - h/2) (4.2) 
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applies. Again, the measured pressure pmeasured(t) contains pump noise, the latter 
of which is then subtracted from the right side, leaving the noise-free equation 
considered in Method 4-1. The interesting question is, "How large can N be 
until the signal recovery is bad?" In other words, we want to explore the role of 
the "signal to noise" (or, "S/N") ratio in signal recovery. Usually, "noise" may 
be, for instance, white or Gaussian, which generally degrades signal 
enhancement procedures; however, as we will show, mudpump noise is not 
entirely harmful. Since its direction and acoustic properties can be well 
characterized, its effects may be subtracted out as demonstrated below. 

4.2.4 Run 1. 12 Hz PSK, plus pump noise with S/N = 0.25. 

The source code below generates an MWD signal with an amplitude of 
0.25, while the pump noise function possesses an amplitude of 1.0 - thus, the 
signal-to-noise ratio is 0.25, which is very small. The pump noise function is 
defined in the Fortran block FUNCTION PUMP(T) while the MWD signal 
appears in FUNCTION G(T). 

F UNCTI ON G( T)  
C 
C T e s t MWD upw ard w av e f orms s t o r e d h e r e 
C CASE 3 . PHASE-SHIFTING (F = FREQUENCY IN HERTZ) 

PI = 3 . 1 4 1 5 9 
A = 0 . 2 5 
F = 1 2 . 

C G = A* S IN( 2 . * PI* F* T) 
C Means 2 * PI* F c y c l e s i n 2 * PI s e e s , or F c y c l e s p e r s e c , F i s 
Hz .  
C One  c y c l e  r e qui r e s  t i me  PERI OD = l . / F 

PERI OD = 1 . / F 
I F ( T. GE. 0 . 0 .  AND. T. LE.  PERI OD)  G 
I F ( T. GE. PERI OD. AND. T. LE. 2 . * PERI OD)  G 
I F( T.  GE. 2 . ^PERI OD)  G 
RETURN 
END 

F UNCTI ON PUMP( T)  
PUMP = 1 . * S IN( 2 . * 3 . 1 4 1 5 9 * 1 5 . * T ) 
RETURN 
END 

C 

= +A* SI N( 2 . * PI * F * T)  
= - A* SI N( 2 . * PI * F * T)  
= 0. 
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Figure 4.2b. 12 Hz carrier, phase shift in presence of large pump noise. 

Roundtrip delay time = 0.02 sec 
Sampling time = 0.01 sec 

For readers of the black and white version of this book, in Figure 4.2b, curve 
colors are black, red, green and blue, respectively, from the bottom to top. 

Black is the combination of the upgoing MWD signal and the downward 
pump noise. Because the pump noise amplitude is four times larger, the 
black line does not even appear as if it contains an MWD signal. 

Red is the reflection of the upward MWD signal at the surface solid 
reflector. 

Green is the sum of the upgoing signal and reflected downward signal, with 
the pump noise subtracted out (the pump noise is measured at the pump, 
delayed, and then the subtraction is performed). 

Blue is the recovered upgoing signal as assumed (12 Hz with a phase shift), 
which appears just as the red signal does (the blue signal is recovered from 
green data which is a longer stretched pulse). Note the small signal-to-noise 
of 0.25 assumed. 

4.2.5 Run 2. 24 Hz PSK, plus pump noise with S/N = 0.25. 

We next repeat the calculation of Run 1, but double the carrier frequency 
to 24 Hz. The signal and pump noise functions are identical to those of Run 1, 
except that for the signal, a value of F = 24 Hz is used instead of F = 12 Hz (we 
are therefore running a 24 Hz carrier with a phase shift). Similar comments as 
those for Run 1 apply to our very successful recovery, as shown in the blue 
signal of Figure 4.2c. 

Roundtrip delay time = 0.02 sec 
Sampling time = 0.01 sec 
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Figure 4.2c. 24 Hz carrier, phase shift with large pump noise. 

4.3 Method 4-3. Directional filtering - difference equation 
method requiring two transducers (Software reference, 
2XDCR*.FOR). 

4.3.1 Physical problem. 

We next consider two-transducer surface signal processing in Methods 4-3 
and 4-4. In this section, we have an upgoing pressure signal containing encoded 
downhole MWD mud pulse information (plus downhole "ghost reflections" 
produced at the pulser) which travels through the standpipe. The signal 
continues to the mudpump, where it will reflect at a solid reflector at the pistons 
for a positive displacement pump, and at an acoustic free-end for a centrifugal 
pump. All types of pumps are permissible for Methods 4-3 and 4-4. Waves can 
also reflect at the desurger where, depending on the amplitude and frequency 
and the mass-spring-damper properties of the desurger, reflected waves can 
distort in both amplitude and shape. In other words, we consider the very 
general and difficult problem in which no information about the mudpump and 
the desurger will be required - a very powerful signal processing method. 

The two-transducer algorithms of Method 4-3 and 4-4, unlike some 
schemes, do not require any knowledge of the nature of the mudpump noise 
signature or the properties of the desurger distortion and are powerful in these 
regards. Surface sound speed is required, which can be determined by simple 
timing tests near the rig. Unlike published two-transducer methods, they need 
not assume periodic waves and apply generally to transient motions, e.g., there 
are no limiting restrictions related to the usual quarter-wavelength properties. 
Note that Method 4-3 is based on a difference equation, while Method 4-4 is 
based on a differential equation. In the difference equation model, there are no 
restrictions on transducer separation, although practical "not too close" and "not 
too far away" considerations apply. In the differential equation model, the usual 
notions on derivatives hold, which in the acoustic context, of course, suggest 
that transducer separations should be a small fraction of the wavelength. 
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Schematic. 

Figure 4.3a. General bi-directional waves. 
4.3.2 Theory. 

The pressure wave taken here is the sum of two waves traveling in 
opposite directions. Let " f ' denote the incident wave traveling from downhole 
(again, this upgoing wave is not the "clean" Ap signal, but the intended signal 
plus ghost reflections associated with reflections at the drillbit and collar-pipe 
junction). Then, "g" will denote reflections of any type at the mudpump 
(positive displacement pistons and centrifugal pumps both allowed), plus 
reflections at the desurger with any type of shape distortion permitted, plus the 
mudpump noise itself. In general, we can write 

p(x,t) = f(t - x/c) + g(t + x/c) (4.3a) 

where c is the measured speed of sound at the surface. Two transducers are 
assumed to be placed along the standpipe. Note that the impedance mismatch 
between standpipe and rubber rotary hose does introduce some noise, however, 
since this effect propagates downward, it is part of the "g" which will be filtered 
out in its entirety. The rotary hose does not introduce any problem with our 
approach. Now let xa and xb denote any two transducer locations on the 
standpipe. At location "b" we have 

p(xb,t) = f(t - xb/c) + g(t + xb/c) 

If we define x = (xb - xa)/c > 0, it follows that 

p(xb,t - x) = f{t + (xa - 2xb)/c} + g(t + xa/c) 

But at location "a" we have 

p(xa,t) = f(t-xa/c) + g(t + xa/c) 

Subtraction yields 

(4.3b) 

(4.3c) 

(4.3d) 
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p(xa,t) - p(xb, t - T) = f(t - xa/c) - f{t + (xa - 2xb)/c} (4.3e) 

Without loss of generality, we set xa = 0 and take xb as the positive transducer 
separation distance 

The right side involves subtraction of two measured transducer pressure values, 
with one value delayed by the transducer time delay T, while the left side 
involves a subtraction of two unknown (to-be-determined upgoing) pressures, 
one with twice the time delay or 2x). The deconvolution problem solves for f(t) 
given the pressure values on the right and is solved by our 2XDCR*.FOR code. 

Method 4-3 is extremely powerful because it eliminates any and all 
functions g(t + x/c), that is, all waves traveling in a direction opposite to the 
upgoing wave. Thus, g(t + x/c) may apply to mudpump noise, reflections of the 
upgoing signal at the mudpump, and reflections of the upgoing signal at a 
desurger, regardless of distortion or phase delay, reflections from the rotary hose 
connections, and so on. The functional form of the downgoing waves need not 
be known and can be arbitrary. This is not to say that all downward moving 
noise sources are removed. For example, fluid turbulence noise traveling 
downward with the drilling fluid is not acoustic noise will not be removed and 
may degrade the performance of Method 4-3. Additional noise sources and 
filters are considered in Chapter 6. The order in which filters are applied will 
affect the outcome of any signal processing, and it is this uncertainty that 
provides the greatest challenge in signal processor design. The model in 
Equation 4.3g is solved exactly, that is, analytically in closed form, and is 
implemented in our 2XDCR*FOR software series. In Figure 4.3b, black, red, 
green and blue curves appear, respectively, from the bottom to top. The color 
coding conventions for our graphical output results are as given as follows. 

Black curve ... upward MWD signal 
Red curve ... XNOISE function 
Green curve ... sum of MWD and XNOISE 
Blue curve ... deconvolved signal 

4.3.3 Run 1. Single narrow pulse, S/N = 1, approximately. 

Carefully note that the amplitude "A" in the MWD signal function 
SIGNAL refers to the difference of two hyperbolic tangent functions, whereas 
the amplitude "AMP" in the XNOISE function refers to a sinusoidal function. 
They are not the same. 

f(t) - f(t - 2xb/c) = p(0,t) - p(xb, t - V c ) ( 4 .3 f ) 

or 
f ( t) - f ( t-2x) = p(0,t)-p(xb,t-T) (4.3g) 
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FUNCTION SIGNAL(T) 
C MWD upw ard wave s i g n a l f u n c t i o n 
C T r a i n of p u l s e s , 0 . 5 s e c w i d t h , 0 . 5 s e c s e p a r a t i o n 
C CASE 2 . NARROW PULSE WIDTH ( C o n s i d e r e d i n s i n g l e x d u c e r 
me thod) 
C C l e a r l y s e e i n t e r f e r e n c e b e tw e e n u p g o i n g and r e f l e c t e d p u l s e s 

A = 1 0 . 0 
R = 1 0 0 . 0 
SI GNAL = A* ( TANH( R* ( T- 0 . 1 0 0 ) ) - TANH( R* ( T- 0 . 1 0 1 ) ) ) / 2 .  
RETURN 
END 

C 
FUNCTION XNOISE(T) 

C Mud pump n o i s e f u n c t i o n may a l s o i n c l u d e r e f l e c t e d MWD 
C s i g n a l , b u t i t i s n o t n e c e s s a r y t o add t h e wave r e f l e c t i o n t o 
C t h e t o t a l n o i s e t o d e m o n s t r a t e d i r e c t i o n a l f i l t e r i n g . 
C FRQPMP = He r t z f r e q of pump n o i s e , p r o p a g a t e s dow nw ard 

PI = 3 . 1 4 1 5 9 
FRQPMP = 1 5 . 
AMP = 0 . 2 5 
XNOI SE = AMP* SI N( 2 . * PI * F RQPMP* T)  + 0 . 0 * SI GNAL( T)  
RETURN 
END 

Time delay between transducers = 0.010 sec = 10 ms 
30 ft standpipe length/3,000 ft/sec mud sound speed = 0.01 sec, taken as 
sampling time in code. 

Figure 4.3b. MWD signal with pump noise (S/N = 1, approximately). 

Note that the single black upgoing MWD pulse shown in Figure 4.3b is 
about 0.05 sec wide, representing a nominal 20 bits/sec, and the red continuous 
mud pump signal is roughly the same frequency. This is a difficult test case. 
Because both MWD and pump frequencies are about the same, the use of 
conventional frequency-based filtering will fail. The green superposition of the 
upgoing MWD signal and the pump noise shows a continuous wave signal with 
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a small bump at the left, with the single signal buried in the longer trace. The 
blue curve shows how the black single pulse is successfully recovered from the 
green data using Equation 4.3g. The silence obtained everywhere else also 
demonstrates the success of our filtering. Note the signal and noise have 
roughly the same amplitude, so that S/N = 1, approximately. 

4.3.4 Run 2. Very noisy environment. 

In this run, we increase the pump noise significantly, so that the MWD 
signal is not visible to the naked eye in the green signal. The time delay 
between transducers is 0.01 sec or 10 ms, as before. Here, the signal to noise 
ratio is about 1:4 and the same recovery success is achieved. 

FUNCTION SIGNAL(T) 
C MWD upw ard wave s i g n a l f u n c t i o n 
C T r a i n of p u l s e s , 0 . 5 s e c w i d t h , 0 . 5 s e c s e p a r a t i o n 
C CASE 2 . NARROW PULSE WIDTH ( C o n s i d e r e d i n s i n g l e x d u c e r 
me thod) 
C C l e a r l y s e e i n t e r f e r e n c e b e tw e e n u p g o i n g and r e f l e c t e d p u l s e s 

A = 1 0 . 0 
R = 1 0 0 . 0 
SI GNAL = A* ( TANH( R* ( T- 0 . 1 0 0 ) ) - TANH( R* ( T- 0 . 1 0 1 ) ) ) / 2 .  
RETURN 
END 

C 
FUNCTION XNOISE(T) 

C Mud pump n o i s e f u n c t i o n may a l s o i n c l u d e r e f l e c t e d MWD 
C s i g n a l , b u t i t i s n o t n e c e s s a r y t o add t h e wave r e f l e c t i o n t o 
C t h e t o t a l n o i s e t o d e m o n s t r a t e d i r e c t i o n a l f i l t e r i n g . 
C FRQPMP = He r t z f r e q of pump n o i s e , p r o p a g a t e s dow nw ard 

PI = 3 . 1 4 1 5 9 
FRQPMP = 1 5 . 

C AMP = 0 . 2 5 
AMP = 1 . 
XNOI SE = AMP* SI N( 2 . * PI * F RQPMP* T)  + 0 . 0 * SI GNAL( T)  
RETURN 
END 

Figure 4.3c. Very noise environment, S/N about 0.25. 
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4.3.5 Run 3. Very, very noisy environment. 

Here we increase the noise level significantly to determine how well the 
method continues to work. The time delay between transducers is 0.01 sec or 10 
ms, as before. Here, a S/N of approximately 1/8 is assumed, and from our Figure 
4.3f, the blue curve again replicates the black pulse very successfully. 

FUNCTION SIGNAL(T) 
C MWD upw ard wave s i g n a l f u n c t i o n 
C T r a i n of p u l s e s , 0 . 5 s e c w i d t h , 0 . 5 s e c s e p a r a t i o n 
C CASE 2 . NARROW PULSE WIDTH ( C o n s i d e r e d i n s i n g l e x d u c e r 
me thod) 
C C l e a r l y s e e i n t e r f e r e n c e b e tw e e n u p g o i n g and r e f l e c t e d p u l s e s 

A = 1 0 . 0 
R = 1 0 0 . 0 
SIGNAL = A * ( TA NH( R* ( T- 0 . 1 0 0 ) ) - TA NH( R* ( T- 0 . 1 0 1 ) ) ) / 2 . 
RETURN 
END 

FUNCTION XNOISE(T) 
C Mud pump n o i s e f u n c t i o n may a l s o i n c l u d e r e f l e c t e d MWD s i g n a l , 
C b u t i t i s n o t n e c e s s a r y t o add t h e wave r e f l e c t i o n t o t h e 
C t o t a l n o i s e t o d e m o n s t r a t e d i r e c t i o n a l f i l t e r i n g . 
C FRQPMP = He r t z f r e q of pump n o i s e , p r o p a g a t e s dow nw ard 

PI = 3 . 1 4 1 5 9 
FRQPMP = 1 5 . 

C AMP = 0 . 2 5 
AMP = 2 . 
XNOI SE = AMP* SI N( 2 . * PI * F RQPMP* T)  + 0 . 0 * SI GNAL( T)  
RETURN 
END 

0;5 

- 2 -

-3-

Figure 4.3d. Very, very noisy environment. 
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4.3.6 Run 4. Very, very, very noisy environment. 

Here, the noise level is increased further! The time delay between 
transducers is 0.01 sec or 10 ms, as before. The S/N ratio is assumed to be 1/16, 
which is very, very small. Excellent signal recovery is apparent in Figure 4.3e, 
with blue and black signals being identical. 

FUNCTION SIGNAL(T) 
C MWD upw ard wave s i g n a l f u n c t i o n 
C T r a i n of p u l s e s , 0 . 5 s e c w i d t h , 0 . 5 s e c s e p a r a t i o n 
C CASE 2 . NARROW PULSE WIDTH ( C o n s i d e r e d i n s i n g l e x d u c e r 
me thod) 
C C l e a r l y s e e i n t e r f e r e n c e b e tw e e n u p g o i n g and r e f l e c t e d p u l s e s 

A = 1 0 . 0 
R = 1 0 0 . 0 
SIGNAL = A * ( TA NH( R* ( T- 0 . 1 0 0 ) ) - TA NH( R* ( T- 0 . 1 0 1 ) ) ) / 2 . 
RETURN 
END 

C 
FUNCTION XNOISE(T) 

C Mud pump n o i s e f u n c t i o n may a l s o i n c l u d e r e f l e c t e d MWD 
C s i g n a l , b u t i t i s n o t n e c e s s a r y t o add t h e wave r e f l e c t i o n t o 
C t h e t o t a l n o i s e t o d e m o n s t r a t e d i r e c t i o n a l f i l t e r i n g . 
C FRQPMP = He r t z f r e q of pump n o i s e , p r o p a g a t e s dow nw ard 

PI = 3 . 1 4 1 5 9 
FRQPMP = 1 5 . 

C AMP = 0 . 2 5 
AMP = 4 . [ Tw i c e t h e abov e e x am pl e , n o t h i n g e l s e c hang e d] 
XNOISE = AMP*SIN(2.*PI*FRQPMP*T) + 0 .0*S IGNAL(T) 
RETURN 
END 

Figure 4.3e. Very, very, very noisy environment. 
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4.3.7 Run 5. Non-periodic background noise. 

In Runs 1-4, we assumed a periodic wave to model (a Fourier component 
of) the mudpump noise. However, we can easily model non-sinusoidal 
distortions caused by the desurger (Chapter 6 provides more realistic models). 
Numerous non-sinusoidal functions have been tested successfully. To 
demonstrate the general nature allowed for the XNOISE function, we assume a 
straight line time function to locally represent a large scale slowly varying noise 
function. This can be an idealization of a signal distorted by the desurger. 

FUNCTION SIGNAL(T) 
C MWD upw ard w av e s i g n a l f u n c t i o n 
C T r a i n of p u l s e s , 0 . 5 s e c w i d t h , 0 . 5 s e c s e p a r a t i o n 
C CASE 2 . NARROW PULSE WIDTH ( C o n s i d e r e d i n s i n g l e x d u c e r 
me thod) 
C C l e a r l y s e e i n t e r f e r e n c e b e t w e e n u p g o i n g and r e f l e c t e d p u l s e s 

A = 1 0 . 0 
R = 1 0 0 . 0 
SIGNAL = A * ( T A NH( R* ( T - 0 . 1 0 0 ) ) - T A NH( R* ( T - 0 . 1 0 1 ) ) ) / 2 . 
RETURN 
END 

C 
FUNCTION XNOISE(T) 

C Mud pump n o i s e f u n c t i o n may a l s o i n c l u d e r e f l e c t e d MWD s i g n a l , 
C b u t i t i s n o t n e c e s s a r y t o add t h e wave r e f l e c t i o n t o t h e 
C t o t a l n o i s e t o d e m o n s t r a t e d i r e c t i o n a l f i l t e r i n g . 
C FRQPMP = He r t z f r e q of pump n o i s e , p r o p a g a t e s dow nw ard 

PI = 3 . 1 4 1 5 9 
FRQPMP = 1 5 . 

C AMP = 0 . 2 5 
AMP = 5 . 

C XNOISE = AMP*SIN(2.*PI*FRQPMP*T) + 0 .0 * S IGNAL( T) 
XNOISE = AMP*T 
RETURN 
END 

The time delay between transducers is 0.01 sec or 10 ms. In Figure 4.3f, 
the black curve is the upgoing pulse, the red is a linearly growing non-periodic 
noise function in time that may be representative of other more general forms of 
noise, and the green is the superposition of the upgoing MWD signal and the 
noise function. The blue curve shows how the black signal is successfully 
recovered from the green input data using Method 4-3. 

The reader may again ask, "Why are we so successful at recovering signals 
even with signal-to-noise ratios less than 10%, when the signal processing 
literature is much less optimistic?" The reason: conventional signal processing 
deals typically with random noise. Our noise is not random, but a propagating 
wave with wave-like properties - noise that a "smart algorithm" such as ours 
can remove. If our noise also contains random or other types of noise, then that 
noise must be separately removed before or after application of our filters. 
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Figure 4.3f. MWD pulse in non-periodic noise (desurger distortion field). 

4.4 Method 4-4. Directional filtering - differential equation 
method requiring two transducers (Software reference, 
SAS14D*.FOR, Option 3 only). 

4.4.1 Physical problem. 

The problem considered here is identical to that of Method 4-3. However, 
the signal processing method is based on a differential as opposed to a difference 
delay equation. "Differential" refers to "differential equation based" while 
"difference" refers to algebraic equations with non-infinitesimal separations. 
We emphasize that, in practice, the drillpipe pressure field consists of slowly 
varying hydrostatic and rapidly changing wave components. The effects of the 
former on Methods 4-3 and 4-4 are small, thus simplifying signal processing. 

Schematic. 

Figure 4.4a. General bi-directional waves. 
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4.4.2 Theory. 

Our derivation at first follows the author's United States Patent No. 
5,969,638 entitled "Multiple Transducer MWD Surface Signal Processing." But 
the present method, which includes a robust integrator to handle sharp pressure 
pulses, substantially changes the earlier work, which is incomplete; the full 
formulation is developed here. In Method 4-3, we used time delayed signals for 
which there was no restriction on time delay size. For Method 4-4, we invoke 
time and space derivatives; thus sampling times should be small compared to a 
period and transducer separations should be small compared to a wavelength. 

As in Method 4-3, the representation of pressure as an upgoing and 
downgoing wave is still very general, and all waves in the downward direction 
are removed with no information required at all about the mudpump, the 
desurger or the rotary hose. Note that "c" is the mud sound speed at the surface 
and should be measured separately. In our derivation, expressions for time and 
space derivatives of p(x,t) are formed, from which the downgoing wave "g" is 
explicitly eliminated, leaving the desired upgoing "f." The steps shown are 
straightforward and need not be explained. 

p(x,t) = f(t - x/c) + g(t + x/c) (4.4a) 

P t = f + g ' (4.4b) 

Px = - C 1 f + C-1 g' (4.4c) 

cpx= - f + g' (4.4d) 

Pt - cpx = 2f (4.4e) 

f ' = X/2 (pt - cpx) (4.4f) 

Equation 4.4f for "f," which is completely independent of the downgoing 
wave "g," however, applies to the time derivative of the upgoing signal f(t - x/c) 
and not " f ' itself. Thus, if a square wave were traveling uphole, the derivative 
of the signal would consist of two noisy spikes having opposite signs. This 
function must be integrated in order to recover the original square wave, and at 
the time the patent was awarded, a robust integration method was not available. 
The required integration is not discussed in the original patent, where it was 
simply noted that both original and derivative signals in principle contain the 
same information. In our recent SAS14D software, a special integration 
algorithm is given to augment the numerical representation in Equation 4.4f. 
The success of the new method is demonstrated below in Figure 4.4b. 

At first glance, the two-transducer delay approach in Method 4-3 seems to 
be more powerful because it does not require time integration, and since it does 
not involve derivatives, there are no formal requirements for sampling times to 
be small and transducer separations to be close. However, in any practical high-
data-rate application, the latter will be the case anyway, e.g., slow sampling 
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rates will not capture detailed data. Thus, Method 4-4 is no more restrictive than 
Method 4-3. However, the present method is powerful in its own right because 
the presence of the dp/dx derivative implies that one can approximate it by more 
than two (transducer) values of pressure at different positions using higher-order 
finite difference formulas - in operational terms, one can employ multiple 
transducers and transducer arrays to achieve higher accuracy. Similarly, the 
presence of dp/dt means that one can utilize more than two time levels of 
pressure in processing in order to achieve high time accuracy. The required 
processing in space and time is inferred from the use of finite difference 
formulas in approximating the derivatives shown and numerous such 
computational molecules are available in the numerical analysis literature. The 
illustrative calculation used below, however, assumes only two transducers and 
pressures stored at two levels in time. 

4.4.3 Run 1. Validation analysis. 

SAS14D presently runs with only Option 3 fully tested and other options 
are under development. We explain below some hard-coded assumptions and 
interpret computed results. The software model assumes the following upgoing 
MWD signal, as noted in output duplicated below. 

I n t e r n a l MWD u p g o i n g ( p s i ) s i g n a l a v a i l a b l e as 
P ( x , t ) = + 5 . 0 0 0 { H( x - 1 5 0 . 0 0 0 - c t ) - H( x - 4 0 0 . 0 0 0 - c t ) } 

+ 1 0 . 0 0 0 { H( x - 6 0 0 . 0 0 0 - c t ) - H( x - 1 0 0 0 . 0 0 0 - c t ) } 
+ 1 5 . 0 0 0 { H( x - 1 4 0 0 . 0 0 0 - c t ) - H( x - 1 7 0 0 . 0 0 0 - c t ) } 

This upgoing MWD wave signal is presently hard-coded. H is the Heaviside 
step function. At time t = 0, the pressure P(x,0) contains three rectangular 
pulses with amplitudes (1) 5 for 150 < x < 400, (2) 10 for 600 < x < 1000, and 
(3) 15 for 1400 < x < 1700. Thus, the pulse widths and separations, going from 
left to right, are 

400 - 150 = 250 ft 
600 - 400 = 200 ft 
1000 - 600 = 400 ft 
1400 - 1000 = 400 ft 
1700 - 1400 = 300 ft 

The average spatial width is about 300 ft. If the sound speed is 5,000 ft/sec 
(as assumed below) then the time required for this pulse to displace is 300/5,000 
or 0.06 sec. Since sixteen of these are found in one second, this represents 16 
bits/sec, approximately. Below we define the noise function, which propagates 
in a direction opposite to the upgoing signal. For our upgoing signal we have 16 
bits/sec. In our noise model below, we assume a sinusoidal wave (for 
convenience, though not a requirement) of 15 Hz, amplitude 20 (which exceeds 
the 5, 10, 15 above). These approximately equal frequencies provide a good test 
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of effective filtering based on directions only. Note that conventional methods 
to filter based on frequency will not work since both signal and noise have about 
the same frequency. Again, the sound speed (assuming water) is 5,000 ft/sec. 
For the MWD pulse, the far right position is 1,700 ft. We want to be able to 
"watch" all the pulses move in our graphics, so we enter "1710" (>1700 below). 
We also assume a transducer separation of 30 ft. This is about 10% of the 
typical pulse width above, and importantly, is the length of the standpipe; thus, 
we can place two transducers at the top and bottom of the standpipe. Recall that 
Method 4-4 is based on derivatives. The meaning of a derivative from calculus 
is "a small distance." Just how small is small? The results seem to suggest that 
10% of a wavelength is small enough. 

U n i t s : f t , s e c , f / s , p s i . . . 
As s ume c a n n e d MWD s i g n a l ? Y/N: y 
Downward p r o p a g a t i n g n o i s e ( p s i ) as s ume d as 
N( x , t ) = A m p l i t u d e * c os { 2 T f ( t + x / c ) } . . . 
o E n t e r n o i s e f r e q " f " (hz ) : 15 
o Ty pe n o i s e a m p l i t u d e ( p s i ) : 20 
o E n t e r s ound s p e e d c ( f t / s ) : 5 0 0 0 
o Mean t r a n s d u c e r x - v a l ( f t ) : 1 7 1 0 
o T r a n s d u c e r s e p a r a t i o n ( f t ) : 30 

Note, the noise amplitude is not small, but chosen to be comparable to the MWD 
amplitudes, although only large enough so that all the line drawings fit on the 
same graphical display. The method actually works for much larger amplitudes. 

Figure 4.4b. Recovery of three step pulses from noisy environment. 

After SAS14D executes, it creates two output files, SAS14.DAT and 
MYFILE.DAT. The first is a text file with a "plain English" summary. The 
second is a data file used for plotting. To plot results, run the program 
FLOAT32, which will give the results in Figure 4.4b where an index related to 
time is shown on the horizontal axis (the software will be fully integrated at a 
future date). 
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In Figure 4.4b, black represents the clean upgoing MWD three-pulse 
original signal. Red is the recovered pulse - this result is so good that it 
partially hides the black signal. The green and blue lines are pressure signals 
measured at the two pressure transducers, here separated by thirty feet. From 
these green and blue traces, one would not surmise that the red line can be 
recovered (only minor "bumps" indicate that the green and blue lines differ). 

4.4.4 Run 2. A very, very noisy example. 

The results above are very optimistic, but the algorithm is even more 
powerful than they suggest. In the run below, a noise amplitude of 200 is 
assumed, so that the signal-to-noise ratio ranges from 0.025 to 0.075 depending 
on the pulse interval. Simulation inputs are shown below and calculated results 
are displayed in Figure 4.4c. The recovery of the three-pulse signal is 
remarkable despite the high noise level. In practice, this directional filter will be 
used in concert with conventional frequency and random noise filters. 

U n i t s : f t , s e c , f / s , p s i . . . 
As s ume c a n n e d MWD s i g n a l ? Y/N: y 
Downward p r o p a g a t i n g n o i s e ( p s i ) as s ume d as 
N( x , t ) = A m p l i t u d e * c os { 2 T f ( t + x / c ) } . . . 
o E n t e r n o i s e f r e q " f " ( h z ) : 5 
o Ty pe n o i s e a m p l i t u d e ( p s i ) : 200 
o E n t e r s ound s p e e d c ( f t / s ) : 5 0 0 0 
o Mean t r a n s d u c e r x - v a l ( f t ) : 1 7 0 0 
o T r a n s d u c e r s e p a r a t i o n ( f t ) : 30 

Figure 4.4c. Recovery of three step pulses from very noisy environment. 

The typical frequency spectrum in Figure 6-8b shows mudpump noise in 
the 0-25 Hz range, with lower frequencies associated with higher amplitudes. 
The results in Figure 4.4b assume large amplitude 15 Hz pump noise, while 
Figure 4.4c assumes very large amplitude 5 Hz pump noise. In both cases, 
signal recovery is remarkable. We emphasize that time domain integrations, and 
not discrete Fourier transforms, are used in both of our approaches. 
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4.4.5 Note on multiple-transducer methods. 
The excellent abilities afforded by multiple transducer methods in 

canceling pump noise and MWD reflections from the pistons and desurger have 
been demonstrated in numerous simulations. Minimal information is required -
only an accurate determination of surface mud sound speed is required. The 
previous discussions focused on two-transducer methods for simplicity, but their 
extension to three or more is straightforward. For example, from Equation 4.4f 
or f ' = V2 (pt - cpx), improvements to px and pt imply better filtering. The spatial 
derivative was calculated from px = (p2 - PI)/A + 0(A) where A is transducer 
separation and 0(A) is the error. Use of a high-order three-point formula for 
three-transducer application, for instance, leads to better spatial accuracy. 
Similar considerations apply to pt, that is, more levels of data storage can 
produce higher time accuracy. 

A problem with multiple transducers is their effect on the standpipe. 
Drillers are reluctant to tap additional holes since this decreases its structural 
integrity. One possible solution is to drill only two holes but to connect these 
two by a longer hydraulic hose or metal pipe - and then tap, say, three or more 
holes into it. The pressures on this "bypass loop" are used for signal processing. 
This idea is described in U.S. Patent No. 5,515,336 awarded to the lead author 
in 1996. From the Abstract, "An acoustic detector in a mud pulse telemetry 
system includes a bypass loop in parallel with a section of the main mud line 
that supplies drilling mud to a drill string. The detector includes a pair of 
pressure sensing ports in the bypass line, and one or more pressure transducers 
for detecting the pressure at different locations in the bypass loop so that the 
differential pressure can be measured. The bypass loop has a small internal 
passageway relative to the main mud supply line and may include a constriction 
so as to create two regions in the passageway that differ in cross sectional areas. 
Forming the pressure sensing ports in the regions of differing cross sectional 
areas allows the pressure transducers to more precisely detect the mud pulse 
signals. Because of its relatively small cross sectional area, only a small fraction 
of the drilling mud flows through the bypass loop. The bypass loop may thus be 
constructed of hydraulic hose and a relatively small rigid body having a central 
through bore." Some diagrams are reproduced in Figure 4.4d. 

Figure 4.4d. Bypass loop for multiple transducer implementation. 
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4.5 Method 4-5. Downhole reflection and deconvolution at the 
bit, waves created by MWD dipole source, bit assumed as 
perfect solid reflector (Software reference, DELTAP*.FOR). 

In Methods 4-1 to 4-4, our objective was to recover all signals (good and 
bad) originating from downhole. This was accomplished successfully by 
removing surface reflections and pump generated noise. However, we now re-
emphasize that the upgoing MWD signal itself is not "clean," but contains 
"ghost reflections." By ghost reflections, we refer to the downhole signal 
generation process. When a signal is created at the pulser that travels uphole, a 
pressure signal of opposite sign travels downhole, reflects at the drillbit, and 
then propagates upward to interfere with new upgoing signals. Thus, at the 
surface, the signal arriving first is the intended one, which is followed by a ghost 
signal or shadow. 

For the purposes of evaluating Methods 4-1 to 4-4, it was acceptable to 
focus on recovering everything originating from downhole. But once surface 
reflections at the pump and desurger, and mudpump generated noise, are 
removed, we must not forget that the recovered signal itself contains ghost 
echoes from downhole which must be eliminated through further processing. At 
high data rates, the signals arriving from downhole are never ideal and will 
always contain the intended signal plus ghost reflections. At low frequencies of 
0-1 bit/sec, the effects of ghost reflections can be very constructive or very 
destructive depending on the way the drillbit reflects and on the degree of collar-
pipe area mismatch. Methods 4-1 to 4-4 will always yield the combined 
"intended plus ghost" signal. Once this is extracted from standpipe processing, 
the "intended" and "ghost" components must be separated. In Methods 4-5 and 
4-6, we accomplish this objective, assuming a straight telemetry channel without 
area changes; the former assumes that the drillbit is a solid reflector while the 
latter assumes an acoustic open-end. Area discontinuity restrictions are 
completely removed in Chapter 5 to provide very powerful deconvolution tools. 

4.5.1 Software note. 
The net upgoing pressure signal (designated below by "p2(L,t)") 

originating from downhole is assumed to be known from Methods 4-1 to 4-4. 
But this signal is generally not the Ap(t) across the MWD pulser that is directly 
related to position-encoding by the pulser. Method 4-5 solves for Ap(t) if p2(L,t) 
is known from Methods 4-1 to 4-4 using the DELTAP*.FOR software series. 

In this series, the drillbit is treated as a solid reflector. We caution the 
reader against visual judgments. The "solid reflector" assumption does not 
always mean "small drillbit nozzles." Reflection characteristics can only be 
inferred from the results of a comprehensive model such as that in Chapter 2 
where the axial and cross dimensions of the bit box and other geometric 
elements are considered. Of course, if in a field experiment, a test signal reflects 
with the same sign, that would confirm solid reflector characteristics. 
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4.5.2 Physical problem. 

The key physical ideas are simply stated. Downhole information, meaning 
the sequence of O's and l 's describing logging data, is directly encoded in valve 
positions and thus appears directly in Ap. Recovery of Ap implies recovery of 
the train of O's and l's. However, Ap is never directly measured. It is only 
indirectly observed in measured pressures as the latter contain the effects of 
reflections. Removal of surface reflections and mudpump noise solves only part 
of the problem. Downhole reflections are still prevalent even after Methods 4-1 
to 4-4 are applied. Again, these downhole reflections are problematic and only 
clever surface processing will remove their influence. 

When a positive pulse valve opens and shuts, or when a mud siren changes 
rotation speed based on azimuthal location of the rotor relative to the to indicate 
O's and l's, over-pressure and under-pressure acoustic signals are created at 
opposite sides of the source which have equal magnitude (this is confirmed in 
numerous experiments). The downgoing signals reflect at the drillbit and 
interfere with newly created upgoing signals at the source. These ghost 
reflections contaminate the intended Ap signal by superposing with tail end of 
the later upgoing signal. In summary, a single valve action (that is, an "open" or 
a "close") creates two upgoing pressure pulses that enter the drillpipe to travel to 
the surface. At the surface, these may reflect at the desurger and at the 
mudpump, thus forming even more signals that are sensed in the standpipe 
pressure transducer array. Methods 4-1 to 4-4 handle surface reflections, while 
Methods 4-5 and 4-6 handle Ap recovery from surface-filtered results. 

In terms of the math symbols below, the P2(L,t)} remaining after Methods 
4-1 to 4-4 are applied must be further processed to extract Ap(t), which is the 
transient function containing the O's and l 's that are implicit in the position-
encoding used. For Methods 4-5 and 4-6, we assume a "dipole" source. By a 
"dipole source" we mean a pressure source whose created pressures are 
antisymmetric with respect to source point - this section applies to dipole 
sources, e.g., positive pulsers and mud sirens, but not negative pulse systems. 

4.5.3 On solid and open reflectors. 
It is important to clarify at this point possible confusion on the use of "zero 

acoustic pressure" boundary conditions in modeling open ends. We have stated, 
and proved mathematically, why solid reflectors like pump pistons double 
incident wave pressures locally. This is straightforward. What happens at open 
ends, however, is less clear. The results of detailed and rigorous three-
dimensional analyses show that long waves in tubes reflect at open ends with 
opposite pressure polarity and almost identical magnitude. Hence, "zero 
acoustic pressure" is found at open ends. Of course, to the lab technician 
working outside the wind tunnel, the acoustic signature heard is far from zero 
compared to ambient room conditions. We emphasize, however, that the 
pressure is "zero" relative to sound pressures within the pipe. 
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Schematic. 

Drillbit 
x = ^ MWD Upgoing 

pulser signal to 
x = L surface 

Figure 4.5a. Solid boundary reflection, waves from dipole source. 

4.5.4 Theory. 

The formulation for the difference delay equation model used is derived 
here referring to Figure 4.5a. In Section "1," the Lagrangian displacement 
function is assumed as u(x,t) = h(t - x/c) - h(t + x/c) where "h" is unknown, 
with u(0,t) = h(t - 0) - h(t + 0) = 0 assuming that the bit at x = 0 is a solid 
reflector. Then p(x,t) = -B du/dx = + (B/c) [h'(t - x/c) + h'(t + x/c)] represents 
the corresponding acoustic pressure function. In Section "2," we assume 
radiation conditions, that is, u(x,t) = f(t - x/c), a wave traveling to the right 
without reflection. The function p(x,t) = -B du/dx = + (B/c) f \t - x/c) 
represents the acoustic pressure in Section "2." 

Boundary matching conditions apply at the MWD source point. At the 
pulser x = L, we have p2 - pi = Ap(t). The exact time dependencies in the given 
transient function are determined by the telemetry encoding method used, while 
the peak-to-peak strength is determined by valve geometry, rotation rate, flow 
rate, fluid density, and so on. Substitution of the foregoing wave assumptions 
leads to 

f ' ( t - L/c) - h'(t - L/c) - h'(t + L/c) = (c/B) Ap(t) (4.5a) 

The requirement Ui = u2 at x = L implies continuity of displacement, for which 
we obtain h(t - L/c) - h(t + L/c) = f(t - L/c). Thus, taking partial time 
derivatives, we obtain 

h'(t - L/c) - h'(t + L/c) = f '(t - L/c) (4.5b) 

If we eliminate f ' between the Equations 4.5a and 4.5b, the "t - L/c" terms 
cancel, and we obtain h'(t + L/c) = - {c/(2B)} Ap(t). In terms of the dummy 
variable x = t + L/c, we have 
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h'(x) = - {c/(2B)} Ap(x - L/c) (4.5c) 

Next we subtract Equation 4.5b from Equation 4.5a, but this time introduce the 
dummy variable x = t - L/c, to obtain 

f 'CO = h'(x) + {c/(2B)} Ap(x + L/c) (4.5d) 

If we eliminate h'(x) between Equations 4.5c and 4.5d, we obtain Ap(x + L/c) -
Ap(x - L/c) = (2B/c) f '(x), which we can express in the more meaningful 
physical form 

x/2 [Ap(x + L/c) - Ap(x - L/c)] = (B/c) f '(x) (4.5e) 

We now recast the above equation in a more useful form, taking the dummy 
variable x = t - L/c. Since it is clear that (B/c) f '(t - L/c) is just the upgoing 
pressure p2(L,t), we can write 

x/2 [Ap(t) - Ap(t - 2L/c)] = (B/c) f '(t - L/c) = p2(L,t) (4.5f) 

where p2(L,t) is the result of using Methods 4-1, 4-2, 4-3 or 4-4 and Ap is to be 
recovered. Equation 4.5f can be easily interpreted physically. Suppose that a 
pulser creates a Ap signal. A signal Ap/2 goes uphole. It simultaneously sends a 
signal - Ap/2 going downhole, so that the net pressure differential is Ap. The 
signal - Ap/2 travels downward to the bit, which is assumed as a solid reflector, 
and the signal reflects with an unchanged pressure sign, that is, the contribution 
- Vi Ap(t - 2L/c), now including the roundtrip time delay 2L/c. This derivation 
applies to dipole pulsers where the created MWD pressure is antisymmetric with 
respect to the source position. Obvious changes will apply to monopole 
(negative pressure) pulsers which, again, are not considered in this book. 

Note that the two terms on the left side of the Equation 4.5f refer to 
incident and ghost signals, while p2(L,t) is obtained from measured surface data. 
This is the "ppipe" of Chapter 2. It is obtained from surface signal processing 
results of using Methods 4-1, 4-2, 4-3 or 4-4 applied at the standpipe. It is not 
necessary to know the amount of energy loss incurred from downhole to surface 
to apply Methods 4-5 and 4-6 since the same attenuation applies to all parts of 
the signal. Any convenient electronic gain suffices. If we denote H = 2L/c as 
the roundtrip delay time between the pulser and the solid bit reflector, we can 
write Equation 4.5f as 

Ap(t)-Ap(t-H) = 2p2(L,t) (4.5g) 

Detection problems are associated with Equation 4.5g. Consider the use of 
phase-shift-keying (PSK). When H is "not small," a phase shift propagates 
uphole while one simultaneously travels downward and reflects upward. Two 
phase shifts travel up the drillpipe, one real and the other apparent. Solution of 
Equation 4.5g, which is possible exactly and analytically, is required to 
determine Ap(t) which alone contains the input sequence of O's and l's. 
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We give estimates for typical H values. Consider a typical thirty-feet 
MWD collar and assume a pulser is positioned at the very top. If the drillbit lies 
at its bottom (this is almost never the case, since resistivity subs or drilling 
motors are found adjacent to the bit), and the sound speed is 3,000 ft/sec, then 
the collar travel time is 30/3,000 or 0.01 sec. In general, thus, H » 0.02 sec. 

4.5.5 Run 1. Long, low data rate pulse. 

Figure 4.5b. Long, low data rate pulse. 
C CASE 1 

A = 0 . 8 
R = 1 0 0 . 0 
SIGNAL = A * ( T A NH( R* ( T - 0 . 1 ) ) - T A NH( R* ( T - 0 . 3 5 ) ) ) / 2 . 

For our Method 4-5 figures, black, red, green and blue curves are plotted, 
respectively, from bottom to top. In this run, the time delay between pulser and 
drillbit is 0.01 sec, the same as the sampling time. The pulse width is about 0.25 
sec. The black curve is the positive over-pressure created ahead of the valve 
when the poppet valve or the siren closes. At the same time, a negative under-
pressure at the valve propagates down toward the bit and reflects upward 
without a change in sign. This negative pressure is shown flipped over in the 
red curve so it can be compared with the black one more easily. Green is the 
actual pressure ahead of the pulser transmitted to the surface and shows positive 
and negative bumps. Most of the signal has been lost due to destructive wave 
interference, and what is worse, the single black pulse is replaced by two smaller 
green pulses. It is this green double-pulse that is detected uphole. If the green 
data is available, the blue curve shows how the black curve is recovered 
successfully using the solution to Equation 4.5g. 

4.5.6 Run 2. Higher data rate, faster valve action. 
The time delay between pulser and bit is 0.01 sec, same as the sampling 

time. We consider a much higher data rate represented by a narrower pulse as 
shown in Figure 4.5c. As before, we have very good signal recovery. The pulse 
width (black curve) is about 0.05 sec, for a data rate of about 20 bits/sec. 
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C CASE 2 
A = 2 0 . 0 
R = 1 0 0 . 0 
SIGNAL = A * ( T A NH( R* ( T - 0 . 1 0 0 ) ) - T A NH( R* ( T - 0 . 1 0 1 ) ) ) / 2 . 

Figure 4.5c. Higher data rate, faster valve action. 

4.5.7 Run 3. PSK example, 12 Hz frequency. 
Here we consider an example in phase-shift-keying, assuming a carrier 

frequency of 12 Hz. The time delay between pulser and bit is 0.01 sec, same as 
the sampling time. The pulse description appears immediately below. 

C CASE 3. PHASE-SHIFTING (F = FREQUENCY IN HERTZ) 
PI = 3.14159 
A = 0.25 
F = 12. 

C G = A*SIN(2.*PI*F*T) 
C Means 2*PI*F cycles in 2*PI sees, or F cycles per sec, F is Hz. 
C One cycle requires time PERIOD = l./F 

PERIOD = l./F 
IF(T.GE.0.0. AND.T.LE. PERIOD) SIGNAL = +A*SIN(2.*PI*F*T) 
IF(T.GE.PERIOD.AND.T.LE.2.* PERIOD) SIGNAL = -A*SIN(2.*PI*F*T) 
IF(T. GE.2.*PERIOD) SIGNAL = 0. 

Figure 4.5d. PSK example, 12 Hz frequency. 
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The black curve is the pressure trace created ahead of the valve. At the 
same time, a negative trace at the valve propagates down toward the drillbit and 
reflects upward without a change in sign. This is shown flipped over in the red 
curve so that it can be compared with the black more easily to show the time 
delay. Green is the actual pressure ahead of the pulser that is transmitted to the 
surface and shows the superposition of the two. It is this green pressure trace 
that is detected uphole. At 12 Hz, the green curve looks somewhat like the 
black curve, i.e., they both have two large positive crests, except the green curve 
is stretched out somewhat. A robust receiver algorithm might be able to read this 
and interpret it correctly. If the green data is available, the blue curve shows 
how the shorter black curve is recovered successfully. 

4.5.8 Run 4. 24 Hz, Coarse sampling time. 

Here we increase our carrier frequency to 24 Hz and continue with phase-
shift-keying. The time delay between pulser and bit is 0.01 sec, same as the 
sampling time. 

C CASE 3. PHASE-SHIFTING (F = FREQUENCY IN HERTZ) 
PI = 3.14159 
A = 0.25 
F = 24 . 

C G = A*SIN(2.*PI*F*T) 
C Means 2*PI*F cycles in 2*PI sees, or F cycles per sec, F is Hz. 
C One cycle requires time PERIOD = l./F 

PERIOD = l./F 
IF(T.GE.0.0. AND.T.LE. PERIOD) SIGNAL = +A*SIN(2.*PI*F*T) 
IF(T.GE.PERIOD.AND.T.LE.2.* PERIOD) SIGNAL = -A*SIN(2.*PI*F*T) 
IF(T. GE.2.*PERIOD) SIGNAL = 0. 

'X A Vv Vv Vv 

0 1 0 2 0 
Time (sec-

3 0 4 0 2 0 
Time (sec-

Figure 4.5e. 24 Hz, coarse sampling. 

Here, the phase shift is clearly seen in the black signal created ahead of the 
valve and which propagates uphole. The reversed-sign red signal travels 
downhole (shown as a positive for easy comparison with the black trace) and 
reflects at the bit with sign unchanged and travels uphole, appending itself to the 
wave created ahead of the valve, to produce the green signal. The green signal 



TRANSIENT CONSTANT AREA SURFACE AND DOWNHOLE WAVE MODELS 1 3 5 

is the one that is actually sent uphole. Using data from the green line only, we 
recover the blue signal, which is seen to be identical to the black signal, the 
intended signal. The green signal does not look like the black signal, but has the 
appearance of two sine waves separated by an interval of silence. 

4.6 Method 4-6. Downhole reflection and deconvolution at the 
bit, waves created by MWD dipole source, bit assumed as 
perfect open end or zero acoustic pressure reflector (Software 
reference, DPOPEIST.FOR). 

4.6.1 Software note. 
In Method 4-5, the drillbit is assumed as a solid reflector, meaning "small 

drillbit nozzles" subject to cautions previously noted; it can also mean "not so 
small" nozzles, but drilling into very hard rock. In Method 4-6, larger drillbit 
nozzles are considered, that is, the drillbit is taken as an acoustically opened 
zero pressure boundary condition. This is probably the typical situation, as 
explained in detail in Chapter 2. When "p2(L,t)" is known, Ap(t) is solved by 
our DPOPEN*.FOR model, which is derived from DELTAP*.FOR. The 
present method also enables excellent signal recovery. 

4.6.2 Physical problem. 

The physical problem considered here is same as that in Method 4-5 
(where the bit is a solid reflector) except that the drillbit is now assumed as an 
open-ended acoustic reflector. 

Schematic. 

Drillbit 
x = 0 

MWD Upgoing 
pulser signal to 
x = L surface 

x 

Figure 4.6a. Open end bottom reflection, waves from dipole source. 
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4.6.3 Theory. 

In Section "1," we now take the Lagrangian displacement u(x,t) in the form 
u(x,t) = h(t - x/c) + h(t + x/c), which no longer vanishes at bit, since it is not 
solid reflector, but which allows the acoustic pressure to vanish at the bit, that is, 
p(x,t) = -B du/dx = + (B/c) [h'(t - x/c) - h'(t + x/c)] = 0 at x = 0. In Section "2," 
we retain our upgoing wave assumption u(x,t) = f(t - x/c), which implies that 
p(x,t) = -B du/dx = + (B/c) f '(t - x/c) or p(L,t) = + (B/c) f '(t - L/c). At the 
pulser x = L, the enforced pressure drop is p2 - pi = Ap(t), a given function 
dictated by the pulser position-encoding scheme. These assumptions lead to 

f '(t - L/c) - h'(t - L/c) + h'(t + L/c) = (c/B) Ap(t) (4.6a) 

Continuity of displacement through the MWD source, that is, Ui = u2 at x = L, 
requires that h(t - L/c) + h(t + L/c) = f(t - L/c). Thus, taking partial time 
derivatives, we have 

h'(t - L/c) + h'(t + L/c) = f '(t - L/c) (4.6b) 

If we eliminate f ' between the two Equations 4.6a and 4.6b, the "t - L/c" terms 
cancel, and we obtain h'(t + L/c) = + {c/(2B)} Ap(t). In terms of the dummy 
variable x = t + L/c, 

h'Cu) = + {c/(2B)} Ap(x - L/c) (4.6c) 

Next we subtract Equation 4.6b from 4.6a, but this time introduce the dummy 
variable x = t - L/c, to obtain 

f 'CO = h'(T) + {c/(2B)} Ap(x + L/c) (4.6d) 

If we eliminate h'(x) between Equations 4.6c and 4.6d, we obtain Ap(x + L/c) + 
Ap(x - L/c) = (2B/c) f '(T) which we can express in the more meaningful 
physical form 

X/2 [Ap(x + L/c) + Ap(x - L/c)] = (B/c) f '(T) (4.6e) 

We now recast the Equation 4.6e in a more useful form, taking the dummy 
variable x = t - L/c. Since it is clear that (B/c) f '(t - L/c) is just the upgoing 
pressure p2(L,t), we can write, noting p2(L,t) = + (B/c) f '(t - L/c), 

x/2 [Ap(t) + Ap(t - 2L/c)] = (B/c) f '(t - L/c) = p2(L,t) (4.6f) 
or 

p2(L,t) = >/2 [Ap(t) + Ap(t - 2L/c)] (4.6g) 

This can be easily interpreted physically. Suppose that a pulser creates a Ap 
signal. A signal Ap/2 travels uphole. It simultaneously sends a signal - Ap/2 
downhole, so that the net pressure differential is Ap. This -Ap/2 travels 
downward to the bit, which is assumed as an open ended reflector, and the signal 
reflects with an changed pressure sign, that is, + Vi Ap(t - 2L/c), now including 
the roundtrip time delay 2L/c. This derivation applies only to dipole pulsers 
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where the created MWD pulser is antisymmetric with respect to the source 
position. This p2(L,t) is identical to the u p p i p e " in Chapter 2. The two terms on 
the right side of Equation 4.6g are the incident and ghost waves. We need to 
extract Ap in order to obtain the O's and l 's information stream encoded in 
Ap(t). Once Methods 4-1, 4-2, 4-3 or 4-4 are applied at the surface for standpipe 
signal processing, Methods 4-5 or 4-6 are carried out as needed. 

4.6.4 Run 1. Low data rate run. 

Here a single near-rectangular pulse is considered. The time delay 
between pulser and bit is 0.01 sec. In Figure 4.6b, the black curve is the 
upgoing pressure wave created ahead of the pulser. The red curve is the 
negative of this (shown reversed so that comparison of the time delay is 
enhanced), which propagates down to the drillbit open end and reflects with a 
sign change - it now has same sign as the wave ahead of the valve. Thus, the 
green signal shows enhanced superposition and the green waveform is a little 
wider than the black one. Using the green data, the blue curve is recovered, and 
duplicates the black one successfully. In this run, the pulse width is 
approximately 0.25 sec, representing a high data rate by conventional standards. 
From our calculations, it is very obvious that nozzle size is very important, and 
determines whether the bit is a solid reflector or an acoustic free-end. This in 
turn dictates the shape of the wave - that is, the all-important green curve - that 
travels to the surface with all the downhole information. 

C CASE 1 
A = 0 . 8 
R = 1 0 0 . 0 
SIGNAL = A * ( T A NH( R* ( T - 0 . 1 ) ) - T A NH( R* ( T - 0 . 3 5 ) ) ) / 2 . 

Figure 4.6b. Rectangular pulse run. 
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Display and source code note: If one examines the black and red curves 
above, the green superposition result should be twice the amplitude shown, but it 
is not. This is not an error but a difference in plotting conventions. In Methods 
4-1 to 4-4, we dealt with pressure levels at the surface. In Methods 4-5 and 4-6, 
we instead examine Ap's. In the analytical derivations, and referring to 
DELTAP04.FOR and DPOPENO1 .FOR, functions UPSIG and DNSIG are used 
for the upgoing and downgoing signals, but which are actually Ap functions and 
not pressures. The green line is defined as the total (UPSIG+DNSIG)/2 or 
(UPSIG-DNSIG)/2. The TOT function is not Ap, but the actual pressure level 
that enters the drillpipe. This factor of 2 explains why the black, red and green 
all have the same amplitudes. Again, because black and red represent plots of 
Ap's, while green represents pressure itself. "Equation 21" referred to in both 
Fortran source codes is really "left side PRESSURE" = "half the difference of 
two DELTA-P functions." This is the result programmed and plotted. 

4.6.5 Run 2. Higher data rate. 

Here we consider a higher data rate, and study the dynamics of a pulse with 
a width of approximately 0.05 sec, as shown in Figure 4.6c. The time delay 
between pulser and drill bit is 0.01 sec. The green signal is the signal that 
travels up the drillpipe and does not resemble the intended black signal. The top 
blue signal recovers the bottom black signal very well. 

C CASE 2 
A = 2 0 . 0 
R = 1 0 0 . 0 
S IGNAL=A* ( TANH( R* ( T- 0 . 1 0 0 ) ) - TANH( R* ( T- 0 . 1 0 1 ) ) ) / 2 . 

Figure 4.6c. Higher data rate, narrower pulse (note distorted green trace). 
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4.6.6 Run 3. Phase-shift-keying, 12 Hz carrier wave. 

Here we consider a phase-shift keying example. The time delay between 
pulser and drillbit is 0.01 sec. In Figure 4.6d, the black bottom curve is the 
intended signal, while the green curve combines the downward wave reflected at 
the open-end bit. The black and green traces appear similar, at least 
qualitatively, but the green is wider. The sharp phase shift in the black appears 
as a stretched-out wave in the green. Recovery is very good. 

C CASE 3.  PHASE- SHI FTI NG ( F = FREQUENCY I N HERTZ)  
PI  = 3 . 14159 
A = 0. 25 
F = 12.  

C G = A* SI N( 2 . * PI * F* T)  
C Me a ns  2* PI * F c y c l e s  i n 2*PI  s ees ,  or  F c y c l e s  pe r  s ec ,  F i s  Hz .  
C One  c y c l e  r e qui r e s  t i me  PERI OD = l . / F 

PERI OD = l . / F 
I F( T. GE. 0 . 0 .  AND. T. LE.  PERI OD)  SI GNAL = +A* SI N( 2 . * PI * F* T)  
I F( T. GE. PERI OD. AND. T. LE. 2 . *  PERI OD)  SI GNAL = - A* SI N( 2 . * PI * F* T)  
I F( T.  GE. 2 . * PERI OD)  SI GNAL = 0.  

Figure 4.6d. Phase-shift-keying, 12 Hz carrier (blue and black are identical). 

4.6.7 Run 4. Phase-shift-keying, 24 Hz carrier wave. 

Figure 4.6e. Phase-shift-keying, 24 Hz carrier wave. 
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The previous simulation is repeated assuming a 24 Hz carrier wave. The 
time delay between pulser and drillbit is 0.01 sec. As seen from Figure 4.6e, the 
(blue) recovery of the black signal from the green data is very good. 

C CASE 4 . PHASE-SHIFTING (F = FREQUENCY IN HERTZ) 
PI = 3 . 1 4 1 5 9 
A = 0 . 2 5 
F = 2 4 . 
PERIOD = 1 . / F 
I F ( T. GE. 0 . 0 .  AND. T. LE.  PERI OD)  SI GNAL = +A* SI N( 2 . * PI * F * T)  
I F ( T. GE. PERI OD. AND. T. LE. 2 . * PERI OD)  SI GNAL = - A* SI N( 2 . * PI * F * T)  
I F ( T.  GE. 2. ^PERI OD)  SI GNAL = 0 . 

4.6.8 Run 5. Phase-shift-keying, 48 Hz carrier. 

Finally, we repeat the above run assuming a 48 Hz carrier wave. The time 
delay between pulser and bit is 0.01 sec. As shown in Figure 4.6f, the green 
pressure traveling up the drillpipe does not at all resemble the intended black 
signal. However, the blue curve, obtained using only green data alone, 
successfully replicates the black curve. Recovery is excellent. 

C CASE 5 . PHASE-SHIFTING (F = FREQUENCY IN HERTZ) 
PI = 3 . 1 4 1 5 9 
A = 0 . 7 
F = 4 8 . 
PERIOD = 1 . / F 
I F ( T. GE. 0 . 0 .  AND. T. LE.  PERI OD)  SI GNAL = +A* SI N( 2 . * PI * F * T)  
I F ( T. GE. PERI OD. AND. T. LE. 2 . * PERI OD)  SI GNAL = - A* SI N( 2 . * PI * F * T)  
I F ( T.  GE. 2. ^PERI OD)  SI GNAL = 0 . 
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Figure 4.6f. Phase-shift-keying, 48 Hz carrier wave. 
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This completes our analysis of downhole ghost signals which, for 
simplicity, assumed that area mismatches between MWD collar and drillpipe do 
not exist. In Chapter 5, the "real world" internal annular collar area may be 
greater than, equal to or less than the drill pipe area, thus adding modeling 
complications. The results are exact and extend the capabilities reported in this 
chapter. In closing, we emphasize certain "original black" versus "observed 
green" signal characteristics that we have computed, e.g., see Figures 4.1e,f,g. 
The green traces appear elongated and distorted relative to the intended black 
signals. Very often, these effects, referred to as "phase distortion," "leading and 
trailing edge error," "pulse lengthening," and so on, are attributed to 
nonlinearities and frequency dispersion in the telemetry channel. In the lead 
author's opinion, these causes are not very likely; in fact, the green traces shown 
in this chapter are the sole consequence of reflections occurring at the drillbit -
in a very linear assumed system. For this reason, few of the "fixes" offered by 
more complicated signal processing schemes - relying on incorrect physical 
explanations - have failed in the field. Readers of the corresponding patents 
should exercise caution and carefully question underlying assumptions. 

4.7 References. 

Oppenheim, A.V. and Schafer, R.W., Digital Signal Processing, Prentice-Hall, 
New Jersey, 1975. 

Oppenheim, A.V. and Schafer, R.W., Discrete-Time Signal Processing, 
Prentice-Hall, New Jersey, 1989. 



5 
Transient Variable Area 

Downhole Inverse Models 

In Chapters 2 and 3, we examined the forward problem associated with 
harmonic Ap(t) excitations in general drilling telemetry channels with multiple 
area changes. These area changes, or acoustic impedance mismatches, are 
physically important because propagating waves do not transmit unimpeded 
without reflection. Depending on geometry, sound speed and frequency, 
constructive and destructive wave interference are possible. Constant frequency 
excitations are interesting in these respects, but also, they are useful in 
enhancing frequency-shift-keying telemetry methods. For example, the use of 
constructive interference can provide signal optimization without the penalties 
associated with metal erosion and high mechanical power in pulser design. 

Chapter 4 dealt with surface reflection signal processing and pump noise 
removal assuming constant area telemetry channels, an assumption that is 
acceptable for conventional standpipe applications, focusing on general transient 
Ap(t) functions. It also introduced downhole inverse problems, that is, the 
recovery of transient Ap(t)'s from pressures measured at the drillpipe inlet which 
are contaminated by MWD drill collar reverberations. For these problems, 
never before discussed in the literature, the mathematics was simplified by 
assuming constant area. However, in many unavoidable practical field 
situations, the cross-sectional area in the MWD drill collar and the drillpipe will 
not be the same, and there could be significant acoustic impedance mismatches. 
Such effects lead to unwanted reverberations within the drill collar that result in 
a distorted or "blurry" signals transmitted into the drillpipe. 
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Again, for Methods 4-1 to 4-4 in Chapter 4, our objective was to recover 
all signals (good plus bad) originating from downhole. This was accomplished 
successfully by removing surface reflections and pump generated noise. 
However, we now re-emphasize that the upgoing MWD signal itself is not 
"clean," but contains additional "ghost reflections." By ghost reflections, we 
refer to the downhole signal generation process. When a signal is created at the 
pulser that travels uphole, a pressure signal of opposite sign travels downhole, 
reflects at the drillbit, and then propagates upward to interfere with new upgoing 
signals. Thus, at the surface, the signal arriving first is the intended one, which 
is followed by a ghost signal or shadow often with unknown phase and 
amplitude. We emphasize that this ghost noise always exists in real MWD 
tools, unless, of course, the signal source is actually a piston face coincident 
with the drillbit - which it, of course, never is. 

Tool design considerations. We stress the above point with the 
illustration in Figure 5.0 below. In this book, by "MWD collar area" we mean 
the cross-sectional area inside the collar, minus the area of the hub upon which 
the siren is installed. Depending on the tool, this net area may be greater than, 
equal to or less than the area of the drillpipe. Unless the areas are identical, so 
that no mismatches exist, reverberations will be created within the collar that 
further distort the ghost-bearing signal that travels up the drillpipe. The 
associated reverberations introduce "fuzziness" to the upgoing signal. 

Objectives. In this chapter, we develop methods to recover fully transient 
Ap(t) functions from pressure signals measured in the drillpipe (that is, obtained 
as the result of surface signal processing using Methods 4-1, 4-2, 4-3 or 4-4). 
Here, arbitrary differences in collar and pipe cross-sectional area are permitted 
and no restrictions are made as to their relative magnitudes. Method 5-1 
assumes that the drillbit is an open-end reflector, while Method 5-2 assumes that 
it is a solid reflector. Difference delay equation approaches are used and exact 
solutions provided in software demonstrate perfect consistency between the 
complicated created signal field and the even more subtle process developed for 
signal inversion. 

Area matching 

Figure 5.0. MWD collar - drillpipe area mismatch. 
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5.1 Method 5-1. Problems with acoustic impedance mismatch 
due to collar-drillpipe area discontinuity, with drillbit assumed 
as open-end reflector (Software reference, collar-pipe-open-16.for). 

5.1.1 Physical problem. 

The engineering problem considered is shown in Figure 5.1a, where the 
source represents both positive pulsers and mud sirens. The telemetry channel 
consists of an MWD drill collar of finite length and a semi-infinite drillpipe. 
The pulser is located generally within the collar away from the bit, in order to 
allow for both left and right-going waves - it may execute generally transient 
Ap(t) signals so long as wavelengths are large compared to typical cross-
sectional dimensions. We consider two problems. The first determines the 
transient pressure that enters the drillpipe as a result of reverberations within a 
drill collar excited by a general Ap(t), while the second deals with Ap(t) signal 
recovery when a fully transient drillpipe signal (that is, the result of using 
Methods 4-1, 4-2, 4-3 or 4-4) is available. Note that Methods 4-1, 4-2, 4-3 and 
4-4, Methods 5-1 and 5-2, and an attenuation model for signal propagation along 
long drillpipes, can be combined to develop a first-generation high-data-rate 
signal processor capable of handling all reflections. 

Schematic. 

Drillbit, x = 0 Pulser MWD Collar Drillpipe 

L 
c 

'3' 

"h" "f-g" q 

Figure 5.1a. MWD dipole pulser in drill collar and drillpipe system, with 
drillbit modeled as open-end reflector. 
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5.1.2 Theory. 

In Figure 5.1a, four Lagrangian displacement functions "f," "g," "h" and 
"q" are introduced. The first three describe reverberant fields in the locations 
shown, while the last represents a propagating wave in the drillpipe. In Section 
"1," 0 < x < Lm, the superposition of up and downgoing waves takes the form 
UI(x,t) = h(t - x/c) + h(t + x/c). The corresponding pressure pi = - B dui/dx = 
B/c [h'(t - x/c) - h'(t + x/c)] vanishes at the assumed open end x = 0. In Section 
"3," with x > Lc, we assume a pure upgoing wave u3(x,t) = q(t - x/c) which 
satisfies standard radiation conditions. This ignores small reflections at pipe 
joints whose effects, from field experience, are known to be minimal; also, if 
reflections (and other noise) at the surface travel downhole, this model assumes 
that attenuation renders them insignificant by the time they reach the MWD drill 
collar (thus, modifications may be needed for very shallow wells). The 
corresponding acoustic pressure is p3 = - B du3/dx = B/c q'(t - x/c). In Section 
"2," Lm < x < Lc, we more generally assume a linear superposition of the form 
u2(x,t) = f(t - x/c) + g(t + x/c), which supports up and downgoing waves, with 
acoustic pressure p2 = - B du2/dx = B/c [f '(t — x/c) - g'(t + x/c)]. So far, we 
have used the far-left and far-right boundary conditions. Note Sections "1" and 
"2" support left and right-going waves, while Section "3" only supports a right-
going propagating wave. 

At the "2-3" collar-pipe junction x = Lc, continuity of volume velocity and 
of pressure require Ac du2/dt = Ap du3/dt and du2/dx = du3/dx, respectively. The 
A's denote collar and pipe cross-sectional areas. The dummy time independent 
variables in the resulting algebraic equations can be adjusted so that explicit 
solutions for " f ' and "g" can be obtained in terms of "q." These matching 
conditions imply that f '(t - Lm/c) = Vi (Ap/Ac +1) q'(t - Lm/c) and g'(t - Lm/c) = 
Vi (Ap/Ac - 1) q'(t - Lm/c - 2Lc/c). The first equation states that when Ap = Ac, 
" f ' and "q" are identical, since there is no impedance mismatch due to area 
change; the second result confirms this, stating that the left-going "g" wave 
vanishes identically. 

At the "1-2" junction x = Lm, the MWD pulser supports a general transient 
acoustic pressure difference Ap(t) satisfying p2(t) - pi(t) = Ap(t). In addition, 
continuity of volume velocity requires dui/dt = du2/dt since cross-sectional area 
does not change. These conditions together lead to g'(t - Lm/c) - h'(t - Lm/c) = 
- x/2 (c/B) Ap(t - 2Lm/c) and also f '(t - Lm/c) - h'(t - Lm/c) = + ^ (c/B) Ap(t) (in 
the foregoing matching conditions, appropriate changes in dummy variables 
have been used to transform f, g and h arguments to "t - Lm/c" form so that 
independent displacement solutions can be obtained). Subtraction of one 
equation from the other leads to a relationship connecting " f ' to "g" that is 
independent of the function "h." Then, use of the equations in the above 
paragraph and replacing "q"' by its equivalent in terms of p3 yields a 
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fundamental time difference delay equation that is customized in different ways 
depending on the application. These applications are discussed next. 

If reflection signal processing is used at the surface standpipe to remove 
reflections at the desurger, the rotary hose and the pump, and also to remove 
pump noise, what remains is a signal proportional to p3(t), which again, contains 
the MWD signal and all the downhole reflections at the drillbit and collar-pipe 
junction. (Note that we have not addressed thermodynamic attenuation along 
the drillpipe - it is not significant computationally since it is assumed to affect 
all parts of the signal uniformly, e.g., any electronic gain may be used but it is 
not numerically important.) From this p3(t), we wish to extract a fully transient 
Ap(t) which contains the true downhole well logging information. This is our 
first application. To do this, the equation referred to in the above paragraph is 
written as follows -

Ap(t) + Ap(t - 2Lm/c) = 
= (Ap/Ac +1) p3(t - Lm/c) - (Ap/Ac - 1) p3(t - Lm/c - 2Lc/c) (5.1.1) 

Equation 5.1.1 is solved using the exact solution and algorithm for difference 
delay equations discussed in Chapter 4. Once Ap(t) is obtained, we have the "0" 
and "1" information formed by the position-encoding of the pulser. 

In the second application, we assume that Ap(t) across the pulser is given, 
and that the upgoing p3(t) signal is required, say, to estimate the form of the 
signal that might be obtained at the surface (a model for attenuation must be 
used to account for non-Newtonian losses along the drillpipe, which may extend 
miles in directional drilling applications, and this is developed in Chapter 6). 
Then, Equation 5.1.1 can be formally written in the form 

p3(t- Lm/c) - {(Ap-Ac)/(Ap+Ac)} p3(t - Lm/c - 2Lc/c) = 
= {Ap(t - 2Lm/c) + Ap(t)}/(Ap/Ac +1) (5.1.2) 

We emphasize that, in this form, Equation 5.1.2 is not completely 
meaningful physically. To see why, we return to the mathematical formulation 
and note that the pressure function p3(x,t) is defined for x > Lc only. The 
argument in the first term on the left side above refers to x = Lm which is less 
than Lc. To render the equation useful, we need to change dummy variables and 
shift all arguments to obtain 

p3(t - Lc/c) - {(Ap-Ac)/(Ap+Ac)} p3(t - 3Lc/c) = 
={Ap(t - Lm/c - Lc/c) + Ap(t + Lm/c - Lc/c)}/(Ap/Ac +1) (5.1.3) 

Now, we recognize that p3(t - Lc/c) is the acoustic pressure at the very bottom of 
the drillpipe (x = Lc) just above the MWD drill collar. It is this " P p i p e " at x = Lc 

that travels up the drillpipe to the surface. It is more instructive to introduce the 
new symbol Ppi pe ( t) = p3(t - Lc/c) so that the above equation can be rewritten as 
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Ppi pe ( t ) - {(Ap-Ac)/(Ap+Ac)} Ppipe(t - 2LC/c) = 
= {Ap(t - Lm/c - Lc/c) + Ap(t + Lm/c - Lc/c)}/(Ap/Ac +1) (5.1.4) 

In the above form, the indexes on the right-side of the equation contain the 
correct space-time dependencies, with the solution Ppi pe ( t) applying to x = Lc. 
The resulting Ppipe, of course, will decrease in amplitude as it travels to the 
surface, on account of attenuation (at the surface, the above Ppipe signal is 
reduced by the attenuation factor e"ax where a depends on sound speed, 
kinematic viscosity, drillpipe radius and frequency - more on this in Chapter 6). 
The amount of attenuation depends on frequency, and fluid rheology, density 
and kinematic viscosity. 

Finally, for our third application, note that we can shift arguments in 
Equation 5.1.2 by a different amount to obtain, instead of Equation 5.1.3, the 
following 

p3(t - L/c) - {(Ap-Ac)/(Ap+Ac)} p3(t - L/c - 2Lc/c) = 
= {Ap(t - Lm/c - L/c) + Ap(t + Lm/c - L/c)}/(Ap/Ac +1) (5.1.5) 

where L is a length such that L > Lc (L is the distance from the origin x = 0). 
The term p3(t- L/c) is the drillpipe pressure at any x = L location uphole, e.g., 
very far away at the surface standpipe or any other intermediate position along 
the drillpipe (this only accounts for the wave originating from downhole and not 
any downgoing reflections). If we denote p3(t - L/c) = pSUrface(t)9 then Equation 
5.1.5 becomes 

Ps urf ac e ( t) - { (Ap-Ac)/(Ap+Ac) } psurface(t - 2Lc/c) = 
= {Ap(t - Lm/c - L/c) + Ap(t + Lm/c - L/c)}/(Ap/Ac +1) (5.1.6) 

Attenuation effects along x » 0, that is, the long path in Section "3," are 
easily modeled. We had assumed a pure upgoing wave u3(x,t) = q(t - x/c) 
without attenuation only for the purposes of studying local wave interactions in 
the relatively short bottomhole assembly. Once the signal leaves the drill collar 
and enters the drillpipe, it is subject to a decay factor e " ax where a > 0 depends 
on frequency, fluid kinematic viscosity and pipe radius. Over large distances, 
pressure takes the form p3(x,t) = - e " ax B du3(x,t)/ dx = + (B/c) e " ax q'(t - x/c). 
The "x" in this exponential actually refers to the distance from the source 
located at x = Lm, however, since Lm is very small compared to the surface 
location x = L, we can use e " aL with very little error. In summary, if in 
Equation 5.1.6, L is very far away from the source, then the corresponding 
pressure is obtained by multiplying the undamped solution of Equation 5.1.6 by 
e" aLto givee-aLpsurface(t). 

Analogously, the reverse applies at the surface for Ap determination. We 
can use our surface reflection cancellation filters to separate waves originating 
from downhole from surface reflections traveling downhole. The waves 
originating from downhole would consist of everything from downhole (the 
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intended signal, plus reflections at the drillbit) and would, in fact, be of the form 
e " a L Psurface(t)- Instead of solving Equation 5.1.1 to recover Ap(t), which 
contains all the well logging information, one would solve 

Ap(t) + Ap(t - 2Lm/c) = 
= e "aL {(Ap/Ac +1) p3(t - Lm/c) - (Ap/Ac - 1) p3(t - Lm/c - 2Lc/c)} (5.1.7) 

However, this is really not necessary, since the exponential is simply a constant 
factor applicable to all parts of the signal that obviously results in a 
proportionately reduced Ap. In other words, the shape of the Ap versus time 
curve is the same, and this is all that is important to retrieving our downhole 
well logging information - this is very fortunate, since we typically will not 
measure a. Similar remarks apply to Method 5-2 and will not be repeated there. 

Below, we run collar-pipe-open-16 for four different scenarios. The 
"delta-p" functions are listed immediately before the graphical results. 
Additional parameters are required and are presently entered directly in the 
source code. We have not recorded these values as they are unimportant to 
demonstrating the fundamental concepts and software capabilities. The basic 
runs considered are obtained from the simulation menu as -

MWD d i p o l e s o u r c e m ode l s a v a i l a b l e . . . 
(1) 12 Hz PSK, s a m p l i n g t i m e DT = 0 . 0 0 1 0 s e c 
(2) 24 Hz PSK, s a m p l i n g t i m e DT = 0 . 0 0 0 1 s e c 
(3) 96 Hz PSK, s a m p l i n g t i m e DT = 0 . 0 0 1 0 s e c 
(4) S h o r t r e c t a n g u l a r p u l s e , DT = 0 . 0 0 1 0 s e c 

In the source code, the additional inputs are entered directly by editing the 
values below. Descriptions are supplied within the parentheses. 

C Hardc ode abov e p a r a m e t e r s f o r t e s t i n g . 
LM = 4 0 . ( d i s t a n c e , f e e t , p u l s e r f r o m d r i l l b i t ) 
LC = 5 0 . ( l e n g t h , f e e t , of MWD d r i l l c o l l a r ) 
C = 3 6 0 0 . ( s ound s p e e d , f t / s e c ) 
AP = 1 . ( p i p e c r o s s - s e c t i o n a l a r e a , s q f e e t ) 
AC = 1 . 5 ( c o l l a r c r o s s - s e c t i o n a l a r e a , s q f e e t ) 

C We w i s h t o c a l c u l a t e t h e d r i l l p i p e p r e s s u r e a t a d i s t a n c e 
C x = L > LC f r o m t h e d r i l l b i t . At t h i s d i s t a n c e , o r i g i n a l 
C d r i l l p i p e s i g n a l l e a v i n g t h e d r i l l c o l l a r w i l l hav e d e c a y e d 
C e x p o n e n t i a l l y due t o a t t e n u a t i o n ( t h i s s a t i s f i e s a s e p a r a t e 
C m o d e l ) . Assume t h a t DECAY i s t h e f r a c t i o n of t h e o r i g i n a l 
C s i g n a l t h a t r e m a i n s . I f no a t t e n u a t i o n , DECAY = 1 . Be s u r e 
C t o t r y L = 1 0 0 .* LC f o r NCASE=2 f o r d i f f i c u l t t e s t ! 

L = 5 .* LC ( l o c a t i o n > LC, f e e t , w he re we w ant c ompute d 
v a l u e s of P3 p r e s s u r e ) 

DECAY = 0 . 7 5 ( as s ume d d e c a y f r a c t i o n , 1 . 0 i f no de c ay ) 
C 

In Runs 1, 2, 3 and 4 below, green, red and black curves are shown, 
respectively, from bottom to top. The green curve is the assumed input Ap(t) 
function; red is the pressure traveling up the drillpipe that consists of the 
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upgoing wave from the pulser and the downward wave that reflects at the 
drillbit. Again, these waves reverberate within the drill collar because the cross-
sectional area changes abruptly between drill collar and drillpipe. The black 
curve uses red data only and represents the recovered Ap(t). In all cases, the 
recovery is excellent. Note that, as a programming check, various choices for 
DECAY, namely, 1.0, 0.1, 0.5 and 0.75 were run, and as expected, the software 
simply rescaled the green curve. 

5.1.3 Run 1. Phase-shift-keying, 12 Hz carrier wave. 
C CASE 1.  Hi gh da t a  r a t e  PSK pha s e  s hi f t  ke y i ng.  

I F( NCASE. EQ. 1)  THEN 
C F i s  f r e que nc y  i n Hz ,  AMP i s  de l t a - p a mpl i t ude  i n l bf / f t A2 ( PSF) ,  
C s a mpl i ng t i me  DT i n s e c onds .  
C 2 *  PI *  F c y c l e s  i n 2*PI  s ees ,  or  F c y c l e s  pe r  s ec ,  F i s  Hz .  
C One  c y c l e  r e qui r e s  t i me  PERI OD = 1/ F.  

I F( T. LE. 0 . 0 )  DELTAP = 0.  
I F( T. GE. 0 . 0 )  THEN 
PI  = 3 . 1415926 
AMP = 0 . 5 
F = 12.  
PERI OD = l . / F 
I F( T. GE. 0 . 0 . AND. T. LE. 2 . * PERI OD)  DELTAP = 

1 +AMP* SI N( 2 . * PI * F* T)  
I F( T. GE.  2  .  *  PERI OD)  DELTAP = a bs ( - AMP* SI N( 2 . * PI * F* T)  )  
ENDI F 
ENDI F 

Figure 5.1b. Phase-shift-keying, 12 Hz carrier wave. 

5.1.4 Run 2. Phase-shift-keying, 24 Hz carrier wave. 

In this higher frequency run, notice that the red curve is very different and 
highly distorted from the green curve. The recovered black curve is very good. 

C CASE 2.  Hi gh da t a  r a t e  PSK pha s e  s hi f t  ke y i ng.  
I F( NCASE. EQ. 2)  THEN 

C F i s  f r e que nc y  i n Hz ,  AMP i s  de l t a - p a mpl i t ude  i n l bf / f t A2 ( PSF) ,  
C s a mpl i ng t i me  DT i n s e c onds .  
C 2 *  PI *  F c y c l e s  i n 2*PI  s ees ,  or  F c y c l e s  pe r  s ec ,  F i s  Hz .  
C One  c y c l e  r e qui r e s  t i me  PERI OD = 1/ F.  

I F( T. LE. 0 . 0 )  DELTAP = 0.  
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I F( T. GT. O. O)  THEN 
PI  = 3 . 1415926 
AMP = 0 . 5 
F = 24 .  
PERI OD = l . / F 
I F( T. GE. 0 . 0 . AND. T. LE. PERI OD)  DELTAP = 

1 +AMP* SI N( 2 . * PI * F* T)  
I F( T. GE. PERI OD. AND. T. LE. 2 . ^PERI OD)  DELTAP = 

1 - AMP* SI N( 2 . * pi * F* T)  
I F( T. GE.  2  .  *  PERI OD)  DELTAP = 0.  
ENDI F 
ENDI F 

Figure 5.1c. Phase-shift-keying, 24 Hz carrier wave. 

5.1.5 Run 3. Phase-shift-keying, 96 Hz carrier wave. 

In this higher frequency 96 Hz run, the red curve is very different and 
highly distorted from the green curve. The recovered black curve is very good. 

C CASE 3.  St a nda r d pha s e  s hi f t  ke y i ng 
I F( NCASE. EQ. 3)  THEN 

C F i s  f r e que nc y  i n Hz ,  AMP i s  de l t a - p a mpl i t ude  i n l bf / f t A2 ( PSF) ,  
C s a mpl i ng t i me  DT i n s e c onds .  
C 2 *  PI *  F c y c l e s  i n 2*PI  s ees ,  or  F c y c l e s  pe r  s ec ,  F i s  Hz .  
C One  c y c l e  r e qui r e s  t i me  PERI OD = 1/ F.  

I F( T. LE. 0 . 0 )  DELTAP = 0.  
I F( T. GT. O. O)  THEN 
PI  = 3 . 1415926 
AMP = 0 . 5 
F = 96.  
PERI OD = l . / F 
I F( T. GE. 0 . 0 . AND. T. LE. PERI OD)  DELTAP = 

1 +AMP* SI N( 2 . * PI * F* T)  
I F( T. GE. PERI OD. AND. T. LE. 2 . ^PERI OD)  DELTAP = 

1 - AMP* SI N( 2 . * pi * F* T)  
I F( T. GE. 2 . *  PERI OD)  DELTAP = 0.  
ENDI F 
ENDI F 
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Figure 5.Id. Phase-shift-keying, 96 Hz carrier wave. 

5.1.6 Run 4. Short rectangular pulse with rounded edges. 

For this 0.5 sec pulse, the black curve is successfully recovered and looks 
like the green assumed curve. The red curve clearly shows distortions at the 
front and tail end of the pulse. These are due to multiple reverberations inside 
the collar due to area impedance mismatch at the collar and drillpipe junction. 

C CASE 5.  Shor t  r e c t a ngul a r  pul s e  wi t h r ounde d e dge s .  
I F( NCASE. EQ. 5)  THEN 
I F( T. LE. 0 . 0 )  DELTAP = 0.  
I F( T. GT. O. O)  THEN 
AMP = 0 . 4 
R = 200. 0 
DELTAP = AMP* ( TANH( R*  ( T- 0. 01)  ) - TANH( R* TANH( T- 0 . 51 )  )  )  
ENDI F 
ENDI F 

j \ 
7 \ 
1 

.. 0 1 0 2 0 3 0 4 0;5 0 

Tlme:(sec-

6 0 7 0 8 0 9 1 4 0;5 0 
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Figure 5.1e. Short rectangular pulse with rounded edges. 
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5.2 Method 5-2. Problems with collar-drillpipe area 
discontinuity, with drillbit assumed as closed end, solid drillbit 
reflector (Software reference, collar-pipe-closed-*.for). 

5.2.1 Theory. 
Figure 5.1a from Method 5-1 applies to this problem, however, the drillbit 

is assumed as a solid reflector in the present model. If the drillbit can be 
modeled as a solid reflector, e.g., if nozzle areas are truly small or if very hard 
rock is being drilled, then the acoustic displacement satisfies Ui(0,t) = 0 at the 
bit. This requires that Ui(x,t) = h(t - x/c) - h(t + x/c) which vanishes at x = 0. 
Minor changes to the analysis of Method 5-1 lead to the three applications 
formulas below -

Ap(t)-Ap(t-2Lm/c) = 
= (Ap/Ac +1) p3(t - Lm/c) + (Ap/Ac - 1) p3(t - Lm/c - 2Lc/c) (5.2.1) 

Ppipe (t) + {(Ap-Ac)/(Ap+Ac)} Ppipe (t - 2Lc/c) = 
= { - Ap(t - Lm/c - Lc/c) + Ap(t + Lm/c - Lc/c)}/(Ap/Ac +1) (5.2.2) 

Ps urf ac e ( t) + { (Ap-Ac)/(Ap+Ac) } p s u r f a C e ( t - 2Lc/c) = 
= { - Ap(t - Lm/c - L/c) + Ap(t + Lm/c - L/c)}/(Ap/Ac +1) (5.2.3) 

Identical cases to those performed in Method 5-1 were run. Refer to Method 5-1 
for a description of the Ap(t) functions assumed. Excellent recovery is achieved 
in all instances, that is, black and green curves identical. 

5.2.2 Run 1. Phase-shift-keying, 12 Hz carrier wave. 

Figure 5.2a. Phase-shift-keying, 12 Hz carrier wave. 
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5.2.3 Run 2. Phase-shift-keying, 24 Hz carrier wave. 

Figure 5.2b. Phase-shift-keying, 24 Hz carrier wave. 

5.2.4 Run 3. Phase-shift-keying, 96 Hz carrier wave. 

Figure 5.2c. Phase-shift-keying, 96 Hz carrier wave. 

5.2.5 Run 4. Short rectangular pulse with rounded edges. 
This run is quite interesting. As noted, the recovery is excellent - the 

green Ap(t) curve is a well-defined rectangle and the computed recovered black 
curve is identical. The red curve is completely different, bearing little 
resemblance to the green, due to the assumed solid reflector condition at the 
drillbit which reverses the sign of the wave and causes destructive interference. 
MWD engineers cannot explain this, claiming only that "the drilling channel 
differentiates the signal." It is true that the spikes resemble spatial derivatives at 
the edges of the rectangular pulse, but the conventional explanation is wrong. 
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Figure 5.2d. Short rectangular pulse with rounded edges. 

This concludes our discussion on surface and downhole reflection processing. 
Reflections are not "forgiving" in one-dimensional MWD waveguides which, 
unlike those in three dimensions, "have no where to go." Additional filters are 
needed for signal processor development and are briefly described in Chapter 6. 

5.3 References. 

Oppenheim, A.V. and Schafer, R.W., Digital Signal Processing, Prentice-Hall, 
New Jersey, 1975. 

Oppenheim, A.V. and Schafer, R.W., Discrete-Time Signal Processing, 
Prentice-Hall, New Jersey, 1989. 



6 
Signal Processor Design 

and Additional Noise Models 
The MWD signal processor must accommodate numerous noise sources, 

where both type and relative contribution may vary with bottomhole assembly, 
bit design, drilling mud, rock type, drilling rig, surface piping arrangement, 
transmission frequency, and so on. It is important for MWD designers to 
accurately characterize the noise environment through field and laboratory tests. 
This chapter is not intended to provide an exhaustive treatment on noise and 
filtering. Quite the opposite, we only introduce the reader to basic ideas, 
directing him to detailed literature elsewhere. Only physical mechanisms 
related to fluid and wave processes, the author's areas of specialty, are 
developed from first principles. While we discuss noise components separately, 
for the purposes of presentation, we emphasize that in the design of the signal 
processor, filter operations are not commutative, that is, the process of applying 
"A, then B" may not yield results identical to "B, then A." Some 
experimentation is therefore necessary, especially in determining the best 
sequencing for our reflection filters and others. 

Contents 
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2. Downhole Drilling Noise (Positive Displacement Motors, 

Turbodrills, Drillstring Vibrations) 
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6.1 Desurger Distortion 

The desurger, for example, as shown in Figure 6.1a, used at the rigsite 
during drilling operations, suppresses strong fluid transients arising from 
mudpump actions and is important to rig safety. Its role in MWD signal 
processing, however, has been a source of confusion. Some engineers will 
claim that it severely distorts the MWD signal, so much that signal detection is 
sometimes impossible; others, however, never find problems with desurgers and 
in fact embrace them. This chapter explains the discrepancies. Analytical 
solutions for the desurger-distorted signal are derived which assist in developing 
signal processing algorithms. 

Figure 6.1a. Desurger. 

The Lagrangian fluid displacement u(x,t) in a one-dimensional acoustic 
field satisfies the classical wave equation a2u/at2 - c2 d2uJdx2 = 0 where c is the 
speed of sound. When a signal (wave) travels uphole and reflects at the 
mudpump piston (assuming that there is no desurger), the pressure doubles at 
the piston face, then turns around and travels downward. The sign of the 
pressure does not change at a solid reflector - this is evident from measurements 
in very long wind tunnels, but this can also be proven mathematically from a 
more complicated three-dimensional solution. Again, at the solid reflector, the 
signal reflects with the same sign, but importantly, the shape of the signal does 
not change and remains the same. The author has, in fact, instrumented pressure 
transducers near to the mudpump to demonstrate improved signal recovery. 

When a desurger is present, however, events can be unpredictable. A 
desurger is typically used in the drilling setup at the rigsite to absorb dangerous 
pressure transients from the mudpump. It is essentially a thick rubber 
membrane within a metal housing that is "charged" with gas that is responsible 
for energy absorption. However, the desurger can also affect the MWD signal. 
When communicating with MWD engineers, one finds that different engineers 
from different companies offer very different experiences that may be 
contradictory and confusing. 
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For example, engineers operating higher data rate siren tools will explain 
that desurgers are never problematic, that is, desurgers never distort signals and 
in fact are an essential part of the MWD surface setup. On the other hand, 
operators of lower data rate tools will describe how desurgers distort signals so 
badly that the original signal is sometime unidentifiable. These remarks are not 
hearsay: these comments are based on the author's first-hand experiences. It 
turns out that, on returning to first principles, these discrepancies can be 
explained logically. Again, we turn to the modeling principles established 
earlier in Chapters 2-5. The one-dimensional wave model used applies so long 
as a typical wavelength greatly exceeds the cross-dimensions of the drillpipe, a 
condition easily met in all mud pulse operations. 

The Lagrangian displacement variable u(x,t) is the distance that a fluid 
particle moves as the wave travels past a given location "x." The corresponding 
velocity is du/dt while the local acoustic pressure p is p(x,t) = -B du/dx, where B 
is the bulk modulus. If p is the fluid density, then c2 = B/p. The general 
solution to the above wave equation is u(x,t) = f(ct-x) + g(ct+x), as is well 
known from partial differential equations. The " f ' represents a right-going wave 
and the "g" represents a left-going wave. For our convention, let us assume that 
a reflector is located at x = 0. The wave originating from downhole is "g" and 
the reflected wave is "f." If the reflector is a solid reflector like a mudpump 
piston, then the fluid displacement u = 0 at x = 0. Thus, u(0,t) = f(ct) + g(ct) = 0 
at x = 0 so that f = -g. If we take x-derivatives of the general solution, then 
du(x,t)/dx = -f (ct-x) + g'(ct+x) = -f (ct) + g'(ct) = 2g'(ct), thus proving that at 
the piston, the original pressure g'(ct) doubles - an elementary derivation indeed 
and a correspondingly exact result. 

This result, interestingly, has been used to develop the simplest analogue 
signal amplifier - the "hundred feet hose" attachment shown in Figure 6.1b and 
discussed in detail in the author's U.S. Patent Nos. 5,515,336 and 5,535,177. 
Assume that an amplitude "A" is measured at a pressure transducer installed on 
the standpipe. If this transducer is removed and attached to one end of a long 
hose, with the other end then installed to the standpipe, the measured pressure is 
obtained as "2A." This application has been validated in field tests. Simply 
installing the transducer ahead of a pump piston will also double the signal. 
This is not usually done because the pump is viewed as a noise source. 

Figure 6.1b. "One-hundred feet hose" analogue signal amplifier. 
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An extension of the above analysis can be used to model desurger effects 
on acoustic signal reflection. Now, the rubber membrane within a desurger 
essentially acts like a large spring as opposed to a solid piston. The spring will 
move with a distance "u" and the force exerted by the membrane would be 
ku(0,t) where k is the spring constant. This force must equal that exerted by the 
acoustic wave. If the acoustic pressure is -B du/dx and 7iD2/4 is the area of the 
membrane, D being the diameter of the circular membrane, then the boundary 
condition is ku(0,t) = T du(0,t)/dx where T = B7iD2/4. Note the following two 
physical limits: the mud pump piston possesses "infinite k" so that u = 0, while a 
centrifugal pump satisfies du(0,t)/dx = 0 instead. 

6.1.1 Low-frequency positive pulsers. 
Consider the situation at the top of Figure 6.1c. A rectangular pulse travels 

toward the desurger location x = 0 at time t = 0 - but what does a rectangular 
"u" pulse physically mean? Again, pressure is the spatial derivative or slope of 
"u." The head of the wave shows a large positive slope while the tail has a large 
negative one. The flat portion of the rectangular has zero slope and is therefore 
not associated with any compression or expansion. Thus, the initial t = 0 
schematic in Figure 6.1c represents a sudden valve opening followed by a 
sudden closure. 

Displacement 

u(x,t) 

t = 0 

J  

Figure 6.1c. MWD signal distortion for low data rate pulsers 
(confirmed experimentally in mud loop tests). 
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The two pressure spikes, which possess opposite signs, are characteristic of 
dipole sources; and since they are separated in time, the dipole source shown 
applies to positive pulser valves - which are also known for large pressure 
amplitudes. Physically, the acoustic force exerted on the desurger membrane is 
"large" and acts over "long enough" times to be dynamically significant (these 
are characterized dimensionlessly later). If the wave equation for displacement 
is solved subject to the above spring boundary condition, we can derive the 
following exact solution for desurger response to the rectangular wave, namely, 

f(ct-x) = g(ct-x) - 2 [ 1 -exp {-k(ct-x-L)/T} ] H(ct-x-L) 
+ 2[ 1 -exp{-k(ct-x-L-a)/T}] H(ct-x-L-a) (6.1a) 

where H is the Heaviside step function. Note that unlike the simple piston 
solution previously obtained for mudpump piston reflections in which f = - g 
without changes in shape, Equation 6.1a is complicated and contains exponential 
distortions to the rectangular pulse. This is the shape distortion observed for 
positive pulsers associated with longer duration with high pressure amplitude. 
An expression not too different from Equation 6.1a should apply to negative 
pulsers. Unless their downward motions are filtered by the multiple transducer 
techniques of Chapter 4, their presence will lead to serious surface signal 
processing and interpretation problems (these effects are also likely to be found 
with negative pressure MWD signals). 

6.1.2 Higher frequency mud sirens. 
Figure 6.1c does not apply to higher frequency mud siren operations, 

which employ periodic frequencies, plus signal amplitudes that are typically 
much lower than those of positive pulsers. Changes in phase or frequency are 
used to telemeter O's and l 's to the surface. When frequencies are high, the 
wave literally "does not have time" to act on the desurger membrane, and vice-
versa - this inaction is, to be sure, more so, given the lower pressure amplitudes 
involved. Thus, one does not expect desurgers to affect signals adversely. For 
higher frequency mud siren applications, desurgers will do what they are 
suppose to: remove dangerous transients and eliminate mudpump noise. These 
statements can be demonstrated mathematically. 

Again, the partial differential equation governing mud pulse acoustics is 
the classical wave equation pmud% " ®uxx = 0, and its general solution is u(x,t) 
= f(ct-x) + g(ct+x), where f and g represent right and left-going waves 
respectively. This solution need not include damping because only the desurger 
nearfield is considered. Over short distances, damping in the pipeline itself is 
unimportant. Our objective is simple: what happens to a wave of a given shape 
upon reflection? In this acoustic study, we will assume that the functional form 
of the incident wave g(ct+x) transmitted by the pulser and impinging at the 
desurger x = 0 is given. The problem consists in solving for the reflected wave 
f(ct-x), and then, the complete superposition solution u(x,t), so that the acoustic 
response is fully determined everywhere and at all instances in time. 
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To accomplish this, we now model the desurger more precisely. We 
envision the desurger as a mass-spring-damper system with a mass M (e.g., the 
bladder mass plus a time-averaged fluid mass of the partially filled volume), a 
spring constant k (due to the elasticity of the bladder and the charge pressure of 
the compressed gas, as compared to the standpipe pressure), and an attenuation 
factor y (due to orifice losses and internal friction). The rubber membrane is 
excited by the acoustic pressure pa = - Bux(x,t), so that the ordinary differential 
equation satisfied by the end value u(0,t) at the boundary x = 0 now takes the 
form Mutt + y ut + ku = (B7tD2/4)ux (in this right-side term, having units of 
force, D is an effective bladder diameter). Away from the desurger, both 
incoming and outgoing waves exist, and radiation conditions do not apply. 

The general solution to this boundary value problem is difficult if we 
attack the partial differential equation directly. Instead, we will solve the 
desurger ordinary differential equation at x = 0 exactly, and use the general 
solution u(x,t) = f(ct-x) + g(ct+x), plus the Convolution Theorem, to analytically 
continue the solution into the domain x > 0. This equally rigorous approach 
allows us to construct the exact general solution as 

u(x,t) = g(ct+x) - g(ct-x) (6. lb) 
ct-x 

+ {2( B7i D2/4)/[Mc2(a-b)]} j g(a) [aea(ct"x^) - be b(ct-x-a) ] da 
0 

It is important to recognize that M, y, k, B, D, c and pmud do not appear 
individually in the complete solution. Rather, they appear implicitly through the 
lumped parameters 

a = {- (yc+(B;iD2/4)) - V [(yc+(B;iD2/4))2 - 4kMc2] }/2Mc2 (6.1c) 

b = {- (yc+(B;iD2/4)) + V [(yc+(B;iD2/4))2 - 4kMc2] }/2Mc2 (6.Id) 

In the general solution for the displacement "u," the "g(ct+x)" term represents 
the known incident waveform, whereas the term second term -g(ct-x) represents 
the reflection at a rigid interface, e.g., the piston faces of a positive displacement 
mud pump if the desurger were not functioning (again, u = 0 at piston faces). 
The last term in Equation 6.1b represents the distortion of signal due to 
reflection at the desurger; this distortion consists of a phase shift and a shape 
change that is again exponential in nature. In order to determine its effects 
quantitatively, we give exact solutions for a class of important incident signals. 

Let us consider the incident upcoming displacement wave taking the form 
"A sin co(ct+x)/c." This function is particularly important to MWD, since a 
general transient signal can always be written in terms of its harmonic Fourier 
components. The exact solution corresponding to this assumption is 
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u(x,t) = A sin {co(ct+x)/c} - A sin {co(ct-x)/c} (6.1e) 

+ 2A(B7iD2/4)b{b sin (co(ct-x)/c) + (co/c) cos (co(ct-x)/c)}/{Mc2(a-b)(b2 +co2/c2)} 

- 2A(B7iD2/4)a{a sin (co(ct-x)/c) + (co/c) cos (co(ct-x)/c)}/{Mc2(a-b)(a2 +co2/c2)} 

+{2A(B7iD2/4)co/[Mc3(a-b)]}{aea(ct-x)/(a2 +co2/c2) - beb(ct"x)/(b2 +co2/c2)} 

The first line, again, represents the incoming wave and its solid wall 
reflection, where A is the signal amplitude corresponding to the fluid 
displacement "A sin {co(ct+x)/c}" leaving the pulser. The second and third lines 
represent the phase distortion (of the sinusoidal signal) introduced by the 
desurger, while the fourth line shows that the desurger produces a non-
sinusoidal distortion that will contain exponential smearing. 

A more detailed examination of Equation 6.1e indicates that these 
distortion effects vanish in the limit of high frequency co, because "the waves do 
not have sufficient time" to act on the system, especially in the limit of a "heavy 
desurger" with large M or a "small amplitude A." How high a frequency is 
needed so that desurger distortion is not important? Apparently, the carrier 
frequency of 12 Hz used in present mud siren operations is high enough - thus 
higher frequency operations should be safer insofar as signal distortions are 
concerned. Of course, the mathematical structure of the terms in Equation 6.1e 
reveals the complicated nature of the dimensionless parameters controlling the 
physical problem. 

In electric engineering, the resistance, capacitance, and inductance values 
of the circuit elements determine the non-dimensional time scales associated 
with the particular circuit. Analogies exist here. The physical time scales "ac" 
and "be" inferred from the exponential terms above define two of the time scales 
important to the problem; the third is the period 1/co. The mud density pmud 

does not explicitly appear in our solutions, but the dependence can be easily 
recovered if we note that c2 = B/pmud. This leads to B/c2 = pmu(i- If the B/c2 

coefficient multiplying the integral is replaced instead by pmu(j, the distortion is 
seen to be proportional to mud density, or more precisely, a ratio that depends 
on pmu(j-/M, among other quantities. The dependence is complicated by the 
appearance of the same variables in "a" and "b." As noted above, the distortion 
appears to increase with increasing mud weight. All quantities being equal, the 
distortion is largest for low frequencies co. 

Interestingly, in recent mud flow loop experiments, measured pressure 
signal levels and shapes in the 1-2 Hz range were particularly affected by the 
desurger, whereas for 5 Hz and above, the effect of the desurger was 
insignificant. In wind tunnel experiments designed to understand near-static 
pressure response, manometer-based results were noticeably affected by fluid 
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column oscillations at 1-5 Hz but not at 9 Hz and above. Finally, the exact 
solution emphasizes that pressures will depend on the location x and the time t. 
Depending on the telemetering method used, standing wave patterns created 
temporarily can be identified with systems of nodes and antinodes. 
Interpretations for measured data using single transducers may not be useful and 
it may be more meaningful to measure changes between multiple transducers. 
Nodal positions will change with frequency from rigsite to rigsite, and desurger 
charges will vary just as unpredictably. Since it is impossible to characterize the 
complete telemetry channel in practice, the most likely solution to eliminating 
signal processing problems is through the use of multiple transducer methods. 
Software is not provided for the low and high frequency models derived here 
because exact, closed form, analytical solutions are available above. 

6.2 Downhole Drilling Noise. 

Noise originating from downhole near the bit is problematic in the sense 
that it cannot be filtered using the multiple transducer methods in Chapter 4 for 
surface signal processing - Methods 4-3 and 4-4 remove only downgoing noise. 
Frequency-based filtering may be an option, providing such noise falls outside 
the MWD signaling range. MWD signals traveling downward, impinging on 
rubber drill motor rotors and reflecting to travel upwards, however, may be 
difficult to remove. Multiple varieties of noise are present and special filters are 
required for each type. Developing these requires not only an understanding of 
the physics, but detailed calibration with "clean" data - that is, measurements 
not contaminated by other possibly coupled noise sources. 

Positive displacement 

Housing 

Rotor 

Stator 

Figure 6.2a. Positive displacement motor (see noise spectra in Figure 6.8a). 
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Mud in 

1 1 

Figure 6.2b. Turbodrill motors. 

6.2.1 Positive displacement motors. 
Downhole drilling motors, drawing hydraulic power from the flowing 

mud, are used to turn the drillbit without turning the entire drillstring. Two 
types are available, namely, the positive displacement drilling motors and 
turbodrills represented, respectively, in Figures 6.2a and Figure 6.2b. In Figure 
6.2a, downward flowing mud is forced through the cross-sectional space 
between the metal (gray) rotor and the rubber (black) stator. This rotates the 
spiraled rotor shaft which in turn drives the drillbit. 

The MWD source, not shown in these figures, is positioned above the 
drilling motor. When the pulser opens and shuts, it creates "intended signals" 
that travel uphole (which embed the O's and l 's position-encoded by valve 
action), but as noted earlier in this book, it creates equally strong signals of 
opposite sign that travel downward. Chapter 4 assumes that the drillbit can be 
modeled as a solid reflector or an acoustic open-end; these simple models 
predict phases that are 180° apart, but in either case, signal shape remains 
undistorted. Chapter 2 more generally treats the drillbit as one segment of a six-
segment waveguide, providing the needed transition between the two simpler 
limits of Chapter 4. On the other hand, the previous section on desurger noise 
demonstrates that not all reflections are so simple: those associated with elastic 
boundary conditions at rubber interfaces may significantly distort MWD signals. 

While the rubber reflector in our desurger is conveniently located at a 
single point "x = 0," the reflection in Figure 6.2a is distributed along the entire 
length of the positive displacement motor. How MWD signals reflect will 
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depend on this length, the stiffness of the stator rubber, the cross-section of the 
actual rotor-stator geometry (typical shapes are given in Figure 6.2a), wave 
amplitude and frequency, and so on. An acoustic path from the top of the motor 
to the drillbit definitely exists, since mud does flow through the entire length and 
out the nozzles - whether the reflector can be treated as a solid or open end, and 
whether or not any anticipated smearing is significant, remains to be determined. 
Signal processing problems can be difficult to remedy since multiple transducer 
methods that eliminate downward noise cannot used. Frequency-based filters 
may be of limited usefulness because incident and reflected signals possess 
similar frequency content. Controlled lab tests would be useful in developing 
models that can potentially eliminate such upgoing noise sources. 

6.2.2 Turbodrill motors. 
Drilling motors like those represented in Figure 6.2b are known as 

turbodrills. They are made up in multiple "stages," each stage consisting of one 
stator and one rotor. The stator, which is fixed to the housing, deflects flow 
tangentially; this tangential flow imparts additional turning momentum to the 
rotor, which is fixed to a rotating shaft. As shown, rotors and stators are made 
completely of metal; there are no rubber reflectors that produce signal 
distortions. In fact, the stage "see through" area is approximately 50% or more 
and downgoing waves have no trouble reflecting at the bit, as modeled in earlier 
chapters. In addition, the noise associated with rotor-stator interactions does not 
propagate to the surface, since it is associated with very small wavelengths that 
are not plane wave in nature. The acoustic passage associated with turbodrill 
motors can be conveniently modeled as one of the segments provided for in the 
six-segment waveguide of Chapter 2. 

6.2.3 Drillstring vibrations. 
Practical consequences associated with dangerous drillstring vibrations, 

e.g., damaged MWD well logging tools, borehole instability, formation damage, 
well control, and so on, are well known. These are of three main categories: 
axial, torsional and lateral (or bending) vibrations, although other motions, for 
instance, whirling, also exist. These are described in detail in the lead author's 
book Wave Propagation in Petroleum Engineering, with Applications to 
Drillstring Vibrations, Measurement-While-Drilling, Swab-Surge and 
Geophysics (Gulf Publishing, 1994) and in Chin (1988) explaining vibration 
subtleties near the neutral point. In general, all three modes are coupled and do 
not act independently as is usually assumed. 

Such vibrations invariably affect the drillpipe and are important in 
"drillpipe telemetry" where MWD signals are transmitted through metal. 
Vibration effects appear in the mud which can be filtered out using standard 
frequency-based methods. The most significant problem is "bit bounce," that is, 
the low-frequency bouncing of the drillbit that occurs when unstable drillbit and 
formation interactions are encountered. These nonlinear effects have not been 
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studied in the literature due to their complexity. Typically, in conventional 
models, individual partial differential equations for axial, torsional and lateral 
vibrations are solved subject to standard boundary conditions, e.g., sinusoidal 
displacements are prescribed and resonant conditions are obtained. 

There are serious limitations associated with such approaches. Assuming 
that bit displacement is sinusoidal does not imply that a Fourier component of 
the general transient problem is being considered - in fact, by assuming that bit 
motion is always sinusoidal, one importantly precludes the modeling of highly 
nonlinear events like "bit bounce." In the author's book, a general boundary 
condition related to rock-bit interactions is used, and the transient "up and 
down" displacement effect of the rotating bit is in fact modeled using 
"accordion-like, displacement sources" like those in earthquake engineering. 
When the general initial value problem is solved subject to specified starting 
conditions and bottomhole geometrical constraints, the resulting bit motion will 
be sinusoidal - or, erratically bouncing, if the rock-bit interaction dictates. 

Other common fallacies exist that the book addresses which may prove 
important to MWD signal processing. For example, one can state that all 
resonances are dangerous; however, not all dangerous events arise from 
resonances. The well known fact that many drillstring failures occur at the 
neutral point in the drill collar while undergoing strong lateral vibrations is one 
consequence that cannot be predicted by traditional resonance-based models. 
The neutral point is simply the location within the drillstring where axial forces 
change from tension to compression, that is, axial stresses vanish at the neutral 
point. But what do axial forces have to do with lateral transverse vibrations? 

It turns out that axial and transverse vibrations are dynamically coupled. 
An exact, closed form solution based on "group velocity" methods in theoretical 
physics shows that axial vibration energy tends to coalesce and trap near the 
neutral point and instigates high-cycle bending fatigue, e.g., see Chin (1988). 
Mathematically, the solution represents a "singularity" in the governing partial 
differential equations, popularly termed a "black hole." This implies serious 
consequences in developing MWD drillpipe telemetry technology based on 
transmissions through metal itself. Severe lateral vibrations at the drillbit may 
affect the rock-bit interaction boundary condition enforced for axial vibrations, 
resulting in axial bit bounce. Because lower frequencies are typically involved, 
direct bit bounce effects can be removed using high-pass filters; unfortunately, 
bit bounce is associated with significant fluctuations in mud flow rate through 
the nozzles, and hence, with large changes to siren torque, control system 
response, signal strength and phase, and so on, that will require both better 
designed tools and very robust signal processing. 

It is well known that free vibrations of axial, torsional and lateral bending 
modes are each associated with different characteristic frequencies. Signals 
correlated with these frequencies, which are typically different from those of the 
MWD signal, can be removed by low-pass, high-pass or notch filters (see 
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Section 7 below). Ideally, surface signal processors would determine these 
frequencies for the bottomhole assembly under consideration (using standard 
mechanical engineering formulas) and automatically remove their effects before 
application of our echo cancellation and other filters. 

6.3. Attenuation Mechanisms (Software reference, Alpha2, 
Alpha3, MWDFreq, datarate). 

Numerous models are available for wave attenuation modeling in the 
engineering literature, however, they are developed for ultrasonic applications 
where wavelengths are very, very small and interactions with particles are 
considered in detail. In MWD applications, wavelengths are typically hundreds 
of feet and reliable measurements are not available due to mudpump transients. 
These are typically made in wells with flowing non-Newtonian mud, or in very 
long flow loops with multiple twists, turns and (undocumented) area changes. 
Vortex flows, density segregation, secondary flows, and so on, may be present. 
The action of positive displacement mud pumps and their unsteady pistons 
renders fluid flows highly transient; moreover, the effects of constructive and 
destructive interference, and those associated with nodes and antinodes for 
standing wave patterns, are usually not separated out. Good data is difficult to 
find. Also, given the complexity of the mathematical problem, and the fact that 
field situations are rarely controlled, approximate methods are appropriate and 
are therefore considered here. 

6.3.1 Newtonian model. 
Almost all oil service companies use a classic formula during job planning 

for sound wave attenuation developed for steady laminar Newtonian flow in a 
circular pipe, e.g., see Kinsler et al (2000). It appears to be reliable if used 
properly and cautiously, and is derived from rigorously formulated fluid-
dynamic models. If co is circular frequency, p is viscosity, p is mass density, c 
is sound speed and R is pipe radius, then the pressure P corresponding to an 
initial signal P0 is determined from 

P = P 0 e a x (6.3a) 

where x is the distance traveled by the wave and a is the attenuation 

a = (Rc)"1 V{(pco)/(2p)} (6.3b) 

In other words, the damping rate varies as the square root of frequency and 
depends on density and viscosity only through the "kinematic viscosity" p/p. 
The software model ALPHA2.EXE, emphasizing "Newtonian" in Figure 6.3a, 
performs the required calculations. Once the input data are entered in the white 
text boxes, clicking on "Find" will give the value of a and the pressure ratio 
P/P0 as shown in Figure 6.3b. 
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6.3.2 Non-Newtonian fluids. 

When the flow is non-Newtonian, few published models for very low 
frequency waves are available. In order to obtain rough attenuation estimates, 
we adopt the following procedure. Non-Newtonian drilling fluids are typically 
modeled by a simple power law rheology model with "n" and "K" coefficients. 
The apparent viscosity is variable throughout the pipe cross-section of the pipe 
and depends on the radius R and the volume flow rate Q. The volume flow rate 
Q in steady flow is exactly 

Q = {TTR3/(3 + 1/n)} { R/ ( 2 K) }
 1/n (dp/dz)1/n (6.3c) 

from which we can calculate the pressure gradient dp/dz. What is the effective 
Newtonian viscosity p effective that will give the same flow rate Q for identical 
parameters n, K and R? For this, we use the well known pipe flow Hagen-
Poiseuille formula rewritten in the form 

P effective = {^R4/(8Q)} dp/dz (6.3d) 
and substitute the pressure gradient known from the first calculation. This 
viscosity value can then be used with the calculator of Figures 6.3a and 6.3b. 
Again, this procedure gives an approximate "engineering solution" that is 
roughly correct and useful for MWD job planning purposes. 

Figure 6.3a. Newtonian model input form. 

Figure 6.3b. Newtonian attenuation solutions. 
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The non-Newtonian model is implemented in ALPHA3.EXE. Clicking on 
this filename produces a message box reminder and three programs as shown in 
Figure 6.3c. The message notes that n and K values must be entered into the 
bottom attenuation calculator before "Find" can be executed. Two methods are 
available to determine n and K. The first assumes that Fann dial readings are 
available and the second assumes that viscosities and shear rates are available. 
For example, let us use the Fann dial readings shown in the above left calculator 
and click "Calculate." Then, n and K will appear in the bottom boxes of that 
calculator. These values should be copied and pasted into the attenuation 
calculator (which emphasizes "non-Newtonian" at the top). Then, click "Find" 
to obtain the results in Figure 6.3d. 

Non-INewtonian Attenuation Model EJ 

First find n and K using online calculator, then type into main 
program .,. 

Figure 6.3c. Non-Newtonian flow menu. 
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Figure 6.3d. Example non-Newtonian attenuation results. 

In Figure 6.3d, the bottom box indicates that 69.29% of the signal will 
remain after 5,280 feet (1 mile). Also, for information purposes, the effective 
viscosity in centipoise is shown in the shaded box. If further calculations are 
required in either Newtonian or non-Newtonian modes, simply edit the data in 
the white text boxes and click "Find" again. 

Finally note that a complementary wave attenuation model has been 
developed that predicts the "critical frequency" above which MWD signals are 
damped, given fluid properties, drillpipe geometry and length, source signal 
strength and transducer sensitivity. Refer to the discussion for Figure 10-7 on 
the math model underlying MWDFreq.vbp and datarate*.for. 

6.4 Drillpipe Attenuation and Mudpump Reflection (Software 
reference, PSURF-1.FOR). 

This model assumes that the signal entering the drillpipe at the top of the 
MWD drill collar - that is, the complicated waveform containing initially 
upgoing waves at the pulser, downgoing waves that reflect at the drillbit and 
travel upward, plus the complete reverberant field associated with an acoustic 
impedance mismatch at the drill collar and drillpipe junction - is known from 
the models developed in Chapters 2, 3, 4 and 5. The Newtonian or non-
Newtonian attenuation models in the foregoing section are applied to this signal 
as it travels along the length of the very long drillpipe. 
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When the diminished wave signal reaches the surface, it reflects at the 
mudpump, which may be a solid or open-end reflector (we assume that, for high 
enough carrier wave frequencies, the effects of desurger distortion are 
unimportant), and attenuates downward. The present model computes the 
pressure signal that is obtained at any point along the drillpipe - the main 
positions of interest, of course, are those along the standpipe. It is assumed that, 
because of attenuation, multiple reflections do not occur in the drilling channel. 

6.4.1 Low-data-rate physics. 
To understand the significance of the model in this section, let us consider 

first a relatively long rectangular pulse, namely, the 0.5 sec duration rectangular 
waveform considered previously in Method 4-1, Run 1. In this example, the 
reflection occurs at the mudpump modeled as a solid reflector and pump noise is 
omitted for clarity. This waveform nominally represents a 1 bit/sec data rate, a 
low rate typical of present MWD tools. 

Figure 6.4a. Wide signal - low data rate. 

Figure 6.4a shows pressure measurements at a standpipe transducer. The 
incident upgoing assumed signal (black) is a broad pulse with a width of about 
0.5 sec. The red curve is the reflection obtained at a solid reflector with no 
attenuation assumed; there is very little shifting of the red curve relative to the 
black curve, since the total travel distance to the piston is very short. The 
transducer will measure the superposition of incident and reflected signals which 
broadly overlap. This superposition appears in the green curve - it is about 
twice the incident signal due to constructive wave interference - moreover, it 
does not cause any problems and actually enhances signal detection. The blue 
curve is the signal extracted from data using only the green curve and the 
algorithm of Method 4-1. Colors above are, respectively, black, red, green and 
blue, starting from the bottom curve. The key conclusion from Figure 6.4a is 
obvious: at low data rates, constructive wave interference is always found at 
positive displacement mudpumps and always enhances signal detection. 
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6.4.2 High data rate effects. 
At higher data rates, that is, those achieved with rapidly varying sinusoidal 

or periodic waveforms, this is not the case. Signals do not necessarily interfere 
constructively because of phase differences. 

In Figure 6.4b, model PSURF*.FOR is used to illustrate our point. The 
clean, constant frequency, blue signal enters the drillpipe and the red signal is 
measured uphole (zero attenuation is assumed in this example). At first, silence 
(zero pressure) is found because the signal has not reached the standpipe 
transducer. Then the wave arrives with an amplitude initially identical to that of 
the blue trace. This signal proceeds to the mudpump and reflects. In this case, it 
diminishes the pressure measured at the standpipe due to destructive interference 
arising from phasing effects. Short wavelengths make signal processing more 
difficult. In this example, the (upper) blue line represents the intended signal, 
but it is the (lower) red trace that is actually recorded at the standpipe 
transducer. Note the kink in the (bottom) red curve at t = 0.7 sec. The multiple 
transducer methods of Chapter 4, of course, will remove the foregoing 
destructive interference effects to recover the blue trace. 
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6.5 Applications to Negative Pulser Design in Fluid Flows and 
to Elastic Wave Telemetry Analysis in Drillpipe Systems. 

We have studied MWD signal analysis and reflection cancellation 
assuming dipole sources, that is, signal generators such as positive pulsers and 
mud sirens which create disturbance pressures whose polarities are 
antisymmetric with respect to source position, and additionally, assuming fluid 
flow systems. We emphasize that the methods are equally applicable, with some 
re-interpretation of variable names, to negative pulser design, and then, to both 
fluid and elastic systems. These notions and applications are developed next. 

The ideas behind "conjugate harmonic functions" are well documented in 
the theory of elliptic partial differential equations, the best known and simplest 
application being that for Laplace's equation. In short, whenever the equation 
Uxx + Uyy = 0 holds, there exists a complementary model Vxx + Vyy = 0 
describing a related physical problem; these are connected by the so-called 
Cauchy-Riemann conditions Ux = Vy and Uy = -Vx. These relationships lie at 
the heart of the theory of complex variables. 

For example, the "velocity potential" describing ideal, inviscid, irrotational 
flow past a two-dimensional airfoil satisfies Laplace's equation; the 
complementary model for the "streamfunction" describes the streamline pattern 
about the same airfoil. These ideas have been used by this author to study 
steady-state pressure distributions, torque characteristics and erosion tendencies 
associated with MWD mud sirens (Chin, 2004), while detailed applications to 
Darcy flows in petroleum reservoirs are developed in Chin (1993, 2002). The 
siren application is developed in detail in Chapter 7 of this book. 

The conjugate function approach, though, has never been applied to 
hyperbolic equations. However, simple extensions for the classical wave 
equation used in this book to model the acoustic displacement function u(x,t) 
lead to powerful practical implications. A rigorous derivation is easily given. 
Recall that for long waves, u(x,t) satisfies d2u/dt2 - c2 d2u/dx2 = 0, which can be 
rewritten in the form d(du/dt)/dt - c2 d (du/dx)/dx = 0 (again, x is the direction of 
propagation, t is time and c is the speed of sound). We introduce, without loss 
of generality, a function (|)(x,t) defined by dfy/dx = du/dt and dfy/dt = c2 du/dx. 
This merely restates the identity d2<\>/dtdx = d2<\>/dxdt. However, the definition 
importantly implies that (|)(x,t) satisfies d2<\>/dt2 - c2 d2<\>/dx2 = 0. In other words, 
the function §  likewise satisfies the wave equation. But what do mathematical 
boundary value problems similar to those for u(x,t), for which we have already 
developed numerical solvers, model in engineering practice? 

Consider first the formulation d2u/dt2 - c2 d2u/dx2 = 0, with the jump or 
discontinuity [du/dx] specified through the source position (that is, a "delta-p" 
function of time is prescribed at the pulser) and then du/dx = 0 at the drillbit (a 
uniform pipe is assumed and outgoing wave conditions are taken at x = oo). This 
is the dipole formulation previously addressed, assuming an opened acoustic 



SIGNAL PROCESSOR DES IGN AND ADDITIONAL NOIS E MODELS 1 7 3 

end, for which we already have a solution algorithm. Now we ask, "What 
problem is physically solved if we simply replace 4u' by 4 (|)' in the formulation?" 
Thus, we wish to interpret the formulation d2$/dt2 - c2 d2<\)/dx2 = 0, with the 
jump [d<\>/dx] specified through the source position and dfy/dx = 0 at the drillbit. 
At the drillbit, dfy/dx = 0 implies that du/dt = 0, that is, a solid reflector. From 
our definitions, a jump in [d<\>/dx] is simply a jump in the velocity du/dt. In other 
words, we have a discontinuity in axial velocity, as one might envision for 
accordion motion or for a pulsating balloon, which models a negative pulser. 
Once the solution for (|)(x,t) is available, local pressures would be calculated by 
evaluating dfy/dt and then re-expressing the result in terms of du/dx, which is, of 
course, proportional to the acoustic pressure. That is, our displacement dipole 
formulation for open drillbits is identical to that for monopoles with solid 
reflectors - the latter solution is a "free" byproduct of the first/ 

To understand this, in perspective, recall that a dipole source (that is, 
positive pulser or mud siren) is associated with antisymmetric disturbance 
pressure fields and velocities continuous through the source point, while a 
monopole source (or negative pulser) is associated with a symmetric disturbance 
pressure fields and velocities discontinuous through the source. Contrary to 
popular engineering notions, it is not necessary to have a nonzero "delta-p" in 
order to have MWD signal generation; in fact, the "delta-p" associated with 
negative pulser applications is identically zero whatever the valve motion. 

The slightly different formulation d2u/dt2 - c2 d2u/dx2 = 0, with the jump 
[du/dx] specified through the source position (again, a "delta-p" function of time 
prescribed at the pulser) and du/dt = 0 at the drillbit (that is, a solid reflector 
assumption) has also been addressed previously and a numerical solution 
algorithm is already available. If we replace 4u' by 4(|),' what does the resulting 
boundary value problem solve? The only difference from the foregoing 
formulation is 'd^/dt = 0' at the bit. Now, dfy/dt = 0 implies, per our definitions, 
that du/dx = 0. In other words, the formulation for §  solves for the pressures 
associated with negative pulsers when the drillbit satisfies a zero acoustic 
pressure, open-ended assumption. Pressures are obtained as before. 

The above paragraphs demonstrate how solutions to our dipole source 
formulations (for positive pulsers and sirens) under a Lagrangian displacement 
description provide "free" solutions for monopole formulations for negative 
pulser problems without additional work other than minor re-interpretation of 
the pertinent math symbols. However, the extension can be interpreted much 
more broadly even outside the context of mud pulse telemetry. The above 
approaches and results also apply directly to MWD telemetry applications where 
the transmission mechanism involves axial elastic wave propagation through 
drillpipe steel. A dipole source would model, say, piezoelectric plates 
"oscillating back and forth," while a monopole source might model piezoelectric 
transducers stacked so that they "breathe in and out, much like pulsating 
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balloons." For elastic wave applications, the above analogies can be used to 
develop models for complicated bottomhole assemblies with multiple changes in 
bottomhole assembly and borehole geometry and acoustic impedance along the 
path of signal propagation - models analogous to the six-segment waveguide 
formulation in Chapter 2 and the two-part waveguide approaches in Chapters 3 
and 5 are easily developed for elastic systems. This is obvious because the only 
formulation differences are changes required at acoustic impedance 
discontinuities located at drillpipe and drill collar junctions. 

For the fluid flows considered earlier, we assumed that acoustic pressure 
and volume velocity were continuous, that is, (du/dx)coiiar = (du/dx)drmPiPe and 
A c o i i a r (du/dt)coiiar = A drmpipe (du/dt)driiipipe hold. These would be replaced by 
continuity of displacement and net force, that is, (5u/5t)coiiar = (du/dt)drmPiPe and 
A c o i i a r (du/dx)coiiar = A d r m p i p e (du/dx)drmpipe. In terms of ([>(x,t), we would have 
(<94>/dx)collar = (d(t>/dx)driiipipe and ^collar (d(t>/dt)drmpipe. In other 

words, the models and numerical solutions developed in Chapters 2-5 can be 
used without modification provided the dependent variables are interpreted 
differently/ Our discussion, for simplicity, assumes that the moduli of elasticity 
for drillpipe and drill collar are identical, but extensions to handle differences 
are easily constructed. The wave equation transforms used here to develop our 
physical analogies were originally introduced by the author in Chin (1994). It is 
important to note that, while "drillpipe acoustic" methods work in vertical wells, 
they perform poorly in deviated and horizontal wells where rubbing of the 
drillstring with the formation is commonplace. 

6.6 LMS Adaptive and Savitzky-Golay Smoothing Filters 
(Software reference, all of the filters in Sections 6 and 7 are found in 
C:\MWD-06). 

As explained in our chapter objective, our aim is not an exhaustive 
treatment of standard signal processing, but rather, a concise one which directs 
readers to more detailed publications, e.g., Stearns and David (1993) and Press 
al et (2007). Exceptions are Sections 1-5 above, which explain relevant 
downhole concepts in detail. Of the more complicated methods available, LMS 
(least mean squares) adaptive filters provide some degree of flexibility in 
applications with slowly varying properties. Figure 6.6a shows a raw 
unprocessed wave signal with random noise and a propagating wave, while the 
LMS processed waveform remarkably appears in Figure 6.6b. Smoothing filters 
may need to be applied to data such as that in Figure 6.6b, or to noisy datasets 
such as the one in Figure 6.6c. The Savitzky-Golay smoothing filter, for 
instance, removes high-frequency noise in the top curve to produce the lower 
frequency red line shown at the bottom. 



SIGNAL PROCES S OR DES IGN AND ADDITIONAL NOIS E MODELS 1 7 5 

Figure 6.6a. Raw unprocessed wave signal 
with random noise and propagating wave. 
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Figure 6.6b. LMS processed signal, with random noise 
removed by adaptive filtering. 
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Figure 6.6c. Savitzky-Golay smoothing filter. 
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6.7 Low Pass Butterworth, Low Pass FFT and Notch Filters. 

The capabilities shown in this final section are standard and available with 
numerous software tools. We provide typical results without further comment. 

-100* - - " 

Figure 6.7a. Low-pass Butterworth filter. 
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Figure 6.7b. Low-pass FFT filter. 

Figure 6.7c. Notch filter. 

Software reference. Fortran source code is available for the five filters in 
Sections 6 and 7 in C:\MWD-06 under obvious filenames. These, together with 
the algorithm codes in Chapters 2-5, provide the basic tools for high-data-rate 
signal processor testing and design. It goes without saying, of course, that field 
data is all-important, and should be collected with a "wave orientation." In 
other words, careful attention should be paid to bottomhole assembly details, 
borehole annular geometry, drillbit type, surface setup and mud sound speed, 
noting that the latter may vary along the drillstring as pressure and temperature 
conditions change. 
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6.8 Typical Frequency Spectra and MWD Signal Strength 
Properties. 

We have discussed the physical properties of typical noise components in 
the drilling channel. It is of interest, from an experimental perspective, to 
examine typical MWD signals and how they might appear together with drilling 
anomalies. Figure 6.8a displays "clean" frequency spectra for a siren pulser 
operating at a constant frequency/at both low and high flow rates. Because the 
sound generation mechanism and fluid-dynamical equations are nonlinear, 
harmonics at 2/ 3/ 4/ and so on, will also be found, as shown. At the present 
time, there is no clear method for their prediction and removal. Higher 
harmonics are associated with inefficient signal generation and also complicate 
surface signal processing. It is speculated that "swept" siren rotors might 
minimize harmonic generation, but further study is required. The results in 
Figure 6.8a were obtained in a wind tunnel and are "clean" in that they are free 
of real noise. 

On the other hand, the sketch in Figure 6.8b (from an unreferenced 
Schlumberger source) shows a siren operating at 12 Hz in mud under typical 
conditions. Note the existence of pump noise and mud motor noise. Because 
mudpump noise propagates in a direction opposite to the upgoing MWD signal, 
it can be effectively removed using directional multiple-transducer surface 
signal processing techniques, e.g., as shown in Figures 4.4b,c. These would 
eliminate the pump spectra in Figure 6.8b. On the other hand, mud motor noise, 
which travels in the same direction as the upgoing MWD signal, would require 
frequency-based filtering, effective only if the siren frequency were different 
from that of the mud motor. In practice, MWD frequencies should always be 
chosen so that they differ from that of the motor to facilitate noise removal. 

1 i 

 
Frequency Frequency 

Figure 6.8a. Signal strength harmonic distribution. 
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Figure 6.8b. Typical frequency spectrum for 12 Hz carrier signal. 

The physical properties of the MWD source signal Ap are also of interest. 
There is lack of clarity on signal strength as a function of frequency at the 
present time. For example, Montaron, Hache and Voisin (1993) and Martin et al 
(1994) suggest that the amplitude of the pressure pulse created is roughly 
independent of frequency at higher frequencies. On the other hand, Su et al 
(2011) shows experimentally that Ap decreases with increasing frequency when 
the flow rate is fixed. Additional investigation is needed to determine the exact 
dependence of signal strength on frequency and flow rate. This empirical 
knowledge would supplement the wave interaction models developed in 
Chapters 2-5. 

Other sources of "noise," or more accurately, uncertainty, arise in signal 
processing. Boundary condition differences associated with "hard versus soft 
rock" may be responsible for "closed versus open" downhole end reflections 
that confuse analysis. At other times, reports do not distinguish between 
positive versus negative pulsers, which create completely different reflection 
and wave propagation patterns. And still, some rig operators have indicated 
"loss of signal" at higher depths that can be attributed to mechanical 
malfunctions under high pressure - effects that have nothing to do with signal 
processing. All of these are valid concerns, but because of their diverse nature, 
illustrate why the design of a general signal processor very challenging. 
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7 
Mud Siren Torque and Erosion Analysis 

Three-dimensional flowfields related to the mud sirens used in 
Measurement-While-Drilling are studied using a comprehensive inviscid fluid-
dynamic formulation that models the effects of key geometric design variables 
on rotor torque. The importance of low torque on high-data-rate telemetry and 
operational success is discussed. Well known field problems are reviewed and 
aerodynamically based solutions are explained in detail. Both problems and 
solutions are then studied numerically and the computer model - developed 
using flow concepts known from aerospace engineering - is shown to replicate 
the main physical features observed empirically. In particular, the analysis 
focuses on geometries that ensure fast "stable-opened" rotary movements in 
order to support fast data transmissions for modern drilling and logging 
operations. This chapter, which extends work first presented in Chin (2004), 
also addresses erosion problems, velocity fields, and streamline patterns in the 
steady, constant density flow limit. Studies related to drillpipe mud acoustics, 
signal propagation and telemetry, where transients and fluid compressibility are 
important, have been presented earlier in this book. 

7.1 The Physical Problem. 
In drilling longer and deeper wells through unknown, hostile, and high-cost 

offshore prospects, the demand for real-time directional and formation 
evaluation information continues to escalate. Because wireline logging cannot 
provide real-time information on pre-invaded formations from deviated, 
horizontal, and multilateral wells, Measurement-While-Drilling and Logging-
While-Drilling tools are now routinely used instead. 
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Possible transmission methods are several in variety, e.g., mud pulse, 
electromagnetic, and drillpipe acoustic. These methods send encoded 
information obtained from near-bit sensors to the surface without the operational 
difficulties associated with wireline methods. In this chapter, we introduce and 
solve special problems associated with the most popular, namely, mud pulse 
telemetry, which presently experiences wide commercial application. In 
particular, we consider special design issues important to "mud siren" signal 
sources, which unlike competing positive and negative pulsers, enable the 
highest data rate and the potential for even faster transmissions. 

A vintage 1980s mud siren is shown in Figure 7.1 with its key elements 
housed in the tool drill collar. Water hammer dominated pressure pulses are 
created by the moving upstream rotor while rotating about the stationary 
downstream stator, as it interrupts the downward flow of drilling mud. In the 
schematic, the resulting pressure wave is shown propagating upward, although, 
of course, an equally strong signal of opposite sign propagates downward. If the 
rotation continues at constant rate without change, the only wave form created is 
a periodic one, which obviously contains no useful information. 

Encoded 40' and 41' data is transmitted by non-periodic siren (also referred 
to as "valve") movements using any number of telemetry schemes, e.g., "phase 
shift keying," "frequency shift keying," "pulse width modulation," "pulse 
amplitude modulation," and so on. This chapter does not deal with telemetry 
issues and modulation schemes, which have been addressed previously. Instead, 
it focuses on the fundamental problem of efficient mechanical mud siren source 
design. Here, the basic design problems and their solutions, and fast and 
efficient computational methods needed to assess the practical viability of new 
siren pulsers, are considered in detail. 

Mud Signal 

Untapered rotor 

Straight stator 

Figure 7.1. Early-to-late 1980s "stable-closed" design. 
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7.1.1 Stable-closed designs. 
The model in Figure 7.1, which is "obvious" in concept, causes significant 

operational problems. Rock particles and other debris present in the drilling 
fluid tend to lodge between the axial clearance or gap between the rotor and the 
stator, thus impeding rotary motion. Usable gap distances are almost always 
small, say much less than 1/8 inch, since larger spacings do not create detectable 
surface signals. This "1/8 inch rule" is known from simple valve tests, e.g., 
larger gaps produce very small water hammer pressures (strong areal blockage is 
required to produce the plane waves that ultimately reach the surface). When 
rotary motion is stopped, the rotor surprisingly stops in the closed position: the 
solid lobes of the upstream rotor completely block the opened ports of the 
downstream stator, with this closed position completely stable and resistant to 
any attempts to re-open the valve. This stable-closed behavior has several 
undesirable operational consequences. (1) High pressures developed in the 
drillpipe induce the mudpump seals to break, causing possible pump damage 
and introducing a rig floor safety hazard. (2) Excessive pressures may fracture 
or damage the formation, and most definitely, increase unwanted invasion. (3) 
High pressures will damage the MWD tool, while high flow rates through the 
narrow gap will severely erode the rotor and stator. (4) The need to remove the 
tool, especially from deep wells, means a loss of expensive offshore rig time, not 
to mention additional formation invasion while tool retrieval is in progress. 

7.1.2 Previous solutions. 
In the 1970s, several methods were developed to solve this problem. The 

jamming problem was first discussed in detail in U.S. Patent No. 3,770,006. 
The inventors noted that " . . . in logging-while-drilling tools of this type, the 
signal generating valve normally develops certain hydraulic torque 
characteristics as a function of the flow rate through the valve which tend to 
force the valve to its closed position. This creates problems as drilling mud is 
pumped down the drill string and through the valve before the tool begins 
operation and the motor begins to power the valve." This is crucial when power 
is produced by a mud turbine downstream of the valve, of course, and less 
crucial for battery powered tools. 

A simple mechanical solution is given. Essentially, "a spring means is 
included in the tool which has sufficient force to bias the rotor upwardly away 
from the stator when a low rate of flow is passing down the drill string." 
Recognizing that the "gap in the tool must be relatively small during operation 
of the tool in order for the signal generated by the valve to have sufficient 
strength to reach the surface," the authors proceed to note how as "the flow rate 
increases, the pressure drop across the rotor also increases. When the pressure 
drop exceeds the force of the spring means, the rotor moves downward toward 
the stator which establishes the gap necessary for satisfactory operation of the 
tool." Finally, "by allowing the gap to be large during the time the tool is not 
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operating, the passages available for flow through the valve during this time are 
increased and the problem of plugging the valve is substantially decreased." 

Again, the plugging or jamming is a fluid-dynamic or aerodynamic 
characteristic of the mud siren. It is not necessarily caused by debris or lost 
circulation material in the mud, as the above discussion emphasizes - jamming 
of the valve is possible even in clean waterI U.S. Patent 3,792,429 provides an 
alternative solution. "The tool includes a means for both biasing the valve 
toward an open position and holding it there when the tool is not operating and 
for canceling or substantially reducing the torque loads applied to the drive train 
of the tool when the tool is operating. This means comprises a magnetic unit 
which develops a magnetic torque characteristic which opposes the normal 
hydraulic torque characteristics of the valve." The authors point out additional 
problems associated with this jamming. "Due to the composition of standard 
drilling mud, solid material is normally present therein which tends to strain out 
of the mud as it is forced through restricted passages in the valve which are 
present when the valve is in its closed position. This solid material may 
continue to collect in the valve and does present a real problem in that it may 
plug the valve to such a extent that the valve cannot be opened by the motor 
when operation of the tool is commenced." 

The proposed solution is a means that "is comprised of a magnetic unit 
which has a magnet attached to the tool housing and a cooperating magnetic 
element attached to the drive train of the tool. The unit develops magnetic 
torque characteristics which are greater than the hydraulic torque characteristic 
of the valve when the tool is not operating so that the valve will be biased 
toward and held in its open position when the tool is not operating." It is noted 
that "the hydraulic torque characteristic of the valve is an increasing function of 
the flow rate through the valve. Since the maximum flow rate will normally 
occur during operation of the tool, the torque characteristic of the unit is 
designed to be roughly equal to the hydraulic torque at this operating flow rate. 
By positioning the unit so that the magnetic torque is 180° out of phase with the 
hydraulic torque, the resulting torque applied to the drive train at any time 
during operation will be negligible." 

Although this solution is reasonable, it implies significant operational 
difficulties and added cost: magnets affect navigational measurements and 
requires additional shielding offered by expensive lengths of nonmagnetic drill 
collar. U.S. Patent No. 3,867,714 provides still another solution, namely, a 
torque producing turbine upstream of the rotor designed to maintain an open 
position using hydraulic torque drawn from the mudstream. From the Abstract, 
"a mud conditioning means comprising a jet and a spinner is positioned in the 
drill string above the valve of said tool wherein said means imparts angular 
motion to at least a portion of the drilling fluid in such a manner that the power 
hydraulically developed by the valve as the mud flows therethrough will be a 
desired function of the flowrate and/or density of said mud." 
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7.1.3 Stable-opened designs. 

The above solution methods are "brute force" in nature because they 
address the symptoms and not the cause of the root problem. The primary 
reason for stable-closed behavior is an aerodynamic one: the rotor will naturally 
close by itself (when turning torque is not supplied through the shaft) even when 
the fluid is clean and free of debris. Of course, the presence of debris worsens 
the problem. In other words, the torque acting on the rotor is such that it will 
always move to the most stable position, which happens to be closed. In 
airplane design, commercial jetliners are engineered so that, despite wind gusts 
and turbulence, aircraft always return to a stable horizontal cruise configuration. 
By analogy, a safe stable-opened position is the objective of good mud siren re-
design. But how is this achieved? 

A completely aerodynamic solution to the stable-closed problem was 
developed and reported by Chin and Trevino (1988). In this re-design, the stator 
is located upstream while the rotor is placed downstream. As illustrated in 
Figure 7.2, the rotor also contains several important physical features. 
Importantly, (1) its sides must be "slightly" tapered, (2) the azimuthal width of 
its top should be "a bit" less than that of the stator bottom, and (3) rotor-stator 
gap distance should not be "too small." While stable-open behavior is desirable, 
even a stable-closed characteristic is tolerable provided opening hydraulic 
torques are small. Torques needed to open closed valves for sirens of the type in 
Figure 7.2 are much smaller than those for Figure 7.1 for the same flow rate. 

Mud Signal 

Upstream stator 

Tapered rotor 

Figure 7.2. New 1990s "stable-opened" improvement. 
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j V* 
Figure 7.3. A "stable-closed" four lobe siren used in flow loop tests. 

These design considerations are validated from numerous (literally 
hundreds of) CNPC wind tunnel tests and verified in water and mud flow loops. 
To what extent each of (1) - (3) is necessary, and in which combinations, of 
course, depends on geometric details, but these three items appear to be the main 
relevant design parameters for the basic siren configuration in Figure 7.2. We 
emphasize that, despite our appreciation for the roles of these variables, the 
financial and time costs for a realistic test matrix are still substantial. 

Having identified these parameters as pertinent from the aerodynamic 
standpoint - and demonstrated that their effects are repeatable from a testing 
perspective - we next ask if fast and efficient computational methods can be 
developed to quickly identify not only new design principles, but to provide 
engineering trends and details on closing and opening torques, optimum 
numbers and sizes of lobes for a given flow rate and drill collar size, pressure 
magnitudes, surface velocity predictions for erosion estimates, and so on. 

7.1.4 Torque and its importance. 
For high-data-rate telemetry, low rotor torque in addition to high signal 

amplitude and frequency are required. Originally the work of Chin and Trevino 
(1988) focused on achieving stable-opened designs, but with recent 
requirements for high-data-rate telemetry on the horizon, research is focusing on 
developing designs that not only do not jam, but which are extremely low in 
torque as well. Why is low torque of paramount importance? There are three 
principal reasons. Low torque (1) reduces jamming tendencies of debris 
temporarily lodged in the rotor-stator gap, (2) allows mud sirens to modulate 
signals faster and achieve higher data rates, and (3) implies lower power 
requirements and thus decreases erosion incidence in downhole turbines. 
Additionally, (4) low power consumption allows additional sensors to be 
operated, while (5) low torque provides additional flexibility in selecting 
optimal telemetry schemes - that is, data rate increases can also be realized 
from signal processing advantages and not mechanical considerations alone. 
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7.1.5 Numerical modeling. 

The above needs spurred the development of a three-dimensional 
computational system that quantifies not only the relationships needed between 
the taper, azimuthal width and rotor-stator gap constraints summarized above, 
but also between new design parameters such as annular convergence and 
divergence in the inner drill collar wall and central hub space, both leading 
toward and away from the siren assembly. The matrix of experimental tests 
needed to validate any mechanical design can be significantly reduced by 
identifying important qualitative trends by computer simulation. 

In very early work, the geometry shown, say in Figure 7.3, was 
"unwrapped" azimuthally and solved by modeling the two-dimensional planar 
flow past a row of periodic, block-like, rotor-stator cascades. While this 
approach is standard and very successful in aircraft turbine and compressor 
design, the method led to only limited success because the three-dimensional 
character of the radial coordinate was ignored. In aircraft applications, the radial 
extent of a typical airfoil blade is very small compared to the radius of the 
central hub, e.g., much less than 10% and even smaller. In downhole tools, 
geometrical constraints and mechanical packaging requirements increase this 
ratio to approximately one-half, making the above "unwrapping" questionable at 
best: centrifugal effects cannot be ignored. Thus, the method that is described in 
this chapter was required to be accurate physically, as well as computationally 
fast and efficient, while retaining full consistency with the experimental 
observations identified in Chin and Trevino (1988). Here, the motivation, 
mathematical model and numerical solution, together with detailed computed 
results for streamline fields, torques, pressures, and velocities, are described. 

7.2 Mathematical Approach. 
Flows past mud sirens, even stationary ones, are extremely complicated. 

Present are separated downstream flows and viscous wakes even when the 
bluntly shaped lobes are fully open and not rotating. Such effects cannot be 
modeled without empirical information. Flow prediction in downstream base 
regions is extremely challenging, e.g., the viscous flow behind a simple slender 
cone defies rigorous prediction even after decades of sophisticated missile 
research in the aerospace industry. Some physical insight into certain useful 
properties is gained from classical inviscid airfoil theory (Ashley and Landahl, 
1965). In calculating lift (the force perpendicular to the oncoming flow), 
viscosity can be neglected provided the flow does not separate over the surface 
of the airfoil. This assumption applies at small flow inclinations. However, 
viscous drag (parallel to the flow) and separation effects cannot be modeled 
without using the full equations; at small angles, of course, boundary layer 
theory is used to estimate resistance arising from surface shear stresses. 
Theoretical versus experimental lift results for the NACA 4412 airfoil in Figure 
7.4, for example, show excellent agreement prior to aerodynamic stall. 
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Figure 7.4. Typical inviscid lift coefficient versus inclination. 

By analogy, we expect that the torque acting on siren rotors and stators -
controlled principally by the upstream attached flow - can be calculated 
accurately using inviscid theory. (As in airfoil analysis, torque is perpendicular 
to the direction of the oncoming flow.) This is motivated by laboratory and field 
experience: the stable-closed or stable-open character of any particular siren 
design is independent of flow rate, viscosity, mud weight, or water versus oil 
mud type, i.e., it is largely unaffected by rheology. This is borne out by 
qualitative and quantitative experimental comparisons to be discussed. Here, 
because the work focuses on torque at low oncoming speeds, or more precisely, 
low Mach numbers, fluid compressibility is neglected. Compressibility, of 
course, is important to signal generation and propagation, subjects already 
treated in this book. To simplify torque analysis, we restrict ourselves to steady 
flow and examine its "static stability" as stationary siren rotor and stator sections 
are altered with varying degrees of closure. This philosophy is adopted from the 
classical approach used in airplane stability analysis and design. 

We emphasize that separated viscous downstream flows and streamwise 
pressure drops are not described adequately in this approach. Highly empirical 
methods are instead needed. These flows are affected by rheology, and pressure 
drops at high flow rates can range in the hundreds of psi's (numbers quoted are 
qualitative and intended to convey "ballpark" estimates only). Engineers new to 
mud siren design often equate large pressure drops or "delta-p's" with strong 
MWD signals. This is not the case. A localized static pressure drop does not 
propagate and transmit information. Only dynamic, acoustic components of 
time-dependent pressures - water hammer signals, for instance - are useful in 
data transmission. For positive and negative pulsers, this propagating signal can 
exceed 200-300 psi at high flow rates, although the power needed to generate 
such signals are enormous. Sirens typically create acoustic Ap's or peak-to-peak 
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pressures below 100 psi at the source, which is not necessarily bad from a 
telemetry viewpoint. This is so because continuous wave signaling schemes 
permit lower probabilities of bit error and more efficient data transmission. 

7.2.1 Inviscid aerodynamic model. 
If viscous stresses are ignored, fluid motions are governed by Euler's 

equation Dq/Dt = - 1/p Vp, where D/Dt is the convective derivative, q is the 
Eulerian velocity vector, p is the constant mass density, and p is the static 
pressure. This applies to all coordinate systems. In practical applications, 
physical quantities related to directions perpendicular to the oncoming flow, 
e.g., lift on airfoils, radial forces on engine nacelles, and torque on turbine and 
compressor blades - and torque on siren stator and rotor stages - can be 
modeled and successfully predicted using inviscid models. 

Parallel forces associated with viscous shear, however, require separate 
"boundary layer flow" analyses where inviscid pressures are impressed across 
thin viscous zones. Such are the approaches used in calculating drag when 
flows are streamlined. Even when flows are strongly separated, fluid 
characteristics upstream of the separation point can be qualitatively studied by 
inviscid flow models. Of course, details related to the separated region must be 
examined by alternative, often empirically-based methods, not considered here. 

When viscosity is neglected and the far upstream flow is uniform, the fluid 
motion is said to be irrotational and satisfies the kinematic constraint V x q = 0. 
This allows q to be represented as the gradient of a total velocity potential 

q =V(|) (7.2.1) 

so that 

V2(|) = 0 (7.2.2) 
by virtue of mass conservation, that is, V* q = 0. A consequence of Euler's 
equation is "Bernoulli's pressure integral," which takes the general vector form 

p + ^ p l V ^ | 2 = p0 (7.2.3) 
where p0 is the stagnation pressure determined completely from upstream 
conditions. 

Again, these equations apply three-dimensionally to all coordinate systems. 
In inviscid single-airfoil formulations, the boundary value problem associated 
with Equation 7.2.2 is first solved subject to geometric constraints, and 
corresponding surface pressures are later calculated using Equation 7.2.3. This 
equation, we emphasize, does not apply to the viscosity-dominated downstream 
wake. For further details about inviscid flow modeling, its applications and 
limitations, consult the classic book by Batchelor (1970). 
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7.2.2 Simplified boundary conditions. 

Geometric complexities arising from the three-dimensional blunt body 
character of the siren lobes preclude exact analysis. Thus we are led to examine 
approximate but accurate "mean surface" approaches for fluid-dynamical 
modeling. One successful method used in aerodynamics is "thin airfoil theory," 
which is classically used to predict lift, the force perpendicular to the direction 
of the oncoming flow. This model, summarized in Figure 7.5, is discussed and 
solved in the book of Ashley and Landahl (1965), with Marten Landahl at 
M.I.T., this author's doctoral thesis advisor, being one of its principal 
developers. 

In modeling flows past two-dimensional airfoils, as noted in the upper 
diagram, an exact tangent flow kinematic condition applies at the geometric 
surface itself, while a "Kutta condition" related to smooth downstream flow 
applies at the trailing edge (this mimics viscous "starting flow" effects). In the 
approximate model, shown in the lower diagram of Figure 7.5, the tangent flow 
condition is replaced by a simpler boundary condition (setting the ratio of 
vertical to horizontal velocities to the local airfoil slope), and applied along a 
mean surface y = 0 (y is the vertical coordinate perpendicular to the oncoming 
flow). These assumptions form the basis of thin airfoil theory, used successfully 
for most of the twentieth century in aerodynamic design. When planform (e.g., 
wing areal layout) effects are important, three-dimensional geometric boundary 
conditions are traditionally evaluated on a mean flat surface; this method forms 
the basis for classical lifting surface theory. In all these methods, the evaluation 
of forces perpendicular to the direction of flow is very accurate, while parallel 
forces (related to viscous effects) require separate boundary layer or empirical 
separated flow corrections. 

Correspondingly, an analogous model can be designed for nacelles, which 
house the engine turbomachinery components installed beneath airplane wings. 
It is known that the presence of the engine can improve or degrade the 
aerodynamics of an optimally designed "wing alone" flow. Thus, one objective 
of nacelle design is favorable aerodynamic performance, if possible, to offset 
any unfavorable interference effects. In this approach, outlined in Figure 7.6 for 
baseline axisymmetric nacelles, exact tangent flow kinematic conditions applied 
on the nacelle surface are replaced by approximate conditions along a mean 
cylinder with constant radius r = R, noting that r is the radial coordinate 
perpendicular to the oncoming flow. Not shown, for clarity only, are the 
internal actuator disks used to model energy addition and pressure increase due 
to the presence of engine turbomachinery. 
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Figure 7.5. Exact model and thin airfoil theory. 

The axisymmetric model was motivated by cylindrical coordinate methods 
used to model flows past aircraft fuselages, rocket casings and projectiles. The 
ideas have been extended to three-dimensional nacelle flows, solving Equation 
7.3.1 below, which include the effects of lower "chin inlets" containing gear 
boxes and azimuthal pressure variations accounting for wing-induced effects. A 
schematic showing how a sub-grid nacelle model is embedded within the 
framework of the complete rectangular-coordinate airplane model is given in 
Figure 7.7. Iterations are performed between sub and major grid systems until 
the computer modeling converges. The successful approaches in Figures 7.6 
and 7.7 were developed by this author for Pratt and Whitney Aircraft Group, 
United Technologies Corporation, in the late 1970s, and are described in the 
aerodynamics literature; for example, see Chin et al (1980, 1982). 

Figure 7.6. Exact model and approximate thin engine nacelle theory. 
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7.3 Mud Siren Formulation. 
Aerospace engineering experience shows that small geometric details -

say, contours selected for airfoils and ailerons - greatly affect aerodynamic 
performance, e.g., changes to quantities like moment, pressure distributions, lift, 
flow separation point, pitch stability, and so on. End results are not apparent to 
the naked eye and must be modeled rigorously. For instance, the radically 
altered behavior going from Figure 7.1 to Figure 7.2 arose principally from the 
effect of small streamwise rotor tapers, whose end effects could not have been 
anticipated a priori. One can only surmise the effects of different combinations 
of tapers in stators, rotors, and upstream and downstream annular passages. 

Practical computational concerns require geometric simplification, but 
these cannot be made at the expense of incorrect physical modeling. In this 
section, we adopt the philosophy suggested in Section 2, namely, that geometric 
boundary conditions can be successfully modeled along mean lines and surfaces 
while retaining the three-dimensional partial differential equation in its entirety, 
as suggested in Figure 7.7. With this perspective and philosophical orientation, 
we correspondingly assume a cylindrical coordinate system for analysis, that is, 
the ones implied by Figures 7.8 and 7.9. 

From aerospace analogies, we expect that the torque acting on the siren 
lobe (again, perpendicular to the direction of flow) can be accurately predicted 
since it is inviscidly dominated and is largely independent of shearing and 
rheological effects. This is particularly so because strong areal convergence at 
the lobes precludes local separation. On the other hand, viscous pressure drops 
in the streamwise direction and downstream separated flows cannot be modeled 
using inviscid theory. With these limitations in mind, we proceed with a 
comprehensive three-dimensional formulation. 

7.3.1 Differential equation. 

In cylindrical radial coordinates, Laplace's equation V 2(|) = 0 takes the 
form given by 

where x is the axial streamwise variable, r is the radial coordinate, and 0 is the 
azimuthal angle. It is possible to solve this three-dimensional partial differential 

Figure 7.7. Three-dimensional mean surface approach. 

<|>xx+<|>ir + 1/r 4>r + 1/r2 c|) 99 = 0 (7.3.1) 
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equation computationally, but the numerical model would require significant 
computer resources and not be useful for real-time engineering design. 

Thus we ask if a simple approach embodying three-dimensionality can be 
developed with the convergence speed of faster two-dimensional methods. The 
key is an integral approach not unlike the integral methods and momentum 
models used years ago to solve the viscous equations for aerodynamic drag, 
which is fast yet rigorous mathematically. The procedure is straightforward. 
We multiply Equation 7.3.1 by 2nr, integrate j . . . dr radially over the radial 
limits Ri < r < Ro and introduce the area-averaged velocity potential 

<D(x,0) = A"1 j (f>(x,r,0) 2nr dr (7.3.2) 

Here, Ri is the inner hub radius at the bottom of a siren lobe, Ro is the inner drill 
collar radius at the top of the lobe, and A is a reference area to be defined. Then 

Ro Ro 
Oxx + 271 A"1 (rc|> r) I + A"1 j 1/r2 c|> ee 2™ dr = 0 

Ri R, 

Now approximate the r in 1/r2 by the mean value RM 

Ro 
& XX + 1/RM

2 & ee = - 271 A"1 ( r ^ r ) I = 271A"1 {R, <|> r(x,R190) - R0 4 r(x,RO,0)} 
Ri (7.3.4) 

Next observe that §  r(x5Ri50)/(|) x(x,Ri90) represents the ratio of radial to 
streamwise velocities at the inner surface; kinematically, it must equal the 
geometric slope <j[ (x,0). Thus, §  r(

x?Ri?0) = c>i §  x(x,Ri90) at the inner radial 
surface. Similarly, (|)r(x,Ro,0) = a0 (|)x(x5RO50) for the outer surface, so that 

Ox x + 1 / R M
2 0 ee = 27cA-1 { R ^ 4>x(x,R190) - RO A 0 4>X(X,RO,0)} (7.3.5a) 

From thin airfoil theory, the complete horizontal speed §  x is approximated 
by the oncoming flow speed Uoo, which is permissible away from the siren lobes 
themselves where flow blockage is significant, so that, in the absence of 
azimuthal variations, Equation 7.3.5a becomes 

OXX + 1/RM
2®ee = 271 A"1 U» {R,a, - R0 a 0 } (7.3.5b) 

Note that the right side represents a non-vanishing distributed source term when 
general annular convergence or divergence is allowed. In spaces occupied by 
solid lobes, the flow speed above is increased by the ratio of total annular area to 
total "see through" port area, as will be explained in greater detail later. 

7.3.2 Pressure integral. 
Bernoulli's equation applies in the absence of viscous losses and arises as 

an exact integral for inviscid irrotational flow. In cylindrical radial coordinates, 
Equation 7.2.3 takes the form 

(7.3.3) 

= X/2 (RI + RO) to obtain 
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p(x,r,0) + p (cK2 + (K2 + 1/r2 ^e2) = Po (7.3.6) 

Since Equation 7.3.6 is nonlinear in (|)(x,r,0), a simple formula connecting ® and 
p cannot be obtained. Special treatment is needed so that the radially-averaged 
potential variable ®(x,0) can be used. First, we expand § = c|>o + <|>i where |c|>oI » 
|(|>i|. Here "0" represents the uniform oncoming flow and "1" the disturbance 
flow induced by the presence of the siren. Neglecting higher order terms, 

p(x,r,0) + y2 p <|>ox2 + P 4>0x4> lx   = o (7.3.7) 

As before, multiply throughout by 27ir and integrate over (Ri,R0) to obtain 

j p(x,r,0) 27ir dr + V2 p 4>0 x
2127tr dr + p 4>0 x I § ix 27tr dr = p0127ir dr 

(7.3.8a) 
noting that (|>o x and p0 are constants. Introducing 

I p(x,r,0) 2?ir dr = A pavg(x,0) (7.3.8b) 

I lx 2;ir dr = AO lx(x,0) (7.3.8c) 

j27irdr = 7i(R0
2-R1

2) (7.3.8d) 

we find that Equation 7.3.8a becomes 

Apavg(x,0) + 72 pc^ox2 71 (Ro2- Ri2) + p (|>OX A® lx(x,0) = p0TI (R0
2 - R:2) 

(7.3.9) 
Without loss of generality, we now set the reference area to A = n (R 0

 2 - R i2) so 
that Equations 7.3.5 and 7.3.9 simplify as follows, 

® xx + 1/Rm
2® ee = 2Uoo {Ria, - R0 ao } / ( R0

2 - R, 2 ) (7.3.10) 

Pavg(x,0) + ^ p (̂ 0 x2 + p 4>0 X ® lx (x,0) = Po (7.3.11) 
Equations 7.3.10 and 7.3.11 are the final governing partial differential equations 
solved. We next discuss auxiliary conditions used to obtain specific solutions. 
The normalization used for A was selected so that Equation 7.3.11 takes the 
form of Bernoulli's equation linearized about the mean speed 4>0x- The quadratic 
terms neglected in this approximation can be added back to Equation 7.3.11 
without formally incurring error to this order. If this is done, the modified 
formulation is advantageous since it is exact for planar cascade flow. 

7.3.3 Upstream and annular boundary condition. 
Auxiliary conditions are key in solving the two-dimensional elliptic 

Poisson equation prescribed by Equation 7.3.10. Despite the reduced order of 
the partial differential equation, geometric complexities can render fast solutions 
difficult. However, motivated by the "thin airfoil" and "thin engine nacelle" 
approaches offered in Section 2, in which exact flow tangency conditions are 
approximated along mean lines, planes, and cylindrical surfaces, we adopt a 
similar approach but for three-dimensional mud sirens. Before describing the 
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details of the method, we introduce three additional design variables not 
discussed in Section 1. 

First consider the siren configuration shown in Figure 7.8. This diagram 
indicates still another design variable - a swirling upstream flow that can be 
induced by the presence of deflection vanes located just upstream of the lobed 
pair, as suggested in U.S. Patent No. 3,867,714. The degree of imposed swirl 
can be introduced by prescribing the value of 1/Rm <Pe as a boundary condition. 
Figure 7.9 illustrates the downstream central hub, which is always present in 
existing designs; it also shows an upstream hub, which may or may not be 
present. Although it is natural to design the associated annular passages with 
surfaces that are completely aligned with the direction of the oncoming flow, 
this is not necessary or recommended. In fact, the right side of Equation 7.3.10 
shows that local geometric curvatures will affect computed torques, velocity and 
pressure fields, although their consequences are not immediately evident. 

Possible choices for the annular passages leading up to the siren and away 
from it are shown in Figure 7.10. By no means are these the most general. 
Streamwise surface slopes shown in the individual diagrams here only increase 
or decrease monotonically, but they can increase and decrease, decrease and 
increase, or for that matter, take on the "wavy wall" form studied in aerospace 
literature. The sign of {Ri <j[ - Ro a0} in Equation 7.3.10 is seen to be an 
important design parameter. For instance, referring to Figure 7.10.1, it is 
positive for the converging case and negative for the diverging case. Figure 
7.10.2 shows one possibility (of several) tested for its influence on torque and 
signal. We emphasize again that the three-dimensional character of typically 
small hub radii is modeled in the integral approach leading to Equation 7.3.10. 

% 
Figure 7.8. Basic mud siren with upstream swirl. 

Figure 7.9. Three-dimensional mud siren with annular passages. 



1 9 4 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DES IGN 2 ND EDITION 

Inner drill collar surface 

Figure 7.10.1. Annular passage flow examples 
(refer to the "inlet cones" tested for signal influence). 

Figure 7.10.2. Example for guided flow device. 

7.3.4 Radial variations. 

Now we address the modeling of the rotor and stator rows themselves. To 
properly motivate the problem, we turn to classical aerodynamic modeling 
methods for turbine and compressor blade rows, and consider the "unwrapped" 
periodic blade row shown in Figure 7.11 used in aerospace engineering. We 
have remarked that a naive geometrical unwrapping of the siren lobes in (say) 
Figure 7.3 is incorrect because important centrifugal flow changes in the radial 
direction are ignored. Computed results did not agree with experimental 
observations. But Equation 7.3.10, which is averaged in the "r" direction, shows 
how radial effects can be incorporated. 
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Figure 7.11. Aerodynamic cascade problem. 

In our approach, streamwise curvatures of upstream and downstream 
annular spaces appear directly on the right-side of the equation. By contrast, the 
mean Rm on the left side contains the effects of hub radius, while individual 
boundary conditions at Ri and Ro (to be described) implicitly include the effects 
of the "siren lobe height," that is, Ro - Ri. Hence, the two necessary length 
scales Rm and Ro - Ri appear as required in our three-dimensional formulation. 
Although Figure 7.11 shows only single airfoil configurations, we emphasize 
that standard formulations (outlined below) apply to "multi-element" 
combinations as well, e.g., wings with trailing flaps, ailerons with control 
structures, and so on. 

7.3.5 Downstream flow deflection. 
The theory underlying cascade analysis is summarized in the classic 

turbomachinery book of Hawthorne (1964) or in the comprehensive 
aerodynamics book of Oates (1978). Both give detailed derivations of 
fundamental equations. The most relevant flow characteristic in studying single 
and multi-element cascade flows is downstream streamline deflection. In 
general, if a nonzero lift is exerted on the blade row, then the far downstream 
flow must exhibit an exit angle deflection that is consistent with the momentum 
theorem. For airfoil cascades, the deflection angle a in Figure 7.11 satisfies 

tan a = s _11 ( | V<|>/12 - | V ^ | 2 )/ U j dx (7.3.12a) 

following the nomenclature in Figure 7.4, where s is the vertical blade 
separation between neighboring airfoils, and / and u denotes lower and upper 
blade surfaces. The integral is taken from the upstream leading edge to the 
downstream trailing edge. The deflection is independent of the density p and 
the oncoming speed Uoo. The deflection of the downstream flow is associated 
with a pressure drop 

Ap = x/2 pUoo2tan2 a (7.3.12b) 
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arising purely from inviscid considerations. This loss is small compared to the 
loss that would be realized in the actual viscous flow, one that should be 
estimated from wake models or orifice formulas. We emphasize that Equation 
7.3.12b is not to be used in computing pressure drops through the downstream 
wake. Finally, periodic velocities are assumed at the top and bottom of the 
problem domain in Figure 7.11. It is computationally important that single-
valued velocities are modeled, noting that velocity potentials themselves are 
multivalued if torques are nonzero and lead to programming complexities. 

7.3.6 Lobe tangency conditions. 
Equation 7.3.5a for the averaged potential is solved with flow tangency 

conditions on lobe surfaces. These are easily derived. For example, the ratio of 
the vertical to the horizontal velocity is kinematically Rm ^ e /(|>x = fx(0,x,r) 
where f(0,x,r) represents the surface locus of points and the subscript x is the 
streamwise derivative. We can rewrite this as Rm

_1(|)e = fX(0,x,r) , multiply 
through by 2nr, carry out the former integration, and introduce our definitions 
for <P. If fx(0,x,r) is approximated by fx(0,x,Rm), we obtain Rm

_1Oe/Ox = f 
x(0,x,Rm) to leading order, where <PX is roughly Uoo. 

One significant modification to (|)y(x,0)/Uoo = "slope" in Figure 7.5 must be 
made. In airfoil cascade analysis, as in thin airfoil theory, flow blockage is very 
minimal, and the left side of the approximate tangency condition expresses the 
ratio of the vertical to the horizontal velocity, taken to leading order as the 
freestream speed itself. This treatment does not apply to mud sirens because 
flow blockage in the neighborhood of port spaces is significant, nominally 
amounting to half of the flow area. Thus, U® in the boundary condition must be 
replaced by Uh0ie, which can take on different values for rotor and stator. At x 
locations not occupied by solid siren lobes, the velocity (|)x can be approximated 
by Uoo. But at locations occupied by the siren, it is convenient to introduce a 
"see through" area Ahoie. Mass flow continuity requires that A h o i e U h o i e = 

AtotaiUoo, where Atotai = tt (Ro2 - Ri2). Thus, the value of Uh0ie is completely 
determined everywhere along the streamwise direction. 

7.3.7 Numerical solution. 
The classical aerodynamic cascade problem, in summary, solves Poisson's 

equation subject to (1) uniform flow far upstream, (2) approximate tangency 
conditions evaluated on a mean line, (3) periodic velocities at the top and bottom 
of the computational box in Figure 7.11, and finally, (4) selection of a deflection 
angle a far downstream that is consistent with momentum conservation. 
Although isolated closed form analytical solutions are available for simple 
classical airfoil problems, the boundary value problem developed here is highly 
nonlinear, owing to Equation 7.3.12a, and must be solved numerically by an 
iterative method. The integral in our Equation 7.3.12a is evaluated over both 
solid surfaces. 
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With the aerodynamic formulation stated, emphasizing that our 
"unwrapping" includes radial effects, we develop a boundary value problem 
model appropriate to cascades of siren rotors and stators. We begin by 
considering a portion of the unwrapped lobe structure, as shown in Figure 7.12. 
Since the velocity field is periodic going from one set of rotor-stator lobes to 
another, a smaller computational box can used in the flow domain at whose 
upper and lower boundaries we invoke periodic disturbance velocities. 

To be consistent with aerodynamic analysis, we focus on a primary blade 
pair (arbitrarily) located along a (bottom) horizontal box boundary, as shown in 
Figure 7.13. If the slopes associated with streamwise annular curvatures are 
small, as they generally are in actual mud sirens, then Equation 7.3.12 applies to 
leading order. If we note that setting Rm0 to y transforms Equation 7.3.10 to 
classical form (e.g., see Figure 7.5), that is, 

O xx + O ^ ^ 2{Ri c* <|>x(x,Ri,6) - Ro a0 <|> x(x,Ro,0)}/(R0
 2 - Ri :2) (3- 13a) 

= 2 Uo o{ R1 a1 - Roao} / ( R0
2 - R1

2 ) (7.3.13b) 

but modified by a non-zero right side Poisson term, it is clear that computational 
methods developed for aerospace problems can be applied with minor 
modification to mud siren torque analysis problems. 

In our software, the source code and data structure of Chin (1978) was 
modified to solve the foregoing problem. The flow in Figure 7.13 is solved by a 
finite difference column relaxation procedure. The solution is initialized to an 
appropriate guess for the flowfield, which can be taken as an approximate 
analytical cascade solution or the flowfield to a slightly different siren problem 
whose solution has been stored. The mesh is discretized into, say, 100 
streamwise grids and 50 vertical grids. The solution along each column is 
obtained, starting from the left and proceeding to the right, with one such sweep 
constituting one iteration through the flowfield. Latest values of the potential 
are always used to update all tridiagonal matrix coefficients. At the end of each 
sweep, the deflection angle is updated based along the far right vertical 
boundary. For the quoted 100 x 50 grid, as many as 10,000 sweeps may be 
required for absolute convergence; this requires approximately three seconds on 
typical computers for the efficiently coded velocity potential solution, and an 
additional two seconds for the streamfunction streamline tracing solution. For 
any particular siren design, torque characteristics are of interest for several 
degrees of relative rotor-stator closure. If six or seven equally spaced azimuthal 
positions are studied in order to define the torque versus closure curve, a 
complete solution can be obtained in about one minute. 

7.3.8 Interpreting torque computations. 
How might computed torques be interpreted in terms of stable-opened and 

stable-closed performance? Consider first the left upstream lobe in Figure 7.13. 
If the indicated force vector is positive, the black lobe will tend to move upward 
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and close the valve, should that be chosen as the rotor. Next consider the right 
downstream lobe. If the indicated force is positive, it will tend to open the valve 
if it were chosen as the rotor; if it is negative, on the other hand, the lobe will 
tend to close the valve. If Fsingie_iobe is the force acting on one lobe, as calculated 
by numerical integration, the torque associated with that lobe is given by 

Tsingle lobe — R m Fs i ngi e - lobe ( 7 . 3 . 1 4 ) 

The square and trapezoidal shapes shown are for illustrative purposes only 
- in the computer program, different lobe aspect ratios and taper angles may be 
assigned. In addition, lobe taper slopes at top and bottom need not be equal and 
opposite; they can take arbitrary values and hold identical signs. In more 
general engineering designs, when identical signs are taken, the resulting rotors 
can be stable-closed, stable-open, or self-rotating, drawing upon the kinetic 
energy of the oncoming mudstream; see, e.g., refer to the patent descriptions in 
Chin and Ritter (1996, 1998) or U.S. Patents 5,586,083 and 5,740,126. One 
analogy to airfoil analysis should be mentioned. In Figure 7.4, both positive and 
negative lifts can be obtained depending on the angle-of-attack. Similarly, 
positive and negative forces on siren lobes are in principle possible. However, 
experimentally and numerically, it has never be possible to achieve a stable open 
design for upstream rotors. Downstream rotors, depending on the taper chosen, 
may be stable open, stable closed, neutrally stable in both positions, and also 
stable in the partially-open position. Also, unlike the flow past turbine blade 
rows (with upward lift), for which the flow deflection is downward, 
computations show that the downstream deflection can be downward or upward, 
accordingly as the total force on both rotor and stator is upwards or down. 

7.3.9 Streamline tracing. 
The streamline pattern assumed by any particular flow sheds insight on 

locations prone to flow separation and those likely to induce surface erosion. It 
can be constructed by tracing velocity vectors, by integrating "dy/dx = (vertical 
velocity)/(horizontal velocity)," but this procedure is very inaccurate. For 
example, particle locations easily "fly off ' the computational box whenever high 
surface speeds are encountered in the numerical integration. An alternative 
method applicable to weak annular convergence can be implemented. The 
theory is developed by first writing Equation 7.3.13a in the more concise form 

where A denotes the right side of Equation 7.3.13 a, and then re-expressing it as 

This "conservation form" implies the existence of a function ¥ satisfying 

(7.3.15a) 

d{<Dx}/dx + d{<Dy- Ay}/dy = 0 (7.3.15b) 

x Ay 

X 

(7.3.15c) 

(7.3.15d) 
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This derivation extends the classic derivation (Ashley and Landahl, 1965) for 
the streamfunction ¥ to problems with non-zero A. If we now differentiate 
Equation 7.3.15c with respect to y and Equation 7.3.15d with respect to x, and 
eliminate the velocity potential, we obtain the governing equation 

x ¥^ + x¥yy = 0 (7.3.15e) 
This takes the same form as Equation 7.3.15a so that the same solution 
algorithm applies. The boundary conditions used are obtained from Equations 
7.3.15c and 7.3.15d since <P is already known. The normal Neumann derivative 

is applied along the horizontal upper and lower box boundaries, while the 
normal derivative is applied along the vertical left and right boundaries. 

How is ¥ used to trace streamlines? Note that streamline slope dy/dx is 
kinematically equal to the velocity ratio <Py/<Px, that is, 

dy/dx = O y /<D x = - ¥ x /*Fy + Ay/T y (7.3.15f) 

Then the total differential satisfies 

d¥ = ¥ x dx + Tydy = Ay dx (7.3.15g) 

When annular convergences are small, A can be neglected so that = 0. Thus, 
¥ is constant along a streamline. In this limit, streamlines are easily constructed 
by using a contour plotter for the converged numerical field ^(x,y). 

Figure 7.12. Periodic cascade of upstream and downstream lobes. 

Figure 7.13. Periodic boundary value problem flow domain. 
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7.4 Typical Computed Results and Practical Applications. 
In this section we discuss typical qualitative and quantitative computed 

results. Figure 7.14 shows streamline patterns obtained as relative siren rotor 
and stator lobe positions are changed from opened to closed. The tapers clearly 
indicated in Figure 7.13 could not be plotted by the graphical software used to 
generate Figure 7.14; only shown are the mean lobe box boundaries where taper 
boundary conditions are applied. The streamlines correspond to the radially 
averaged flow obtained per Equation 7.3.2. Similar comments apply to Figure 
7.15, which illustrates the absolute value of the velocity magnitude in the flow 
domain and at solid surfaces; to visually enhance the color scheme, its logarithm 
is plotted instead. Red zones in the velocity plots identify areas of high fluid 
and surface speed that are susceptible to sand erosion. 

Erosion concerns are paramount to practical mud siren design. Very often, 
a poorly shaped mud siren will not survive more than several hours in heavy 
weight muds flowing at high speeds, e.g., 12 ppg muds with gpm's exceeding 
700. Mechanical engineers new to siren design often quote a nominal 100 ft/sec 
as the dangerous critical velocity to avoid, that is, it is the velocity at which 
erosion is incipient. However, this rule-of-thumb is not completely accurate. 
Every highway driver has witnessed bug impacts on windshields: the high 
inertia of typical insects does not allow them to flow tangentially with the wind. 
Consequently, they collide into the automobile. Sand particle convection by 
flowing mud follows similar principles. Solids collide into the surfaces of mud 
sirens, not to mention turbines, strainers, and other downhole equipment. The 
speed of impact is, of course, important. However, the impingement angle and 
the impact velocity together dictate the predominant erosion mechanism, that is, 
whether metal removal is controlled by brittle fracture, ductile shearing, or both. 

While diagrams like Figures 7.14 and 7.15 do not predict particle impact 
velocity vectors, they do provide a qualitative indicator that may be useful in 
empirically correlating field and laboratory observed erosion patterns. In the 
aerospace industry, particularly in jet engine design, computed results like those 
shown in Figures 7.14 and 7.15 are actually used in particle-hydrodynamic 
simulators to predict turbine blade erosion. These color plots are followed by 
design calculations in which torque predictions are addressed. We again 
emphasize that computed torque results are entirely consistent with the results of 
detailed experiments in which key geometric design parameters were varied 
systematically over different oncoming freestream velocities. Refer to Chapter 
9 for descriptions of mud flow loops and wind tunnels used for validation of the 
computed results obtained here. 

7.4.1 Detailed engineering design suite. 
In this section, an illustrative set of ten siren design calculations is 

described, using our mathematical model and software implementation. In 
Figures 7.16 to 7.25, "Lobe Force" appears on the vertical axis, while "Open at 
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left, closed at right" appears on the horizontal axis, referring to the azimuthal 
coordinate. All torque trends indicated qualitatively agree with experimental 
results. In all the runs considered, a specific gravity of 1.0 assuming pure water 
is taken. The inner hub radius at the siren lobe base is 1 inch, the outer lobe 
radius is 2 inch, so that the blade height is 1 inch. The effective moment arm is 
approximately 1.5 inch. Also, the volume flow rate is fixed at 1,200 gpm. Both 
sets of siren lobes were centered in the computational box. For brevity, detailed 
gridding information and tabulated torques are not discussed and we focus on 
fundamental physical effects instead. 

Run A. The geometry in the cascade plane assumes square rotor and stator 
lobes having 1 in x 1 in dimensions, separated by a gap of 0.25 inches. This is 
considered large by MWD standards and will not generate significant signal, 
however, the run was performed to furnish baseline numbers for comparison. 
Again, neither lobe possesses tapers, so that the run corresponds to the sirens 
shown in Figures 7.1 and 7.3. Also, there is no streamwise annular taper. The 
upper (red) curve corresponds to forces obtained for the upstream lobe, while 
the lower (green) curve corresponds to forces on the downstream lobe. The 
forces peak at -19 lbf and +19 lbf for downstream and upstream lobes. The 
straight line behavior of the force curves versus the inclination of the lobe pair is 
consistent with inviscid aerodynamics, as seen in Figure 7.4 for computed lift 
coefficients. Note that the force varies linearly with closure and therefore acts 
like a linear spring. The corresponding spring constant can be used to estimate 
mechanical response times. To estimate the maximum torque acting on the siren 
system, consider the outer radius of 2.0 inch, having a circumference of about 12 
inches. This fits to a six lobe system in the cascade plane (six solid lobes 
combined with six port spaces, each space being 1 inch). The moment arm is 
about 1.5 inch. Thus, the torque is approximately 6 lobes x 20 lbf/lobe x 1.5 
inch or about 180 in-lbf, in rough agreement with mud loop experiments. 

Run B. Here, the geometry in Run A is altered by decreasing the gap from 
0.25 inches to 0.1 inches. This distance represents the small gap that might be 
used in siren-type tools. Note how computed forces increase approximately 
50% to the -28 lbf to +28 lbf range, a trend that agrees with experiment. Also, 
the green curve shifts to left, indicating a decreased stable-open character. 

Run C. In this simulation, we change the geometry in Run B by adding an 
outward taper of 10° to the downstream lobe, consistently with the shape in 
Figure 7 .2. The -28 lbf to +28 lbf range obtained previously is significantly 
reduced to -21 lbf to + 18 lbf, again consistently with experiment. In addition, 
there is a noticeable shift of the green curve to the right, indicating improved 
stable open characteristics for the downstream lobe, also observed empirically. 

Run D. We now repeat Run C, and increase the taper angle from 10° to 
15°. The force range is narrowed, now falling in the -20 lbf to 11 lbf band. 
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Run E. We will retain the 15° used above, but reduce the thickness of the 
downstream lobe from 20 to 5 gridblocks. The 1 in thick lobe becomes 0.25 in 
(recent siren advertisements suggest that thin downstream rotors are used in 
present tools). Results show some force decrease in the downstream lobe, also 
consistent with experiment. Lab results for the upstream lobe are not available. 

Run F. In this run, we return to the baseline Run A with square lobes and 
no lobe tapering, and a large 0.25 inch gap. In that run, a force range of -19 lbf 
to +19 lbf was computed. We now place the siren in an annulus that converges 
in area at both walls as the flow moves to the right, with 10° inclinations at each 
wall. The computed force range is -21 lbf to +16 lbf, a noticeable reduction in 
the upstream force. 
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Figure 7.14. Streamline patterns at different degrees of closure. 
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Hppre 7-1  % Run D siren tofqucs. n^ure 7-14. Run  I siren toques. 
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Run G. We now reverse the annular geometry and allow the flow area to 
diverge instead. The computed results show a significant reduction in the force 
acting on the downstream lobe. 

Run H. In this simulation, the gap distance is decreased significantly, as 
we had allowed in going from Run A to Run B. Aside from this change, the 
geometry is identical to that in Run B, where the force range was -28 lbf to +28 
lbf. Here we allow the annular area to converge again, and as in Run F, we 
obtain some decrease in the upstream force. 

Run I. We allow the annular area to diverge instead, and the effect is a 
sharply reduced force (about 25%) on the downstream lobe. 

Run J. Finally, we allow both a diverging annular area and a 15° outward 
taper on the downstream lobes. The result is a sharply reduced force range, now 
falling in a -16 lbf to +14 lbf band. This combination of design tapers appears 
to offer the potential for fast modulations in high-data-rate MWD transmissions. 

7.5 Conclusions. 
In this chapter, a three-dimensional inviscid flow formulation for MWD 

mud siren torque prediction is justified and developed. The computational 
model is not applicable to pressure drop determination in the downstream 
viscous wake. The numerical algorithm hosts a stable and rapidly converging 
finite difference solution of the governing fluid-dynamical equations. Column 
relaxation methods are used which provide diagonally dominant intermediate 
matrices, which allow for robust simulation and numerical convergence by 
practicing engineers, without intervention from specialists in numerical analysis. 
This combination of fluid mechanics, software design and integrated color 
graphics permits the depth-averaged model to be used in real-time engineering 
design, guiding the formulation of test matrices and the interpretation of flow 
data. The basic operational problems associated with mud siren design, and 
their implications in high-data-rate MWD telemetry, have been discussed and 
addressed both experimentally and numerically. Considerations related to 
"stable-open," "stable-closed," "self-rotating," "low torque," and "erosion" 
issues were in particular discussed in detail. 

7.5.1 Software reference. 
The Fortran simulation engine for the three-dimensional model are found 

in C:\MWD-01\siren-22.for while the graphics module is embedded in the 
Visual Basic 6.0 program sfline.vbp. Note that a complementary three-
dimensional model for Ap signal generation is possible for periodic rotor 
turning. This model, solving a Helmholtz-type formulation derived from the 
more general wave equation, would require a greater degree of complexity and 
more computing resources. 
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8 
Downhole Turbine Design and 

Short Wind Tunnel Testing 

As an experienced professional embarking on a career in MWD in 1981, 
having worked as Research Aerodynamicist at Boeing and Turbomachinery 
Manager at Pratt & Whitney Aircraft, the jet engine manufacturer, and having 
earned graduate engineering degrees from Caltech and M.I.T., I had envisioned 
MWD turbine design as a low-tech "slam dunk" affair. Nothing could have 
been farther from the truth. In fact, nothing taught in classical aerodynamics 
applied that could have been reasonably used for downhole tool design. To 
understand why turbine design is frustrating, one needs only to compare the 
contrasting operating environments seen by MWD versus jet engine turbines. 
We will do this in the following section; fortunately, it turns out that good 
turbine design can be approached systematically using basic physical principles. 

8.1 Turbine Design Issues. 
A standard MWD turbine is shown in Figure 8.1 where the mud flows 

from left to right. A single "stage" consists of an upstream "stator," which does 
not rotate, and a downstream "rotor" which does. The shaft and alternator 
combination to which the rotor is connected is not shown. The turbine 
transforms the kinetic energy of the mud into electrical energy used to power 
both logging sensors and siren pulser. The demands on the turbine are 
nontrivial. Up to several horsepower, e.g., 2-3 HP, may be required in a modern 
high-data-rate tool, which is significant in view of mechanical packaging 
constraints and severe drill collar space limitations. As power demands 
increase, erosion accelerates and life spans decrease rapidly. But very often, 
generating the required power is not the problem. For an oncoming axial speed 
U, it is known that torque varies with U2 while power varies like U3. Since 
positive displacement mud pumps rarely pump with constant speed, a ± 10% 
speed fluctuation easily translates into a ± 30% variance in power that must be 
regulated electrically. The designer must, of course, err on the side of excess 
power, since insufficient power renders an MWD tool useless. 
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In designing an MWD turbine, one naturally turns, at first, to the wide 
body of literature available in aerospace and mechanical engineering for 
practical guidelines. However, MWD turbines are a special breed. To see why, 
we examine typical aircraft turbines as shown in Figure 8.2. Since longitudinal 
space constraints are not severe, such turbines are built with numerous stator-
rotor pairs. Thus, power generation is shared by multiple stages, and blade pitch 
angles (required for torque and power production) need not be as highly inclined 
as those for MWD - implying that inefficiencies due to flow separation are 
avoided. To further enhance flow effectiveness, distances between blades are 
close. And finally, tip-to-housing clearances are vanishingly small - the left 
diagram in Figure 8.3 shows that pressure loadings across the span of the rotor 
blade are almost uniform, so that every part of the blade is effective in creating 
torque and power. 

Figures 8.1 and 8.2. Single-stage MWD turbine versus multistage jet engine. 

Figure 8.3. Spanwise pressure loading as function of rotor tip clearance 
(rotor tips do not support transverse pressure loadings). 

As noted, MWD turbines must develop all the required power in a single 
stage occupying just inches in the drill collar. Thus, blade pitch angles must be 
high so that the flowing mud "pushes" as hard as possible. To make matters 
worse, blade-to-blade separations cannot be small since debris entrapment may 
lead to high localized erosion zones and even complete plugging of the tool. 
These two effects significantly decrease turbine efficiencies since massive flow 
separation is the rule. As if this were not enough, tip-to-housing clearances 
cannot be small, since the slightest bend or transverse vibration in the drill collar 
would jam the rotor and curtail power production. Sticking due to mud gelling 
and debris entrapment is also a concern. 
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The middle diagram in Figure 8.3 shows how, since pressure loadings 
necessarily vanish at the rotor tip, torque creation is least at large radii, an 
unfortunate situation. As highly pitched blades are associated with vortex 
shedding from the tips and rapid local erosion, power generation worsens, as 
suggested at the right of Figure 8.3 (this effect is explained later). From a fluid 
mechanics perspective, we have highly separated, three-dimensional, unsteady 
flows which cannot be analyzed with rigor. Given the time, cost and labor 
constraints associated with typical engineering projects, the outlook for any 
turbine design, let alone a good one, at first appeared pessimistic. Figure 8.4 
summarizes the major differences between aircraft and MWD turbines. 

Aircraft MWD 

Number of stages Many Single (small volume size constraint) 

Blade separation Close Wide (avoid debris jamming) 

Tip-to-shroud 
clearance Tight 

Large (prevent jamming from vibration, 
doglegs, gelled mud - means low torque) 

Jamming No Yes (vibration, doglegs, debris) 

Erosion Normal 

High rotor tip wear (sand recirculation 
by vortex flow), constant stator wear 
(sand abrasion from rock entrapment) 

Shock and vibration None 
High cycle fatigue, bit bouncing, strong 
transverse loads 

Efficiency High Low (high blade pitch angles and large 
tip clearances, flow separation) 

Figure 8.4. Qualitative comparison, aircraft versus MWD turbines. 

8.2 Why Wind Tunnels Work. 
Designing an MWD turbine is expensive, time-consuming and labor-

intensive. Once torque and power requirements at a given volume flow rate are 
specified, the turbine geometry is to be determined. "Geometry" includes many 
parameters: annular inner and outer radii, number of blades, cross-section 
contour of a blade, pitch of the blades, rotor tip clearance, stator-rotor 
separation, and so on. Usually, because of downhole mechanical packaging 
constraints, only one stage can be accommodated, that is, one stator and one 
rotor. Still, the number of possible configurations is vast, perhaps hundreds. 
Testing of metal models in flowing mud is inconvenient, with theoretical 
analysis being equally difficult. Aircraft companies rightly deal with potential 
flow analyses such as that presented in Chapter 7. Commercial software 
packages are often less rigorous and should be carefully evaluated. 
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In MWD applications, very high pitch angles are needed because all of the 
power desired must come from a single stage. This, together with large blade-
to-blade distances means that the flow will separate. Clearances between rotor 
tips and housing imply high three-dimensionality, inefficiencies in torque 
creation, massive vortex shedding, and so on. Rotor-stator flow interactions 
render fluid motions unsteady. Any one of these conditions means that analysis 
is impossible. However, simple observations have led to accurate means for 
MWD turbine design which provide almost perfect results: wind tunnel analysis. 

Although wind tunnels have been used extensively in the petroleum 
industry to model unsteady loads associated with vortex shedding from offshore 
platforms in water, its application in downhole tool design was apparently not 
well known until the publication of Gavignet, Bradbury and Quetier (1985) 
which examined flow in tricone drillbits. These investigators, at the lead 
author's suggestion, used "air as a flowing fluid," noting that the "substitution of 
fluids is justified by the highly turbulent nature of the flow." In the past decade, 
the lead author has developed the approach more extensively. As we will see, 
the cited reason represents only part of the justification: air, which is convenient, 
free, clean and providing of quick turn-around, is optimal for other reasons. 

Fluid mechanics books typically introduce the subject by developing ideas 
in "dynamic similarity." In the context of the aerodynamic design of turbines 
(and mud sirens too), consider a fluid with density p, viscosity p and speed U, 
and a geometry with a characteristic surface area S and a characteristic radius R. 
The dimensional torque T will be a function of (i) the geometry or shape of the 
turbine and the shape of the blades, (ii) the dimensionless Reynolds number Key 
= pUR/p, and finally, (iii) the dimensional quantity pU2SR. If two different 
situations are such that (i) and (ii) are identical, then the two are physically 
equivalent even if the torque values themselves are not. 

Now consider the possibility of using a wind tunnel. This would mean 
inexpensive and fast tests since the models can be made of, say, balsa wood, 
constructed using simple wood-working tools. Hundreds can be tested in a 
matter of days. Because downhole turbines (and sirens) are relatively small, we 
will test them "full scale" with identical size and shape. Thus, condition (i) is 
satisfied. Next, consider Reynolds number. Since the test fixture is small and 
turbines do not substantially block the flow, we can test at the actual downhole 
speed U using simple squirrel cage blowers. 

For constant density, incompressible laminar flow, we need only require 
that p/p, known as the "kinematic viscosity," be identical. Let us consider the 
kinematic viscosity versus temperature relationships in Figure 8.5 for various 
fluids. Surprisingly, it turns out that the kinematic viscosity of a typical drilling 
mud is not that of water, as one might surmise, but that of two gaseous fluids, air 
and methane. Methane is dangerous because it is explosive. Air at room 
temperature and pressure is free and abundant. By using air, our Reynolds 
numbers are very close, satisfying condition (ii). If Key is such that turbulent 
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flow is found, then the argument of Gavignet et al applies. We do emphasize 
that, in the laminar case, Reynolds numbers need not be too close; in fluid 
dynamics, Reynolds numbers that differ by, say, a factor of ten, may be close 
enough. For both turbine and siren testing, we are actually more than fortunate 
- the effects of viscosity (that is, Reynolds number) on torque are secondary, as 
viscosity primarily affects only the thrust acting in the direction of flow. 

An unanticipated benefit is the use of wind tunnel analysis in compressible 
flow, that is, in MWD sound transmission modeling. While high turbine 
rotation speeds will result in very short wavelength sound which will not travel 
to the surface, the opposite is true of siren valves which typically operate at low 
frequencies. Although this chapter deals with turbine flows, it is important to 
digress temporarily to study siren acoustic modeling which, after all, forms the 
main subject of this book. In a downhole situation, mud sound speeds vary from 
3,000-5,000 ft/sec. In the most optimistic case, consider a carrier frequency of 
100 Hz. The associated wavelength is 30-50 ft, which greatly exceeds a typical 
drillpipe diameter; thus, our waves are acoustically long. 

Now consider sound wave propagation in a very long wind tunnel. The 
sound speed is approximately 1,000 ft/sec. For the same 100 Hz, the 
wavelength is now 10 ft, which still greatly exceeds a typical pipe diameter. 
Since MWD transmissions in air are also long waves, the wind tunnel can be 
used to study important problems in transmission, reflection, and constructive 
and destructive interference, provided results are properly scaled and 
interpreted. Interestingly, thermodynamic attenuation is also amenable to such 
modeling. As we have discussed elsewhere in this book, acoustic pressure 
decays like P0 e " ax where P0 is an initial value, x is the distance traveled by the 
wave and a is the attenuation rate a = (Rc)"1 V{(pco)/(2p)} = (Rc)"1 V{(vco)/2}. 
The effects of viscosity appear only through the kinematic viscosity and not 
viscosity or density individually - and since kinematic viscosity values of air 
and mud are comparable, air as a working medium is again justified. 

We will develop the foundations underlying wind tunnel analysis 
thoroughly in Chapter 9, where we introduce techniques for short, intermediate 
and long wind tunnels in the context of siren design. Again, short wind tunnels 
are used to evaluate torque and erosion; intermediate wind tunnels are used to 
determine siren Ap, while long wind tunnels are used to develop telemetry 
concepts. In this chapter, we work with the short wind tunnel exclusively for 
turbine design. In the next section, we assume that turbine "stall torque" and 
"no-load rotation rate" are both available from short wind tunnel modeling, that 
is, from constant density, incompressible air flow measurements about the very 
complicated geometries described early in this chapter. We then demonstrate 
how performance curves can be developed for muds of arbitrary density at any 
downhole flow rate using simple wind tunnel data and aerodynamic conversion 
formulas. For more detailed discussions on turbine design, the reader is referred 
to Hawthorne (1964) and Oates (1978). 
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Figure 8.5. Kinematic viscosity versus temperature for various fluids. 

8.3 Turbine Model Development. 

Having justified the use of air as a working fluid, we now address the 
details needed to apply wind tunnel analysis to turbine design. We ask, "What 
are the important flow parameters?" Also, "How are wind measurements 
converted to those for actual downhole flow?" Now, recall from our above 
discussion that with conditions (i) and (ii) satisfied, condition (iii) implies that 
the torque T depends on !^pU2SR and a dimensionless number CT which 
depends on geometric shape only (the "1/2," added for convenience, is 
customary in aerodynamics). The CT is our dimensionless "torque coefficient," 
analogous to the "lift coefficient" used in classical airfoil theory. 
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Without loss of generality, we assume T = /4pU2SRCT. It is important to 
remember that the torque coefficient is a function of geometry only and not fluid 
properties, at least to first order. Thus, once we have tested a wood model in the 
wind tunnel, it can be determined from the formula 

Now, consider a test under field conditions with a mud of density pmud and 
downhole flow speed Umud. This yields a torque Tmud. Its torque coefficient 
would be CT = Tmud/(/4pmudUmud

2SR). But since the two torque coefficients 
must be the same, we have Tmud/(!^pmudUmu(i

2SR) = Tair/(
1/2PairUair

2SR) or 

That is, the torque in mud is linearly proportional to the ratio of mud densities 
and varies quadratically with the ratio of oncoming speeds (and hence, the 
volume flow rates). 

Next, focus on the wind tunnel test. Whether we perform a test using a 
wind tunnel, a mud or water test loop, it is essential to use bearings that are low 
in friction; otherwise, the torques needed to overcome bearing friction may 
cause significant error in interpreting true fluid-dynamic properties. Because air 
densities are typically 700-800 times smaller than those in mud, it is essential 
that the highest quality low-friction bearings be used. Many of these are sealed 
so that contaminants do not enter. It is also preferable to test at higher air speeds 
in order to minimize bearing errors associated with torque measurement. 

A simple method is available to determine if torques are measured 
correctly. We assume that a manometer system has been set up to measure the 
flow speed U. Since the equation 

holds, one should measure torque at several flow speeds U, increasing U from 
low to high speed. The equation shows a quadratic dependence on U. Thus, if 
the plot of T versus U is not parabolic, measurements for U, T, or both, may be 
incorrect. This provides a simple error-checking procedure. 

We now turn to turbine performance and experimental details. If the 
turbine is installed in a wind tunnel and held still so that it does not move while 
wind of speed Uair is blowing past it, the torque that is measured can be denoted 
as the "stall torque, air," that is, the air turbine "stalls" and does not move, and 
the torque is given the symbol Ts air. This torque can be measured by drilling a 
small hole through the wind tunnel wall and inserting a linear force gauge - the 
torque is simply the product of the measured force and the moment arm. At the 
opposite extreme, let the turbine turn freely at its maximum or "no-load rotation 
speed" (when this occurs, there is no load across blade upper and lower surfaces 
and the torque is zero). We denote this rotation speed by coNL,air- Then, it is true 
in linear theory (that is, for small flow angles relative to blade pitch under 

CT= ^ / ( ^ P a ^ S R ) (8.1) 

(8.2) 

T = /4pU2SRCT (8.3) 
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rotating conditions), but also experimentally observed when the angles are large, 
that 

Tair = TS5air (1 - CD/CDM̂ ) (8.4) 

where co will vary from 0 to o>NL,air- In other words, the relationship between 
dynamic torque and turbine rotation speed is linear. This is only true of turbines 
and not generally applicable to sirens (again, sirens may not even move/). Now, 
turbine power Pair is simply the product of Tair and coair, or, 

Pair — Tsair (DAK (1 - CO/CONt air) (8.5) 

That is, turbine power is a quadratic function of co. It vanishes under stall 
conditions (co = 0) and no-load (co = coNL,air) conditions. Whether we deal with 
air or mud, for every desired power level P in practice, two different values of 
co will give that power because Equation 8.5 is a quadratic equation in co - the 
rotation rate chosen in practice will depend on considerations other than turbine 
aerodynamics. The two values of rotation speed needed to provide P* are given 
by the solution to Equation 8.5 as a quadratic equation 

G>I,2 = [ Ts ±V{TS
2 - 4 Ts PVCONL} ] / (2TS/ODnl ) (8.6) 

In engineering design, the appropriate rotation rate may be dictated by the 
possibility of shaft vibrations, mechanical packaging constraints, dynamic seal 
performance, electrical alternator efficiency, and so on. The maximum power 
possible from this turbine has the value 

Pmax = Ts COnl/4 . . . at CO = X/2 COnl (8.7) 

Figure 8.6 shows typical turbine properties. Also note from the plot of 
speed U versus coNL that this should be a linear relationship. This should be 
demonstrated experimentally during any test. If it is not obtained, there are 
measurement errors that must be corrected, e.g., excessive bearing friction, 
errors in calculating U from manometer measurements, and so on. 

I Three wind tunnel data points needed to completely 
characterize turbine properties for all muds and flow rates 

Figure 8.6. Torque and power versus co. Also, CONL versus axial speed U. 
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It is important to emphasize an additional property of turbines with respect 
to no-load rotation speeds. It is known from aerodynamics, that under most 
conditions, the no-load speed is linearly proportional to the speed of the 
oncoming flow as seen in the far right diagram of Figure 8.6. That is, 

CDNL = alpha x U (8.8) 

where "alpha" is a constant of proportionality that does not depend on fluid 
properties (it depends only on the geometry of the turbine - the same "alpha" is 
obtained whether we test in air or in wind and at any speed U). The easiest and 
most accurate way to determine it is to use a fast air speed in a wind tunnel (to 
minimize bearing friction effects) and to measure the corresponding no-load 
rotation speed. Note that we have only needed to obtain two other data points, 
the stall torque and the no-load speed - as we will show, this all that is required 
to determine all turbine performance for any mud flowing at any speed. 

In summarizing, we have a wind tunnel setup with a free-standing turbine 
installed without any drive motors. We measure the stall torque and the no-load 
rotation speed. A high oncoming speed should be used to allow accurate 
measurement of high stall torque Ts air since low torques may be degraded by 
bearing friction effects - similar considerations apply to no-load speed. The 
wind tunnel plots for Equations 8.4 and 8.5 are easily created and appear as 
shown in Figure 8.6. 

We now ask, how do we extrapolate these results to any mud of any 
density flowing at any speed? To do this, we observe that we have assumed that 
the same geometries (that is, flow patterns when the angle of the oncoming 
flows are considered under rotating conditions) for both air and mud tests. This 
requires that the ratios of the transverse velocity to axial velocities be identical, 
that is, coair/Uair = comud/Umud so that 

G>mud = (Umud/Uair) G>air (8.9) 

This simple relationship also follows from Equation 8.8. Since "alpha" can be 
computed using air or mud conditions, it follows that we again have coair/Uair = 
o>mud/Umud for which Equation 8.9 follows. Now, let us combine Equations 8.2 
and 8.4 to give 

T m u d = (Pmud/Pair)(Umud/Uai r)
2 Ts mr (1 - ©/(DNUair) ( 8 . 10 ) 

We multiply Equation 8.10 by Equation 8.9 to give 

Tmud^mud = (Pmud/Pair)(Umud/Uai r) T s a ir COair ( 1 - ©/0>NL,air) ( 8 -11) 

Now, the right side of Equation 8.11 can be simplified using Equation 8.5 which 
states that Pair = Ts air coair (1 - co/coNL,air)- The left side of Equation 8.11 is the 
power in mud denoted by Pmud. Thus, 

Pmud = (Pmud/Pair)(Umud/Uair)
3 Pair (8.12) 
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For computing purposes, we can write Equation 8.12 in the form 

Pmud = (Pmud/Pair)(Umud/Uair)
3 Tŝ air C0air (1 - ©/C0NL) (8.13) 

This relationship states that, under the same dimensionless conditions, the 
power in mud increases by the ratio of mass densities (or specific gravities) and 
varies with the third power of velocity (or volume flow rate) ratio. Here, the 
ratio co/coNL refers to rotation speeds for the oncoming speed U obtained for the 
mud test. If Umud > Uair, then the corresponding no-load speed is higher as 
determined from Equation 8.9. If torques and powers are plotted versus rotation 
rate, where rotation rate appears on the horizontal axis, the range of rotation 
values for mud will be larger than that for air. 

8.4 Software Reference. 

To understand physically what these equations imply, we perform 
calculations using the software "turbine.exe," which embodies all of the above 
theory. Clicking on this filename brings up the application in Figure 8.7. The 
numbers in the text input boxes are chosen for illustrative purposes and do not 
represent any real test data. They are selected to illustrate relationships between 
physical variables. Note, from Figure 8.7, that the two radii are needed so that 
the program can calculate axial speed from volume flow rate and also determine 
torque; these inner and outer radii are apparent from, say, Figure 8.17. 

The wind tunnel data shown contains the no-load rpm, the stall torque, the 
air specific gravity and the volume flow rate (it is also important, for 
repeatability testing, to record temperature and humidity, which affect air 
density). The computer program will plot the 'torque versus co' and 'power 
versus co' curves for the wind tunnel first. Now, note in Figure 8.7 that we have, 
for simplicity, assumed the same flow rate for the mud, but a density that is 
2,000 times higher. We desire predictions for this situation. (Before running the 
program the very first time, be sure to click "Install Graphics.") Now click 
"Simulate." We obtain a sequence of four graphs, as shown below - each 
graphics window must be closed before the next appears. 

Note that the 1 in-lbf in Figure 8.7 is 0.08333 ft-lbf since there are 12 
inches in one foot. The 1,000 rpm is 104.7 rad/sec since 1 rpm = 2n rad/60 sec, 
where "rpm" is "revolutions per minute." Next, the program calculates results 
for the mud test. Note in Figure 8.8c that the 104.7 rotation speed value is 
unchanged because in Figure 8.7 we kept the same volume flow rate. But 
because the density has now increased 2,000 times, the stall torque for the mud 
test becomes (2,000)(0.08333) or 166.7 ft-lbf as shown in Figure 8.8c. The peak 
power for the wind tunnel test from Figure 8.8b is about "2.2." For the mud test, 
this also increases by a factor of 2,000. It is now (2,000)(2.2) or about "4,400" 
as shown in Figure 8.8d. 
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Figure 8-7. Wina vs muo p erformanc e utility. Figure 8-8fo. Wind tunnel p owei (note units). 

Figure 8.8c. Torque in mud test. Figure 8.8d. Power in mud test. 

The above results assume that density alone changes. Now, we keep the 
mud used, but double the mud flow rate from 200 gpm to 400 gpm. This affects 
the results in Figures 8.8c and 8.8d as follows. The torque will increase by 22 or 
4 times, while the power will increase by 23 or 8 times. Thus, the torque number 
becomes 166.7 x 4 or 667 while the power number becomes 4,200 x 8 or 
33,600. Because the flow rate has doubled, the turbine no load speed will also 
double; the 104.7 now becomes 209.4. The screen in Figure 8.7 becomes -
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Figure 8-9. D oubling volume flow rate. Figure 8-1 Ob. Mud p o wer with flo w rate double d. 

Next we provide an example of inputs and outputs for the software shown 
in Figure 8.9. The Couri e r New font below summarizes assumed inputs 
from wind tunnel data and field conditions for the requested extrapolation. 

MWD T u r b i n e A n a l y s i s and De s i g n S y s te m . . . 
Wind t u n n e l and dow nhol e g e o m e t r i e s as s ume d i d e n t i c a l 

Wind t u n n e l i n p u t d a t a as s ume s 

o I n n e r r a d i u s ( i n c h ) : 1 . 0 0 0 0 
o O u t e r r a d i u s ( i n c h ) : 1 . 3 7 5 0 
o No - l o a d rpm ( r e v / m i n ) : 1 4 2 0 0 . 0 0 0 0 
o S t a l l t o r q u e ( i n - l b f ) : 0 . 5 0 0 0 
o Volume f l o w r a t e ( g pm) : . . . . 7 0 3 . 0 0 0 0 
o A i r s p e c i f i c g r a v i t y : 0 . 0 0 1 3 

Field conditions requested.... 

o Mud s p e c i f i c g r a v i t y : 1 . 0 0 0 0 
o Mud v ol ume f l o w r a t e ( g pm) : 1 5 0 . 0 0 0 0 

Results for air at the wind tunnel flow rate are automatically calculated and 
tabulated as given immediately on the next page, followed by results for mud at 
the requested downhole flow rate. 
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RPM . . . o r ( 1 / s ) Torque ( f t - l b f ) Pow e r ( f t - l b f / s ) Pow e r ( w at t ) 

0. . 0 0 0 0 0. . 0 0 0 0 0. . 0 4 1 7 0. . 0 0 0 0 0. . 0 0 0 0 
7 4 7 . . 3 6 8 5 7 8 . . 2 6 4 2 0. . 0 3 9 5 3 . .0 8 9 4 4 . . 1 8 9 2 

1494 . . 7 3 6 9 1 5 6 . . 5 2 8 5 0. . 0 3 7 3 5 . . 8 3 5 5 7 . . 9 1 2 9 
2 2 4 2 . .1 0 5 2 234 . . 7 9 2 7 0. . 0 3 5 1 8. . 2 3 8 3 1 1 . . 1712 
2 9 8 9 . . 4 7 3 9 3 1 3 . . 0 5 6 9 0. . 0 3 2 9 1 0 . . 2 9 7 9 1 3 . . 9640 
3 7 3 6 . . 8 4 2 0 3 9 1 . . 3 2 1 2 0. . 0 3 0 7 1 2 . . 0142 1 6 . . 2 9 1 3 
4484 . .2 1 0 4 4 6 9 . .5 8 5 4 0. . 0 2 8 5 1 3 . . 3 8 7 3 1 8 . . 1 5 3 2 
5 2 3 1 . . 5 7 9 1 5 4 7 . . 8497 0. . 0 2 6 3 14 . . 4 1 7 1 1 9 . . 5 4 9 6 
5 9 7 8 . . 9478 6 2 6 . . 1 1 3 9 0. . 0 2 4 1 1 5 . . 1 0 3 6 2 0 . . 4 8 0 5 
6 7 2 6 . . 3 1 5 9 704 . . 3 7 8 1 0. . 0 2 1 9 1 5 . . 4 4 6 9 2 0 . . 9460 
7 4 7 3 . . 6 8 4 1 7 8 2 . . 6 4 2 3 0. . 0197 1 5 . . 4 4 6 9 2 0 . . 9460 
8 2 2 1 . . 0 5 2 7 8 6 0 . . 9 0 6 6 0. . 0 1 7 5 1 5 . . 1 0 3 6 2 0 . . 4 8 0 5 
8 9 6 8 . . 4 2 0 9 9 3 9 . . 1 7 0 8 0. .0 1 5 4 14 . . 4 1 7 1 1 9 . . 5 4 9 6 
9 7 1 5 . . 7 9 0 0 1 0 1 7 . . 4 3 5 1 0. . 0 1 3 2 1 3 . . 3 8 7 3 1 8 . . 1 5 3 2 

1 0 4 6 3 . .1 5 8 2 1 0 9 5 . . 6 9 9 3 0. . 0 1 1 0 1 2 . . 0142 1 6 . . 2 9 1 3 
1 1 2 1 0 . .5 2 6 4 1 1 7 3 . . 9635 0. . 0 0 8 8 1 0 . . 2 9 7 9 1 3 . . 9640 
1 1 9 5 7 . . 8 9 5 5 1 2 5 2 . . 2 2 7 8 0. . 0 0 6 6 8. . 2 3 8 3 1 1 . . 1712 
1 2 7 0 5 . . 2 6 3 7 1 3 3 0 . . 4 9 2 1 0. . 0044 5 . . 8 3 5 5 7 . . 9 1 2 9 
1 3 4 5 2 . . 6318 1 4 0 8 . .7 5 6 2 0. . 0 0 2 2 3 . .0 8 9 4 4 . . 1 8 9 2 
1 4 2 0 0 . . 0 0 1 0 1 4 8 7 . . 0 2 0 5 0. . 0 0 0 0 0. . 0 0 0 0 0. . 0 0 0 0 

Results for mud at downhole flow rate ... 

No t e : 1 HP = 550 f t - l b f / s e c , 1 HP = 7 4 5 . 7 0 w a t t s , 1 f t - l b f / s e c = 
1 . 3 5 6 w a t t . 

RPM . . . o r ( 1 / s ) Torque ( f t - l b f ) Pow e r ( f t - l b f / s ) Pow e r ( w at t ) 

0. . 0 0 0 0 0. . 0 0 0 0 1. . 4592 0. . 0 0 0 0 0. . 0 0 0 0 
1 5 9 . . 4 6 6 9 1 6 . . 6 9 9 3 1. .3 8 2 4 2 3 . . 0 8 5 3 3 1 . . 3 0 3 7 
3 1 8 . . 9 3 3 9 3 3 . . 3 9 8 7 1. . 3 0 5 6 4 3 . . 6 0 5 6 5 9 . . 1 2 9 1 
4 7 8 . . 4 0 0 8 5 0 . . 0 9 8 0 1. . 2 2 8 8 61 . . 5 6 0 8 8 3 . . 4764 
6 3 7 . . 8 6 7 8 66 . .7 9 7 4 1. . 1 5 2 0 7 6 . . 9510 104 . . 3 4 5 5 
7 9 7 . . 3 3 4 8 8 3 . . 4 9 6 7 1. . 0 7 5 2 8 9 . . 7 7 6 2 1 2 1 . . 7 3 6 5 
9 5 6 . . 8 0 1 6 1 0 0 . . 1 9 6 0 0. . 9984 1 0 0 . . 0 3 6 3 1 3 5 . . 6492 

1 1 1 6 . . 2 6 8 7 1 1 6 . .8 9 5 4 0. . 9 2 1 6 1 0 7 . .7 3 1 4 1 4 6 . . 0 8 3 8 
1 2 7 5 . . 7 3 5 6 1 3 3 . . 5 9 4 7 0. . 8 4 4 8 1 1 2 . . 8 6 1 5 1 5 3 . . 0 4 0 1 
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In summary, we have described relationships for physical variables 
important to turbine design and demonstrated their implementation in 
"turbine.exe" (the Fortran engine is contained in calc-5.for). As noted, once 
geometric parameters and wind tunnel test results are entered, the program plots 
wind tunnel performance curves; also, for mud densities and mud flow rates 
chosen by the user, the program will plot the corresponding torque and power 
curves versus rotation rate. 

Formulas for the two turbine rotation rates that correspond to a fixed level 
of desired power are given in Equation 8.6 while the maximum power available 
is given in Equation 8.7. Again, the numbers used to demonstrate the software 
do not represent real tests, but were selected for illustrative purposes only. We 
emphasize that it is not important to run wind tunnel tests at any particular 
speed, so long as that speed can be measured accurately; our conversion routines 
provide mud results whatever wind speed is used in the testing. Our fast 
calculations are almost instantaneous and do not involve iterative methods. 

Finally, we give examples from actual MWD turbine hardware tests in 
mud, to augment our discussions on wind tunnel measurement in the laboratory. 
Figure 8.11 plots stall torque versus flow rate and correctly shows a parabolic 
dependence on speed. Figure 8.12 plots no-load rotation rate versus volume 
flow rate - measurements for a steel turbine in mud and a plastic mockup in air 
correctly fall on the same straight line. Also, the power curves in Figure 8.13 
clearly follow the inverted parabolic trend as do measured data. Torque results 
in Figure 8.14 for mud and air agree with predicted straight-line trends and 
correctly scale with "pU2 " as is demonstrated from theory. 

Figure 8.11. Stall torque versus flowrate. Figure 8.12. No-load rpm versus speed. 
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Figure 8.13. Power versus rpm (experimental data indicated). 

Ttrtiiu p^rfonwm in Vbtv Mtomm* fm Mr 

Figure 8.14. Torque results. 

8.5 Erosion and Power Evaluation. 

The results cited here apply to turbines in MWD tools and turbodrills 
across a range of manufacturers. Turbine erosion and subsequent failure are 
detrimental to MWD operations. There are two main erosion mechanisms, 
namely, somewhat tolerable stator trailing edge erosion and more catastrophic 
rotor tip erosion. The mud flow shown in Figure 8.1 first passes through the 
stator row, which deflects oncoming fluid and allows it to impact rotor vanes 
with greater force - this enhances torque and power creation. Since stator vanes 
are attached to the shroud or housing, their tips cannot erode. The right 
photograph in Figure 8.15 shows, however, that stator trailing edges can and do 
erode; this occurs when small trapped rocks and debris induce local high 
velocity jets that literally cut away metal where the blade joins the central 
housing. Otherwise, stators undergo a sandpapering effect and erode slowly; 
because they serve only to redirect flow, stator erosion is somewhat tolerable. 
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Figure 8.15. Rotor tip erosion (left), stator trailing edge erosion (right). 

Rotor tip clearances are required because drill collars bend and flex during 
drilling operations. These clearances can be large, say, 0.1 inch, in order to 
prevent the unacceptable jamming (and power loss) that arises from such 
motions; sizeable clearances also reduce the likelihood of jamming by debris 
entrapment and mud gelling. Fluid movement from the high-pressure 
undersides of rotor blades to the low-pressure upper-sides induces "tip vortex" 
flows similar to those at airplane wing tips, as shown in Figure 8.16. These 
angular momentum sources, by virtue of conservation laws well known in 
physics, are difficult to dissipate. 

Figure 8.16. Tip vortex flows, high lift aircraft (left), computer simulation 
(middle), and flow visualization (right). 

In mud flows, tip vortices entrain sand; the continuous high-speed rubbing 
that results leads to rapid metal loss at rotor tips as shown at the left side of 
Figure 8.15. It is known that the greater the pitch angle, the greater the strength 
of the vortex. Since blade angles are high for MWD turbines, this erosion is 
severe. Reductions in effective radius due to erosion are responsible for large 
losses in torque and power. Tip vortices have been studied by aerodynamicists. 
Figure 8.16 also shows results for computer simulations and flow visualization. 

There are, however, effective ways to deal with rotor tip erosion and power 
loss; the remedies used in any particular situation are selected with due attention 
to trade-offs and compromises. One simple solution, suggested by the aerospace 
examples in Figure 8.17a, is the wrap-around shroud in Figure 8.17b, a 
downhole mud turbine prototype for a time-tested aerodynamic concept. The 
shroud completely eliminates tip erosion. Also, since loadings no longer vanish 
at rotor tips, the shrouded turbine is more effective in generating torque and 
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power, so that shorter blades are possible. One concern, however, is "sticking" 
due to mud gelling when drilling operations are interrupted. The relatively large 
surface shroud areas may form strong adhesive bonds that are difficult to break. 

An alternative to shrouded turbines is twisted blade design. Figure 8.17c 
shows aerospace examples commonly used, with three-dimensional velocity and 
pressure variations highlighted in color. Sometimes, flexible blades are 
employed that deform at high flow rates. In either case, the design objective is 
reduced flow efficiency at large angles of attack (induced by flow separation) so 
that excessive power is not created. An example of a downhole twisted blade 
concept is given in Figure 8.17d. 

Figure 8.17a. Aerospace blade rows with shrouds. 

Figure 8.17b. Turbine prototypes with and without shroud. 

Figure 8.17c. Blade twist, aerospace designs 
(pressure variations in spanwise direction clearly evident). 
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Figure 8.17d. Blade twist, downhole turbine concept. 

Finally we emphasize that turbine jamming due to lost circulation material and 
other downhole debris is a serious concern in operations. This can be assessed 
from short wind tunnel analysis as described in the comments for Figure 9.3. 
We note that a viable solution is offered in Gilbert and Tomek (1997) and the 
reader is referred to their U.S. Patent 5,626,200 for further details. 

8.6 Simplified Testing. 
The role played by wind tunnel analysis in MWD engineering, which is 

further developed in Chapter 9, is very significant. Most striking is the 
simplicity and low cost behind the evaluation techniques used. For example, 
performance trends for our plastic unshrouded and shrouded turbines were 
efficiently determined in the wind tunnel using the setup suggested in Figure 
8.18, which provides a back view of the short wind tunnels in Chapter 9. Here, 
wind is blowing out of the page. Recall that only two parameters, namely, no-
load rpm and stall torque at any one fixed flow rate, are required to determine 
both 'torque versus rotation rate' and 'power versus rotation rate' performance 
maps applicable to all fluids at all flow rates. 

To determine the no-load rotation speed, a piece of reflective tape is 
attached to the rear face of the rotor; an optical tachometer is used to measure 
free-spinning rpm directly. To measure stall torque, the arm of a linear force 
gauge is inserted through a small hole drilled into the wind tunnel wall. The 
required stall torque is simply the product of the measured force F and the 
moment arm R shown. Expensive torque meters are unnecessary. Metal 
prototypes for mud loop evaluation followed successful concept validation in the 
wind tunnel as described previously. 
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Figure 8.18. Turbine test setup (top, conceptual; bottom, implementation -
also shown, reflective tape attached to black "torque wheel" ). 

A second example showing how wind tunnels can enhance physical 
understanding is found in the area of three-dimensional effects. The tip vortices 
in Figure 8.16 can be visualized using smoke; neutrally-buoyant, helium-filled 
soap bubbles; and small, light-weight, gas-filled beads (we have evaluated all). 

Figure 8.19. Flexible rubber airfoil with copper skeleton. 

Simple flexible airfoils that can be bent and deformed from run-to-run 
were used for concept evaluation. Convenient testing of vortex strength and 
roll-up can be assessed visually - the air stream will literally blow the vortex 
downstream into the room where its destructive tendencies can be observed. 
These flexible airfoils are constructed by embedding flexible skeletons made 



DOWNHOLE TURBINE DES IGN AND SHORT WIND TUNNEL TESTING 2 2 7 

from soldered copper wire later fitted with rubber skins. The wire skeletons are 
placed in a mold into which liquefied rubber is poured - the curing process 
requires several hours. Figure 8.19 shows one such flexible airfoil, with the hole 
revealing a broken solder joint after many twists and turns from multiple tests. 

Figure 8.20. Wind tunnel concepts for preliminary evaluation. 

Figure 8.20 shows how simple aerodynamic concepts can be evaluated 
using "shim stock" turbines that are easily fabricated. Since MWD blade pitch 
angles range easily exceed 50 degrees, resulting in massive flow separation, the 
details of the airfoil cross-section are secondary (high angles result from the use 
of single, as opposed to multiple, turbine stages, a limitation imposed by 
mechanical packaging constraints - without large pitch angles, the required 
power cannot be achieved). Thus, simple blades cut from shim-stock (that is, 
soft rolled-metal shown at the right) suffice for qualitative evaluation purposes. 

Blades are easily trimmed, inserted and glued into balsa wood hubs; 
smooth outer circular traces are obtained by turning down diameters to the 
desired size in a lathe. The plastic tubular fixture shown is all that is required 
for stall torque and no-load rotation rate measurement - Figure 8.18 gives the 
view from the bottom of the test section in Figure 8.20. Once the effects of 
twist, blade number, span and chord are determined for a particular 
configuration, more precisely defined models can be constructed using 
computer-aided-design (CAD) methods and 3D printing prototypes. This 
chapter offers only an introduction to wind tunnel testing in MWD design. 
More sophisticated techniques are given in Chapter 9 in the context of siren 
analysis, using modern wind tunnels such as that shown in Figures 9-2a to 9-2h. 
Extensive use of the methods in this and Chapter 9 are described in the second 
half of these books, where additional testing refinements are catalogued. 
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9 
Siren Design and Evaluation in 

Mud Flow Loops and Wind Tunnels 
We developed "short wind tunnel" analysis methods from a turbine design 

perspective in Chapter 8. In fact, we showed how from two simple 
measurements, namely, those for stall-torque and no-load rotation rate, each of 
which can be taken in minutes in inexpensive wind tunnels powered by simple 
blowers, the complete turbine torque and power versus rpm curves can be 
obtained for drilling mud of any density flowing at any speed. Here, we 
describe short wind tunnel design and test techniques further, in support of 
earlier turbine development ideas. 

We also introduce mud siren design in short wind tunnels, in particular, 
analysis methods for stable-closed versus stable open, static versus dynamic 
torque, and erosion evaluation. "Short wind tunnels" are short, say, five to ten 
feet, and are used for hydraulic testing of properties that are independent of 
compressibility, e.g., torque, power, erosion, flow visualization, approximate 
viscous pressure drops and losses. On the other hand, acoustic properties like 
signal strength, harmonic content, and constructive and destructive wave 
interference, require not only longer wind tunnels that allow accurate simulation 
of wave interactions and reflections, but more sophisticated math models for 
data reduction, interpretation and extrapolation. 

We will develop ideas for "intermediate length wind tunnels," which are 
typically 100-200 feet, and also, for "long wind tunnels" which range up to 
2,000 feet in length. Some of the wind tunnels and devices described here were 
designed very early on, but in recent years, very sophisticated, highly 
instrumented systems have been developed. This chapter focuses on basic 
principles and applications of mathematical models given earlier in this book, 
and consistent with this philosophy, applies newly developed ideas to simple test 
systems that can be constructed quickly and inexpensively. 
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Sirens require testing using multiple wind tunnels to support detailed 
evaluation of design trade-offs and compromises. For instance, strong acoustic 
signal strength is useless unless turning torques are low and erosion is minimal. 
On the other hand, one might select a low-torque siren shape that by itself 
creates weaker signals, but which provides strong signals by virtue of a 
telemetry scheme which takes advantage of constructive wave interference. 

Or, possibly, one might consider how two sirens placed in series might be 
phased in order to develop a single coherent reinforced signal. Multiple sirens 
address pressing issues confronting existing single-siren systems. Single-sirens 
require very small rotor-stator gaps for signal generation which are associated 
with high erosion and large torques. Multiple sirens, while complicating 
mechanical design, offer increased lifespan and reduced turbine power demand. 

As an additional example for long wind tunnel analysis, consider turbine-
siren interactions. In existing siren-based MWD tools, the siren is placed above 
the turbine - the usual reason offered, namely that an upstream turbine would 
block the MWD signal, is fallacious - simple tests in a long wind tunnel have 
shown that turbines do not reflect the long acoustic waves important to signal 
transmission. This indicates that the siren can be placed closer to the bottom of 
the MWD collar, and nearer to the drillbit, without incurring any penalties. This 
shortened distance, obviously, implies that constructive interference based on 
drillbit reflections can occur in less time, and thus, data rates will be higher. 

The list of potential important applications goes on and on. For this 
reason, it is important to understand the concepts behind wind tunnel 
methodologies fully. The need for short wind tunnels to evaluate siren torque, 
power and erosion is clear, as is the need to use long wind tunnels to study wave 
interference absent of the complicating reflections plaguing shorter tunnel 
lengths. Wind tunnel turbine design was addressed in Chapter 8 because it 
supports mud siren integration - modern MWD systems cannot function flexibly 
unless they can effectively generate the power needed. 

9.1 Early Wind Tunnel and Modern Test Facilities. 
We consider wind tunnel analysis in greater detail and review basic 

principles explaining why wind tunnels work. According to the principle of 
"dynamic similarity," applicable to all scientific disciplines including fluid 
mechanics, the dimensionless parameters governing two separate experiments 
must be close in order that they describe identical physical phenomena. For 
example, this is how aerospace companies perform experiments using more 
convenient and cheaper models. In commercial jetliner design, inexpensive 
small-scale models are tested in small wind tunnels powered by low-speed 
blowers, thus eliminating the need for jet engines and full-scale prototypes. 
Then, flight characteristics are extrapolated to large size aircraft flying at faster 
speeds or at altitudes with different air densities. 
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The test engineer's judgement is important when more than one 
dimensionless parameter governs the problem and it is not possible to match all 
of the parameters. Wind tunnel results for lift, i.e., the upward force keeping the 
aircraft in the air, almost always are corrected for "displacement thickness" 
effects because Reynolds numbers do not exactly match. Wind tunnel usage in 
the petroleum industry is not completely new. Forces and unsteady loads (due 
to vortex shedding) acting on offshore platforms are also routinely obtained 
from wind tunnel measurements extrapolated to hydrodynamic environments. 
Here, dimensionless Reynolds and Strouhal numbers enter the picture. In any 
event, which parameters are more important and how are results to be 
interpreted in any given application constitute difficult questions. Answering 
these is often more of an art form than a precise science. 

9.1.1 Basic ideas. 
In low speed viscous flow, typical of many downhole petroleum 

applications, the dimensionless "Reynolds number" Rey of the model test should 
be almost that of the full-scale problem. Let U be the oncoming speed of the 
flow, and L be a characteristic length of the model, say, the diameter; also, let v 
denote the kinematic viscosity, which is simply the quotient "viscosity/density." 
Then, the Reynolds number is given by Rey = UL/v. If we keep the mud and 
wind speeds U identical, and the scales L for test and full-scale geometries the 
same, both of which are easily accommodated for most downhole tools in wind 
tunnel analysis, then dynamic similarity is guaranteed if the kinematic 
viscosities are close. 

In Figure 8.5, the kinematic viscosity is plotted versus temperature for 
different types of fluids. In the chart, the red dots show the kinematic viscosities 
of air (for wind tunnel application) and then water for reference. It may seem, at 
least superficially, that water should model drilling mud accurately, since they 
are equally dense and just as wet/ The kinematic viscosity of water, indicated 
by the lower red dot, is "0.00001." But water is not drilling mud. Drilling mud 
is about 20-30 times more viscous and approximately twice as dense. Thus, the 
kinematic viscosity is about fifteen times more than that of water. If the lower 
red dot is followed upward vertically (along the 70° F room temperature line), it 
is seen to occupy the "0.00015" position occupied by the red dot for air, exactly 
fifteen times as much, as required/ 

In fluid mechanics, "close" Reynolds numbers need not be too close - a 
factor of five to ten difference might suffice for closeness. But the closeness in 
Reynolds number just demonstrated - and the fact that wind tunnel testing is just 
as applicable when both wind and mud scenarios are turbulent - are significant 
from the testing point of view. These suggest that wind tunnel tests are the best 
substitute for drilling mud - and the fact that air is convenient, clean, free and 
safe, and testing is fast, does not hurt. Only one other fluid works, namely, 
methane at room temperature and pressure; methane, of course, is difficult to 
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work with, being explosive and toxic, not to mention its higher cost. These 
reasons explain why clever use of the wind tunnel analysis for hydraulics and 
acoustics enables rapid progress to be made. 

While dynamic similarity is achievable, testing errors are possible, which 
are fortunately avoidable. Because air is about one thousand times less dense 
than mud, force, torque and power are also one thousand time less for the same 
model and flow speed. If low wind speeds are used to study higher mud flow 
rates, which is common in practice, the differences increase further. To reduce 
experimental error, siren and turbine models must be installed using low friction 
bearings. Also, the highest possible wind speeds should be used, meaning that 
large blowers are best. Volume flow rate ratings stated by HVAC 
manufacturers may not be not meaningful - these apply to calibrated flows in 
rectangular ducts where resistance is small compared to ducts containing large 
sirens with high blockage. In wind tunnel applications, flow resistance will 
generally remain high - and for the same blower settings, flow rates will vary 
with the particular siren or turbine in the test section. So three simple rules 
apply: low-friction bearings; powerful electric blowers for high test speeds and, 
importantly, accurate measurement of volume flow rate from test to test. 

9.1.2 Three types of wind tunnels. 
There are three types of wind tunnels useful to MWD testing, namely, 

"short," "intermediate," and "long." Short tunnels are used to study physical 
properties associated with the constant density, incompressible nature of the 
fluid, e.g., torque, power, streamline pattern, erosion, drag, viscous flow 
separation, free-spinning turbine speeds, and so on. Longer wind tunnels are 
used to study acoustic wave propagation in high-data-rate applications, where 
the wavelengths are conveniently shorter than those in mud flows, but still long 
when compared to the wind tunnel diameter of the flow cross-section. By short 
wavelengths, we mean several to about one hundred feet - the literature on 
"short wave" or "high frequency" acoustics, e.g., ultrasonics, does not apply, 
because wavelengths are many orders of magnitude smaller. 

Long wind tunnels allow us to simulate sound reflections at the surface and 
downhole near the pulser, and also to measure signal strength produced by 
particular siren designs. They also provide a convenient laboratory for 
evaluating single and multiple-transducer signal processing schemes. They 
allow us to test different telemetry schemes under more or less ideal conditions 
before field tests with real mudpumps, desurgers and mud motors are present. 
However, acoustic data reduction, interpretation and extrapolation require more 
sophisticated mathematical methods than those used for turbine torque and 
power testing in Chapter 8. We now discuss the design and use of short wind 
tunnels, and later, extend our methods to long wind tunnel acoustic analysis. 
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9.1.3 Background, early short wind tunnel. 
Whereas the "long wind tunnel" is used to evaluate pulser acoustic signal 

strength, wave propagation, reflections, telemetry schemes, constructive and 
destructive wave interference, surface signal processing schemes, and so on, the 
"short wind tunnel" is used to study properties like mud siren torque and power, 
turbine torque and power properties, strainer erosion, jamming due to debris, 
viscous flow separation, streamline pattern, and so on. 

Because fluid compressibility and sound reflections are unimportant for 
these purposes at typical mud pump flow rates, the wind tunnel does not need to 
be long. It can be short, say ten feet or less, just long enough that three-
dimensional blower inlet and outlet end effects are unimportant. The author's 
earliest wind tunnel is shown in Figure 9.1 for historical purposes. This 1980s 
vintage design met only the bare minimum requirements for "wind" and 
"tunnel," with a simple squirrel cage blower attached to plastic tubes mounted 
on a table-top - a very crude design, built for several hundred dollars literally 
overnight, which nonetheless proved useful for testing. Its importance, of 
course, was strategic, setting the groundwork for the methods described in 
Chapter 1 that have since been adopted by numerous organizations. 

Figure 9.1. Very early (historical) short wind tunnel. 

Wind tunnel usage in downhole applications was widely adopted soon after 
its initial usage. In "Flow Distribution in a Tricone Jet Bit Determined from 
Hot-Wire Anemometry Measurements," SPE Paper No. 14216, by A.A. 
Gavignet, L.J. Bradbury and F.P. Quetier, presented at the 1985 SPE Annual 
Technical Conference and Exhibition in Las Vegas, and in "Flow Distribution in 
a Roller Jet Bit Determined from Hot-Wire Anemometry Measurements," by 
A.A. Gavignet, L.J. Bradbury and F.P. Quetier, SPE Drilling Engineering, 
March 1987, pp. 19-26, the investigators, following ideas suggested by the lead 
author, showed how very detailed flow properties can be obtained using 
aerospace wind measurement methods. The reader is referred to these papers 
for descriptions of the improved set-ups. For siren and turbine test objectives, 
however, the three-dimensional methods developed there are not necessary. 
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Importantly, additional scientific justification supporting wind tunnel usage 
was offered in these publications, premised on the "highly turbulent nature of 
the flow." The investigators' arguments, in "plain English," point out that the 
turbulent air flow found in laboratory wind measurements is similar to the 
turbulent mud flow likely to be found downhole. This counter-intuitive (but 
correct) approach to modeling drilling muds provides a strategically important 
alternative to traditional testing that can reduce the cost of developing new 
MWD systems. Again, wind tunnel use in the petroleum industry was by no 
means new at the time. For instance, Norton, Heideman and Mallard (1983), 
with Exxon Production Research Company, among others, had published studies 
employing wind tunnel use in wave loading and offshore platform design. 

9.1.4 Modern short and long wind tunnel system. 
While the short wind tunnel in Figure 9.1 represents the author's very first 

rudimentary design, the wind tunnel system shown in Chapter 1 represents a 
state-of-the-art facility developed to handle all of the previously discussed 
requirements for modern mud siren and turbine testing. This MWD wind 
tunnel, developed at the China National Petroleum Corporation (CNPC) in 
Beijing, together with recent high-data-rate telemetry ideas and test results, is 
described by Y. Su, L. Sheng, L. Li, H. Bian, R. Shi and W.C. Chin in "High-
Data-Rate Measurement-While-Drilling System for Very Deep Wells," Paper 
No. AADE-ll-NTCE-74 presented at the American Association of Drilling 
Engineers' 2011 AADE National Technical Conference and Exhibition, 
Houston, Texas, April 12-14, 2011. Since this paper was presented, several 
more wind tunnel systems have been constructed for MWD applications. 

Here we recapitulate CNPC highlights to show how the testing technology 
has evolved since the 1980s to address downhole problems and issues. The 
short wind tunnel system with a blower driver is shown in Figure 9.2a. After 
passing through the siren test section, air blowing "out of the page" turns to the 
right, flowing through the black tubing to the outside of the test shed, and then 
into the long wind tunnel in Figure 9.2b. It is important to note that abrupt 
turns, while affecting viscous pressure losses and pump requirements, do not 
reflect MWD signals because the acoustic waves are extremely long in length. 

Siren tests in mud loops for torque, erosion, signal strength, harmonic 
content, constructive or destructive wave interference, and so on, are impractical 
because they are time-consuming and labor-intensive, with parts expensive to 
fabricate. Many geometric parameters affect the physical outcome, e.g., number 
of lobes, stator-rotor gap separation, rotor taper, rotor-housing clearance, flow 
angle into the siren, and so on - operational parameters include flow rate and 
rotation speed. Tests, even wind tunnel tests, must be cleverly designed, and for 
this reason, the computer simulation methods in Chapter 7 were developed to be 
used as screening tools. However, such models are not entirely accurate. 
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Figure 9.2a. Short wind tunnel test system. 

Figure 9.2b. Long wind tunnel system with pressure transducers 
(see Figure 1.5b. 1 for additional photos). 

Gridding constraints and computer resources, for example, introduce errors 
which do not allow the finest details of the flow to be modeled accurately; 
however, the computer models are useful in identifying which engineering 
concepts are worthy of more detailed experimental study. Properties related to 
torque and open-closed stability, which are weakly dependent on viscous effects, 
could be and were modeled quickly using the steady approaches of Chapter 7. 

Various design concepts using the sirens shown in Figures 1.5d.l and 
1.5d.2 were evaluated in detailed test matrixes. These were designed to answer 
numerous questions, each associated with significant hardware design 
consequences, and perhaps, to raise even more questions. For instance, for a 
fixed signal frequency, is it better to spin a siren with few lobes rapidly or is it 
more advantageous to rotate a siren with many lobes slowly? Different choices 
affect torque, and hence power, and finally turbine or battery options. Tests for 
Ap indicate that "fewer lobe sirens" produce much stronger signals - this is the 
standard solution for single-siren systems. However, in high-data-rate 
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applications, greater lobe numbers may be required; for these problems, signal 
data helps estimate the number of sirens to use in multiple "sirens-in-series" 
designs, which enhance net signal by local constructive wave interference. This 
motivated our re-examination of "larger lobe sirens" and, in particular, the 
testing of signal strength when sirens are connected in tandem. 

Another interesting question is this: is it better to use two sirens with large 
gaps mounted on the same shaft or a single siren with an extremely small gap as 
is done conventionally? The latter is simpler mechanically. But here, erosion 
lifespan, torque and power issues are raised. And if multiple sirens are used, 
should they all operate simultaneously at an identical frequency, or separately at 
separate frequencies for very high data rate? Our point is this: many design 
premises that have become commonplace need to be completely reassessed 
without prejudice and wind tunnel analyses offer convenient, fast and accurate 
solutions. Wind tunnel tests and apparatus must be developed around MWD 
specific needs. The photographs in Chapter 1 show different components of the 
experimental system. Their designs are not final; they, themselves, represent 
improvements to earlier implementations. 

As an example, the use of squirrel cage blowers in Figure 9.1 is acceptable 
for sirens that are spinning quickly. If not, the intermittent blockage produced 
by the lobes induces a significant back-interaction on the blower blades that is 
noticeable by eye. When this occurs, it is impossible to maintain a steady flow 
and all experimental results are suspect. In later designs, different compressors 
were used to provide flow; some required lengthy charging even for short test 
times, and other more powerful models, more often than not, produced air 
discharges interdispersed with small oily droplets. Often, the choice of blower 
is limited by what is already available. The powerful blue blower shown in 
Figure 9.2a, although noisy, provided an acceptable solution. In addition, the 
layout of the wind tunnel system often depends on facilities and cost constraints. 

Figure 9.2a shows the siren test section for the CNPC short wind tunnel. 
Differential pressure transducers appear in Figure 1.5h. As noted elsewhere in 
this book, when a positive overpressure is found on one side of the siren, an 
underpressure is found on the opposite side; this difference is the "Ap" signal 
strength associated with the valve. This depends on flow speed, rotation rate, 
geometric details and air density. The differential pressure transducer is 
important and useful because, provided the two taps are close, the measurement 
is unaffected by flow loop reflections that may be traveling back and forth (these 
traveling waves simply cancel). Thus, it represents the siren's "true strength." 

On the other hand, the pressure signal "p" that ultimately leaves the MWD 
collar and travels to the surface is measured by the single transducer at the 
bottom right of Figure 1.5m (this is located just outside the test shed). It is this 
"p/Ap" that is optimized in the six-segment acoustic waveguide analysis of 
Chapter 2. We noted that the taps of the differential transducer should be 
"close" so that the effects of traveling waves (due to reflections) are subtracted 
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out identically. The required distance depends on fluid sound speed and 
transducer sensitivity. To determine this separation, one simple test is all that is 
needed. Shout "hello" down the plastic tubing: if the differential transducer 
does not respond, then the separation distance is acceptable. The short wind 
tunnel system measures the foregoing "Ap." 

Chapter 1 displays other wind tunnel components, e.g, electronic 
flowmeter, differential pressure transducer, piezoelectric transducers, flow 
straighteners, motor drive, torque gauge, angular position and rpm counter 
assembly. Also shown are shown instruments for control and simultaneous 
recording of flow and rotation rate, differential pressure, single transducer 
pressures at four locations in the long flow loop. These measurements are taken 
as time progresses. Single transducer data is used to assess the degree of 
constructive or destructive interference due to downhole reflections, and also, to 
provide data for multiple transducer signal processing (noise is introduced at the 
opposite end of the long wind tunnel). Data relating Ap to angular position are 
useful in developing feedback control loops ultimately needed for telemetry. 
The reader interested in developing a wind tunnel facility for high-data-rate mud 
pulse telemetry testing should also study the remaining chapters. Other wind 
tunnel systems have been built since the original printing of this book which 
improve upon the advances first cited in our first chapter. 

9.1.5 Frequently asked questions. 
Here we address common questions and issues that concern potential uses 

and misuses of wind tunnel modeling. 

To which fluids does wind tunnel modeling apply?  The petroleum industry 
correctly emphasizes the non-Newtonian nature of drilling muds and 
cements versus Newtonian fluids like air and water; their rheological 
properties are, of course, important when studying losses in drillpipes and 
annuli. However, for high Reynolds number turbine and siren torque 
analysis, and for erosion analysis in turbines, sirens and surface strainers, 
rheology plays a secondary role and air is suitable as the modeling fluid. 
For example, in Chapter 8, actual turbine torque data collected in mud flow 
loops and wind tunnels fall on identical performance curves when properly 
normalized. In addition, direct post-mortem evaluations conducted by this 
author have demonstrated almost identical metal erosion patterns (for the 
same test hardware, e.g., turbines, sirens, flow strainers, proppant transport 
tools, stabilizers) whether the flowing mud is water, oil or emulsion based. 
Properties like pressure drop and skin friction, affected by flow parallel to 
the oncoming mud, are rheology-dependent, and cannot be properly 
modeled with air - recourse to computation or mud experiment is 
necessary. Again, we emphasize that turbine torque and power in air 
(arising from transverse flow) accurately simulates that for mud flows at 
any speed. This is also true of flows past sirens. Note that it may not 
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always be possible to model foam flows because of their highly 
compressible, two-phase, non-Newtonian nature, and that any conclusions 
must be determined on a case-by-case basis. 

Can MWD signal strength be studied using static Ap measurements in a 
short wind tunnel?  Several companies have characterized MWD signal 
strength by measuring the pressure drop (or, "Ap") across stationary pulsers 
and sirens, from upstream to downstream, in mud flow loops, assuming that 
these Ap's are representative of signal strength. Such datasets are then 
incorporated in telemetry planning software used at the rigsite. This 
procedure is completely incorrect because such Ap measurements bear no 
relation to the acoustic signals that travel uphole. Why? The flow past a 
stationary cement block, for example, is associated with a high pressure 
drop, but this does not mean it is useful for high-data-rate sound 
transmission. Of course, the block may turn slowly, causing Ap to change 
slowly, but this represents a slow change to hydrostatic pressure. This slow 
change is detectable uphole, but it is not useful for high speed telemetry. 
True sound transmissions can only be effected by rapid movement, e.g., the 
action of a piston in a pipe, the vibrations of a tuning fork in a room, the 
propagation of sound in acoustic mufflers and, of course, the rapid opening 
and closing of a mud siren against an oncoming flow. The static Ap method 
is invalid for both mud loops and wind tunnels. 

Are Ap measurements useful at all?  Yes, they are, when performed and 
used properly. As we will demonstrate in our "intermediate wind tunnel" 
discussion, differential pressure can be used to determine signal strength for 
MWD signal sources where created pressures are antisymmetric with 
respect to source position - that is, for positive pulsers and sirens. 
However, a nonzero Ap is not a general requirement for MWD design. For 
example, the disturbance pressure field associated with a negative pulser is 
symmetric with respect to the source point and Ap vanishes identically 
whatever the signaling scheme. For negative pulsers, the correct 
characterization would involve "delta axial velocity" because velocities at 
both sides of the source are equal and opposite. 

How accurately does the short wind tunnel model erosion?  The use of short 
wind tunnel modeling in evaluating and correcting turbine erosion was 
discussed in Chapter 8. The present chapter will develop methods for siren 
flows. The author, in addition to turbines and sirens, has worked 
extensively in two additional hardware classes, namely, (1) MWD flow 
strainers, placed at the surface to capture debris which would otherwise 
impinge upon the downhole tool, and (2) proppant transport tools used to 
convey sand-laden stimulation fluids downhole for hydraulic fracturing. In 
both applications, wind tunnel flow visualization correctly replicates areas 
of erosion known from field results; changes to hole, orifice and slot 
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patterns suggested by wind tunnel analysis which would significantly 
reduce erosion again, in both hardware classes, led to substantial 
improvements to life-span. These subjects are beyond the scope of this 
book and will be covered separately. We emphasize that metal erosion rates 
cannot be estimated from wind analysis, nor can the exact surface pattern 
that erosion ultimately takes with time - these answers depend on the 
details of mud and metal interaction which can only be obtained from actual 
operations. The wind tunnel, however, is useful in revealing the physical 
mechanisms that are likely to cause trouble, and does provide means for 
averting such events. For instance, streamline flow patterns, which are 
easily visualized, provide some indication of particle impingement angles, 
which control ductile versus brittle fracture. Changes to these angles, 
possible by aerodynamic tailoring, can significantly affect life span. 

What are potential error sources in wind tunnel measurement?  Wind 
tunnel analysis is useful in many ways but care must be taken to avoid 
incorrect conclusions. For flow visualization and erosion analysis, actual 
metal parts or wind tunnel prototypes of new models may be placed in the 
wind tunnel and evaluated directly. Simple visualization is possible using 
threads bonded to solid surfaces - rapid streamline convergence is an 
indicator of possible erosion. Observation may be facilitate by coating 
threads with florescent dye and photographing their trajectories in the dark. 
The use of lightweight beads introduced into the flowing air is very often 
successful, although smoke (often seen in television commercials) presents 
a problem since smoke filaments dissipate too rapidly. To ensure accuracy, 
one observes that the air emerging from the blower is generally turbulent 
and may contain rotating air masses associated with turns in the wind tunnel 
tubing. Generally, the placement of flow straighteners, e.g., as shown in 
Figure 9.2h, upstream of the siren or turbine would suffice for most testing 
purposes. In turbine and siren torque measurement, it is essential to use low 
friction bearings so that the torque needed to overcome bearing resistance is 
much less than the aerodynamic torque. If such bearings are unavailable, 
relative measurement error can be reduced by operating the blower at high 
speeds. Whether blower speeds are high or low, it is absolutely essential to 
be able to measure volume flow rate accurately. Digital or analog wind 
anemometers available from laboratory supply houses should be used with 
care since pre-programmed calibration data may be inapplicable. For the 
same blower electrical setting, different volume flow rates will be obtained 
depending on the blockage offered by the turbine, siren, and other 
appendages, such as the central hub, the electric motor used, the manner in 
which the model is supported, and so on. Accurate volume flow rate 
measurements are important because air data is used to infer performance 
characteristics for muds of arbitrary density flowing at general speeds - if 
wind measurements are inaccurate, so will our predictions. To assign 
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numbers to these uncertainties, we note that torques measured at the same 
speed in water versus air are different by a factor of about eight hundred, 
that is, the density ratio. Thus, a small error in wind tunnel torque 
measurement implies a large error in drilling mud applications. If low wind 
speed data is extrapolated to high mud velocities, the potential for error is 
even greater. In a discussion below, we discuss how known properties for 
torque versus flow rate can be used for error-checking the experimental 
procedure. For example, if measured siren or turbine torques do not vary 
quadratically with flow rate, either the flow rate measurement is flawed, the 
torque determination is inaccurate, or both. Such simple tests should 
always be performed at the start of the day to ensure data integrity. In 
almost all tests with siren or turbine rotation, shaft vibration and unsteady 
flow will contribute to test error and uncertainty, and will invariably require 
some type of data smoothing. 

9.2 Short Wind Tunnel Design. 
Siren testing need not be complicated or expensive. The sophistication 

apparent in the system of Figure 9.2a is often not necessary. Short wind tunnels 
are easily designed and fabricated - it is their use that is subject to subtlety. We 
emphasize that mud sirens, turbines and strainers which are to be tested should 
be built to full scale, and that the inner diameter of the plastic test section should 
be identical to the inner diameter of the drill collar. The siren or turbine, plus 
the central hub it is mounted on, should replicate that used in the MWD collar. 
If different sections of plastic pipe are joined, care should be taken to prevent 
leaks at the seams (and at blower-pipe junctions) since these would lead to 
measurement errors for volume flow rates. The test sections should be made of 
clear plastic tubing with non-reflective surfaces so that digital camera pictures of 
test setups and flow visualization results (e.g., thread orientations) can be easily 
obtained. The board upon which the wind tunnel is mounted should be painted 
with black non-reflective paint to facilitate photographic and movie 
documentation. Thus a digital camera, and preferably, a digital movie camera 
and also a tripod, should be a permanent part of the wind tunnel system. The 
basic wind tunnel, in its most rudimentary form, is illustrated in Figure 9.3 and 
can be built for several hundred dollars. 

The "short wind tunnel" in Fifuew 9.3 consists of a high-power squirrel 
cage blower, a DC motor and an electric controller to regulate blower speed. 
Volume flow rate measurements, which should be performed before each 
change in test conditions, should ideally be obtained from "old fashion" 
manometer rake procedures which apply Bernoulli's principle. Use of 
electronic flow meters with digital readouts, while convenient, should proceed 
with caution, and then, only when their results are carefully calibrated against 
manometer results. We will discuss a simple error-detection procedure later. 
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Figure 9.3. Short wind tunnel in horizontal table-top position. 

The above figure also shows flow straighteners placed ahead of the siren or 
turbine test section. Without flow straighteners, siren and turbine torque 
measurements can be highly inaccurate, as they are affected by rotating air 
masses that originate from the blower or which discharge from corner turns in 
the closed-loop mode discussed next. "Closed loop" operations are enabled by 
attaching secondary tubing highlighted by the gray ducting shown. This mode is 
useful in assessing the tendency of sirens or turbines to jam in the presence of 
lost circulation materials. Styrofoam pellets, glass beads, string snippets, 
neutrally buoyant soap bubbles and so on, can be introduced into the air stream 
and forced to recirculate around the wind tunnel without dispersal into the 
laboratory setting (sticky styrofoam pellets, e.g., from bean-bag stuffing, can be 
unstuck by using static removal agents like StaticGuard™ easily found in 
supermarkets). One effective evaluation technique includes the use of a 
stroboscope (with room lights turned off) with stop-action photography so that 
debris entrapment and escape in narrow gaps can be observed with the test 
apparatus rotating. More quantitative assessment is possible by measuring 
current fluctuations in the motor drive needed to turn at constant speed. If the 
particles introduced are heavy and segregate toward the bottom, the wind tunnel 
in Figure 9.3 can be pivoted to operate vertically, so that debris are uniformly 
dispersed throughout the cross-section as wind flows downward. 
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In some applications, e.g., determination of siren stable-open or stable-
closed behavior, or turbine no-load rotation rate, the model is not driven by an 
electric motor. Here, a specially crafted thin-wall test section can easily slide 
into the wind tunnel tubing or form part of the main tubing itself (in the former 
case, it is secured by diametrically opposed pins). In other problems, the siren 
must be driven by an electric motor and operated at a given rotation speed. It is 
preferable if a powerful motor is used that is small enough to fit within the 
tubing. However, if wind speeds are large (so that torques, which vary as the 
square of the oncoming flow speed, are likewise large), small motors may be 
difficult to obtain or are expensive. The solution used in the CNPC wind tunnel 
is simple. The test section shown in Figure 9.2f is installed as in Figure 9.2a. 
The siren is rotated by a connecting shaft that extends outside the wind tunnel 
that is in turn connected to the motor. Care is taken to avoid leaks, using 
appropriate seals, which would compromise measurements taken in the long 
wind tunnel. However, if long wind tunnel measurements are not required, the 
short wind tunnel outlet can open directly into the room. Volume flow rate 
measurements are generally taken upstream of the siren and downstream of the 
flow straighteners. 

For short wind tunnels, area discontinuities in the tubing can be tolerated. 
However, we emphasize that in designing a combined short and long wind 
tunnel system, sudden changes or mismatches in area - even small changes -
will result in spurious reflections that degrade the signal traveling up the 
drillpipe. Consider the following "thought experiment." Suppose that the 
MWD collar area available for flow (that is, the area associated with the inner 
diameter minus the cross-sectional area of the central hub which supports the 
siren) and the drillpipe area are not equal. Then signals created by the siren 
travel toward the drillpipe, and at the collar-pipe junction, part progresses 
upward while part reflects downward (the latter travel to the drillbit, reflect 
upward to the same junction, and so on). All the time, new signals are created 
only to repeat this behavior. The net effect is a "blurry" signal which must be 
smoothed using the signal processing methods discussed earlier in this book. 
For this reason, one ideally matches the internal collar area to the drillpipe area 
if possible. Similarly, unintentional mismatches at short and long wind tunnel 
junctions result in noisy data. Such effects are often lost in data reduction. For 
example, one long flow loop used in industry MWD tests contains area 
discontinuities in certain buried parts of the piping that had long been forgotten. 

As part of the flow rate control system, we might have the manometer and 
pitot probe system in Figure 9.3. The manometer and pitot probe system uses 
the Bernoulli principle to determine the local flow speed at the inlet of the pitot 
probe; this principle is explained in elementary fluid mechanics books. A single 
probe is shown in Figure 9.3, but ideally, in the interest of saving time during 
the experiments, a "rake" consisting of several probes extending completely 
across the diameter of the inside of the test section is preferable. It is not 
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necessary to purchase a sophisticated system. A simple system can actually be 
built for a very low price. The pitot probe itself may be acquired from a 
laboratory supply house (many university aerospace engineering departments 
may supply information on vendor sources), while the pressure measurement 
itself may use arrays of U-tube fluid manometers than can be constructed by 
hand for very low cost. The U-tube manometer operates on a simple principle 
taught in freshman physics classes: the difference in the height of two fluid 
columns is converted into a pressure measurement, which is in turn translated 
into a velocity reading via Bernoulli's equation. This manometer-pitot tube 
array should be used for velocity determination. Wind anemometers may be 
acceptable if they actually measure local speeds and do not rely on calibration 
using ducts of given sizes without blockages. Whether automated or manual 
velocity measurements are used, it is important to set up the test procedure to 
record velocities at several positions in the cross-section. 

From the pressure measurement for each pitot probe at a radial location 
"r," the oncoming axial flow velocity u(r) is calculated using Bernoulli's 
equation. This is not the final form of the flow rate information required. In our 
downhole applications, we require the integrated volume flow rate Q inside the 
drill collar and not the individual velocities in u(r). These quantities are related 
by the formula 

R 

Q = j u(r) 2;ir dr (9.1) 
o 

which integrates u(r) across the circular area of the inside of the test section. If a 
pitot tube rake is used, all the required velocity inputs are available immediately 
and much time can be saved. Otherwise, if a single probe is used, then that 
probe will need to be moved across the test section and measurements are time-
consuming. To make the testing procedure as efficient as possible, the integral 
can be calculated immediately by a personal computer that automatically accepts 
the input velocity data, which then computes and stores Q along with the 
measured velocity profile u(r). Again we emphasize the need to record Q each 
time the model is changed or the blower or rotation speeds are altered. To 
ensure accuracy in the measurement procedure, physical checks should be 
employed. For turbines, doubling Q should double the no-load rotor speed and 
quadruple the torque. For sirens, doubling Q should quadruple the opening or 
closing rotor torque (this measurement is described below). 

Figure 9.3 also indicates "flow straighteners" (those used in the CNPC 
wind tunnel are displayed in Figure 9.2h). These must be placed inside the wind 
tunnel immediately after the air exits from the blower so that the streamlines 
impinging on the turbine or siren are straight. They are necessary because the 
blower produces very "confused" rotating air masses that do not flow in a 
straight manner as the flow would in a downhole situation. These flow 
straighteners also destroy the rotating air masses that may be formed at turns in 
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the closed-loop system. These can be constructed very simply by gluing 
together a number of thin-walled plastic tubes and anchoring them in place just 
downstream of the blower outlet so that they cannot be blown away. The length 
of these tubes should be about six to eight inches. 

The above discussion emphasizes the importance of clean straight flows 
upstream of the turbine or siren so that spurious rotating air masses do not bias 
erosion and torque results. When we discuss "intermediate wind tunnel" use in 
acoustic signal strength testing, we will explain the use of flow straighteners 
downstream of the rotating siren rotor as well. Essentially, strong rotating air 
masses are developed behind the siren rotor that are associated with swirling 
vortex transients. These pressures are of a hydraulic, incompressible flow 
nature, and are identical in frequency to the acoustic pressures generated by 
opening and closing the rotor relative to the stator. As compressible pressures 
are the ones transmitted to the surface, the hydraulic component must be 
eliminated to ensure accuracy in characterizing the acoustically significant Ap. 

We had previously suggested the use of the gray colored "return section" 
shown in Figure 9.3 to provide a closed-loop system useful in lost circulation 
jamming evaluation. There is actually no reason why a second siren (with its 
own flow straightener) driven by a second motor cannot be installed in this 
section. If differential pressure transducers are used to measure Ap in each case, 
the measurements at each siren are not affected by the presence of the other 
siren. This test mode provides for some time and labor efficiencies since the 
volume flow rate Q is measured only once. 

9.2.1 Siren torque testing in short wind tunnel. 
Two properties are important for high-data-rate mud pulse telemetry. First, 

because the siren must stop, start, increase or decrease rotation speed very often, 
the stopping and starting torques associated with turning should be low - or at 
least low enough that the driving electric or hydraulic motor does not find it 
problematic. Be aware that torque increases quadratically with flow rate. Mud 
pumps used in the field do not pump at constant speed. Thus, unplanned flow 
rate increases downhole may prevent a marginal siren from working at all - in 
fact, a "stable closed" siren will block the oncoming mud flow, prevent turbine 
operation, and build up dangerous pressures in the drillstring. Thus, torque 
measurement, and siren design for low torque, are two important objectives for 
short wind tunnel use. The second siren property important to high data rate is 
strong Ap signal strength. Because carrier frequencies need to be high, 
attenuation will be an important design consideration - strong Ap signals are 
required so that pressure waves can be detected faraway from the source with 
minimal error. We discuss test methods and telemetry design in the context of 
"intermediate" and "long" wind tunnel testing later. Note that Nature may limit 
the maximum Ap possible a given siren pulser; we will show how signals can 
still be increased by using constructive wave interference and "sirens-in-series." 



SIREN DES IGN AND EVALUATION 2 4 5 

In Chapter 7, we discussed the "stable open" or "stable closed" nature of 
many siren designs. Sirens with rotors upstream tend to be stable closed and 
possess restoring torques that are strong when an attempt is made to hold the 
rotor open - simply try holding open such a rotor in the wind tunnel/ 
Downstream rotor configurations may be stable-open, stable-closed, and often, 
partially-open. The restoring torques which tend to keep closed rotors in the 
closed position tend to be much smaller than those for upstream rotor designs. 
All of the comments in this paragraph are based on actual empirical observation. 
We will focus on downstream siren rotor designs, that is, the design developed 
by this author in the early 1980s currently used in commercial MWD tools. 
Figure 9.4a provides a schematic of such a siren where, for clarity, the outer 
(drill collar) enclosure and the inner central hub are not shown. Here the siren is 
shown in the initial opened position. Let us consider the situation when wind 
blows past it and the rotor tends to close. If this siren is placed in a downhole 
tool, the closing torque will vary linearly with mud weight and quadratically 
with mud pump flow rate. We wish to determine what this torque would be so 
that a proper motor can be selected for the MWD tool. 

The restoring torque is easily obtained from wind tunnel analysis. The 
siren is placed (without an electric motor drive) into the wind tunnel as shown in 
Figure 9.4b. A thin shaft extends downstream, which may be supported at one 
or more points to prevent flexing. A wire wheel or thin circular disk is attached 
to this shaft and the linear force F required to keep the rotor in the fully opened 
position is recorded. The product between F and the moment arm R is the 
restoring torque Tair = FR for the opened position considered. If the "pulling" 
force is reduced, the rotor will close slightly; the resulting reduced torque is the 
restoring torque associated with the partially closed azimuthal position. If this 
process is repeated for all positions from opened to closed, a range of closing 
torques can be determined on a static basis. 

Oncoming flow 
speed U a-

Downstream rotor 
(of stable closed siren) 
attempts to close 

Fluid pressures exert 
a "closing torque" 
which moves rotor 

Figure 9.4a. Simple stable-closed siren. 
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Oncoming flow 
speed Ui r 

Figure 9.4b. Conceptual measurement of restoring torque. 

It is not necessary to use a linear force gauge. If a set of calibrated weights 
were available, restoring torques are just as easily determined versus azimuthal 
angle. For example, the use of a block with weight Wi will give a torque of 
WiR associated with relative rotor-stator angle Ai. Measurements are repeated 
for different weights Wn to give restoring torques Tn associated with different 
degrees of relative closure An. Note that we are measuring static torque, that is, 
torque when the rotor is not moving; the electrical drive motor is not attached to 
the rotor shaft and there is no resistance to rotor movement except bearing 
friction. This is generally the worst case torque in practice; if the motor chosen 
can overcome this torque, it will perform satisfactorily downhole under dynamic 
rotating conditions. We emphasize that, as the siren closes or opens, blower flow 
rates can change substantially and need to be monitored continuously. If 
inaccurate flow rate measurements are used, torque predictions will obviously 
degrade in quality. If cost were not a factor in wind tunnel construction, one 
would naturally turn to automated flow rate and torque measurement systems. 

For the flow in Figure 9.4a, we now assume that Tair and Qair are available 
from wind tunnel measurements when the air has a mass density of pair (Qair is 
the volume flow rate determined from u(r) as discussed). Again, good data is 
important; ensure that this torque data is correct by increasing Qair to some 
higher level and verifying that the new Tair increases quadratically. If this 
quality test is passed, we would like to use their values to predict the 
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corresponding torque Tmud in a flow with density pmud and flow rate Qmud. The 
result is simple, following derivations identical to that given in Chapter 8 for 
turbine torque, and given by the formula Tmud = Tair (pm ud/pai r) ( Q m u d / Q a i r ) 2 - Self-
spinning "turbosirens" such as that in Figures 9.4c,d, in the leading author's 
U.S. Patent 5,831,177, interestingly, do not suffer from static torque problems; 
they spin continuously, drawing on the power of the flow in the oncoming flow. 

Figure 9.4c,d. Self-spinning "turbosiren" designed in 
wind tunnel and validated in mud flow loop (U.S. Patent 5,831,177). 

We next summarize the key procedural steps for siren static torque testing. 
These are given to guide engineers new to the test techniques developed thus far 
so that all necessary steps are followed. 

9.2.2 Siren static torque testing procedure. 

1. Record the time of day, date, temperature and humidity and describe any 
relevant conditions, e.g., exposure to sunshine or cold. The data are used to 
determine air density from a suitable physical formula. 

2. Place the siren test fixture in the wind tunnel with the rotor at the 
downstream side and remove the electric motor from the siren assembly. 
Make sure that the rotor spins freely. 

3. Follow the suggestions of Figure 9.4b. For example, hang a weight Wi on 
the string attached to the circular wire wheel and compute the restoring 
torque WXR and record the relative angle open between siren stator and 
rotor Ai. Repeat with different weights Wn which would correspond to 
torques Tn and angles An. Also record the flow rate Qn obtained. 

4. Ensure correct torque measurement. Remember that flow rate will change 
as the degree of siren closure changes. Rate needs to be monitored 
accurately to guarantee reliable predictions for other flow rates. 
Periodically increase the flow rate substantially and verify that the 
dependence of torque on rate (at the same stator-rotor angle) is quadratic. 

5. What are the highest values of mud weight and mudpump flow rate for this 
mud siren in field operations? Denote these by pmud and Qmud. 
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6. Calculate the worst-case starting static torque using the earlier formula Tmud 
= Tair ( p m u d / p a i r ) ( Q m u d / Q a i r ) 2 - Are electric or hydraulic motors available 
commercially to provide this torque, given the packaging constraints known 
for the MWD drill collar? If not, this is an unacceptable design. 

7. Calculate the moment of inertia I of the siren rotor and any attachments to 
the rotor shaft expected in the actual MWD tool, e.g., alternative shaft, 
motor parts, etc. For the torque Tmud and the calculated inertia I, do rotor 
angular accelerations appear reasonable? 

8. Our discussion assumed an initially opened stable-closed rotor attempting to 
close. Alternatively, one might have an initially opened stable-open rotor 
attempting to remain open. The downward weight shown in Figure 9.4a 
would be placed on the opposite side and one would measure the torque 
attempting to close the siren. Remember, the entire range of azimuthal 
angles must be considered whether the siren valve is stable open or closed. 

9. It is important to remember that not all siren valves are stable-open or 
stable-closed. Figures 9.4c and 9.4d show sirens that rotate by themselves 
without motor drives, drawing upon the power in the oncoming flow to 
aerodynamically turn the rotor without further mechanical assistance. 
Signal modulation for such "turbosirens" would be accomplished by 
braking the rotor using mechanical or electrical means. 

The above discussions focus on static torque, that is, torques needed to 
open a closed stator-rotor pair or to close an opened pair. These are important 
because, after all, the siren rotor must stop, start, speed up or slow down in order 
to convey information. Dynamic torque is the resistive torque encountered by 
the rotor once it is in steady-state rotary motion. For example, if a phase-shift 
keying telemetry scheme is used, the rotor might turn three complete revolutions 
before changing phase; dynamic torque would be the torque acting on the rotor 
during these three rotation cycles. In general, static torques exceed dynamic 
torques; thus, if an electric or hydraulic motor can overcome static torques, then 
supplying the torque needed for steady rotation is not a problem. This fact was 
not apparent to early MWD designers, who went through great effort to collect 
dynamic torque data. Such measurements are not trivial, since expensive 
dynamometers must be used to test metal models under actual mud flow 
conditions. Testing is time-consuming and labor-intensive and, in this author's 
opinion, unnecessary. But interestingly, theoretical considerations could reduce 
test matrices substantially if dynamic results were actually deemed important. 

Flowfields associated with blunt body sirens are typically separated, 
rotating and highly transient and, as a result, hardly amenable to analysis or 
computational simulation. Nonetheless, their flow properties do follow well 
defined rules which can be extrapolated experimentally. Thus, their complicated 
physical nature does not imply that hundreds of mud loop tests with metal 
models are necessary. For a mud siren test, the parameters that enter are the 
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radius R, the torque T, the fluid mass density p, the rotation rate co, and the flow 
rate Q. It is known from rotating flow turbomachinery analysis (e.g., refer to the 
classic books by Hawthorne ( 1 9 6 4 ) and Oates ( 1978) ) that these individual 
parameters by themselves are unimportant; instead, the complete physical 
problem depends on two parameters only, namely, the dimensionless groups 
RT/pQ2 and 7tcoR3/Q. The first group measures a force-like quantity against the 
dynamic head; the second, also known as the "tip speed ratio," compares 
azimuthal to axial velocities. Plots of one versus the other will generally yield 
straight lines (Oates, 1982). For hundreds of data points obtained in a CNPC 
mud flow loop, running at different flow rates with different mud densities and 
viscosities, it was found that, for a given siren geometry, RT/pQ2 is in fact a 
straight line function of 7tcoR3/Q. That this should have been expected is 
anticipated from the wide body of empirical turbomachinery literature available. 

An example from mud loop tests is shown in Figure 9.5, where different 
flow rates, mud weights and viscosities were incorporated into the test program. 
Again, RT/pQ2 and 7tcoR3/Q are dimensionless and have no physical units. The 
straight line curve fit will take the form RT/pQ2 = Slope x 7icoR3/Q + Vertical 
Intercept. Using our data, Vertical Intercept = - 0.09 and Slope = (0.12 + 
0.09) /1 .0 = 0.21. Thus, RT/pQ2

 = 0 .21 TTCOR3/Q - 0 .09. Hence, the siren 
torque acting at any fluid density p, flow rate Q and rotation rate co is given by 
the equation T = ( pQ2

 / R ) (0 .21 TTCOR3/Q - 0 .09) . This result is, of course, 
applicable only to the particular tapered-edge rotor design tested. But it is 
important to observe that dynamic torque is not a simple quadratic function of Q 
as in turbine flows. However, the equation applies generally to the hardware 
class considered and can then be used with any set of physical units desired. 

-0.05 

0.10 

0.00 

0.05 

A 

Figure 9.5. Siren torque from numerous mud tests fit to single straight line 
(results applicable to a research design never used commercially). 
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Note that the dynamic torque in Figure 9.5 does not vanish at co = 0 
because asymmetric rotor tapers were evaluated in the test. The following 
observation from Figures 9.5 is crucial from a testing perspective. In order to 
determine the dimensionless torque curve, it is not necessary to use all of the 
data points shown. The same straight line can be constructed from a wind 
tunnel dynamometer test using two widely separated test points only, say those 
corresponding to "southwest" and "northeast." These two test points are 
selected as follows: fix the value of Q and perform tests at wide-apart rotation 
rates coi and co2. The resulting curve, normalized as shown, applies to all flow 
and rotation rates and to all mud densities. These results are well known in 
aircraft turbine flow analysis and result from fundamental consequences of 
dynamic similarity. Again we emphasize that tests for dynamic torque are less 
important relative to those for static torque. It is also important to emphasize a 
physical consequence of Figure 9.5. The straight line dependence means that we 
can write (R*Torque)/(pQ2) = a (coR3/Q) + P where a and P are constant 
dimensionless slope and intercept values. Thus, Torque = (p/R)(PQ2 + acoR3Q). 
This shows that, unlike the simple quadratic dependence of force on flowrate in 
static problems, a dynamic correction proportional to the first power of flowrate 
and rotation speed is obtained. It is not quadratic, but the dependence on fluid 
density is still linear. 

9.2.3 Erosion considerations. 
Figure 9.6 shows eroded metal prototype parts (for a design concept not in 

commercial use) with obvious gouging of the metal very apparent. This is 
caused by intense, high speed, swirling, sand-carrying "vortex" flows which 
continuously remove metal. Advanced and expensive engineering measurement 
methods include hotwires and laser anemometers, but these are not necessary for 
our purposes. The "ball in cage" in Figure 9.7a can be constructed from flexible 
copper wires soldered in place. This cage contains a white plastic or styrofoam 
ball painted white on one hemisphere and black on the other. This device is 
introduced into the flow. A straight oncoming flow presses the ball against the 
back of the cage, as shown in Figure 9.7a, but a recirculating flow as in Figure 
9.7b will impart an obvious spin. The higher the spin rate, the greater the 
implied erosion. The erosion design objective is reduction of rotation velocity 
or a complete elimination of the recirculation zone. "Ball in cage" test devices 
have been developed in different sizes, e.g., over diameters from 0.1 to 0.5 
inches in order to characterize different scales of recirculating vortex motion. 
The author cautions against "common sense" approaches when redesigning 
blunt body flows. Very often, the results are unpredictable, but fortunately, 
reliable test results can be obtained inexpensively. 
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Figure 9.6. Eroded turbine rotor tips and siren lobes, both from vortex damage. 

Figure 9.7b. Rotating "ball in cage" in recirculating vortex flow. 

9.3 Intermediate Wind Tunnel for Signal Strength 
Measurement. 

The prior section dealt with torque measurement and erosion, two areas 
critical to good MWD design which can be successfully studied using the short 
wind tunnel. Here we consider acoustic signal strength and explain how it can 
be measured using an "intermediate" length wind tunnel. In general, one cannot 
determine signal strength by using a single transducer, say, upstream of the 
siren, without further signal processing; this transducer will record the created 
signal plus all reflections and reverberations, and the end result is difficult to 
decipher or interpret. A good interpretation method is thus required. 

The acoustic pressure field produced by siren opening and closing is 
antisymmetric with respect to source position. For example, when the siren 
closes, an overpressure is developed upstream due to impacting fluid, while an 
underpressure is found downstream as fluid pulls away - these pressures are 
equal and opposite, a fact verifiable in both wind tunnel and mud flow loop. 

Figure 9.7a. Stationery "ball in cage" in straight flow. 
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Because the pressure is antisymmetric, signal strength is amenable to differential 
pressure transducer measurement. The two piezoelectric sensors connected to 
differential transducers are placed upstream and downstream of the siren at 
equal short distances, and effectively cancel reflections, thus providing direct 
indicators of Ap. But such measurements are not perfect, since one sensor 
always resides downstream of the rotor, where strong rotating vortex flows with 
highly transient pressures are found; and differential pressure transducers will 
never characterize negative pulsers since Ap vanishes identically. Since neither 
single nor differential pressure measurements is ideal, one would ideally prefer 
both. In this section, we discuss the problems associated with each technique so 
that potential measurement errors could be properly understood and reduced. 

When a siren opens and closes, an acoustic "water hammer" signal is 
created as the fluid literally crashes into a solid wall (the term "water hammer" 
will be retained for air flow, as it traditionally describes fluid compressibility 
effects). Were one to visualize nearfield flow details in all their detail, one 
would record a wealth of small-scale three-dimensional effects. These do not, 
however, propagate to the surface; only the lowest-order pressure field having 
an amplitude that is uniform across the cross-section travels to the surface. This 
is known as the "plane wave" mode. The acoustic plane wave is created by 
effectively stopping the oncoming fluid and is recognized as a volume effect; 
thus, if the rotor-stator gap is large, or the circumferential gap between the rotor 
and the MWD collar is not small, or both, stoppage is reduced and the created 
signals will be weak. Siren designs should minimize these gaps, but there may 
be undesirable operational consequences. For example, reducing the rotor-stator 
gap will increase the likelihood of debris jamming and erosion, and similarly for 
the circumferential rotor gap adjacent to the collar housing. An assessment 
related to jamming and erosion must be made using short wind tunnel flow 
analysis and actual mud loop or field testing. 

9.3.1 Analytical acoustic model. 
In Chapter 3, we introduced the use of harmonic analysis in signal 

modeling and considered the problems shown in Figure 9.8. In particular, we 
studied four scenarios, namely, Case (a), infinite system, both directions, Case 
(b), drillbit as a solid reflector, Case (c), drillbit as open-ended reflector, and 
Case (d), "finite-finite" waveguide of length 2L. It is Case (d) that is of interest 
in intermediate wind tunnel testing, and in this chapter, we discuss its 
applications. 

The sketch in Figure 9.8d shows a dipole source centered at x = 0 in a 
waveguide of length 2L where x is the propagation coordinate. We will assume 
open-ended reflectors satisfying du/dx = 0 at x = ± L where u(x,t) is the fluid 
displacement and discuss its physical significance (both ends of the intermediate 
wind tunnel are opened to the atmosphere). Again, co is the rotation frequency, c 
is the sound speed and t is time. Since standing waves are found at both sides of 
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the source, linear combinations of sin cox/c and cos cox/c are chosen on each side 
to represent u(x,t). Use of Equations 3-A-8 and 3-A-9 at the source x = 0 
previously gave us the acoustic pressure solutions 

Pi(x,t) = - {ps/(2 tan coL/c)} [sin cox/c + (tan coL/c) cos cox/c] e/CDt 

on - L < x < 0 (3-A-14) 

p2(x,t) = - {ps/(2 tan coL/c)} [sin cox/c - (tan coL/c) cos cox/c] e/CDt 

on 0 < x < + L (3-A-15) 

x = 0 

x = 0 xs 

x = 0 xs 

(a) 

(b) 

(c) 

(d) 

-L x = 0 +L 

Figure 9.8. Different propagation modes (identical to Figure 3-A-l). 

These solutions describe a siren source whose differential pressure Ap, or 
signal strength, is ps(t). As the rotor turns, equal and opposite pressure fields are 
created which travel in opposite directions, reflect at the open ends, and 
reverberate continuously to develop the solutions above. It is easily verified that 
Pi = 0 a t x = - L and p2 = 0 at x = +L. Also, the acoustic pressure is 
antisymmetric with respect to the x = 0, where the Ap is maintained. This is a 
very important solution for wind tunnel testing determination of Ap. It allows 
placement of a single (not differential) piezoelectric transducer anywhere, at any 
position "x" for measurement of the "p," which includes the effects of all 
reflections needed to set up the standing wave. In wind tunnel applications, 
standing waves are set up within seconds. 

Then, depending on whether Equation 3-A-14 or 3-A-15 is used, we can 
solve for the ps representing "delta-p" in "p2 - Pi = ps e/CDt" directly. This is 
repeated for different values of co. It is important to understand that different 
sources of experimental error and consideration will arise. In particular, 
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(1) We have mathematically assumed that "x = 0" was our dipole source. 
In practice, the siren stator-rotor and electric motor drive may be as much 
as 1 foot long and is not located at the point "x = 0." To minimize 
measurement error, the use of a longer wind tunnel is preferred, say 100 -
200 feet. It is not necessary to use the very, very long wind tunnel - a 
simple pipe with a blower and a piezoelectric pressure transducer suffices. 

(2) If the dipole source were an electric speaker, the pressures pi and p2 

will be perfectly antisymmetric because there are no other sources of noise. 
However, when a mud siren is used, there is turbulent flow noise upstream 
of the stator associated with the blower, and also, turbulent flow noise plus 
strong pressure oscillations due to a swirling vortex motion imparted by 
the turning rotor in the downstream (the frequency of the downstream 
vortex noise will be identical to that of the acoustic signal). In order to 
measure acoustic Ap properly, the noise on each side of the siren may need 
to be filtered. The noise upstream of the stator might be eliminated using 
white noise or Gaussian noise filters. The noise downstream of the rotor, 
associated with a rotating flow, is more challenging (this rotating flow is 
easily observed using the flow visualization techniques described 
previously). However, the analog use of flow straighteners should 
satisfactorily filter this effect. 

(3) Again, two means of acquiring Ap data are recommended although not 
required, namely, single pressure transducer and differential transducer 
methods. In either case, sensitive piezoelectric gauges should be used that 
are connected to oscilloscopes, signal analyzers and data recorders. These 
redundant measurements provide useful checks for experimental error and 
also provide increased physical insight which is invaluable in research. In 
the case of single pressure transducer testing, we recommend the use of 
piezoelectric pressure data upstream of the stator as it is less noisy and 
does not contain the swirling effects of the flow downstream of the rotor. 
If the blower itself is noisy, flow straighteners may need to be installed at 
the blower outlet. The single transducer should not be located at the far 
left end because acoustic pressure vanishes at open ends; it is preferable, 
for example, to select the upstream location x = - Vi L in order to avoid 
downstream noise associated with the swirling rotor vortex flow having the 
same frequency. Turbulence noise may need to be filtered before one can 
measure the pressure. Then, ps can be calculated from Equation 3-A-14. 
In the case of differential transducers, flow straighteners will be needed 
just downstream of the rotating rotor in order to filter out vortex noise. 
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9.3.2 Single transducer test using speaker source. 
As these techniques are new, we describe simple tests to acquaint the 

engineer with wind tunnel acoustic testing. Figure 9.9a shows waves traveling 
within a plastic tube of the type used for our intermediate length acoustic wind 
tunnel. When multiple pipe lengths are joined, care should be taken to eliminate 
seams or small area changes since spurious reflections and noise are created as 
such junctions. An electric speaker (say, a low frequency woofer) is connected 
to a waveform generator and a very short duration signal is created which travels 
to the left. In the figure below, there is no blower and the signal source is the 
speaker alone. The single (not differential) piezoelectric transducer used will 
record its pressure trace as the wave travels by. Consider the top diagram, 
where the left end is opened. This wave will continue to travel to the opened 
left end and reflect with an opposite sign in pressure. This basic test should be 
set up so that there is no overlap of left and right-going signals, thus allowing 
clear identification of left and right-going signals, and the engineer should verify 
this reflection result. Repeat the experiment with the left end closed, e.g., attach 
a metal plate to the end; now, the pressure should reflect with the same sign. 
Once the basic electronic instrumentation, that is, wave form generators, signal 
analyzers and recorders, and so on, is set up, we are prepared to perform MWD 
measurements. 

Single 
transducer ^ S p e a k e r 

Open ( ) V 

Closed 

Figure 9.9a. Single transducer speaker test set-up. 

9.3.3 Siren Ap procedure using single and differential 
transducers. 

Consider the top drawing in Figure 9.9b, with the speaker in the middle of 
the intermediate length tunnel, again without a blower. The waveform generator 
should create a sinusoidal signal of frequency co. Test frequencies should be less 
than 100 Hz. Then, the wavelength X, equal to sound speed (approximately 
1,000 ft/sec in air) divided by Hertzian frequency, will exceed 10 ft and remain 
large compared to the diameter, so that wind tunnel testing remains valid. 
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Two transducer types will be considered. For the differential transducer, 
each sensor should be placed at equal distances ahead and behind the speaker. 
So that local three-dimensional effects can dissipate before affecting 
measurements, a recommended separation is at least five tube diameters. For 
this test, the electronic displays should show both the signal source and the 
differential pressure measurement versus time on the same screen. The 
differential pressure measurement is straightforward. For a given siren 
configuration, our experimental objective is the relation ps = ps(co). 

Figure 9.9b. Siren signal test set-up explained in detail. 

Next consider the single transducer shown at the bottom of the tubing, 
again, for the top drawing of Figure 9.9b. This transducer will measure the 
initial signal plus all reflections and reverberations. It will be extremely difficult 
to understand the meaning of this measurement. However, since the single 
transducer location "x," say x = - L/2 as suggested earlier, is known, along with 
values for co, L, c and the measured pressure pi(- L/2,t), it is a straightforward to 



SIREN DES IGN AND EVALUATION 2 5 7 

calculate the source strength ps from Equation 3-A-14. This ps should equal the 
value obtained from the above differential pressure measurements. 

The middle drawing in Figure 9.9b also shows a speaker test, now attached 
to a squirrel cage blower which is not blowing. Again, we have an open-open 
system. Note that the blower basically changes the length of the wind tunnel. 
Thus, if a single transducer test is performed when a blower is attached, the 
proper physical source location of "x = 0" must be determined before Equation 
3-A-14 can be properly used. One would need to adjust the location of the 
speaker (by trial and error) until the ps value determined using Equation 3-A-14 
agrees with that obtained from differential pressure measurement. 

In the bottom drawing in Figure 9.9b, a siren replaces the speakers used 
earlier. The stator-rotor gap location should be identified as the "x = 0" 
determined in the above paragraph. Unlike simple speaker tests, a number of 
fluid-dynamical complications arise. First, a swirling vortex flow will be found 
downstream of the rotating rotor. Thus, it will be necessary to place flow 
straighteners as shown, in order to remove the strong pressure oscillations 
associated with this flow - only then will differential pressure measurements be 
accurate. Single pressure transducer measurements, for this very same reason, 
should be obtained upstream of the siren stator in order to minimize vortex 
noise. Flow straighteners may also be required at the blower outlet to reduce 
wind noise, as in Figure 9.3. In both cases, because wind is flowing, background 
turbulent noise will be found. Equation 3-A-14 is used in the same manner as 
before. Again, redundant methods for ps signal strength determination provide 
error checks, and neither method alone is likely to provide absolute accuracy. 

We now assume that the engineer has developed a suitable test matrix of 
parameters. For example, this might include two-lobe, three-lobe and four-lobe 
sirens operated at different flow speeds and frequencies. In addition, each siren 
prototype may be evaluated with different taper angles, rotor-stator gaps, 
different convergence and divergence angles in the central hub, different rotor 
circumferential clearances with the collar housing, and so on. Each of these 
configurations should also be evaluated in the short wind tunnel for torque and 
erosion tendencies. Wind tunnel data should be extrapolated to field conditions 
for muds flowing under actual pump speeds, in order to determine if electric or 
hydraulic motors can be found for the design. A good acoustic test procedure is 
suggested below which addresses a number of key engineering questions which 
arise and summarizes the steps required to fully characterize the siren. 

9.3.4 Intermediate wind tunnel test procedure. 

1. Record time, date, and air temperature and humidity, and note any unusual 
conditions, e.g., exposure of the room to sunlight. Using standard 
engineering formulas, determine the mass density p of the air and the 
corresponding speed of sound c. 
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2. Place the siren in the wind tunnel with the rotor-stator gap located at x = 0. 
Insert flow straighteners at the blower outlet and also just downstream of 
the rotor. Install the differential pressure transducer and single pressure 
transducer at the upstream location x = - Vi L ahead of the stator. 

3. The siren will be turned by an electric motor installed in the upstream or 
downstream location (upstream may be preferable since this mimics the role 
of the central hub in the MWD tool). The torque acting on different sirens 
will be different, so that different electrical settings will be required to 
maintain the same rotation. Again, siren torques will depend on the design 
geometry and also the oncoming flow rate. 

4. Install all electronic instrumentation, e.g., DC controllers for the electric 
motor, differential pressure and single transducer outputs to signal 
analyzers, simultaneous measurements for dynamic torque, and so on (refer 
to the "long wind tunnel" section for details). 

5. We now perform tests. With the siren rotating at the desired frequency, 
determine the average volume flow rate Q as described in Chapter 8. First, 
measure ps using the differential transducer; this ps is the one in Ap — ps e

/CD 

= ps cos cot in Chapter 3. Second, perform single transducer measurements. 
Set x = - Vi L in Equation 3-A-14 and introduce L, co and c. The result is 
Pi(- L/2,t) = - {ps/(2 tan coL/c)} [ - sin coL/2c + (tan coL/c) cos coL/2c] cos cot. 
The transducer signal is pi(- L/2,t). Its measured peak-to-peak value equals 
-{ps 1(2 tan coL/c)} [ - sin coL/2c + (tan coL/c) cos coL/2c] which can be 
solved for ps. Do the differential and single transducer ps values agree? 

6. For the same frequency, repeat the above with different values of Q. Is the 
dependence on Q linear, quadratic or something else? 

7. Repeat the test for different frequencies, and then, different Q's for each 
frequency. What is the dependence of ps on frequency, or better, as a 
function ps(Q,co) of both frequency co and volume flow rate Q? 

8. Actual signals will be additionally dependent on the mud density pmud. 
With all other quantities fixed, ps mud = ps air (pmud/Pair)- When further 
extrapolated to the downhole flow rate, is the signal strong enough to 
overcome attenuation? 

9. Our analytical model assumes that ps is a constant and that the transient 
delta-p takes the form Ap = ps e/CDt. With the rotor turning at a constant 
frequency co, we wish to determine experimentally if ps is, in fact, constant. 
To do this, connect the differential pressure output to a spectrum analyzer. 
Is ps a constant? Or does it consist of multiple peaks, as would be expected 
of a nonlinear system? What are the Ap's associated with the primary and 
higher harmonics? The results can be surprising. Amplitude spectra for the 
same siren operating at the same rotation rate co, for high and low flow 
rates, are shown in Figure 9.10a (the vertical and horizontal scales are 
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different). The left-most peaks represent the primary harmonic associated 
with co, but the shape distributions of the higher harmonics differ owing to 
nonlinearity. Optimum shaping would maximize signal strength in the 
primary harmonic, and ideally, remove energy from higher ones which 
waste energy and increase signal processing complications. If nonlinear 
effects are important, it may be necessary to filter out higher harmonics 
before ascertaining relationships between Ap, flow rate and frequency. 
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Figure 9.10a. Signal strength amplitude spectrum measured in wind tunnel. 

10. We expand on the results in Figure 9.10a. When these figures represent 
Ap's, only the "primary harmonic" represents the useful signal, e.g., the 12 
Hz component of a siren rotating at 12 Hz. The Ap's associated with 24, 
36, 48, 60 Hz and so on, are wasted, in the sense that they are destroyed by 
the drillpipe telemetry channel (signals associated with very, very high 
frequencies are eliminated by destructive wave interference since the pipe 
acts as a low-pass filter, while those for lower high frequencies are simply 
removed by thermodynamic attenuation). Intermediate harmonic signals 
that arrive at the surface can be problematic since they appear as echoes. 
The "true signal" is the one with the lowest frequency. It can be extracted 
from the measured transient waveform using standard methods in FFT (Fast 
Fourier Transform) analysis. Figure 9.10b provides an illustrative (non-
MWD) calculation. The transient time domain waveform at the left appears 
somewhat complicated, but upon Fourier analysis, actually consists of 
discrete periodic components as shown at the right. Detailed discussion can 
be found in standard signal processing references, e.g., the practical 
textbook by Stearns and David (1993) with source code in Fortran and C. 
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Figure 9.10b. Time (left) and frequency domain (right) displays. 

Test procedures for source strength are state-of-the-art. Determining signal 
strength experimentally, that is, finding ps = ps(Q,co) for a given siren, is very 
challenging. Some researchers have assumed, following Bernoulli's equation, 
that ps must vary like Q2, however, this equation describes constant density and 
not compressible flows. On the other hand, from water hammer considerations, 
ps might vary linearly with Q and co. Montaron, Hache and Voisin (1993) and 
Martin et al (1994) speculate that pressure pulse amplitudes created are roughly 
independent of frequency, however, recent CNPC experiments indicate a 
monotonic decrease with frequency for the same flow rate, e.g., as is evident 
from experimental data in Figure 9.10c taken to about 60 Hz. This result is 
expected physically: at higher rotation rates, rapid rotor movement does not 
provide enough time for the fluid to come to a complete stop and recover. 
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Figure 9.10c. Experimental CNPC results, Ap versus frequency. 

Additional discussion is available for positive pulsers. In one-dimensional 
acoustics, a semi-infinite pipe with a piston at one end that is quickly struck will 
create a propagating wave with strength ps = pVc. The piston model, an exact 
solution attributed to the nineteenth century physicist Joukowsky, applies more 
to positive pulsers than to sirens. Here, p is fluid density, c is sound speed and 
V is the instantaneous piston speed. If we consider water, with p = 1.935 lbf 
sec2/ft4 and c = 5,000 ft/sec, and assume a flow rate of 500 gpm in a 6 inch 
diameter pipe, we find that ps = 381 psi. This is a realistic downhole value for 
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positive pulsers since surface values range up to 100 psi. If this acoustic model 
is valid, then ps is linearly proportional to Q (and also to p and c) as opposed to 
Q2. But because siren signal generation is both acoustic and hydraulic (due to 
leakage through the gap), the truth, most likely, lies somewhere in between, with 
U depending on a combination of Q and rotation rate co. 

9.3.5 Predicting mud flow Ap's from wind tunnel data. 
How to analyze and extend wind tunnel pressure results to actual mud 

flowrates and densities raises questions best answered through discussion. We 
motivate the mathematical ideas using our wind tunnel methods for turbine stall 
torque analysis (see Chapter 8 for a complete discussion). In any physical 
problem, it is important to identify the key parameters. Since torque is primarily 
determined by the inviscid character of the fluid, viscosity and rheology are 
unimportant to leading order (these parameters are, of course, important in 
assessing viscous losses). This being the case, the primary variables needed to 
characterize the torque T are the oncoming speed U, the density p, the surface 
area A and the mean moment arm R. This observation, while simple, is key. 

The "dimensional analysis" methods used in engineering argue that natural 
phenomena can and should be expressible in terms of fundamental 
dimensionless relationships. The quantity pU2AR is the only product that can be 
formed with dimensions of torque. Thus, the ratio T/( pU2AR) can only depend 
on the remaining dimensionless parameter, namely, the shape of the turbine. 
This idea is expressed by the equation T/( pU2AR) = CT where CT is a 
dimensionless torque coefficient associated with the geometry being considered. 
Now suppose that measurements are made in both air and mud. Since CT is 
invariant, one must have Tair/(pairUair

2AairRair) = Tmud /(pmud Umud
 2Amud Rmud). 

For full-scale testing, we have Aair = A mud and Rair = Rmud. Hence, we find that 
the equation Tmud = (pmud/Pair)(Umud/Uair)

2Tair can be used to determine mud 
torque at any flow rate and density from any set of wind tunnel data. 

Now, we turn to MWD signal generation and attempt to understand the 
underlying physics using similar techniques. Consider the semi-infinite pipe at 
the top in Figure 9.11 with a piston at the left end. If this piston is struck, for 
instance, by a hammer, an acoustic "water hammer" pressure wave is created 
which propagates to the right. Fortunately, in this example, an exact, analytical 
solution to the governing one-dimensional wave equation can be developed. 
Again, we consider the fluid displacement u(x,t), which satisfies utt - c2 uxx = 0 
where c is the sound speed. The general solution takes the form u = f(t - x/c) 
which represents a right-going wave. At the piston face where x = 0, this 
reduces to the boundary condition u(0,t) = f(t) for piston position. Recall that 
the acoustic pressure P(x,t) satisfies P(x,t) = - B ux(x,t) where B is the bulk 
modulus. Then, P(x,t) = (B/c) f ' (t - x/c) or, since c2 = B/p where p is fluid 
density, a simple P(0,t) = pcf '(t) = pcV(t) holds, where V(t) is piston speed. 
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Figure 9.11. Three pressure disturbance modes. 

In summary, the acoustic pressure developed by a piston that fully 
occupies the cross-section of the pipe is P(0,t) = pcV(t). The middle drawing in 
Figure 9.11 shows a piston with nonzero wall clearance, which allows flow 
leakage as the piston moves. One therefore expects that the pressure predicted 
by the foregoing formula cannot be realized fully, and it is reasonable to modify 
that relationship in the form P(0,t) = pcV(t)G where G < 1 is a dimensionless 
efficiency factor associated with piston geometry. Thus, we write P/(pcV) = G, 
where G can be determined from wind tunnel or mud flow loop analysis. 
Because the dimensionless G represents a unique descriptor for the piston, then, 
as in our torque analysis, we can infer that Pair/(PairCairVair) = Pmud/(PmudCmudVmud) 
or P m u d / P a i r = ( p m u d / p a i r ) ( c m u d / c a i r ) (Vmud/Vair). For example, a heavy mud might 
have Pmud/Pair = 1,500 and cmud/cair = 3. If the wind tunnel test is carried out at 
300 gpm and the desired downhole volume flow rate is 1,200 gpm, then Pmud/Pair 
= 1,500 x 3 x 4 = 18,000. Thus, a Ap of 0.01 psi measured in the wind tunnel 
translates to 180 psi under the downhole conditions assumed. 

Once G is determined from wind tunnel analysis, one can use the model 
P a i r = PairCairVairG for air flow and Pmud = PmudCmudVmudG for mud. We caution 
that our discussion so far assumes that the only physically important 
phenomenon is acoustical. In the bottom sketch of Figure 9.11, we do not have 
a piston; instead, any analogous piston action is deemed to be so slow that the 
left end acts as an orifice. When this is the case, the sound speed c is no longer 
important, and pU2 is the only quantity with dimensions of pressure. Thus, the 
ratio P/(pU2) must depend on the geometrical details of the orifice only, 
characterized by a dimensionless constant H, also measured in the wind tunnel. 
In fact, we can write Pa i r/ (pa i r U2 ) = P m u d / ( P m u d U m u d

2 ) = H, from which it follows 
that Pair = pairU

2 H and Pmud = pmudUmud2 H. Note that in the purely acoustic 
model, the pressure depends linearly on V(t), while in the constant density 
hydraulic model, it depends quadratically on V(t). 
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Of course, the mud siren, with its piston-like action and orifice similarities, 
will have a pressure dependence that is linear with density and varies with "aV 
+ PV2" in a way determined experimentally. From a modeling perspective, one 
hopes that a simpler relation can be found, so that "aV" or "PV2" alone holds. 
The dependence on the sound speed c is not obvious, and recourse to mud loop 
testing may be necessary after wind tunnel test data have been evaluated. Care 
should be exercised with the extrapolation procedures defined above. 

9.4 Long Wind Tunnel for Telemetry Modeling. 
We recapitulate the ideas developed so far. Short wind tunnels provide 

inexpensive, fast-turnaround tests for properties like torque, erosion, stable-open 
versus stable-closed, and turbine no-load rotation rate, torque and power; they 
are used to evaluate hydraulic effects associated with constant density flows. 
Intermediate wind tunnels recognize the wave propagation, reflective and 
reverberant aspects of siren-induced wave motions, which arise from 
compressible fluid effects. They too, are inexpensive, providing simple means 
to determine signal strength. When integrated with dynamic torque and 
azimuthal position measurements, valuable data can be obtained that will be 
useful in subsequent feedback and control loop design. We had discussed the 
effects wave interference. These are both good and bad. For instance, it can be 
used to enhance MWD signals without incurring the usual power and erosion 
penalties. Alternatively, less-than-optimal placement of the siren in the collar, 
or the use of inappropriate frequencies, can reduce the signals that ultimately 
travel up the drillpipe by virtue of destructive interference. 

9.4.1 Early construction approach - basic ideas. 
To evaluate wave interactions, it is not possible to use our short and 

intermediate wind tunnels. Instead, a "long wind tunnel" must be used, which 
provides enough "leg room" for concept evaluation. But how long is long? The 
sound speed in air is approximately 1,000 ft/sec. Suppose we consider a 
maximum signaling frequency of 100 Hz. Then, the wavelength associated with 
this motion is (1,000 ft/sec)/(100 Hz) or 10 ft. Thus, a total length of 2,000 ft 
should suffice for most wave evaluation purposes. Because 10 ft still greatly 
exceeds a typical diameter, the waves are long in an acoustic sense. Therefore 
they will not reflect at bends, even ninety-degree bends (of course, the hydraulic 
pressure drops required to move air at prescribed volume flow rates may be 
large). A long wind tunnel built with steel tubing wound several times around a 
building is shown in Figure 9.2b. But since reflections are almost non-existent, 
as can be validated experimentally, the long wind tunnel can also be constructed 
from flexible plastic tubing wound on 3-4 ft diameter reels, as in Figure 9.12a, 
for an early "concept" long wind tunnel that is no longer in use. Preliminary 
studies in this facility and an understanding of its limitations led to the CNPC 
design described extensively in this book. 
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Figure 9.12a. Early long wind tunnel wound on small diameter reels. 

Consider the long wind tunnel and apparatus in Figure 9.12a, whose 
development was funded in part by the Gas Research Institute (Gardner, 2002). 
That public domain report utilized fixtures summarized in the present write-up. 
At the left is a test fixture allowing simultaneous siren rotation and rotor-stator 
gap axial reciprocation for amplitude modulation. The upstream "drillpipe" in 
the middle drawing, in reality a thousand feet of plastic tubing wound on reels, 
is connected to an air compressor to provide the oncoming flow; the downstream 
"annulus" in the far right drawing is likewise wound on reels. Because 
pressures are large up to and including the solid plastic test section, dangerous 
cracking with flying debris is likely. For this reason, a pressure relief valve is 
installed, which is no more than a "cork" located in a suitably drilled orifice; 
ring clamps are also used to reinforce the plastic test section. 

We note that signal distortion due to desurger bladder elasticity can also be 
evaluated. The wind tunnel "desurger" is simply a balloon or rubber "hot water 
bottle" installed along the flow path. Desurger charge levels are modeled using 
different types of balloon skin stiffnesses. Expansion and contraction of the 
plastic tubing may also distort pressure signals. This occurs with strong pulser 
movements such as those associated with poppet valves, but the effects are 
much less so with siren pulsers. For Figure 9.12a, the test section is operated 
hydraulically from a management and data acquisition station in the same 
laboratory outside of the flow loop. The mechanical layout for the research test 
siren, which is driven hydraulically, is shown in Figure 9.12b, together with its 
control system. The control system, used for research purposes, rotates the siren 
while, and at the same time, axially reciprocates rotor-stator gap if desired. This 
allows testing of phase-shift-keying (PSK), frequency-shift-keying (FSK) and 
multi-level amplitude modulation (AM) of constant frequency carrier waves. 
Details of the design are offered in Gardner (2002), developed under the lead 
author's guidance. We emphasize that care must be undertaken to eliminate 
area changes within the tubing system, which can lead to spurious reflections. 
Also, flexible tubing may not be suitable for positive pulser testing at small 
closing gaps, since flow rates cannot be held steadily under these circumstances. 
We emphasize that bit and annular reflections are not always accurately studied. 
Very often, math models like those in Chapter 2 are preferable. 
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Figure 9.12b. Mechanical siren layout, hydraulic and control system, electro-
hydraulic and angular velocity control servomechanisms from Gardner (2002). 

Control systems in actual tools would drive compact hydraulic or brushless 
DC motors. They need to be robust, since mud flow rates are rarely constant 
and torque characteristics change with tool erosion and random debris 
impingement. Torques will also change if edges of brittle wear plates bonded to 
rotors and stators are lost to the flow or if solid particles lodge within rotor-
stator gaps. Recent improvements in data rate are due mainly to incremental 
improvements, e.g., advances in control, state-of-the-art microprocessors, phase 
shift changes that can be carried out in two (as opposed to, say, three) wave 
cycles because low-torque downstream rotors are used with powerful motors. 
Our long wind tunnels are intended to evaluate game-changing telemetry 
concepts. As noted, these include novel uses of signal augmentation by 
constructive wave interference, the use of multiple sirens placed in series, 
operating at identical or different frequencies, and so on. 
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Figure 9.13 shows standard laboratory instrumentation, e.g., spectrum 
analyzers, digital oscilloscopes, strip chart recorders and computers used to 
control siren rotor actions, and to record multi-channel pressures at piezoelectric 
transducers installed along the tubing. The tape recorder is used to play back 
noise sources obtained during actual drilling jobs. Our controls also allow us to 
evaluate, in real time, the performance of new software filters such as those 
developed in earlier chapters, e.g., echo and noise cancellation algorithms using 
multiple transducer methods like those in Chapter 4. 

Figure 9.13. Siren control and signal processing station. 

Installed in our test section may be different prototype sirens, e.g., the two, 
three and six lobe sirens shown in Figure 9.14. These tests aimed at answering 
the following questions. For a given signal frequency, is it best to rotate a two-
lobe siren quickly or a six-lobe siren slowly? What are the signal strength 
consequences? What are the harmonic contents of the signals? What are the 
relative acoustic efficiencies? Figure 9.15 clearly demonstrates the existence of 
higher order harmonics when the rotor turns at constant frequency. 

Figure 9.14. Siren test concepts, test section for both air and mud. 

Figure 9.15. Measured frequency-shift-keying and periodic signals 
(not quite the perfect sinusoids shown in common illustrations/). 
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Sirens selected for intermediate and long wind tunnel testing should be 
pre-screened using short wind tunnel tests for torque and erosion since the latter 
are fast and inexpensive. For example, the two and three-lobe metal sirens in 
Figure 9.14 were first studied as wood models in the short tunnel as indicated in 
Figure 9.16a. Similar comments apply to the miniaturized, two-part, self-
spinning siren shown in Figure 9.4d. The turbosiren in Figure 9.16b provides 
still another example; here, plastic and metal models are shown side-by-side. 
Sirens-in-series, which may be used to increase signal when both operate at the 
same frequency, or to increase data rate when each operates at distinctly 
different frequencies, and sirens with "swept" lobes, which alter the harmonic 
content of the main signal, are shown in Figure 9.16c. It is interesting to note 
that siren signals sound like Harley-Davidson motorcycle engines in the room 
during testing. This is especially interesting because, in long wave acoustics, 
very little of the acoustic energy actually escapes the open end. Thus we are led 
to conclude that the signal within the tunnel is much greater. The signal in the 
corresponding mud flow would be approximately one thousand times more, 
since the ratio of mud to air density takes that value. 

Figure 9.16a. Wood prototypes used for torque and erosion testing. 

Figure 9.16b. Wind tunnel forerunner to turbosiren (U.S. Patent 5,831,177). 

Figure 9.16c. Sirens in series (left) and "swept" rotors (right, middle). 
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9.4.2 Evaluating new telemetry concepts. 

In existing tools, the turbine is located beneath the pulser because it is 
(incorrectly) believed that it would otherwise block the MWD signal from 
traveling uphole. That little or no reflection at the turbine occurs is easily 
verified in the long wind tunnel and should be apparent from its large "see 
through" area. This opens up numerous possibilities for telemetry design. 
Earlier we discussed the use of constructive wave interference for signal 
enhancement without incurring the usual erosion and power penalties. A siren 
placed nearer to the drillbit would also allow faster wave reinforcement and, by 
implication, higher data rate. As we have seen in Chapter 2, the drilling 
telemetry channel should support frequencies much higher than the 12 - 24 Hz 
range currently used; in Chapter 10, we cite independent confirmation that much 
higher frequencies can be transmitted in the drilling channel. A higher 
frequency, aside from increased data rate, would be beneficial because MWD 
signals can be more easily distinguished from slower acting mudpump noise. 
Standard frequency filtering can be used for preliminary signal processing. 

9.5 Water and Mud Flow Loop Testing. 
The use of a ruggedized steel test fixture for the wind tunnel system in 

Figure 9.12a should be noted. This was designed so that tests performed in wind 
can be effortlessly repeated in mud loop and field tests, for instance, as shown in 
Figure 9.17. The siren control and signal processing station in Figure 9.13 was 
developed with the same philosophy in mind. Signal processing algorithms and 
telemetry tests planned and programmed in software for the wind tunnel are 
transferred to the field with minimal modification. Since actual test times are 
small compared to "down times" typically encountered in setting up equipment, 
our approach makes optimal use of expensive test resources and labor. From 
this author's experience with wind tunnel and mud loop testing, wind tunnel 
problems can be diagnosed and solved much more quickly than those arising in 
the field, because plumbing issues like leaks, blown hydraulic lines, opening and 
closing flanges, and simply "getting wet" do not arise. 

Figure 9.17. Wind test fixture used in mud and field tests (Gardner, 2002). 
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9.5.1 Real-world flow loops. 

A number of long mud flow loops have been built by various organizations 
for MWD telemetry testing. Many are proprietary, but perhaps the best known 
is the 9,460 feet loop at Louisiana State University. This facility is described in 
"MWD Mud Pulse Telemetry System," by W.R. Gardner, Gas Research 
Institute Report GRI-02/0019, April 2002, and also, "MWD Transmission Data 
Rates Can be Optimized," by Desbrandes, R., Bourgoyne, A.T., and Carter, J.A., 
Petroleum Engineer International, June 1987, pp. 46-50. The information 
quoted here is publicly available. 

37' Radius 
(4 places) 

B C D 

Figure 9.18. Lousiana State University 9,460 feet flow loop. 

As shown in Figure 9.18, the buried loop overlaps twice, with each side of 
the square layout measuring about 1,400 ft. Despite the apparent simplicity, 
time domain results needed to understand downhole and surface reflection 
physics can be difficult to interpret. For example, the PEI paper states that 
drillpipe used for the main loop has an ID of 3.64 inch. Discharge from the 
pulser, however, is arranged through a return line consisting of 300 feet of 2 
inch pipe, so that a large area mismatch factor of 3.3 is found - the flowloop, in 
this sense, resembles a telescoping waveguide that may amplify or reduce 
incident signals depending on wavelength. A downstream valve is also used to 
control pressure. In addition, fluid is discharged into a open reservoir, as 
opposed to a semi-infinite annulus that supports wave propagation. Thus, the 
reflections and time domain waveforms obtained bear no resemblance to those 
encountered downhole and cannot be used to study echo cancellation and wave 
interference methods. The six-segment acoustic waveguide model derived and 
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exactly solved in Chapter 2, with true radiation conditions in both pipe and 
annulus, therefore, provides a more rigorous and accurate means for evaluating 
advanced telemetry concepts. Of course, final hardware testing and evaluation 
must be performed under high pressure mud conditions, but given the problems 
associated with a number of long flow loops, and the fact that they offer no 
telemetry advantages, the author recommends the use of simpler test vessels. 

The details associated with one industry flow loop, an 11,000 feet facility 
shown in Figure 9.19 and described in "High Data Rate MWD Mud Pulse 
Telemetry," W.R. Gardner, United States Department of Energy Natural Gas 
Conference, Houston, Tx, March 25, 1997, a public domain document, are 
equally vague. As far as the lead author is aware, little attention had been paid 
to wave propagation issues, and unless details related to impedance mismatches, 
and inlet and outlet boundary conditions, and so on, are understood, care must 
be undertaken in designing and interpreting experiments. Long flow loops 
designed without attention to wave acoustics can lead to incorrect field 
predictions. Obviously, it is simpler to design long flow loops correctly at the 
outset, rather than having to correct measurements later using software. 

In assessing the test-worthiness of long flow loops and long wind tunnels, 
great care should be taken in eliminating spurious reflections and reverberations. 
For example, even small area mismatches between the flexible and solid plastic 
tubing in Figure 9.12a can lead to reverberations within the test section that lead 
to errors in evaluating signal strength. On the other hand, area mismatches 
between drillpipe and MWD collar cross-sectional areas which lead to acoustical 
reverberations, modeled in Chapters 2 and 5, should and can be validated 
experimentally. The presence of impedance discontinuities is easily detected. If 
the pump piston quickly excites the mud column (or a balloon "pops" at the inlet 
or outlet of a long wind tunnel), the existence of early reflections indicates 
problems. For instance, if the sound speed is 5,000 ft/sec in a 10,000 ft flow 
loop, the round-trip transit time should be 4 seconds - earlier arrivals time 
would indicate spurious reflections that degrade data quality. Attenuation 
measurements should be made "following the wave." If a pulser is operated by 

Figure 9.19. Halliburton 11,000 feet flow loop. 
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sweeping frequencies from low to high, standing waves are created in the loop 
whose nodes and antinodes move spatially. A transducer located at a fixed 
location would "see" continuous node movements. Residence at a node would 
measure zero energy when in fact there may be little attenuation. These 
considerations have not been considered in attenuation studies and published 
decay rates are often questionable. This author has in fact performed 
experiments where signals have "mysteriously" reappeared beyond 50 Hz, 
indicating that channel attenuation is not as severe as is commonly accepted. 

9.5.2 Solid reflectors. 
The "100 ft hose" patent, arguably the simplest MWD signal processing 

invention ever, is based on acoustic principles. Recall that the Lagrangian fluid 
displacement u(x,t) = f(x - ct) represents a traveling wave as it moves past the 
standpipe transducer. Its pressure is proportional to ux(x,t) = f ' (x - ct), whose 
transducer value is ux(0,t) = f ' ( - ct). Next consider a situation where a solid 
termination exists at x = 0. Now the general solution is given by a superposition 
of left and right-going waves satisfying u = 0 at x = 0. The revised wave 
solution u(x,t) = f(x - ct) - f(-x - ct) yields u(0,t) = f(- ct) - f(- ct) = 0 with the 
result that ux(x,t) = f '(x - ct) + f '(-x - ct), thus yielding ux(0,t) = 2f ' ( - ct). 
Therefore, the pressure at a solid reflector is twice that in the incident wave. 

At one field test in the 1990s, the lead author was witness to a logging 
situation with weak standpipe signals. Knowing the foregoing result, he 
removed the standpipe transducer, installed a 100 feet hose into the fitting, and 
placed the transducer at the opposite termination of the hose. The result was an 
expected doubling of the MWD signal/ Pump noise also amplified, but since 
this was higher in frequency, its attenuation was greater. This demonstration 
resulted in two inventions, "MWD Surface Signal Detector Having Enhanced 
Acoustic Detection Means," U.S. Patent No. 5,459,697, by Chin, W.C. and 
Hamlin, K.H., Oct. 17, 1995, and "MWD Surface Signal Detector Having 
Enhanced Acoustic Detection Means," U.S. Patent No. 5,535,177 by Chin, W.C. 
and Hamlin, K.H., July 9, 1996. The method is illustrated in Figure 9.20. We 
note that 50 feet originally did not work, but 100 feet finally did - apparently, 
the pressure disturbance is not wavelike unless the hose is sufficiently long. 

Figure 9.20. Simple "one hundred feet hose" analogue signal amplifier. 
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For the same reason, it is better to install MWD pressure transducers near 
the mudpump pistons rather than faraway, in order to guarantee pressure 
doubling. The lead author has in fact demonstrated this counter-intuitive 
method in recent field work. At higher data rates, wavelengths decrease; 
faraway standpipe pressures do not necessarily see this doubling due to phase 
cancellations, and in fact, the presence of the reflected wave may introduce 
complications that require multiple transducer processing. This is clearly 
avoided by placing the transducer near the piston face, a somewhat counter-
intuitive situation given the "bad reputation" associated with noisy mudpumps. 

While mud pump pistons, being solid reflectors, will double an incident 
signal, one can prove that low data rate signals in the presence of centrifugal 
mud pumps will go almost undetected because the boundary condition ux = 0 
holds. This signal loss has often confused drilling engineers running MWD 
tools that are in apparently perfect mechanical condition. At higher data rates, 
the cancellation between left and right-going waves is less perfect and some 
signal may be detectable and recoverable using multiple transducer methods. 
Often, confusing issues are easily explained using simple acoustic arguments. 

9.5.3 Drillbit nozzles. 
The effects of solid and open reflectors on surface signals have been 

emphasized. Similar considerations apply downhole at the bit. Figure 9.21 
shows two bits, one with greater nozzle area than the other. In either case, we 
caution against "solid versus open" based on appearances alone. While areas 
are important from a mud transport perspective, they enter only indirectly in the 
case of wave reflections. As shown in Chapter 2, the pertinent parameters are 
relative axial and cross dimensions, wavelengths and sound speeds - whether a 
drillbit is solid or open as a reflector should be ascertained using the rigorous 
six-segment waveguide model previously developed. In the mid-1990s, the lead 
author obtained his constructive interference patent assuming the bit as a solid 
reflector, not knowing at the time that this "obvious" conclusion was rarely 
correct. Again, Chapter 2 explains the subtleties in detail. 

iC cutters 

Figure 9.21. Drillbits with different nozzle sizes. 
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Sirens in series. In the same way that multiple conversations are carried 
along modern phone lines, the drilling telemetry channel supports multiple 
transmissions provided each is relegated to its own narrow frequency band. 
"Measurement-While-Drilling System and Method," U.S. Patent No. 5,583,827, 
awarded on December 10, 1996 to the lead author, describes this mode of 
operation, noting that "the pulse generation system preferably includes a 
plurality of mud sirens in tandem to further enhance signal level and to provide 
multiple amplitude levels to increase data transmission rate." 

Multiple sirens can also be operated at the same frequency to augment 
amplitude, e.g., two sirens each with larger rotor-stator gaps may be better than 
a single siren with a tight gap from an erosion perspective. The two need not 
operate all the time - one might "kick in" only when needed, say, under 
attenuative circumstances in deep wells or cold environments. Figure 9.22, 
duplicated from U.S. Patent No. 5,583,827, shows one possible configuration. 
Figure 9.23 shows two "turbosirens" with different lobe numbers in tandem; 
these self-spinning sirens rotate without motor drive, drawing upon the energy 
of the mud flow, and would be modulated by controlled mechanical braking. 
Their telemetry characteristics, first tested in the long wind tunnel, were later 
confirmed by mud loop testing using the metal model shown. 

Figure 9.22. Multiple mud sirens in series (U.S. Patent No. 5,583,827). 

Figure 9.23. Turbosirens in series (U.S. Patent 5,831,177). 

9.5.4 Erosion testing. 

Here we address the important subject of erosion evaluation. Although we 
have described how wind tunnel analysis can provide useful clues related to 
wear, e.g., streamline convergence indicates locally high sand convection 
speeds, it does not provide complete information. Short of detailed testing in 
which actual muds and metal specimens are used to obtain wear patterns and life 
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span information - and we emphasize that there are no substitutes for such 
"real world" testing - it is possible, however, to develop test methods that offer 
considerably greater insight than wind tunnel analysis. A conceptual "erosion 
flow loop" is shown in Figure 9.24. Here, a lightweight mud (or water flow 
with 1-3% sand) recirculates in a system requiring minimal space or pump 
power. Test models, cleaned and coated with epoxy paint, are run for several 
minutes, before they are removed for visual examination. Results are almost 
always identical to those obtained from damaged field parts. 

Erosion test section 

Figure 9.24. Erosion flow loop. 

If the above erosion flow loop is operated in the horizontal position, it is 
possible for sand to accumulate at the bottom due to gravity segregation. This 
can be avoided by running the system vertically, so that sand is uniformly 
dispersed throughout the cross-section of flow. We emphasize that wear 
patterns obtained from wind tunnel visualization apply only if the metal never 
erodes. In practice, it is the interaction between fluid erosion and actual metal 
removal that results in observed erosion. Wind tunnel testing will help in 
understanding erosion, but will never completely solve the problem. 

9.5.5 Attenuation testing. 
Elsewhere in this book, we have pointed out the dangers inherent in 

drilling mud signal attenuation evaluation using finite-length flow loops excited 
by periodic mudpump pistons. Essentially, the effects of amplitude variations 
due to standing wave node patterns must be removed in order to provide true 
estimates for thermodynamic loss. This process is difficult computationally. 
Even when it can be accurately performed, there is always lingering doubt that 
the buried flowloop used may contain undocumented area discontinuities which 
may render the acoustic data useless. 
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Figure 9.25. Conceptual attenuation test fixture. 

A conceptual "attenuation test fixture" is sketched in Figure 9.25 that 
avoids the problems associated with acoustic standing waves. Essentially, one 
has a very long, thick-walled metal tube that is rigid at the right end while a 
movable piston is installed at the left end. Pressurized mud free of bubbles fills 
the test chamber within the pipe. A sudden impulse excitation, e.g., a bullet 
fired from an oblique angle, is used to displace the piston momentarily. The 
pipe is instrumented with piezoelectric transducers that are connected to a digital 
oscilloscope. The speed of sound in the mud can be readily measured from the 
first few wave traverses by dividing total travel distance by total time. Then, 
attenuation can be inferred by counting the number of reflection cycles until the 
acoustic signal completely disappears. The effects of fluid shear are not 
accounted for in this procedure, so the results are optimistic. Still, the data so 
obtained is less problematic that that found in standing wave environments. 

9.5.6 The way forward. 
We have addressed important issues related, first, to mud siren hardware 

design, and second, to telemetry optimization and evaluation. These issues 
draw, respectively, on the constant density and compressible flow properties of 
fluids, which are in turn studied using short and much longer wind tunnels. 
Throughout this book, we have justified new methods using physical arguments 
and first principles, and then, extended our capabilities using mathematical and 
numerical models where possible. In the next and final chapter, we integrate 
many of the ideas introduced earlier to create a "technology roadmap" to 10 
bits/sec for very deep wells. Comprehensive mud siren signal strength testing at 
the China National Petroleum Corporation, e.g., see Figures 9.2a to 9.2h, point 
to an unfortunate reality: pressure signals produced by conventional, single-siren 
MWD tools have reached their technological limits because Ap's cannot be 
significantly increased. Thus, every means must be employed to increase the 
signal traveling up the drillpipe: constructive wave interference based on 
reflection from the bit and also by employing sirens-in-series, use of lower 
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attenuation muds and larger diameter pipe if possible, introduction of highly 
accurate multiple transducer echo cancellation and pump noise removal 
schemes, novel transducer placement methods at the surface, application of 
piezoelectric transducers, and so on. The mud pulse telemetry tool of the future 
must be designed as a system where all components work together, reinforcing 
strengths and eliminating weaknesses. The discussion presented next, of course, 
represents a first (and not final) attempt at this challenging endeavor. 
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10 
Advanced System Summary and 

Modern MWD Developments 
In this summary chapter on Measurement-While-Drilling analysis and 

design, we recapitulate the basic elements of a hypothetical high-data-rate 
MWD system which embodies the ideas in this book and the author's field and 
modeling experiences. Our exposition applies key telemetry and acoustics 
concepts which are also useful in other possible prototypes and highlights the 
pitfalls and fallacies behind commonly accepted engineering design rules-of-
thumb. The remainder of this book reviews practical advances that have been 
made by different groups of industry researchers. 

At the present time, several MWD service companies provide mud pulse 
logging worldwide. Three largely operate in the 1 bit/sec (or less) range, one 
operates siren tools at 3-6 bits/sec (bps), possibly faster, and the last, in recent 
product literature related to siren-like pulsers, claims extraordinarily data rates. 
The exact specifications in all cases are not well documented, that is, technical 
details related to mud type, borehole depth and environment are not available, 
but the high data rate at least points to mechanical capabilities which we believe, 
importantly, are nowhere near present technology limits. 

Can we do better? Yes. And just what is required to send and receive 
signals over large distances successfully at high rates? Three key factors apply: 
strong amplitudes, high frequencies and low torque. First, the acoustic signal 
should be large and ideally created "intelligently" with minimal impact on 
erosion and power demand. Second, the telemetry sequence should be simple to 
operate and decode, with very small possibilities for error. Third, surface signal 
processing should be robust and based on well-defined acoustics principles, 
allowing sensitive piezoelectric transducers to "see" beneath high levels of 
noise. Fourth, the pulser should require minimal mechanical power for 
operation. And finally, as we will explain, drilling mud should be selected for 
minimal attenuation. We will discuss each of these ideas in detail. 
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10.1 Overall Telemetry Summary. 
For convenience, we discuss the foregoing points separately to emphasize 

key ideas in depth. Doing so allows us to develop supporting arguments and 
suggestions more clearly. 

10.1.1 Optimal pulser placement for wave interference. 
Conventional misunderstandings are common to hardware design. Perhaps 

the most misunderstood is the requirement for downhole turbines to remain at 
the bottom of the MWD collar, for fear that uphole turbines would block the 
upgoing signal. But this is impossible because rotor-stator configurations are 
always open and will pass both flow and signals. Thus, there are no acoustic 
restrictions on turbine location. This conclusion is important for one crucial 
reason: by placing say, a siren or positive pulser closer to the bottom and by 
applying the correct phasing, the use of constructive wave interference for signal 
enhancement is rendered faster and more practical. 

The time required for downgoing waves to reflect upward and add to later 
upgoing waves is significantly decreased and fewer wave cycles are required to 
establish stronger signals that can be clearly seen. This implies higher data 
rates. At the same time, the use of constructive interference for signal 
enhancement means reduced erosion penalties at the pulser and decreased power 
demands on the turbine or any batteries - all of which imply increased life span 
and reliability. The increased signal strengths mean that attenuation, while 
problematic at higher frequencies, will be less of a problem, thus permitting 
greater travel than is otherwise possible. Of course, sometimes there are other 
considerations, for instance, connections to rotary steerable systems may require 
top-mounted sirens, that preclude this arrangement. 

But how close to the drillbit can we position our siren? Certainly, from a 
wave or signal strength perspective alone, the closer the better. This would, 
however, defeat the purpose of Measurement-While-Drilling, which attempts to 
use near-bit logging information quickly and effectively for geosteering. To 
address this concern, and to determine practical numbers, we allow placement of 
a resistivity-at-bit (or, "RAB") tool between the mud siren collar and the drillbit 
(the use of any other tool, e.g., a turbodrill, is acceptable for our analysis). From 
the vendor advertisement for a RAB tool in Figure 10.1, a typical near-bit tool 
length might be on the order of 10 ft. For our analysis, we assume that the 
MWD collar is 20 ft long, which is consistent with several commercial designs. 

We now apply the six-seqment acoustic waveguide model in Chapter 2, 
which we emphasize includes the correct outgoing wave radiation conditions for 
both drillpipe and borehole annulus, and hence, is representative of real drilling 
scenarios. Different perspectives of our computed color results are shown in 
Figures 10.2a,b,c. The parameters in Figure 10.3 are assumed for the 
calculations (RAB geometry appears in "mud motor drill collar" input text 
boxes). 
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Figure 10.1. A typical resistivity-at-bit (or, "RAB") tool. 

An unweighted mud is taken with a typical sound speed of 3,500 ft/sec and 
we considered frequencies up to 100 Hz. The results indicate that a 60 Hz 
carrier with the pulser located 0-5 feet on top of the RAB tool provides the 
greatest constructive interference, i.e., an amplification factor of approximately 
1.7 (sensitivity analyses, performed with minor adjustments to the assumed 
parameters, lead to similar conclusions). The "1.7" factor is relevant, of course, 
assuming that a good underlying signal can be created and that turning torques 
are not high - these, in turn, require detailed short and intermediate wind tunnel 
siren design and analysis. 
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Figure 10.2a,b,c. Six-segment acoustic waveguide results. 
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Figure 10.3. Six-segment acoustic waveguide assumptions. 

10.1.2 Telemetry design using FSK. 

We have emphasized that signals are created at the siren or positive pulser 
that travel both upward and downward as the valve opens and closes. Those 
traveling downward reflect at the drill bit and add to later upgoing signals and 
will, in general, interfere constructively or destructively in a more or less 
random manner (transmissions also enter the annulus, as explained previously). 
When a phase-shift-keying (PSK) scheme is employed, ghost reflections are 
created which also travel uphole, confusing and degrading surface signal 
processing. While we have developed schemes such as those in Chapter 5 to 
recover true, fully transient Ap(t)'s from net downhole signals, it is best, 
whenever possible, to avoid PSK methods to begin with. Methods based on 
constant frequencies, which we term "optimized FSK," are therefore ideal. 
There are no distracting phase shifts to deconvolve - waves of the assumed 
frequency are always found everywhere, although their amplitudes will vary -
surface reflection removal is also necessary to decipher transmissions properly. 

To provide concrete results, we select a baseline frequency of 60 Hz and 
locate the mud siren 5 ft from the bottom of the MWD collar, that is, 5 ft + 10 ft 
or 15 feet from the drillbit. The time required for the downgoing pulser signal to 
reflect upward and interact with later upgoing signals - a requirement for 
constructive interference - is 2 (15 ft)/ 3,500 ft/sec or 0.00857 sec. Now, since 
our frequency is 60 Hz, as suggested by the results of Figure 10.2a,b,c, each 
wave cycle is 0.0167 sec long. Suppose we wish to achieve 10 bps in a FSK 
scheme. One possible way to transmit the binary sequence " 1 - 0 - 1 - 0 - 1 -
0 -1 - 0 - 1 - 0" in one second would be our alternating of carrier frequencies 
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between 60 Hz and 0 Hz, that is, bringing the rotor to a complete stop with the 
rotor fully open, using the frequency sequence "60 - 0 - 6 0 - 0 - 6 0 - 0 - 6 0 - 0 
- 60 - 0." Each "60 - 0" interval would take 6 cycles or 0.1 sec, so that 60 
cycles are used per second. From the above, 0.00857 sec (or roughly, 0.01 sec) 
is required to establish constructive interference and the 0.1 sec interval would 
waste only 2 x 0.01 sec in noise tails at the beginning and end of each interval. 
This leaves 0.08 sec of pure harmonic signal (or four wave cycles) for signal 
identification. Thus, 10 bps is achievable as described; a higher rate is possible 
if each frequency interval requires less than six wave cycles. The amplitude 
pattern would be a wavelike with alternating bands with and without signal. The 
60 Hz target carrier is doable, in practice, because 24 Hz is already realizable 
from several service companies using the lead author's low-torque "rotor 
downstream" designs. 

What is 60 Hz in terms of siren rotation speed? If a rotor with N lobes 
rotates at M rpm, then it will create MN cycles in 60 sec, that is, MN/60 cycles 
per second. If N = 4 and 60 Hz is required, then M = 900 rpm is needed. This 
may be demanding in terms of inertia and torque, since we have argued that the 
rotor is brought to a complete stop between 60's. But we need not do this. 
From Figures 10.2a,b,c, 40 Hz provides enough signal contrast to that at 60 Hz, 
and we can consider alternatively the frequency sequence "60 - 40 - 60 - 40 -
60 - 40 - 60 - 40 - 60 - 40." The 60 Hz would be associated with high 
amplitude, owing to constructive interference, while the 40 Hz would be 
associated with easily distinguishable waves of much smaller amplitude, owing 
to destructive interference. Because the rotor is not brought to a full stop, a very 
low torque siren may not be necessary, and mechanical inertia demands on the 
drive motor would be reduced. Also, because time is saved by not completely 
stopping, data rate can increase since more frequency cycles can be performed. 
A siren with azimuthally wider rotors, which in the author's experience 
produces larger Ap's, is associated with higher torques; because one does not 
completely stop the rotor, the torque issue is now less of an issue. 

It is important to emphasize the roles played by wave reflections. In a PSK 
scheme where information is conveyed by introducing phase shifts to a carrier 
wave, the downward wave from the pulser, upon reflection at the bit, adds to 
later waves traveling uphole and introduces phase shift uncertainties associated 
with ghost signals. The result is a type of randomness traveling up the drillpipe 
that is not easily deconvolved. This issue is not discussed in the literature, 
perhaps intentionally, but processing the downhole signal in any event adds to 
signal processing demands. Even if multiple transducer surface signal 
processing methods perfectly remove mudpump, desurger and uphole 
reflections, the uncertainty created near the downhole pulser remains. 

In theory, the processed signal must be further deconvolved to account for 
wave interactions in the MWD collar. This is possible in principle, however, the 
models available so far are crude and take the drillbit either as an open or solid 
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reflector. The use of constant frequency methods again eliminates phase 
randomness. A frequency / at the source will lead to an identical surface 
frequency / for whatever wave interactions are present (nonlinearities will, of 
course, add harmonics, but these are damped by the telemetry channel). We 
note that, in practice, it is not necessary to use the model of Chapter 2 during 
field operations. A simpler "self-optimizing" procedure would have the pulser 
sweep frequencies from, say 0 to 100 Hz, with amplitudes monitored from the 
surface. Suppose high and low amplitudes are associated with the frequencies 
fh and fi. Then, the pulser can be instructed to operate with the frequency 
sequence " fh~ fi~fh~ fi~fh~ fi~ " and so on using a downlink procedure 
employing, say, mudpump flow variations or a surface-based siren device. 
Multiple frequencies, say "40-50-60-70 Hz," may provide more than simple 0's 
and l 's by adding 2's and 3's. Of course, additional bandwidth is possi ble by 
clever encoding, a subject not addressed in this book. 

10.1.3 Sirens in tandem, or "sirens in series." 

Our use of FSK plus constructive interference serves twofold purposes: 
simplified signal processing and additional signal strength without incurring 
erosion and power penalties. A second type of constructive wave interaction is 
possible for signal enhancement which can be used in addition to our telemetry 
scheme. Signal reinforcement is accomplished by placing two (or more) sirens 
or positive pulsers in series as suggested in Figure 10.4. The mechanical system 
would be designed so that the volume between the two pulsers never closes 
completely, so as to isolate contained fluid from that in the drilling channel. In 
fact, all sirens would open and close "in step," that is, if one is 10% open, so are 
the others. This allows acoustic signals to superpose and thus reinforce each 
other. This implementation is important to transmissions from deep wells. 
Other uses for "sirens in series" are possible. For instance, high data rates can 
be achieved if individual sirens operate at different frequencies. Since the 
drilling channel is linear, these transmissions act independently and are 
processed without difficulty. This usage, of course, involves mechanical 
complexities beyond the scope of our present discussion. 

Figure 10.4. Section view, a pair of ganged or tandem mud sirens 
(e.g., see U.S. Patent No. 5,583,827 for details). 



2 8 4 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DES IGN 2 ND EDITION 

Following Chapter 7, each siren would have downstream rotors, which are 
known for restoring torques that diminish significantly from those of upstream 
rotors for the same flowrate. Special tapers can be added to rotor sides which 
additionally reduce torque, as described in the lead author's work in U. S. Patent 
Nos. 4,785,300 and 5,787,052. In fact, torque requirements might be further 
reduced if one rotor, or all rotors, were self-spinning in the sense of the 
turbosirens discussed previously, although the systems would now require non-
conventional mechanical design. Rather than complete dependence on a 
brushless DC motor, which may lack sufficient power to turn all sirens, the self-
spinning system could be modulated by a mechanical braking system. 

Magneto-rheological fluids-based braking provides one possibility. A mud 
pulser is controlled by an electric field which may be applied to an electro-active 
fluid. The electro-active fluid is employed to act as a rapid-response brake to 
slow or interrupt the rotation of a mud motor or mud siren, thus creating 
pressure pulses in a circulating fluid. In short, the applied electric field alters the 
molecular orientation of constituent fluid molecules and very rapidly changes its 
viscosity or resistance. In certain embodiments, the electro-active fluid is used 
as a direct brake acting on a shaft rotating in a volume of electro-active fluid 
where the shaft is coupled to the mud motor or siren. The application of a field 
to the electro-active fluid impedes the rotation of the shaft, thus slowing the mud 
motor and creating a pressure pulse in the circulating fluid. In another 
embodiment, a Moineau pump circulating an electro-active fluid is coupled to 
the mud motor. The application of a field to the electro-active fluid slows the 
rotation of the pump, thus slowing the mud motor and creating a pressure pulse 
in the circulating fluid. Further details are offered in the lead author's U.S. 
Patent No. 7,082,078 entitled "Magnetorheological Fluid Controlled Mud 
Pulser." 

Again, the principles underlying "sirens in series" designs are developed 
by the lead author in U.S. Patent No. 5,583,827, "Measurement-While-Drilling 
System and Method." Essentially, the work done by the rotor on the flowing 
mud should result in increased signal. Since the distance between sirens is 
small, say one foot, the phase difference between the created signals can be 
neglected when compared to that associated with reflections from the drillbit. 
Two sirens would create twice the signal of a single siren. Together with, say, 
the "1.7" gain arising from the constructive interference due to drillbit 
reflections, a pulser system with 3.4 times the signal of a single unoptimized 
siren is possible, resulting in significant increases in transmission distance. 

10.1.4 Attenuation misinterpretation. 
Serious misconceptions in MWD design are found in conventional 

perceptions underlying attenuation. The paper of Desbrandes, Bourgoyne and 
Carter (1987) describes tests of a fluidic pulser in the flow loop of Figure 9.18 
and concludes that signals beyond 25 Hz suffer from great attenuation. In the 
early 1990s, this author used the same flow loop, however, with siren and 
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positive MWD pulsers, and reached identical conclusions. All three pulser types 
are dipole sources so that the consistent results obtained were at first reassuring. 

Frequencies were subsequently increased up to 50 Hz, to the point where 
the hydraulically driven system inefficiently created smaller Ap's - surprisingly, 
measured pressures unexpectedly increased noticeably from those at 25 Hz. 
Thus, the author was led to conclude that the experiments largely measured 
amplitude changes associated with standing wave node and antinode movement. 
This important conclusion, drawn by the lead author, was summarized in 
Gardner (2002), which reported our experimental results - "Very high data rate 
signals can be transmitted through drilling mud with a relatively small amount 
of signal attenuation. We found that what has generally been attributed to non-
recoverable attenuation is really the effect of wave interference." 

This conclusion is also independently confirmed in Figure 10.5, supporting 
our assertions that attenuation, while not negligible, is not as overwhelming as 
previously thought. In fact, with signal amplification via constructive 
interference as described above, plus suggested changes in the telemetry scheme 
and optimized encoding, real data rates in excess of 10 bits/sec are achievable. 

The precise effects of attenuation cannot be determined without 
development of still another model for the flowloop used, but the published 
conclusions of Desbrandes et al are suspect. The author, supported by 
attenuation models similar to those in Chapter 6, has separately determined from 
detailed measurements at a separate proprietary long flow loop facility that wave 
attenuation may not be as severe as the industry presently believes. 

Interestingly, the signal processing website in Figure 10.5, current as of 
April 2011, independently supports the author's contention that attenuation is 
not the primary culprit for low data rate transmissions. Quoting directly, "the 
first practical problem we were asked to resolve was the high incidence of bad 
signal quality for a series of shallow (5,000 feet) wells in the North Sea. This 
was blamed on any number of factors such as bad mud valves, bad software, 
electrical problems, and so forth. After looking through the data, we concluded 
that the problem was due to lack of attenuation in their signaling band. That is, 
the shallow wells suffered from multi-path phenomena similar to those which 
cause ghosting in TV images. Also, our examination of the data indicated the 
presence of higher frequency bands (up to 100 Hz) which had low attenuation 
rates and were thus suitable for communication. This insight was confirmed just 
the next year by an independent university laboratory (Ph.D. dissertation) and it 
has since provided the basis for greatly increased MWD throughput." 

This explanation suggests that our use of a higher 60 Hz is very reasonable. 
In addition, the "ghosting" which the website alludes to could be due to multiple 
reflections realized at shallow depths. However, it could also be explained by 
the up and down-going signals created at the source within the MWD drill 
collar. More than likely, both explanations apply, illustrating the severity of 
problems encountered when short wavelength transmissions are predominant. 
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Measurement While Drilling 

Modem oil a id gas weHs are far more sophis ticated tha i a s imple 
vertical bore. In order to maximize recovery from the oil bearing 
s trata, the drill head is  actively s teered to follow the geologic 
formation lines , often resulting in horizontal drilling once the 
appropriate depth has been reached. In order to locate and evaluate 
the correct geologic formations, a sensor package is  installed jus t 
behind the drill head. Over the years , quite a variety of sensors have 
been used to detect gamma rays , temperature, soil res is tivity, 
pressure, drill angle, and so forth. The technical challenge is  to 
obtain these measurements in real time and transmit them to the 
surface for analys is . This is  called measurement while drilling 
(MWD). 

Mud Pulse Telemetry 

The image below depicts  the basic components of the MWD 
sys tem. The heart of the rig is  the drill s tem - a steel pipe which is  
driven mechanically at the top end and carries  the drill head (cutter) 
at the bottom. Although we commonly think of a 6 or 10 inch s teel 
pipe as being mechanically stiff, cons ider a 25,000 foot deep well. 
The drill s tem for such a weJI has the same aspect ratio as a piece of 
#30 wire wrap wire that is  40 feet long. Imagine trying to transfer 
torque and vertical load from the end of a wire wrap wire to a tiny 
cutter located forty feet below! 

It's  not practical to run electrica l or optica l cable down to 
the meas urement package near the cutte r. The drill 
s te m is  made up of 40 to 60 foot s egments of pipe that 
get s crewed together as the well progresses . As each 
new pipe s egment is  added, the communica tion path 
needs to get extended too. About 40 years ago, MWD 
innovators developed the concept of mud pulse 
te lemetry. Their communica tion "channe l" is  bas ed on 
the mud s lurry (often bentonite c la y s us pended in water) 
which is  pumped down the center of the drill s te m to the 
cutter head. This s lurry cools the cutter head and c lears 
drilling debris  away, carrying it to the surface through the 
outer annulus of the bore hole. Mainta ining pos itive 
pressure in the bore hole a ls o helps prevent collaps e of 
the walls . The drilling s lurry is  typica lly supplied by a 
triplex pump which operates a t a few hertz, developing a 
pressure of several thous and PS I. 

The pres surized mud s lurry provides a low frequency 
acous tic channel which can be us ed to s end s ignals 
from the down-hole measurement package back to the 
surface. J us t behind the cutter head, a mud turbine 
s teals  a bit of energy from the s lurry s tream to power the 
meas urement and communica tions package. Data 
trans mis s ion is  by means of a valve which periodically 
cons tric ts  the mud flow, sending a pressure pulse back 
up the mud column to the top. A pressure sensor ac ts 
as the s ignal receiver for the top s ide da ta logging 
equipment. Early mud te lemetry s ys te ms operated 
below the two Hz fundamental frequency of the s lurry 
pumps , typica lly providing a communica tion rate of 0.1 
to 0.5 baud. 

Triplex S lurry 
P ump a nd 

Accumula tor 

MWD 
R ece iver 

-Drill S tem 

S lurry Outlet 

-Drill B ore 

Measurement 
While Drilling 

Mud Turbine 
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MWD 
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Figure 10.5. From Presco Inc. website, on siren pulsers 
(http://www.prescoinc.com/science/drilling.htm in April 2011 — 

- this page is no longer available). 
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An Improved MWD Receiver 

Presco's  client was the worldTs largest supplier of MWD systems to the oil industry. Their goal was to increase 
the data transmission rate so that more instruments and higher sampling rates could be used in the MWD 
sensor package. They also needed to improve the reliability of their signaling mechanism so that it would work 
in wells  of greatly varying depths and topologies. 

A first step at improved signal quality was to upgrade the pressure sensor used to receive the mud pulses. The 
triplex pumps deliver hundreds of horsepower to the mud slurry and operate at thousands of PSI. Pulses from 
the down hole package are typically less than 1 PSI so it is  difficult to discern them in the presence of the 
pump noise. Also, the oil rigs are well known for their bad electrical grounding and huge ground loop currents. 
All of this  makes it difficult to recover the signals of interest. Our client used a 16 bit A/D converter installed in 
their computer chassis  to monitor mud pressures at several points in the system. However, their data recovery 
algorithm showed poor SNR and a series of tests  showed that the digitized data exhibited only 8 bits  of true 
content. 

Presco designed a new analog front end that was specialized for low frequency operation, high signal to noise 
ratio, and a bad operating environment. Each sensor input was received by an Analog Devices 295 isolation 
amplifier. This part provides at least 1000 volt common mode capability, as well as containing its  own isolated 
power converter for the input side circuitry. . Each converter was supplied from a separate "dirty" supply to 
avoid contamination of the clean +-15 volt supplies in the quiet section of circuitry. The individual "dirty" 
supplies and power filters  were chosen to suppress injection of low frequency components due to beating of the 
internal oscillators  in the converters. Supplies and layout were also chosen to minimize stray capacitance to 
suppress noise coupling. 

Each of the primary channels was passed through a resistor programmable anti-aliasing filter before being sent 
to the A/D card inside the DSP chassis . Filters  were of the Bess el (constant time delay) type to preserve 
waveform shape for the benefit of computer based correlation detection methods. The low corner frequency (4 
Hz) and four pole configuration provided the required attenuation of unwanted high frequency components, 
including any residual feed-through of the modulator frequency from the isolation amps. Connection to the A/D 
card was made by flat cable with a full coverage shield and metal connector shells  for EMI resistance. 

Digital control signals from the computer were received by RS-422 receivers  and latched inside a special digital 
section of the card. Control signals  were then filtered upon entering the analog section of the circuit to further 
reduce the chance of EMI contamination from the computer. While these design techniques might appear 
extremely conservative, our precautions were rewarded during final acceptance testing by achieving a SNR of 
105 dB in an end-to-end tes t. 

Increasing MWD Bandwidth 

Our client had dominated the MWD business for years without being forced to increase their channel 
bandwidth, but changes in the industry forced a reassessment of their MWD system. On being introduced to 
the problem, Presco's  initial response was to ask for information concerning the bandwidth and attenuation 
characteristics  of the acoustic channel. To our great surprise, there was no hard data about the mud channel, 
jus t a lot of folklore about how the mud was impossibly lossy and how the frequency response rolled off 
"forever" starting below one hertz. It was also "common knowledge" that Manchester coding was the only 
secure signaling method for the mud channel and that data compression would produce unacceptably high 
error rates. 

The first practical problem we were asked to resolve was the high incidence of bad signal quality for a series of 
shallow (5,000 feet) wells  in the North Sea. This was blamed on any number of factors  such as bad mud valves, 
bad software, electrical problems, and so forth. After looking through the data, we concluded that the problem 
was due to lack of attenuation in their signaling band. That is , the shallow wells  suffered from multi-path 
phenomena similar to those which cause ghosting in TV images. Also, our examination of the data indicated 
the presence of higher frequency bands (up to 100 Hz) which had low attenuation rates and were thus suitable 
for communication. This insight was confirmed jus t the next year by an independent university laboratory (PhD 
dissertation) and it has since provided the basis  for greatly increased MWD throughput. 

S ince our client's  mud valve didnt have the frequency response to access the higher communication bands in 
the slurry channel, we concentrated our attention on using the lower bands more effectively. The first point of 
attack was to double the effective data rate by abandoning the practice of Manchester coding. This coding 
scheme is  commonly used for magnetic tapes because it insures at least one signal transition in each coding 
cell. Because of the guaranteed transitions, it's  easy to phase lock to a Manchester data stream and retrieve 
the bits , but this  coding method uses twice the minimum bandwidth. There are alternative coding methods such 
as the 4B/5B scheme used in FDDI fiber optic links and the various run-length-limited codes used for disk 
recording which provide good clock recovery without wasting so much bandwidth. Also, we demonstrated that 
good data integrity could be maintained while using data compression to remove redundancy from the data 
stream. The trick was to start with maximally compressed data and then use an overall coding method (data 
packets with CRC) to inject intentional redundancy to improve data link integrity. In total, these changes 
permitted an increase of 8:1 in data rate without changing the telemetry hardware. Hence, an enormous 
investment in down hole equipment was given a major end-of-life extension before becoming obsolete. 

Figure 10.5. From Presco Inc. website, on siren pulsers, continued 
(http://www.prescoinc.com/science/drilling.htm in April 2011 — 

- this page is no longer available). 
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10.1.5 Surface signal processing. 

The depth over which MWD transmissions can operate successfully 
depends not only on signal strength created at the source, but importantly, on the 
"signal to noise ratio" (S/N) found at the surface. To emphasize this point, we 
suggest that a small 0.1 psi signal in itself might not be entirely detrimental if 
noise did not exist. But it does and, very often, overwhelms the upcoming 
signal. Different types of noise are found at the surface, e.g., mud flow noise of 
a random nature, noise associated with drillstring vibrations and rig operations, 
and so on, many of which can be removed using conventional frequency 
filtering methods. 

However, a major source of problems is propagating noise traveling in a 
direction opposite to the upcoming signal, e.g., MWD signals reflecting from 
mudpump pistons, shape-distorted signals reflected from the desurger and rotary 
hose, and very large noise amplitudes created by moving duplex and triplex 
pump pistons themselves. In principle, these are filtered by multiple transducer 
signal processing methods, but several service-company schemes used to this 
author's knowledge are derived under dubious assumptions. For instance, some 
unrealistically assume sinusoidal time variations, while others casually invoke 
"common sense" subtraction methods. None apply the degree of rigor found in 
seismic processing, which is based on exacting geophysical models. 

The multiple transducer methods in Chapter 4, however, are based on 
formal wave equation manipulations and results. For instance, in Method 4-4, 
the one-dimensional equation separating left from right-going waves can be 
finite-differenced in space and time - pressures at spatial nodes are interpreted 
as those at specific transducer locations - values available at different time 
levels are interpreted as values stored in different computer locations. 
Multilevel and multi-node schemes are easily developed which can be as 
complicated as the need warrants. One such implementation is given by the 
author in his U.S. Patent No. 5,969,638, "Multiple Transducer MWD Surface 
Signal Processing," awarded Oct. 19, 1999. However, the method is incomplete 
in that the formulas terminate with the time derivative of the signal when it is 
really its integral that is important. The model in Chapter 4 remedies this by 
augmenting the basic approach with a highly robust integrator that successfully 
handles the sudden starts and stops associated with short high-data-rate pulses. 

When this surface signal processing method is used, all downgoing noise 
regardless of shape and amplitude is virtually eliminated, allowing standpipe 
mounted piezoelectric transducers to detect minute MWD signals accurately, 
knowing only the local sound speed, which is separately measured or estimated. 
We give examples of our success with the scheme. Recall that we had 
previously considered the upcoming test signal 
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I n t e r n a l MWD u p g o i n g ( p s i ) s i g n a l a v a i l a b l e as 

P ( x , t ) = + 5 . 0 0 0 { H( x - 1 5 0 . 0 0 0 - c t ) - H( x - 4 0 0 . 0 0 0 - c t ) } 

+ 1 0 . 0 0 0 { H( x - 6 0 0 . 0 0 0 - c t ) - H( x - 1 0 0 0 . 0 0 0 - c t ) } 

+ 1 5 . 0 0 0 { H( x - 1 4 0 0 . 0 0 0 - c t ) - H( x - 1 7 0 0 . 0 0 0 - c t ) } 

consisting of three closely spaced and short rectangular pulses (H is the 
Heaviside step function). At time t = 0, the pressure P(x,0) contains three 
rectangular pulses with amplitudes (a) 5 for 150 < x < 400, (b) 10 for 600 < x < 
1000, and (c) 15 for 1400 < x < 1700. Thus, the pulse widths and separations, 
going from left to right, are 

 400 - 150 = 250 f t 
 600 - 400 = 200 f t 
 1 0 0 0 - 600 = 400 f t 
 1 4 0 0 - 1 0 0 0 = = 400 f t 
 1 7 0 0 - 1 4 0 0 = = 300 f t 

The average spatial width is about 300 ft. If the sound speed is 5,000 ft/sec 
(as assumed below) then the time required for this pulse to displace is 300/5,000 
or 0.06 sec. Since sixteen of these are found in a single second, this represents 
16 bps, approximately. Below we define the noise function, which propagates 
in a direction opposite to the upgoing signal. For our upgoing signal we have 16 
bps. In our noise model below, we assume a 15 Hz sinusoidal wave (for 
convenience, though not a requirement) with an amplitude of 20 (which exceeds 
the 5, 10, 15 above). These equal frequencies provide a good test of effective 
filtering based on directions only - conventional frequency methods will not 
work since both signal and noise frequencies are similar. 

For the MWD pulse, the far right position is 1,700 ft. We want to be able 
to "watch" all the pulses move by in our graphics, so we enter "1710" (>1700 
below). We also assume a transducer separation of 30 ft. This is about 10% of 
the typical pulse width above, and importantly, is the length of the standpipe; 
thus, we can place two transducers at the top and bottom of the standpipe. 
Recall that Method 4-4 is based on derivatives. The meaning of a derivative 
from calculus is "a small distance." Just how small is small? The results seem 
to suggest that 10% of a wavelength is small enough. 

Downward p r o p a g a t i n g n o i s e ( p s i ) as s ume d as 

N( x , t ) = A m p l i t u d e * c os { 2 T f ( t + x / c ) } . . . 

o E n t e r n o i s e f r e q " f " ( h z ) : 15 

o Ty pe n o i s e a m p l i t u d e ( p s i ) : 20 

o E n t e r s ound s p e e d c ( f t / s ) : 5 0 0 0 

o Mean t r a n s d u c e r x - v a l ( f t ) : 1 7 1 0 

o T r a n s d u c e r s e p a r a t i o n ( f t ) : 30 

Note that the noise amplitude is not small, but is chosen to be comparable 
to the MWD amplitudes, although only large enough so that all the line 
drawings fit on the same graphical display. The method actually applies to 
much larger amplitudes as we will shortly demonstrate. After SAS14D.exe 
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executes, it creates two output files, SAS14.DAT and MYFILE.DAT. The first 
is a text file with a "plain English" summary. The second is a data file used for 
plotting. To plot results, run the program FLOAT32, which will give the results 
in Figure 10.6a where an index related to time appears on the horizontal. 

Figure 10.6a. Recovery of three step pulses from noisy environment. 

In Figure 10.6a, black represents the clean upgoing MWD three-pulse 
original signal. Red is the recovered pulse - this result is so good that it 
partially hides the black signal. The green and blue lines are pressure signals 
measured at the two pressure transducers, again separated by thirty feet. From 
these two traces individually, one would not surmise that the red line can be 
recovered; the green and blue signal curves differ only through minor "bumps." 
The algorithm handles very small signal-to-noise ratios extremely well. Below, 
we take the foregoing three-pulse signal as input again; a noise amplitude of 200 
is assumed, so that the S/N ratio ranges from 0.025 to 0.075, all of which are 
small. Calculated results in Figure 10.6b again show excellent signal recovery. 

Downwar d pr opa ga t i ng noi s e  ( ps i )  a s s umed as  
N(x , t )  = Ampl i t ude  *  c os  { 2 T f  ( t  + x / c ) }  . . .  
o Ent e r  noi s e  f r eq "f "  ( hz) :  5  
o Type  noi s e  a mpl i t ude  ( ps i ) :  200 
o Ent e r  s ound s peed c  ( f t / s ) :  5000 
o Me a n t r a ns duc e r  x - v a l  ( f t ) :  1700 
o Tr a ns duc e r  s e pa r a t i on ( f t ) :  30 
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Figure 10.6b. Recovery of three step pulses from very noisy environment. 
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10.1.6 Attenuation, dis tance and frequency. 

An important MWD design question relates to attenuation as it depends on 
combined and competing effects of fluid properties, drillpipe geometry, signal 
generator characteristics and surface transducer specifications. Let p represent 
fluid density, p the viscosity, c the sound speed, D the drillpipe inner diameter 
and L the transmission distance along the pipe. If P0 is the source signal 
strength and Pxdcr is surface transducer sensitivity (the smallest detectable 
pressure after successful noise removal), then one can show that a "critical 
carrier frequency" (in Hertz) satisfies/^ = pc2D2 (loge Po/Pxdcr)2 /(47ipL2) where 
the attenuation of plane waves propagating in a laminar flow is modeled. This is 
the value necessary to support PSK or FSK transmission over the distance L. It 
provides an operational bound; for frequencies />f Y i h signal transmission is not 
possible. The formula highlights shows that MWD wave propagation depends 
on the kinematic viscosity p/p and not on p alone, not to mention the role played 
by pipe cross-sectional area D2). 

Interestingly, a dimensionless pressure P0/Pxdcr controls successful 
reception. For instance, a 300 psi downhole source coupled with a surface 
transducer unable to "see" with 1 psi resolution is less effective than a 100 psi 
source working with a transducer having 0.25 psi capabilities. The strategy 
required to optimize this ratio is obvious. First, reduce Pxdcr as much as possible 
by (a) using the most sensitive piezoelectric gauges available, (b) employing 
effective surface noise cancellation methods such as those for Figures 10.6a,b, 
(c) applying downhole reverberation algorithms as in Chapter 5, or perhaps, all 
of the foregoing. And second, increase P0 to the maximum extent permissible 
by (1) using FSK schemes that take advantage of constructive wave interference, 
(2) developing ganged sirens arranged in series, (3) optimizing siren geometries, 
e.g., small rotor-housing clearances, reduced rotor-stator gap distances, good 
rotor-stator azimuthal overlap, or possibly, all of the foregoing. 

I|_l Carrie r F requency E J  

T e l e m e t r y  P r o p e r t i e s  

Specific gravity 

Viscosity (cp) 

Sound speed (ft/s) 

Drillpipe diameter [in] 

Transmission distance (ft) . 

MWD source pressure (psi) 

Transducer sensitivity (psi) 

Critical frequency (Hz) 
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Figure 10.7. Critical frequency calculation. 
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Just how optimally can a new high-data-rate mud pulse MWD system 
perform? And how would this compare with the best systems currently 
available? To answer these questions, we first describe calculated results used 
to validate our formula for critical frequency. Figure 10.7 shows the software 
interface developed to host the calculation. Here, the input values P0 (145 psi), 
Pxdcr (0.4 psi), specific gravity (1.7, for 14 lb/gal mud) and viscosity (50 cp) are 
taken from Hutin, Tennent and Kashikar (2001) in "New Mud Pulse Telemetry 
Techniques for Deepwater Applications and Improved Real-Time Data 
Capabilities." The pipe diameter (4.0 in), depth (25,000 ft) and sound speed 
(3,000 ft/s) are our estimates. These assumptions, for our Run A, give a critical 
frequency of 13.8 Hz, which would be consistent with the 12 Hz siren carrier 
frequency used by Schlumberger at such depths to achieve 3 bps. In this 
respect, the model for critical MWD carrier frequency provides reasonable 
results, which have been further supported by sensitivity analyses. In Run B, we 
repeat Run A except that depth is increased to 35,000 ft. The result shows that 
the critical frequency is reduced tofcrit = 7.0 Hz so that the 3 bps obtainable at 12 
Hz is no longer possible - it is known that the company instead transmits at 
approximately 1 bps. Again, our model conclusions are reasonable. 

We use this model to evaluate other published data. Only limited 
information on BakerHughes's system is available, e.g., "15 bps in the North 
Sea to a depth of 24,000 ft," "20 bps at depths less than 6,000 m, and just over 3 
bps from depths of more than 10,000 m," and "rates of 30 bps have been 
achieved from 3,000 m onshore and 40 bps from 900 m in a test well." 
Corresponding mud properties and pipe diameter data are not published, so that 
it is difficult to ascertain true system performance. However, we can estimate 
the conditions under which these claims are realistic. If we assume that its 
rotary shear valve possesses characteristics similar to that of the mud siren, not 
an unreasonable assumption, a simple reduction of the viscosity from 50 cp to 
20 cp would allow transmission depths to 35,000 ft, as the results for Run C 
show - the calculated value of 17.6 Hz would easily support 3 bps but no more. 
In Run D, we increase our viscosity to 50 cp but limit travel distance to 3,600 ft. 
The critical frequency increases to 665 Hz, demonstrating at 40 bps is not 
unexpected. Cumulative results are given in Figure 10.8. 

SG CP C DI A L PO P Fc r i t  
A 1 . 7 50 3000 4 25000 145 0 . 4 1 3 . 8 
B 1 . 7 50 3000 4 35000 145 0 . 4 7 . 0 
C 1 . 7 20 3000 4 35000 145 0 . 4 1 7 . 6 
D 1 . 7 50 3000 4 3600 145 0 . 4 664 . 9 

Figure 10.8. Cumulative results, critical carrier frequencies. 

Finally, we ask, "What data rates are possible using all the technology 
elements developed in this book for mud pulse telemetry?" Again, we 
emphasize that maximizing the critical carrier frequency requires us to optimize 
the ratio Po/Pxdcr following the strategies indicated earlier. Some experimental 
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evidence suggests that delta-p source strengths are independent of siren 
frequency at higher frequencies exceeding 10 Hz. Now let us assume the same 
baseline numbers used in Run A for Schlumberger's mud siren. For Run E, 
instead of PSK, we operate FSK with constructive interference with the siren 
optimally positioned and assume a 1.7 factor increase in signal output as might 
be suggested by Figure 10.2. Thus, the P0 = 145 psi used previously is replaced 
by P0 = 1.7 x 145 or 246.5 psi, increasing the critical frequency to 16.4 Hz - not 
enough to increase data rates substantially. 

In Run F, we additionally apply the "sirens in series" design suggested in 
Figure 10.4, which would double the 246.5 psi to 493 psi. This only increases 
the critical frequency to 20.1 Hz. However, if we increase the drillpipe diameter 
to 5 in as in Run G, fCTit increases to a remarkable 31.4 Hz. In Run H, we 
decrease the mud viscosity to 20 cp, showing in increase in critical frequency to 
78.5 Hz for the assumed 25,000 ft transmission - or, per a prior analysis, at least 
10 bps. In Run I, depth is increased to 35,000 ft, and our 78.5 Hz decreases to 
40.1 Hz, which should allow 6-7 bps. 

The software model of Figure 10.7 can be used to select drilling muds that 
facilitate high-data-rate transmissions too. In Run J, let us formulate a mud with 
a specific gravity of 2, a plastic viscosity of 40 and a sound speed of 4,000 ft/s. 
Then, employing a single siren, but with the use of FSK and constructive 
interference, we have a high value of 34.1 Hz at 35,000 ft. In our final Run K, 
we reduce Pxdcr to 0.2 psi and demonstrate that the critical frequency increases to 
41.9, for efficient 6-7 bps operation (piezoelectric transducers with such 
sensitivities are readily available and need to be used together with the 
directional cancellation schemes developed here). Our results, summarized in 
Figure 10.9, demonstrate that 10 bps is possible, and how they might be 
accomplished by using constructive wave interference, increasing transducer 
sensitivity, and by altering drilling system properties. 

SG CP C DIA L PO P F c r i t 
A 1 . 7 50 3000 4 2 5 0 0 0 1 4 5 . 0 0 4 1 3 . 8 
E 1 . 7 50 3000 4 2 5 0 0 0 2 4 6 . 5 0 4 1 6 . 4 
F 1 . 7 50 3000 4 2 5 0 0 0 4 9 3 . 0 0 4 2 0 . 1 
G 1 . 7 50 3000 5 2 5 0 0 0 4 9 3 . 0 0 4 3 1 . 4 
H 1 . 7 20 3000 5 2 5 0 0 0 4 9 3 . 0 0 4 7 8 . 5 
I 1 . 7 20 3000 5 3 5 0 0 0 4 9 3 . 0 0 4 4 0 . 1 
J 2 . 0 40 4000 5 3 5 0 0 0 2 4 6 . 5 0 4 3 4 . 1 
K 2 . 0 40 4000 5 3 5 0 0 0 2 4 6 . 5 0 2 4 1 . 9 

Figure 10.9. Critical frequencies, hypothetical MWD tools. 
Software reference, MWDFreq.vbp and datarate*.for are used for critical frequency analysis. 
Results are based on attenuative acoustic wave model allowing fluid flow in pipe. 
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10.1.7 Ghost s ignals and echoes . 

While the dangers of surface reflections are well known, we have 
repeatedly emphasized the existence of downhole reflections which, if not 
properly addressed, can destructively interfere with upgoing signals, or 
introduce drill collar reverberations, or both. Interestingly, this problem was 
also identified in "An Overview of Acoustic Telemetry" by Drumheller (1992) 
in the context of drillpipe telemetry research conducted at Sandia National 
Laboratories. Many authors, until then, had assumed simply that materials 
waves created downhole simply traveled upwards. Drumheller remarks, 
"Unfortunately, this over-simplified picture is extremely misleading. As the 
early results of this project illustrate, real hammer blows in real drillstrings do 
not result in this kind of response at all. The first complication which arises is 
that unless the hammer blow occurs exactly at the top or bottom end of the 
drillstring, two pulses are generated. One pulse travels up the drillstring while 
the other travels down. If the hammer is placed near the bottom of the 
drillstring, the downward traveling pulse will quickly reflect off the drill bit and 
follow directly behind or possibly overlap the leading upward-traveling pulse. 
This results in an unwanted echo of the original pulse. In a similar fashion, if 
the receiver is near the top of the drillstring, the two pulses will pass the 
receiver, reflect off the top of the drillstring, and pass the receiver again. This 
process will continue creating more echoes until attenuation weakens the echoes 
to an undetectable level." In the time-domain view, echoes create false pulses 
which are indistinguishable from and confused with the true data pulse. This 
has been our assertion throughout this book, however, we have put these echoes 
to good use by having them reinforce (as opposed to canceling) upgoing waves. 
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10.2 S irens , Turbines and B atteries . 

In this section, we offer comments on hands-on tool design, again, for 
siren-type MWD pulser systems capable of 10-20 "real" bits/sec (as opposed to 
"compressed" bits). Our advice is practical, but not meant to be comprehensive; 
nor do we claim to have performed exhaustive trade-off studies - our 
observations are simply offered "as is." 

10.2.1 S iren drive. 
Assumed in our discussion is a turbine alternator/generator for supplying 

the required power to operate the siren. Very likely, the siren should be 
powered by a brushless-DC stepper-type motor. This type of motor has the 
desirable mechanical characteristics of very high starting torque and extremely 
low inertia - ideally suited for rapid angular accelerations. This same type of 
motor is used in computer data drives, robotics, etc. Included with this motor is 
a high resolution resolver for precise angular positioning and control. Although 
we have not performed calculations on power requirements, our belief is that 
this motor will require 300-500 W of instantaneous power to provide the desired 
data rate results. These motors require a rigid supply of electrical power, say 50 
VDC or perhaps as high as 200 VDC. Sophisticated switching electronics, 
probably microprocessor controlled, will be required to run the stepper motor. 

10.2.2 Turbine-a lternator sys tem. 
The turbine power supply is somewhat more direct. As is well known, the 

mud flow provides an abundance of available power. The mechanical 
difficulties include providing a blade design suitable for a wide range of flow 
rates. Some experimentation using the wind tunnel methods of Chapter 8 will 
be required or, perhaps, novel airfoil concepts involving twisted blades. In 
addition, problems with rotary seals are well known. The major difficulty is 
providing consistent sealing in the presence of pressure fluctuations contributed, 
not only by the drilling environment, but more severely by the pulser itself 
which will create variations in hundreds of psi downhole. 

The alternator/generator is more straightforward. There are sophisticated 
alternator designs available, e.g., homo-polar, but a basic rotating field design is 
preferred. A major difficulty in the alternator design is the conditioning 
electronics. The peak-to-peak AC voltage out of the alternator is proportional to 
the rotational speed, and thus, clever electrical engineering will be required to 
convert this varying input into a rigid DC output for powering the siren pulser. 

If multiple turbine stages cannot be used because of size constraints and 
high power is required to turn "sirens in series," self-spinning sirens which draw 
on the energy of the flowing mud are imperative. In this case, modulation can 
performed by using mechanical or magneto-rheological braking as discussed 
previously - an electric motor is still required to regulate rotation rates precisely 
or to provide "assists" when additional torques are required momentarily. 
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10.2.3 Batteries . 
Discussions related to power are not complete without some mention of 

batteries. We need not dwell on well known limitations: toxicity, explosiveness 
and impractical handling. These negatives must be balanced with needs for 
turbine maintenance and repair, which introduce inefficiencies of their own. 
New to the market are rechargeable batteries, whose implications are discussed 
in a recent article of Pitt (2010). Quoting from the article -

"MWD is a highly demanding application that creates a challenging 
environment for the batteries. They must be able to operate over a wide 
temperature range - from well below 0°C at the surface in Arctic oil and gas 
exploration projects to well over 100°C during drilling - while enduring very 
high vibrations (20 g rms). Another requirement is complete reliability and long 
life time, typically from a few hours to more than 20 hours. Each time the 
bottom-hole assembly has to return to the surface it costs tens of thousands of 
dollars in downtime, so premature withdrawal to replace a failed MWD battery 
adds significant costs to the operation. 

During drilling operations, there is continuous mud flow and the battery 
delivers a low idle current to the MWD tool. Drilling is often stopped and then 
restarted, resulting in frequent battery replacement. If, for any reason, the 
drilling operation has to be stopped early to replace a drill bit, the MWD tool 
must return to the surface and the battery must be replaced to ensure there will 
be a sufficient safety margin of battery power to maintain operation of the 
MWD tool through to completion. Often, a primary battery might have to be 
discarded with much of its capacity unused. 

Until recently, specialized primary lithium batteries were the only product 
capable of providing reliable, cost effective operation in harsh MWD conditions. 
Saft offers primary lithium batteries for the oil & gas market and also recently 
launched the world's first rechargeable lithium-ion (Li-ion) cell capable of 
operating at temperatures up to 125°C under drilling conditions. This is a 
significant increase in the previous Li-ion operating temperature - 65°C -
opening new horizons for MWD tool manufacturers. For the first time, MWD 
tool developers can incorporate a high performance rechargeable battery into 
their designs. This development eliminates the need to withdraw a MWD tool 
for replacement of a spent battery, with the benefit of improved continuity for 
the drilling operation. 

Saft's VL 25500-125 C-size and new VL 32600-125 D-size cells are 
intended for use in constructing batteries to be integrated into sophisticated 
MWD tools that incorporate onboard alternator technology, driven by the mud 
flow, to power their electronic systems. When the mud is flowing, the battery 
will be charged. When the flow stops, such as when drilling is halted, the battery 
will be discharged to provide power for the MWD electronics. When the mud 
flow restarts, the battery is recharged. 
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The fast-charging, deep discharge and high-cycling capability of the Li-ion 
electrochemistry will enable the MWD tool to remain in continuous downhole 
operation. The C-size cell functions as an energy buffer and is commonly used 
in oil & gas drilling applications, while the higher power D-size cell was 
designed for oil exploration operations. The Li-ion cells are integrated into 
customized, rugged, cylindrical MWD battery staves. A key part of the stave 
design is to provide complete mechanical integrity, even under extreme 
temperatures, vibration and pressure. This involves careful selection of the 
construction materials and specialized manufacturing techniques, such as the 
cross-ply, tape-wrapping process. The staves also incorporate electronic 
controls, such as diodes to protect primary cells or balancing circuits to manage 
rechargeable cells." 

10.2.4 Tool requirements . 
We have addressed the issues encountered in designing high-data-rate 

MWD systems with 10 bps capability or more. Several actions are required. P0 

must be increased by constructive interference using "smart FSK" telemetry 
without complete rotor stoppage or multiple sirens, or both, additionally 
employing "turbine on top of siren" designs, and optimizing sirens for high Ap 
and low torque. Pxdcr should be minimized by using sensitive piezoelectric 
transducers and advanced multiple transducer noise removal methods. Low 
rotor torques (which allow rapid changes in frequency) with low erosion should 
be designed in the wind tunnel which are also consistent with high signals. 
Larger diameter drillpipe should be used if possible, and optimum low-
attenuation muds should be employed in field operations with proper values of 
p, JLL and c selected with the model in Figure 10.7. A well-designed, integrated 
system should embody all of the design principles in this book, which we 
emphasize are based on rigorous acoustics and fluid-dynamics principles. 

Signal processing efforts deserve special mention. While excellent 
conventional treatises exist on digital signal processing methods, e.g., the now 
classic books by Oppenheim and Schafer (1975, 1989), the MWD environment 
poses extremely difficult challenges. The telemetry channel is essentially one-
dimensional and supports strong plane wave noise emanating from both 
downhole and uphole ends, i.e., mud motor "thumping" and mudpump 
"banging." In between, shape-distorting reflections are found at desurgers while 
reverberations are induced at collar-pipe impedance mismatches. These effects 
are not addressed by existing methods and provide a fertile area for continuing 
work for all researchers. Because "high data rates" for mud pulse telemetry are 
still slow by modern standards, e.g., cell phone or Internet connections, real-time 
processing for relatively complicated algorithms, e.g., not unlike those disclosed 
in this book, is possible, since time steps for digitization finer than 0.001 sec are 
likely not required. 
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10.2.5 Design trade-offs . 
Many engineers and managers have asked, "Is there one 'standard' design 

we can recommend?" This innocuous question is not unreasonable. After all, in 
the low-data-rate positive pulser world populated by 60-70 manufacturers 
internationally, all designs (with minor exceptions) are generic "me too" 
products. High-data-rate mud pulse telemetry, however, is different, because the 
design options are numerous. And given that each set of options implies 
significant engineering development, testing and manufacturing, and millions of 
dollars in subsequent inventory, maintenance and repair costs, the choice is not 
easily made. Here, we will summarize the options discussed in this book - the 
mechanical and electrical implications will be obvious. These are not given in 
any particular order: 

Single siren, or multiple "sirens-in-series"? 

If multiple sirens, will all operate at one frequency from a single shaft, or at 
different frequencies built on a more complicated design? 

Single-stage turbine, or multiple stages? 

Turbine versus batteries? 

Turbine, alternator, rechargeable battery option? 

Brushless DC or hydraulic motor drive for siren(s)? 

Self-spinning plus mechanical brake for modulation? 

Self-spinning plus magneto-rheological brake for modulation and motor 
assist? 

FSK versus PSK? 

Top versus bottom mounted siren(s)? 

Collar versus probe-based design? 

Sensor types used, power demands, data density and logging speed? 

Surface signal process requirements? 

Downhole telemetry scheme, feedback and control requirements? 

The above design options must be selected with care. Different companies 
have different market needs, e.g., onshore versus offshore, number of sensors, 
hole depth and attenuation constraints, power requirements and so on. Each 
design represents a unique set of specifications. Development costs easily 
exceed millions of dollars, and final designs are likely to remain in field use for 
years. It is these practical but important objectives that our equations, wind 
tunnels, test methods and advice address, and in the final analysis, the author 
hopes that this book will contribute meaningfully to solving these problems. 
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MWD Signal Processing in China 

MWD research in China is active, openly pursued and published. Because 
the program is key to the country's national agenda, it is well funded. These 
factors provide an atmosphere conducive to and fostering innovation and, 
importantly, supporting the training of engineers and researchers capable of 
improving and extending old and new ideas. In the author's opinion, the 
enthusiasm with which these efforts is pursued is unmatched anywhere else. 
The record is clear: a significant body of original research, pursued by both 
government and national oil companies, exists, focusing on modern MWD 
issues in signal processing, hardware design and environment characterization. 
And it is growing rapidly. 

In the "screen shots" presented below, we have captured representative 
research, all available publicly, reflecting a diversity of work related to topics in 
this book, e.g., wind tunnel simulation, phase-shift-keying, adaptive filtering, 
reflection deconvolution, echo removal, turbine design, torque and so on. The 
selected works do not represent a comprehensive or focused literature survey. 
Again they are representative and are not presented in any categorized order. 
Copies of these papers are available from the author or from the sources 
themselves. The collection presented below represents a wider cross-section 
than that presented in the 2014 edition of this book 

Research Article 
Pr opagation  of Me as ur e m e n t-W h ile -Dr illin g Mu d Pulse  du r in g 
High  Tem perature  De e p W e ll Dr illin g Ope r ation s  

Hongtao LI,1 Ylngfeng Meng,1 Gao Li,1 Na Wei,1 Jiajie Liu,1 Xiao Ma,1 Mubai Duan,1 

Siman Gu,1 Kuanliang Zhu,2 and Xiaofeng Xu2 

1 S tate Key Laboratory of Oil an d G as Reservoir G eology an d E xploration , S ch ool of Petroleu m  E n gin eerin g, 
S ou th west Petroleu m  U n iversity, C h en gdu  610500, C h in a 

2 D rillin g an d Produ ction  Tech n ology I n stitu te, PetroC h in a Jidon g Oilfield C om pan y, Tan gsh an  063000, C h in a 

Figure 11.1. High temperature environmental effects. 
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Transmission characteristics of the drilling fluid pressure quadrature 
phase shift keying signal along a directional wellbore 

S H E N Y u e 1 Z H U J u n 2 S U Y i n a o J S H E N G L i m i n 1 L I L i n 5 
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Figure 11.2. Signal processing, PSK methods (CNPC). 
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Development of Downlink Communication System for 
Steerable Drilling Application 

D a n g R u i - r o n g , Y i n G u a n g , G a o G u o - w a n g , L i a n g L u + 

Key Labora tory ofphotoe lectric  logging and de lect ing  of oil and gas . Minis try ofEducat ion Wan Shlyou Univers ity, Xt  'an 7 1 0 0 6 5 . 
China  

Figure 11.3. Downlink strategies for rotary steerable systems. 
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Numerical modeling of DFSK pressure signals and 
their transmission characteristics in mud channels 
Sheii Yue1, Su Yinaow, Li Gensheng3, Li Lin2 and Tian Shouceng* 
1 College (jf Ptiy îci Sckikc and Technology. China Dniwqily of Petroleum, Dongying. Shandong 2 5 7 0 6 1 , China 
'CNPC Drilling Research InBlilule, Beijrifi IOOOB3, China 
* Sale Key Laboratory of Petroleum Resonates and Prospering* China University of Parfdeum,, Beijing 112249, China 

ADstract: A mmericsl model and transmission characteristic analysis of DFSK (differential phase shift 
keying) pressure signals in mud channels is introduced With the control logic analysis of the rotary valve 
mud telemetry, a logioil comrol sipwt built from a Gaie function sequence according to the binary 
symbols of transmitted dala and a phase-shift function is obtained by integrating the logical control signal. 
A mathematical model of the DPSK pressure signal is built based on principles of communications by 
modulating carrier phaie with the phase-shift function and a numerical simulation of the pressure wave is 
implemented with the mathematical model by MATLAB programming Considering drillpipe pressure and 
drilling fluid temperature profile along drillpipcs, Ihc drillpipe of a vertical well is divided into a number 
of sections. With water-based drilling fluids, the impacts of travel distance; carrier frequency, drillpipe 
size, and dril l it^ fluids on the signal transmission were studied by signal transmission characteristic 
analysis for all the sections. Numerical calculation results indicate ihat the influences of the viscosity 
of drilling fluids and volume fraction of gas in drilling fluids on the DPSK signal transmission are more 
notable than the others and ihe signal will distort in waveform wilh differential attenuations of the signal 
frequent component. 

Figure 11.4. Signal processing (CNPC). 

De lay pressure  detection  m ethod to e lim inate  pum p pr e s sur e  
in te r fe r e n ce  on  th e  downhole  m ud pressure  s ignals  

Yu e S h en ,1 lin g-Tan  Zh an g* S h i-Li C u i* Li-M in  S h en g* Lin  Li* an d 
Yi-flkioS u * 

1 S ch ool of S cien ce, C h in a U n iversity of Petroleu m , Qin gdao 266580, C h in a 
2 D rillin g Tech n ology Research  I n stitu te, CNPC, B eijin g 100195, C h in a 

Correspondence should be addressed to Yue Shen; shenyi96i@al]yuiLcom 

The feasibility of applying delay pressure detection method to eliminate mud pump pressure 
interference on the downhole mud pressure signals is studied. Two pressure sensors 
mounted on the mud pipe in some distance apart are provided to detect the downhole mud 
continuous pressure wave signals on the surface according to the delayed time produced by 
mud pressure wave transmitting between the two sensors. A mathematical model of delay 
pressure detection is built by analysis of transmission path between mud pump pressure 
interference and downhole mud pressure signals. Considering pressure signal transmission 
characteristics of the mud pipe, a mathematical model of ideal low-pass filter for limited 
frequency band signal is introduced to study the pole frequency impact on the signal 
reconstruction and the constraints of pressure sensor distance are obtained with pole 

Figure 11.5. Delay line methods for pump noise removal (CNPC). 
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Res earc h on Mec hanis m  of Continuous  Wave  Signa l Generator Controlle d  by  DSP  a nd the  
Wind Tunne l Simula tion Tes t  
Posted on A«119. agio Iw ClUna R a m 

Abstract: MWD is a new logging technology which is developed in recent years, it can improve large displacement 
wells, horizontal wells in difficult engineering control and formation evaluation capabilities, improve the rate of 
oil drilling encountered. Data signal transmission plays a pivotal role in the MWD system design, and is the core 
in the system design. For low MWD data transmission rates and the difficult test questions in design process, the 
paper researched on mechanism of continuous wave signal generator controlled by DSP and the wind tunnel 
simulation test, made some progress and useful conclusions.In this paper, we explore the use of theoretical 
analysis, system design, computer simulation and wind tunnel simulation method of combining. At the basis of 
research on telemetry signal transmission mechanism, continuous wave signal generator working mechanism, the 
principle of wind tunnel tests and other analytical studies, completed a signal generator, DSP control system, 
wind tunnel test model of the structure and control system design. On this basis, wind tunnel tests and computer 
simulation experiments were done, and built a variable frequency pressure wave transmission predictive control 
model and the optimization algorithm model of impeller design. The main goal of the paper is to achieve higher 
data rates, improve the reliability of data transmissions, as well as enhance the system environmental 
adaptability, and to lay a foundation at theoretical and experimental methods for our own independent 
intellectual property rights of continuous mud wave MWD system Analysis of the bottom telemetry signal 
transmission mechanism showed that the mud continuous wave represents the development direction of MWD 
wireless data transmission technology. By analyzing the data encoding, M-ary frequency modulation mode was 
selected to modulate the down-hole information. Compared with M-ary phase modulation transfer mode, M-ary 
frequency modulation mode has relative simple sending and receiving equipment and control system, and relative 
low bit error rate is conducive to improve data transfer rate. Ground to down-hole and down-hole to ground data 

Figure 11.6. Wind tunnel simulation for signal processing (CNPC). 
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The  Variable  Frequenc y  Data  Tra ns mis s ion Tec hnology  B a s e d on 
Artific ia l Ne ura l Network  Applying  in Meas urement  wti ite  Drilling  
Sys tem  
Wuhan, China Jui* QS-Jun* 06 
ISBN: 97fl-0-7S95-4<ES-9 xmpliip LkJ 
T w t a l J b i 
Jwi Pang 
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Figure 11.7. Neural network approaches (CNPC). 
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Figure 11.9. Wind tunnel analysis. 
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Figure 11.10. Nonlinear signal processing approach (CNPC). 
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Figure 11.11. Signal processing. 
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E lim ina t ing  No is e  o f  Mud P re s s ure  P ha s e  S hif t  K e y ing  
S ig na ls  w ith A S e lf-Ada pt iv e  F ilte r 

Y ue  S he n*1 ,  Ling ta n Zha ng 2 ,  He ng  Zha ng 3 ,  Y ina o  S u 4 ,  Lim in S he ng 5 ,  Lin Lj s  

^S c h o o l of S cience, China Univers ity of Petroleum, Qingdao, 266580, P. R . China 
^ r i l l m g Technology Research Institute, CNPC, B e ijng 100195, P. R. China 

'Cone s pa ndrg author, e-mail: sheny1961@ yahoo.com.cn , zhanglt@ upc.edu.cn2, 
zhang66h@ 163.comP, suyinao@ petrochina.Gom.cn4, s lmdri@ cnpc.oom.cn5, Iilin550703@ yahoo.com.cn* 

Abstract 
The  feas ibility of applying a se lf-adaptive  fitte r to e fiminate  nose  in the  downhofe  mud pressure 

phase  shift keying fP S K) s ignals  is  s tudied. The  se lf-adaptive  fitter with carrie r wave  as  the  /litter input 
s ignal and mud pressure  PSK s ignal including noise  as  the  fitte r expected input s ignal in s tructure  was  
adopted to process  the  mud pressure  PSK s ignals  with the  broadband s ignal characteris tic in 
communication. Mathematical modet of the  titter was  built to reconstmct the  mud pressure  PSK s ignals  
based on the  evaluation crite rion of leas t mean square  e rror (LMS) and the  mathematical mode l of mud 
pressure  PSK s ignals . According to the  fitte r mathematical mode l; a special se lf-adaptive  control algorithm 
was  adopted to realize  the  filte r by adjus ting the  fitte r we ight coe fficients  se tf-adaptive ly and the  impacts  of 

Figure 11.12. Signal processing, adaptive filtering methods (CNPC). 
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Figure 11.13. Downhole turbine design (CNPC). 
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Figure 11.14. Theoretical considerations (CNPC). 
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Akfnct 

The MeasmenuBl/LoggLQE while Diflhiig (M1WD) system is used to collect nd tnnsrait Ob losing dab while 
drilling oil/gas wefls, in which logging data is mnranitlfd using Mod Pulse Telemetry. Due to the ratwy noo-
feedhect eamnra fhammpl fupaly, itia hud to emmet tnmsmissim aims cansedliy Mud channel noises in real tmifc. 
This pqw proposes a Compressive Saising {CS) bsed Transmission (CST) sdieme &r lofgmg data delivering in 
M/LWD systems. The CTS sdieme is tolerant to transmission emus without Automatic Request for Rqretdiflm, 
merhanhni and ennr cauectmg code, and also provides an interface for field tprhninans to adjust be effective: 

Figure 11.15. Signal processing, modern "compressive sensing." 
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Figure 11.16. Computational siren torque analysis (CNPC)
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Figure 11.17. Signal processing (CNPC). 
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Research on mud pulse signal data 
processing in MWD 
Bing Tu1* De Sheng U1, En Huai Un2 and Mlao Mlao Ji1 

Abstract 

Wireless measure while drilling (MWD} transmits data by using mud pulse signal; the ground decoding system 
collects the mud pulse signal and then decodes and displays the parameters under the down-hole according to 
the designed encoding rules and the correct detection and recognition of the ground decoding system towards 
the received mud pulse signal is  one kind of the key technology of MWD. This paper introduces digit of 
Manchester encoding that transmits data and the format of the wireless transmission of data under the down-hole 
and develops a set of ground decoding systems. The ground decoding algorithm uses FIR (Finite impulse response) 
digital filtering to make de-noising on the mud pulse signal, then adopts the related base value modulating 
algorithm to eliminate the pump pulse base value of the denoised mud pulse signal, finally analyses the mud pulse 
signal waveform shape of the selected Manchester encoding in three bits cycles, and applies the pattern similarity 
recognition algorithm to the mud pulse signal recognition. The field experiment results show that the developed 
device can make correctly extraction and recognition for the mud pulse signal with simple and practical decoding 
process and meet the requirements of engineering application. 

Keywords: MWD, Mud pulse signal, Flfy Mode similarity 

Figure 11.18. Signal processing. 
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Figure 11.19. Downlink design. 
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Figure 11.20. Magnetic dipole analysis. 
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Figure 11.21. Signal transmission. 
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Design of Measurement While Drilling System Based on Inertial Sensors 

Hua Song1, Huapu Wu2, Di Qu3 and Junxiang Zhang4 

ABSTRACT 

With the development of urban infrastructure, the trenchless technology has been 
widely applied in many applications, especially in the field of pipeline or subway 
construction. In these applications, the attitude and position information of the bit is 
indispensable in the process of drilling. Currently, Measurement While Drilling 
Systems (MWD systems) are generally based on radiolocation or single 

Figure 11.22. Inertial sensing. 

Ava ila ble online a t www.s c ie nc e dire c t.c om — 

SciVerse  ScienceDirect P f O C6 Cl I d 
Earth and Planetary S cience 

Procedia Earth and Planetary Science 3 (2011) 183 - 188 

2011 Xi'ail International Conference on Fine Geological Exploration and Groundwater 
& Gas Hazards Control in Coal Mines 

Research and Application of PDM Borehole Technology for 
HDD 

Yongzhe Zhao**, Zhijun Shi, Zhenyang Hu, Qingxiu Liu 

X i 'an  Research  I n stitu te of C h in a C oal Tech n ology A  E n gin eerin g G rou p C orp, JG  'an , 710077, C h in a 

Figure 11.23. PDM borehole technology. 
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Figure 11.24. Horizontal wells. 

Pr ogr ess I n  E lectrom agn etics Research  M, V ol, 32, 05-113, 2013 

COMPLEX PERMITTIVITY LOGGING TOOL EXCITED 
BY TRANSIENT SIGNAL FOR MWD/LWD 

Bin Wang, Kang Li*, Fan Min Kong, and Shi Wei Sheng 

School of Information Science and Engineering, Shandong University, 
Jinan, China 

Abstract—This paper proposes a new logging while drilling (LWD) 
method to evaluate rock moisture content and reservoir hydrocarbon 
saturation. Transient signal with broadband spectrum covering the 
sensitive range of fluids contained formation was used as excitation 
signal in the near-bit MWD system. Continuous measurement in the 
whole spectrum with both fluid type and saturation changes caused 
differences in frequency distribution of response signals and achieved 
integrated evaluation of formation hydrocarbon and water saturation. 
Linear system analysis was optimized by adding oil/water saturation 
parameters, and analytic calculating results were presented to verify 
the performance of the proposed transient MWD system. Compared 
with conventional wireline and LWD tools, the method presented in 
this paper provided higher resolution and signal intensity. 

Figure 11.25. MWD analysis. 
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This paper analyzes the inclusions in the mud pulse signal naise-Conelation de-noising algorithm and moving median estimate algorith 

m to eliminate the mud pulse signal noise and pump base value drift were applied.Then for Manchester encode mud pulse signal cha/acteri 

sties,the correlation coefficient identification algorithm and local feature recognition algorithm were applied to the identification of the mud pul 

se signal.The experimental] results show that the process of de-notsing and decoding algorithm is simple and practical.high reliability,low dec 

ode error rate.AH these comply with the requirements of the engineering application. 
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[Fund] : E&ra63»tfdHf$l&3!g{2006AAD6Z239) 

[CateGory Index 1 : TE243 

Figure 11.26. Mud pulse signal processing. 
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Figure 11.27. Drillstring vibrations. 
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Email: B ml mi i ^ ' i p mlm ran 

Miai Miao Ji] 
Email: 156004516fflqq.com 
L College ofMedifflk al Engjnnuig and Applied Electronics Technology, 
BeqingUiihci5it7afTediiiDlogy,Bcgî g 1GQ124, China 
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Abstract 

OBtpIpw measure while <h"Hiiig [MWD) transmits data by nsing mid poise cigml - the 
ÎBIIJ iiprfliftî  uyiiliiiw COHedB rtu wifl pulse ci glial JTTLH rtiHi dwtiJw jibJ displays ll̂ 1 

jmiJiiHWIwn iifwlw ifw rinwn-hnlp. arriwiimg to tin* diGŜDEd PTlTfldin̂  ndes Jwl L Iwt 
detection and recognition of the ground decoding syston towxds b e received s n d poise 
signal is one kind of the l ey technology of MWD. This paper introduces digit of Manchester 
ihm  flriw^ tiint I miKiiiih Aitn fiiri llm liM nilt flf flu* wiipbw lnimnnwiflB of ilnlii midw tin* 
down-hole and devekps A set of ground decoding systems. The ground algtaiihin 
uses FIR (Finite in^nlse response) digital fiTtpcrng id make de-noising on. die pulse 
ri|jn«l rimi jA^iiij tit related lnse vdne inflrinlBting j lyr flu n hi ginnimiiB the poise 

inse vsliie of tiu- deDotsed mnjd poise signal, liimlly ̂ mjljixK Hip ninil poise î̂ iibI uifptwiw 
Jnip<i of the selected i lxn cb sts gmmdirg in rinw liift cycles, n d applies the pattern 
u n i i l n n l y  T P f f l ^ m l iiWl Blpuillini t)0 ll̂  pilllli jwltf Qipifll IWrtĵ  mtinn I'lW fipH PMJWT i i n w i l 

results show that be dncLoped device ran make correctly extraction and recognfiticni for the 
miiri poise ciglial xrith cimpig anri prartiriii decoding process and meet the- reqnireineiils of 

Figure 11.28. Signal processing. 
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T he  De s ig n a nd R e s e a rc h o f the  Dow nhole  Pre s s ure  S ia na l 
Produc e r Co nt ro lle d  by  R ota ry  Va lve  
Autnn LiRongXi 
Tutor FangJui 
S d n o t  China  Univers ity  of  Petroleum  
Ca us e : Mec hanic al a nd Etec fronic  Engineering  
Keywords : MWD Hydrauic  s igna l generator Brushiess  DC Motor Simulation 
CLC: TE927  
Ty p e :  Masters thesis 
Y e a r 2DQ7  
Duwnfc rads: 2QB  
Quote: 3 
Read: Download Dissertation 

Exec utive  Summary  

MWD downhole  driB ng  t e c hno lo g y  c ontinues  to  e w t w , more  and more  paranieterB  , and t ie  
me a s ue me rt  of  die  re a Um e  le quie m e nb  a re  inc reas ingly  l ig h . hi t ie  shidy  on Vie  ba s is  of  the  HDS 1  
hydrwJ c  pits e  s igna l ge ne ra tor, a  new  de s ign a nd c ortra l ,  a  new  de s ign o f the  s igna l ge ne ra tor. 
Ac c ording  t o  the  w orkiig  princ iple  a nd c harac teris fic s  o f  t ie  dowrtiole  ro t a ry  c onkol pre s s ue  s igna l 
generator des igned t ie  downhole  rotation contort  p ie s s ue  s igna l generator  T  se lec t  a  a  suitable  bmshless  
DC motor, motor d iv e  T  ooq ib ig  and me dia ric a l s e a l devic e  .  Difte re rt  c harac teris tic s  nx o nfe ig  t o  t ie  
t ie  s traight  value  port  ta ns fe r valve  a nd rouid  valve  port  s ize  struc ture  of  t ie  votary  value  T  the  pressure  o f  
t ie  two  - s tage  rotary  value  ift  de s ig n, namely  the  e s ta bis la ne rt  o f  a  spe cific matie niaticBl mode l, a nd 
its  s imutafc on, the  s im iia lon re s uts  s how tha ta  s ignific ant  imp ic vernent  in the  res pons e  s pe e d of this  
type  of s igna l ge ne ra tor, a nd the  different  fa rm  of t ie  value  port  c an be  a  difte re rt  pre s s tre  res pons e  
w a ve form. Es ta bis ha ve ra l c onkol of  a  boot le s s  DC motor c o i io l sys tem  , to  sefec tthe  c lass ic  c ia ie rt  
loop, s pe e d ring  bteyc fc  n n k n l , e s ta bis la ne rt  o f  a  mathematic al model o f  t ie  e rta e  c onkol sys tem  T  fa s t  
res pons e  and s igna l generator c ontrol sys tem  ba s e d a n downhole  ro t a ry  p ie s s ue  ^plic a t ions  fre q ue nc y  

Figure 11.29. Siren design. 

R e s e a rc h o n S ig na l De t e c t io n a n d P ro c e s s ing  o f Dr i l l ing  
Mu d P u ls e  
Alitor LiShan 
Tutor LiuXmPingi SinShiMingi ZhangHaiHua 
School: China University of Petrofctm 
Cause: Compiier teefnofogy 
Ke ywords : MWD Mud PLtee  S igna l Filte r De te c tion Proc e s s  
CLC: P631.83 
Type: Masters thesis 
Year 2D1D 
Downloads; 2 DO 
Quote : 0  
He a d: Downloa d Dis s e rta tion 

Ex ec utive  Summary  

Wi l l Hie  inc re a s ing  c onstruc t] on works  fix  c lus te rw e l, obs tac le  bypa s s ing  we  I,  imJ fila te iia l w e l, a nd 
c onnec ted w e l, a s  w e l a s  inc re a s ing  d e p t i of  nes ervoir.equpmerrtB  a re  re q iire d  t o  provide  more  a nd 
more  formation informations . Du ing  d r i ing  operation,. MWD{m e a s ue m e nt  while  d r i ing ) t e c hno lo g y  is  
ge ne ra ly  us e d t o  e ns ure  a c t u a t e  m e a s ue m e nt  of w e l trac k  a nd ge ologic  pa ra me te r a nd t o  improve  the  
ac c urac y  of w e l trac k  c ontrol. We l ta c k  a nd ge ologic a l information a ro ind the  downhole  c a n be  obta ine d 
by  us ing  MWD te c tnotogy  without  bre a king  the  norma l d r i ing  ope ra tion. Ho rm a fo ns  c a n be  le a E m e  
trans mitted  to  s urfac e  in s ome  w a y. T lie n t ie  s urfac e  de c oding  e q upm e rt  w il c omple te  the  ana lys is  a nd 
proc e s s  of  the  s igna l.With t ie  de ve lopme nt  of new  tec hnology, downhole  information trans mis s ion way  
ha s  c hanged from  c a ble  w a y  to  w ire le s s  w a y, a nd da ta  tra ns mis s ion s pe e d c hanged from  low  t o  high, 
the re  a re  two  ma inly  wire  les s  ta ns m is s k in w a ys mud pt is e  way( nega tive  or pos it ive ) a nd etec fromagetic  
pt is e  way. Cure t t ly , mos t  of  MWD us e s  t ie  mud pt is e  way. ht his  way, downhole  Information tra ra mits  t o  
s urfac e  s ys tem  b y  mud puls e , a nd s urfac e  de c oding  s ys tem  w il do  s ome  ne c e s s a ry  pre  proc e s s  o f  the  
s igna l A t  las t,  t ie  d e ra t ing  s ys tem  w il re s tore  the  mud puhe  into  t ie  ra w  information, a nd re  a rt  me  dis pla y  

Figure 11.30. Signal detection. 
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Parameter Response Numerical Simulation of Resistivity 
LWD Instrument Based on flp-FEM 

LI Hu ia, L I U De-Ju n b *, M A Z h o n g - W , G A O Xi i i - sh en g d 

^^^C otlege of G eoph ysics an d I n form ation  E n gin eerin g, C h in a U n iversity of Petroleu m -B eijin g, B eijin g 102249, C h in a 

Abstract 

Numerical simulation of electrical logging is important to the electrical logging instrument design and logging data 
interpretation and application. In this paper, we combine the h p finite dement method (̂ p-FEM) analysts software 
HERMES and VC++ development platform as a tool to direct reflect the instrument drilling detection and distribution 
of induced electric field in the formation and it's boundary, and the instrument parameter response by changing 
spacing, transmitting frequency and excitation current intensity have been studied based on self-adaptive h p-TE M  
algorithm Because the performance of resistivity LWD instrument have decided by design parameters, thus study the 
electromagnetic response characteristics of resistivity LWD instrument has important significance to guide the high 
precision resistivity LWD instrument develop and improve the security of logging operation. 

Figure 11.31. Electromagnetic design. 

CHINESE J OURNAL OF GEOPHYSICS Vol.52t No.5t 2009, pp: 1083-1091 

C O M P U T I N G E L E C T R O M A G N E T I C W A V E R E S I S T I V I T Y M W D 
T OOL ' S R E S P O N S E U S I N G A C C E L E R A T E D I T E R A T I O N 

A L G O R I T H M F O R I N T E G R A L E Q U A T I O N S 

ZHANG Xu, WEI Bao-Jun*, LIU Kun, TIAN Kun 
Colleg e  of Phy s ics  Scien ce  a n d Techn olog y  in  Ch in a  Un iver s ity  of Pe tr oleu m , Don g y in g  257061, Ch in a  

Abstract The 2D integral equations are computed by an integrated iteration algorithm of modified successive 
approximation method (MS AM) and Aitken acceleration technique. The longitudinally stratified virgin formation 
is taken as the background and the computational region is restricted within the borehole and invasion zone in the 
algorithm, thus the algorithm is qualified for the virtues of small number of unknowns, fast converging speed and 
high accuracy. The response of the electromagnetic wave resistivity MWD tool in cylindrically symmetrical 2D 
formation is simulated by the algorithm. The results have shown that the amplitude attenuation and phase shift 
are affected differently by the borehole, invasion and surrounding shale, and that their radial depth of investigation 
and vertical resolution are also different. The bed boundary can be accurately located by the crossover point of 
the compensated amplitude attenuation and phase shift resistivities. 

Figure 11.32. Electromagnetic design. 
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Figure 11.33. Electromagnetic design. 

CHINESE JOURNAL OF GEOPHYSICS Vol.53, No.5, 2010, pp: 881~801 

PHYSICS OF DIRECTIONAL ELECTROMAGNETIC PROPAGATION 
MEASUREMENTS-WHILE-DRILLING A ND ITS APPLICATION TO 

FORECASTING FORMATION BOUNDARIES 

WEI Bao-Jun, TIAN Kim, ZHANt: Xu, LIU Kan 
College  of Phys ica l Science  and Technology t China t/nwers itji oJ  fs tnlc urrtj Dongying  IliTUGl, Ouna 
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anifiolmpic media. The detection range ahd the senRitivity to formation Ixuitidarief; of diTertionHl e le ftuntn^neti r. 

meafiuremeute are analyzed. The influence of anisotropy, formation dip angle, and receiver antenna's ti lting 

angje.- uli din.-ctiuluil muiiiurciiicnls is stuliiiL The mulU, sIkjw  thai tin- direttionul deU-clioii nuigu will i n c n w 

with defrewiin); frequency, itirmuiiT^ mil fifmrrihg anrl increasing resistivity cnfit.rant between the target, bed and 

shoulder bed. The change of directional amplitnde-attannatinh will become more obvious with inrrnasi i^ remver 

antenna's tilting angle when the tool is approaching the formation boundary, and thus the sensitivity to formation 

boundaries will increase. The introduction of symmetrical antenna mnti^iiratinn can remove the dependence of 

diRvtiomd signal on aiiBolropy und forlnalion (lip uli^ i1 at luculiuib far away fruiii foruiutiuii boundaries, mid 

thus the formation boundaries can be accurately Forecasted. 

Figure 11.34. Electromagnetic design. 



12 
Sensor Developments in China 

Well logging involves multiple sensors, among them acoustic, resistivity, 
NMR, formation testing (for permeability and pore pressure), annular pressure, 
direction and inclination, and so on. A significant amount of information is 
available from oil service company websites, e.g., those of Schlumberger, 
Halliburton, BakerHughes and others. In this section, we describe recent CNPC 
engineering and research activities in logging and "geosteering" (that is, 
directional drilling guided using integrated real-time geological information) -
data generating functions that drive the demand for high-data-rate telemetry. 

These efforts mirror those of the West, and are becoming commercially 
important in many parts of the world - and especially so, given Chinese 
advantages in labor and manufacturing costs. Little information is available in 
the West about Chinese activities and here we provide insight into the 
company's MWD activities. Photographs of tools, laboratory and field work are 
presented, courtesy of CNPC, but detailed hardware and software specifications 
are omitted because they are rapidly evolving, given the continual drive toward 
deeper HPHT offshore wells. This chapter does not address Chinese fluid 
sampling and pressure transient analysis, the subject of the author's two prior 
books on formation testing (see Chin et al. (2014) and Chin et al. (2015)). 

12.1 DRGDS Near-bit Geos teering Drilling S ys tem. 

12.1.1 Overview. 

CNPC's Near-bit Geosteering Drilling System or "DRGDS" is jointly 
developed by CNPC Drilling Research Institute, Beijing Petroleum Machinery 
Factory and CNPC Well Logging Company Limited. This system integrates 
advanced drilling, well logging and reservoir engineering technologies and 
utilizes near-bit geologic and engineering parameter measurement with drilling 
control to optimize wellbore placement within petroleum-bearing layers. Based 
on information acquired while drilling, DRGDS adjusts and controls in real-time 
the trajectory of the well so that the drill bit follows payzones as closely as 
possible. In other words, it recognizes hydrocarbon zones while drilling and 
provides complementary geosteering functions. 

318 

MeasurementWhileDrilling (MWD) Signal Analysis,
Optimization, and Design,2nd Edition.Wilson C. Chin.

© 2018 Scrivener PublishingLLC. Published2018 by John Wiley & Sons, Inc.



SENSOR DEVELOPMENTS IN CHINA 3 1 9 

12.1.2 DRGDS tool architecture . 

DRGDS is composed of several elements, namely, Near-bit Measurement 
and Transmission Steering Motor (CAIMS), Wireless Receiving System 
(WLRS), Positive Pulser MWD (DRMWD) and Ground Information Processing 
and Steering Decision-making Software System (CFDS), as shown in Figure 
12.1-1. CAIMS architecture is given in Figure 12.1-2 and it is composed of 
Motor Assembly (bypass valve, screw motor and shaft assembly), Near-Bit 
Measurements and Transmission Sub (NBMTS), Ground Adjustable Bent 
Housing Assembly and Driving Shaft Assembly with Near-bit Stabilizer. 
NBMTS is composed of resistivity, natural gamma ray and deviation sensors, 
electromagnetic wave transmitting antenna, control circuits and battery packs. 
This measures bit resistivity, azimuthal resistivity, azimuthal natural gamma, 
hole angle, gravity tool face (GTF) angle, temperature and other parameters. 
Measured near-bit parameters are wirelessly transmitted to the WLRS. 

Figure 12.1-1. DRGDS tool architecture. 
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WLRS consists of an uploading data connection assembly, stabilizers, 
batteries and control circuits, short-distance transmission receiving coil and 
lower connector, as shown in Figure 12.1-3. It is connected upwardly to 
DRMWD and downwardly to CAIMS. It receives electromagnetic wave signals 
wirelessly from the transmitter coil below the motor. Signals are then passed to 
the DRMWD unit via the uploading data connection assembly. 

The DRMWD includes DRMWD-MD downhole instruments and 
DRMWD-MS surface devices, as shown in Figure 12.1-4, which communicate 
with each other through pressure pulse signals in the drilling mud channel; they 
assist each other in real-time monitoring of downhole tool status, operating 
conditions and related measurement parameters (including inclination, azimuth, 
tool surface and other orientation parameters, gamma and resistivity and similar 
geologic parameters as well as pressure and engineering parameters). 

Surface Devices are composed of ground sensors (e.g., pressure, depth and 
pump stroke sensors), instrument shed, front-end receiver and ground signal 
processing devices, host computer and peripherals, and associated software, with 
sophisticated signal processing capabilities permitting operations up to and 
beyond 4500m. Downhole Instruments is composed of non-magnetic drilling 
collar, positive pulse generator installed in the non-magnetic drilling collar, 
driver sub, power supply unit, directional sub and a downloading data 
connection assembly. It is upwardly connected to a common (or non-magnetic) 
collar and downwardly to WLRS. Since it adopts an open bus design, 
DRMWD-MD is compatible with different types of pulsers. In addition to its 
application with DRGDS, DRMWD can be used in other operations. 

CFDS is mainly composed of data processing and analysis software, and 
drilling trajectory design and steering decision-making software. Additionally, it 
has analysis, data management and chart output modules, and so on. This 
software system helps process and analyze near-bit resistivity, natural gamma 
and other geologic parameters uploaded during drilling in real-time, and explain 
and assess the economic potential of the newly-drilled strata. Simulations for 
the geological formation to be drilled (ahead of the drill bit) are made, and then, 
necessary adjustments to well trajectory are calculated. This geosteering 
increases the probability for exploration success, as downhole recommendations 
are implemented by direct drilling control. Surface and downhole system 
architecture are shown in the following pages. 



SENSOR DEV ELOPMENTS IN CHINA 341 

m 
U trior ossemtrfy 

HWtfm* tort 
JlDLBVig aS&BTTlbty 1  

ReHMlMlH shod 
hODtrwsnrtt&lwulI 

Naliffgl ga rma 
rvsHsv 

Stfflnflird 
mad-out port 

f*aMnflc« 

SGftHtur 4 
I 

£ 

Figure 12.1-2. CAIMS tool architecture and hardware. 

r 
- Uploading data 

connection assembly 

S ta bilize r 

- Battery groups and 
control circuits 

-S hort transmission 
receiving coil 

. Lower connector 

Figure 12.1-3. WLRS tool architecture. 
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Figure 12.1-4. DRMWD tool architecture. 
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Figure 12.1-5. Near-bit resistivity measurement. 
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Figure 12.1-6. Near-bit measurement sub configuration. 

Figure 12.1-7. Near-bit measurement sub. 
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Figure 12.1-8. Downhole information wireless electromagnetic 
short transmission overview. 
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Figure 12.1-9. Near-bit parameter measurement. 
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Figure 12.1-10. Near-bit information wireless short transmission. 

Low e r d a t a  c o nne c t o r 

I 
I WLR S  

C F DS  
Q t~~7w HftHft#ft«« 

Ho le  a ng le  
Azim u t h 
T o o l fa c e  
T e m p e ra t u re  

DRMWD 

P o s it iv e  m ud puls e r 
Ho le  a ng le  Azim ut ha l re s is t iv it y  

Wire le s s  s ho rt  t ra ns m is s io n T o o l fa c e  B it  re s is t iv it y  

ittbm ft 

Uppe r d a t a  c o nne c t o r H 

m  
CAIMS  ^ ^ Ma n s i i i i 

- — — Azim ut ha l na t ura l g a m m a  ra y  

Figure 12.1-11. Downhole information transmission to surface. 
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Figure 12.1-12. Adjusting tool face and bent angle of bent housing assembly. 

Figure 12.1-13. Resistivity measurement depth of investigation 
and transmitter position. 
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12.1.3 F unctions of DRGDS. 

DRGDS has three major functions: measurement, transmission and 
steering. These are briefly summarized next. 

Measurement. Resistivity, natural gamma ray and well inclination sensors 
are installed in NBMTS, and a receiving coil is installed in WLRS. The NBMTS 
measures bit resistivity, azimuthal resistivity, azimuthal natural gamma, near-bit 
well inclination angle and GTF angle; these parameters can be converted into 
electromagnetic wave signals and then sent by the transmission coil in NBMTS 
to the receiving coil in WRLS over the screw motor in a time-sharing manner. 

Transmission. After the wireless receiving coil has received information 
from below the motor, it is incorporated in the DRMWD by the Uploading Data 
Connection Assembly; then DRMWD will activate the positive pulse generator 
to produce the pressure pulse signals in the drilling column and transmit the 
measured near-bit information to the ground processing system while uploading 
the information measured by DRMWD, which includes well inclination, 
azimuth, tool face and downhole temperature and other parameters. 

Steering. After receiving and collecting the mud pressure pulse signals 
uploaded by the downhole instrument (DRMWD-MD), the surface processing 
system filters the information, reduces noise, checks, identifies, decodes, 
displays and stores the information and then, transmits decoded data to the 
driller display for the engineer to read. At the same time, the CFDS steering and 
decision-making system will judge it and make a decision regarding use of the 
downhole motor as the steering tool - it instructs the steering tool to drill into 
the oil and gas layer or to continue to drilling as before. 

Figures 12.1-14a to 12.1-14d show scenes captured at product launch. 
Figures 12.1-15a and 12.1-15b importantly display wellbore trajectory 
differences between "conventional geosteering" versus "near-bit geosteering." 
The former is not unlike "driving from the rear seat" - without immediate, 
close-up information, the driver is likely to steer away from the target. Course 
corrections can be expensive and time-consuming. The simple need to follow 
the payzone as closely as possible drives the design of modern near-bit sensors 
and high-data-rate MWD telemetry systems. 

Figure 12.1-14a. Mr. Ning Sun, President, CNPC Drilling Engineering 
Technology Research Institute, addressing conference attendees. 
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Figure 12.1-14b. CNPC DRGDS geosteering system. 

Figure 12.1-14c. Dr. Yinao Su, co-author, introducing 
CNPC's DRGDS geosteering and EILog surface systems, 

Figure 12.1-14d. EILog surface system and sample CFDE screen. 



Figure 12.1-15b. Near-bit geosteering. 



3 3 0 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DES IGN 2 ND EDITION 

Figure 12.1-16a. Field test activities. 
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Figure 12.1-16b. Field test activities. 
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12.2 DRGRT Natura l Azi-Gamma Ray Meas urement. 
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Figure 12.2-la. D R G R T configuration (English). 
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Figure 12.2-lb. D R G R T configuration (Chinese). 
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Figure 12.2-2a. Geological parameter measurement sub (English). 
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Figure 12.2-2b. Geological parameter measurement sub (Chinese). 
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Figure 12.2-3a. Data measurement overview (English). 

Figure 12.2-3b. Data measurement overview (Chinese). 

Figure 12.2-4. Field test and tool preparation for downhole operation. 
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12.3 DR NB Log Geologica l Log. 

 ^ ^ P lug  c o nne c t io n 
(for re a l-t im e  da t a  s t o ra g e  mode ) 

rwu* P lug  c o nne c t io n 
( f o r re a l-t im e  da t a  t ra ns m is s ion mode ) 

— «IM Ab ra s io n pro te c t ion 

— junta  T ra ns m it te r c o il 

SHIM Cont ro l c irc u it  hous ing  

i K t m i Na tura l g a m m a  ra y  s e ns or 

ttftu  B ut t o n e le c t ro de  

IIKV E le c t rode  c o il 

— ir iiua iu  R e -c ha rg e a b le  ba t te ry  m odule  

a m* Pro te c t ive  c onne c tor 

Figure 12.2-5a. DRNBLog tool configuration (English). 
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Figure 12.2-5b. DRNBLog tool configuration (Chinese). 
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4 DRMPR E lec tromagnetic Wave R es is tivity. 

Figure 12.4-1. Resistivity tool (note antenna slots). 
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12.5 DRNP Neutron Poros ity. 

Figure 12.5-1. Well calibration. 
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Figure 12.5-2. Well calibration -Indoor adjustments and tank test. 
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Figure 12.5-3, Neutron generator performance test. 
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Figure 12.5-5. Data read-out. 
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Figure 12.6-1. High pressure test facility and test, top; full-scale 
MWD system simulation facility and test site, center and bottom. 
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12.7 DREMWD E lec tromagnetic MWD. 

Figure 12.7-1. D R E M W D system transmission path. 

Figure 12.7-2. Drill collar and surface electric field. 
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Figure 12.7-3b. Hardware display. 
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Figure 12.7-3c. Hardware display. 

12.8 DRPWD Pres s ure While Drilling. 
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Figure 12.8-la. D R P W D system configuration (English). 
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Figure 12.8-lb. DRPWD system configuration (Chinese). 
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' ^ o # 
Figure 12.8-2. Downhole equipment assembly. 

Figure 12.8-3. 6.75 in (left) and 4.75 in (right) downhole 
annular pressure measurement sub. 

Figure 12.8-4. Product announcement. 
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12.9 Automa tic Vertica l Drilling S ys tem - DRVDS-1. 

Figure 12.9-1. DRVDS-1 tool architecture and hardware. 
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Figure 12.9-2. DRVDS-1 tool architecture and hardware. 
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Figure 12.9-3a. Test fixtures. 

Figure 12.9-3c. Test fixtures. 
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Figure 12.9-4. Field testing. 



3 5 4 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DES IGN 2 ND EDITION 

12.10 Automa tic Ve rtic a l Drilling S ys te m - DRVDS -2. 

Figure 12.10-1. DRVDS-2 tool architecture and hardware. 
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Sinopec MWD Research 
Shengli Petroleum Administrative Bureau of Sinopec Group and Shengli 

Oil Field Company of Sinopec Corporation are also known as Sinopec Shengli 
Oil Field. It is mainly located in Dongying, Shandong Province, with working 
areas distributed in eight cities and twenty-eight counties in Shandong Province, 
and also in five provinces and autonomy regions in other parts of China, such as 
Xinjiang and Inner Mongolia. Shengli Oilfield was discovered and developed in 
the 1950s. Larger scale exploration campaigns began in 1964 with government 
support in what is now Dongying City. Shengli has been China's second largest 
oilfield since 1978. The entire region is marked by strong economic growth, 
scientific development and a focus on high technology in multiple oilfield 
disciplines. Shown at the left in Figure 13.1 is Sinopec Tech Houston Center, 
the company's ninth technology center and first research facility outside of 
China, and at the right, its headquarters based in Beijing. This chapter 
highlights ongoing MWD research conducted in several international groups. 

Figure 13.1. Sinopec headquarters, Houston and Beijing. 
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13.1 E ngine e ring and Des ign Highlights . 

Figure 13.2. Author providing Sinopec MWD seminar in Dongying City. 
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Figure 13.3. Prototype turbine and "turbosiren" in discussion. 
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Figure 13.4. Reviewing flow loop test facilities. 
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Figure 13.5a. Sinopec MWD wind tunnel. 
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Figure 13.5c. Sinopec MWD wind tunnel. 
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Figure 13.5a. Sinopec MWD wind tunnel. 
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Figure 13.5e. Sinopec MWD wind tunnel. 
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Figure 13.6. Sample rotor and stator prototype test pairs 
(two, three and four lobe designs shown). 

Figure 13.7. Disassembled turbosiren prototype 
(rotor reflective tape for optical tachometer measurememts). 

Figure 13.8. Turbosiren in motion (right). 



3 6 4 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DES IGN 2 ND EDITION 

13.2 Credits. 

Shan Li, Senior Engineer (left) and Hai Ma, Associate Researcher (right). 

Figure 13.9. Dongying, Shandong MWD technical staff. 

Figure 13.10. Sinopec management, Houston headquarters, with author. 

Shan Li, Sinopec Shengli Oil Engineering Co., Ltd., is affiliated with the 
MWD & LWD Technology Center at Sinopec Shengli Oilfield Services 
Corporation. Shan graduated from Shandong University of Technology in 1997 
specializing radio technology. As Senior Engineer, he is engaged in the research 
and development of measurement and control instruments while drilling. 

Hai Ma, Sinopec Shengli Oil Engineering Co., Ltd., works with the MWD 
& LWD Technology Center at Sinopec Shengli Oilfield Services Corporation. 
Hai majored in Control Theory and Control Engineering, and graduated from the 
China University of Petroleum (East China) in 2010. He is an Associate 
Researcher, mainly engaged in the study of logging while drilling and data 
processing methods. This work was funded by the National Key Research and 
Development Program of China (Contract 2016YFC0302801). 
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Gyrodata MWD Research 
Gyrodata is an independent service provider delivering precision wellbore 

placement and evaluation solutions for drilling, completions and production 
challenges. For four decades, it has partnered with leading organizations to 
develop innovative wellbore surveying technologies to support the most 
complex oil and gas, unconventional resources, civil engineering and mining 
projects around the world. Gyrodata's services provide real-time data using 
Measurement While Drilling tools. With a broad base of operational and field 
experience, the company is familiar with the problems and challenges 
confronting the industry - low data rate, high power consumption and rapid 
erosion. Well planned facilities support a high degree of integration between 
field work, problem identification, wind tunnel evaluation, mechanical design 
and prototype manufacturing, enabling rapid advances to be made. Its 
approaches are second to none. For example, erosion is studied and corrected in 
wind tunnel studies, with flow visualization employing neutrally buoyant helium 
filled soap bubbles whose interactions with solid surfaces are captured by high 
speed movie cameras. Such experiments are archived and can be viewed by 
engineering staff worldwide. Short and long wind tunnels are available to study 
properties like signal strength, torque and erosion, plus broader telemetry issues 
in signal processing and noise cancellation. The following photographs provide 
a flavor of the environment supporting the company's research efforts. 

Figure 14.1. Gyrodata headquarters in Houston. 
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14.1 S hort and Long Wind Tunne l F a c ilitie s . 

. J 

Figure 14.2. Short wind tunnel for torque, erosion and signal testing. 

Figure 14.3. Long wind tunnel for telemetry testing and signal processing. 
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Figure 14.4a. Plastic test prototype. 

Figure 14.4b. Plastic test prototype. 

Figure 14.4c. Plastic test prototype. 
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Figure 14.5a. Wind tunnel test section. 

Figure 14.5b. Wind tunnel test section with test prototype. 

Figure 14.5c. Illumination for (helium soap bubble) flow visualization. 
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Figure 14.6. Upstream flow straighteners create uniform conditions. 

Figure 14.7. Neutrally buoyant helium-filled soap bubbles flow past tool 
prototype to visualize erosion-causing fluid paths - inexpensive modeling clay 
modifications are rapidly re-tested, useful fixes are identified, and refined 
hardware is shipped for more comprehensive field evaluation. 
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Figure 14.8. Neutrally buoyant helium soap bubble generator 
shown with high speed camera to record flowlines and streaklines. 
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Figure 14.9. Computerized flow loop control (top), real-time remote 
monitoring and sharing (middle), automatic movie creation (bottom). 
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Figure 14.10. Streamline enhancement by digitally "stacking" 
multiple stored video frames to enhance physical understanding. 

|

Figure 14.11. Computational fluid dynamics (CFD) capabilities used to 
simulate observed phenomena - here, calculated vortex bubble correlates with 
location of empirically observed erosion - rapid experiments were enabled using 
modeling clay changes to wind tunnel prototypes. 
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Figure 14.12. Summary screen events recorded to movie. 

Figure 14.13. Desirable features found experimentally 
are automatically captured in CAD update files. 



3 7 4 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DES IGN 2 ND EDITION 

Figure 14.14. Computational fluid dynamics (CFD) results checked for 
physical consistency against wind tunnel observations. 
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14.2 Credits. 

The work described here would not have been possible without the efforts 
of Gyrodata's dedicated engineering staff - in alphabetical order, Stephen 
Bonner, Marcus Cantu, Robert Jan, Onyemelem Jegbefume, Rob Kirby, Eugene 
Linyaev, James Riley, John Rogers and Siddharth Shah. Special thanks are due 
to Rob Kirby (now with First Directional Rentals) and Gary Uttecht, Vice 
President, for launching the MWD project. We are grateful to Adrian Ledroz, 
Vice President and Chief Scientist Wellbore Placement, and Rob Shoup, Vice 
President, Special Projects, for permission to publish the work described here. 
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GE Oil & Gas MWD Developments 

(BakerHughes, a GE Company) 
The Oil and Gas Technology Center (OGTC) affiliated with GE Oil & Gas 

(now BakerHughes, a GE Company) in Oklahoma City opened in 2016 to 
support innovative research in petroleum engineering, one benefiting area being 
Measurement While Drilling. While we cannot disclose facility details and 
forthcoming activities, two recent MWD patent disclosures shown below shed 
insight into approaches supported by this author. The first describes a novel 
"sandwich siren" (as in "subway sandwich") producing twice the signal strength 
of conventional sirens for similar flow rate and frequency parameters, while the 
second introduces novel approaches to adaptive filtering in noise cancellation. 
Other patent applications for telemetry and power generation have also been 
filed and several publications are forthcoming. 

Figure 15.1. Oil and Gas Technology Center (Oklahoma City). 
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15.1 Recent Patent Publications. 

i n i H i i i m i i m i i 
US 20160201438 A1 

m United Stares 
(i2> Patent Application Publication m  Pub, no.: US 2016/0201438 Al 

Chin et al. (43) Pub. Dare: Jul. 14,2016 

(54) HK>J] SKJNAL STKENCTH MUD SIREN FOR 
MWD TELEMETRY 

(71) Applied* Gfc Encny OltfirM Tcrti oology, Inc.. 
Drawsaid, LA (US) 

(72) INVCNLORE; WLTAM Chin. SugHilmd, DT (US); 
Kanll lffi khan SuBprtand. TX (US) 

(73) Am«ikc: GE Ewrjy CMBfW Techno! ofy, Inc.. 

BRATESANL LA (US) 

(21) Appl.Na.: I4A9SV2M 

(22) lited; J*n»] <20ie 

Related US. Application Data 
(60) Provisional application No. 62/1 OJ .421. Clod oa Jan. 

I4L 2015, 

FubUndoo ClwIflHtlDa 

(51) tar. a. 
E 21B 41M  (2006.01} 

(52) U.S.CL 
CPC E 21B  41/9992 (2013,01) 

(57) A BSTR A C T 

A rocwurcmenl whiledrilliD^MWD) tool includes a kbwt, 
ui CDoadcropcnbly connected 1o (be swuorflod a module lor 
opera bJy comHKd lo Ok cacodcr. The modulator includes a 
llrsl Ftstor.  nHor and b second * la tor. Tbc rotor ii optimally 
positioned between the firsl and second slater Tbc use of i 
second (la tor amp ti fie* tbc pressure pubeiipul produced by 
Ibc modulator. 

Figure 15.2a. MWD "sandwich" siren patent application. 
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Patent Application Publication JnL 14,2016 Sheet 1 of 2 US 2016/0201438 Al 

FIG, 2 

F IG. 1 

Figure 15.2d. MWD "sandwich" siren patent application. 
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Patent Application Publication JnL 14,2016 Sheet 2 oil US 2016W201438 Al 

128,132 

FIG. 3 

FIG. 4 

Figure 15.2c. MWD "sandwich" siren patent application. 
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US 2016/0201438 AI 

HtGll SIGNAL STRENGTH MUD SIREN FOR 
MWD TELEMETRY 

KiiLATliD APPUCAriONS 

|H>11 This application claims the benefit of U.S. Pmjvi-
sional Patent Application Set No. £2/103,421, filed Jan. 14, 
2Q15 and entitled "I l^h Signal Strength Mud Sinn for MWD 
Telemetry," (he disdoaure orwbich is herein incorporated by 
nicicnn. 

FIELD OF THE INVENTION 

|0M2| Thit rtUiDts ^eitcnlLy n the Tiekl ofiekm-
rtry sjflnnj. u d nine particularly. Wl out by way of limi* 
union. to acowiietignalgeoefpcocs used in wdlbttre drilling 
operations. 

IIATKGROUND 

|0M3| Wdb ant often drilled Tor I be production of petro-
leum Dudda from subterranean reservoirs. In many ease*, a 
drill bit b connected to a drill firing rod rotated by a surface 
baaed drilling rig, Drilling mud, is eircubtcd through Ihe drill 
string to cool the bita*it cuts through I be sublcmiKan rock 
formal ioru aid la can> cud Lags out oflbe wdlbore. The uk 
of jctary drill bllt and drilling mud is well known inthc«rl_ 
|HM| As drilling Icchiwlofijcs. h*vc improved. "measure-
ment whde (killing"" tcclmiqns have been enabled thai allow 
tbcdrillerto Kcinldy identify the location of the (hill string 
and bit and the conditions in Ihe wdlbor. MWD equipment 
often includes oca or dhk scruorethat dctcct an environmen-
tal wnliikm reposition and retoy thai information bad! to Uw 
driller the vurfooe/niit inTomitfioti con be relayed to the 
surface mill} acoustic signals thai cany encoded data about 
the measured condition. 
|M>5| ftwad system* f'at emitting ftese acoustic sqiwIs 
jitake u*e ofwjv* generator* ifwi e m u rapid change* in Uw 
pressure of the drilling mm]. The rapid cMgcs irt prcsnini 
cmxe pulse* ih*i are carried ihe drilling mud to 
necdver* kxaied at or [tear the sitrftce. Prior art pressure 
pubis generators, or nmud siren*," include a single swtor, a 
jingle rotor and a mwor farconuolbbty tpidiiiiQ the raw. 
The selective rnuiion of the rotor temporarily mirict» ami 
rttose* ihe flow i>f mud through (he mud riren. By anvuti]-
lingiheroiationof the tout, the mod »iren cun creuic a pmioi 
ofpressure pubc that can be intetpwted and decoded at Uw 
smrfoce, 
|HI£ | Although generally eHedive. prior ari mud *irens 

exj»erie*»e bandwidth I imitation* utdsifnaLdegjadai tan 
over kng distances due to weakness of l b pressure pulses. 
Accordingly, then; is a wed for an improved mud siren ih»t 
produce* a granger pressure pulse thai will truvd farther am) 
carry additional data. It is to this and other deficiencies in the 
prior an thai the present invention b, directed. 

SUMMARY OF Tf 11= INVENTION 

|MI7| The present invention iodides a measurement 
whilcdrilling (MWD} tool that includes a sensor, an encoder 
opcnbly connected to I be sensor and a mod Lib tor operably 
connected to the encoder. "Ihe modulstcr indudes a first sla-
tor. a rotor and a second sttflor. 
| HH| In another aspect. the present invention includes a 
mocMaflor for use with a drilling tool cncadtr, The modulator 
includes n firs! f la tor. a rolor and a second stalor. "The rotor is 
positioned btfwctn the first slator and the second slater. 

JuJ, 14,2016 

[0009] Inyct another aEpcct.the present invention indudes 
a drilling system adapted for use in drilling a subterranean 
welL "Ihedrilling system includes a drill string, a drill bit and 
a measurement while drilling {MWD) tool positioned 
between the drill string and the drill bit. Ihe measurement 
while drilling tool includes a sensor, on encoder opcnbly 
conneeted to the sensor and a modulatoropcrably connected 
to the cncoder. The modulator includes a first stator, a rolor 
and o hoikI stater, 

BRIEF DESCRIPTION OF THE DRAWINGS 

[Midi FIG. 1 ^depiction i>f a drilling system constructed 
in KflMdan« with an embodiment of the present invention. 
[0011] FIG. 2 is across-scctional view ofancmbodimeutof 
the modulator and motorofthc drilling system of FIG. ], 
[001 J] FIG. J is a top view of a wator of the modulator of 
FIG. 1. 
[001 J] FIG. 4 a top view of the rotor of the modulator of 
FIG. 2. 

wRrrrPN de s c ri pti on 

[0014] In aocordaoce with an embodiment or the present 
invention, FIG. 1 shows a drilling system IH in a wcllborc 
103. The drilling system 100 indudoaadrilL string 104,adril] 
bit 106 and a MWD (mcaEurcmcni whikdrilling) tool 108. It 
will be appreciated that (be drilling system 100 will inchidc 
additional components, including drilling rigs, mul pumpa 
and other surfacc-baud fkllilin and downhole equipment. 
[0015) The MWD tool 1M may inchidc one or more sen-
sor* l]l..oneiKodcTnx>duke 11 £ a generator IH.» modu-
lator Llf.a mo tor module 118 andu receiver l2(,Tbc sensor* 
IIP ae eonllgured to measure a condition on the drilling 
system 111 or in the wdlbotc 103 and ptodwe a representa-
tive signad for the measurement. Such measurements may 
iodude, for exuruptc. lempermore, pressure, vibrutkm. 
torque, tnclinalion, magnetic directioD and position. Ihe sig-
nal* from the sensor* 111 ire encoded by tbe encoder module 
111 into command stgnuls delivered to ihe motormodnle 1 IS. 
[0016J Based on the command signals from the cncoder 
module 112, the motor module IIS sckctivdy rotates tbe 
modulator 114 by varying Ihe open area in the modnlolor 1 It 
through which pressurized drilling fin id may pes, Tbe rapid 
variation in the size of the flow path through tbe modulator 
116 increases and decreases tbe preennc of drilling mud 
fluwng through ihe MWD loci 101, Ihe variation in pressure 
crcjtcr ocourtk pulses that include tbe cncoded signals from 
tbe sensors 110. The pressure pube* are Iran unified through 
tbe wdlbore 142 to the receiver 121 and processed by surface 
lxililics to present the Ailkror operator with information 
about ihe drilling system 1II and wellboro 102. 
[0017J Ihe scuon 110. encoder module 112 and motor 
module US oflbe MWD tool 1M can be operated using 
ckdricily. The cleetricity can be provided thnnghan umbili-
cal from the source, from an onboard battery packor through 
the operation of the generator 114. Tbe general or 114 
includes a Quid-driven motor and an efcelrical generator. Ihe 
fluid driven motor can be n positive displacement motor or 
turbine motor that converts a portion of tbe energy in tbe 
pressurized drilling fluid into rotational motion. Tbe rota-
tional motion is used to turn a generator that produces clec-
trical current. It wiD be appreciated that some combination of 
ball crier, generators and lanbilicols can be used to provide 
power to the MWD tool 108 

Figure 15.2d. MWD "sandwich" siren patent application. 
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|H1H| Turning lo ETC. 2.sbown ibcrcin is a cross-sectional 
depiction of ibc motor m«tuk US and modulator I If . The 
motor module llginchidcsamolorl22lhatturBSBsfaaft 124. 
11K motor 122 is an cleclric motor lhal is provided with 
cuimil from tbc generator 114 or other power bouivc. Alter-
Mliveljf, ibc motor 122 is i Ibid'divin motor lhal includes a 
speed End directum controller operated by electric signals 
produced fay the cncodcr module 112. 
|0*19| The modulator 116 includes a bousing 12& a first 
stator 128, a rotor 130 and a second si at or 132. Tbc first and 
sccond tutor I2& 132 orcfixcd ma stationary position within 
tbc bousing 126, In Mitral, the rotor 130 IE sccured to tbc 
shaft 124 and configured for rotation with rcspect to tbe first 
and sccond slalors 128, 132. In this way. Ibc rotor 130 if 
positioned between Ibc first and sccond si at or; 12S, 132. The 
rotor 131 a n be seemed to Ibc diafl 124 through prcss*fit. 

trativc only, and chaqgcs may be made in detail, especially in 
matters of structure and arrangement ofpwts within ibc prin-
ciples oftbe present invention to tbc full extcnl indicated by 
tbc brood genera] tncarungoflbc terms in which the appended 
chims arc expressed, It will beappiecioled by those skilled in 
tbc ail that tbe tesdrings of the present invention can be 
applied to otber systems without departing from tbc scope 
and spirit of the present invention. 

What is claimed is; 
1. A drilling tool comprising; 

am encoder opcrably connected to Ibc sensor, and 

|M2I| Referring now also to FIGS. 3 and 4, shown therein 
are lop views of tbc firsl stator 121. color 150 and second 
stator 131. In particular, FIG. J provide* a top view of an 
embodiment of tbc first and second staters 128,132. FIG, 4 
pmvidti a lop view or tbe rotor 130, Tbe first and second 
ststms IIS, 131 c*ch include a plurality of stator vanes 134 
and stator passages 136 between tbc stator vanes 134. 
Although four stator vanes 134 and four atalor passage* 136 
are shown, il wiU be appreciated that tbc fart and second 
station 12K, 132 may include additional or Tetter v m and 

x, It will further be appreciated thai Ibc frrt and scc-

2. The drilling tool ofdodni l .whemn tbc rotor is posi-
tioned between tbe firsl stator and tbc sccood slat or, 

3. Tbc drilling tool of claim I, further comprising a gen-
erator. 

4. Ibc drilling tool of claim 1, wbeivin Ibc firsl staler 
includes a plurality of staler vanes and wherein tbe second 
stator inctudcs a plurality of stator vanes. 

& ITie drilling tool of chim 1, wherein the fust stator is 
offset in position from tbe second stator such that (be sister 

ond stators 128. 132 may have rones with difTcrenl fpom-
clric&andcouftguinlions. In the embodiment depicted Ln fTG. 
2. the Itai tn) second swwre 1M. 132 are rowtioiwHy 
within the housing Hi well ihui ihe sbitor vw»c* m on the 
IM^i>or] ] t»wi»i tl l (n«i l | f ti ih(htf l9 iarvwtl34oniht 
MtxtdAiUr 132-
|H21 | Tbe rotor l i l inchidcs a series or rotor vanes I t t 
ond rotorpownges 140. l i te color vunes 1 b e pitched tu 
promote tbe acceleration oflhiki passing through tbc rolor 
130. Aliboiigh four rotor vuw* 138 ntd (bur m u r i m i n 
140 an shown, it wit] be appieciolcd that the roior 131 may 
include addition^] or fewer www* and pjuss^e*. 
|M11| During use,drillingfiuid passes through the housing 
126 and through the stater passage* 136 of the first stator 118, 
thfough tbc color passages 14* of the rotor 130 and through 
the ilslur ( Hf a^ s 116 of the second stator 132. The rela-
tional position of the n u r 130 with r a f « i to the fast and 
second its tors 12S, 132 dictates fbeexlcnl to which Ibc veloc-
ity of the drilling fluid increases and decreases a 

tbc second slator. 
6. IbcdrilLing tool ofclaam 1, wbcrcin Ibc rotor includes a 

plurality of rotor tones. 
7. I V drilling toot orelaim 1, wherein the color vanes arc 

pitched. 
1. A modulaior Tor use with a d 

of tbc rotor 130, Ibecha^ges in flu id velocity and tbe mulling 
changes in tbc pcessurcorthc drilling fluid can be rapidly and 
pivcLscly adjusted. Unlike prior art mrud areas, tbc use of a 
second stator 131 within the modulator 116 sipufcarily 
increases the amplitude of ihc pressure pulses emanating 
from the modulator 116. The increased strength oT ihc prcs-

i Ant stator, 
a rtnor fittd 
a second stator. 

The modulatnrof daimt, wherein ihe n u r is positioned 
between the firsl stator and the second stator. 

10. Tbe modulator of claim 8, wherein the first slater 
include* a plurality ofsiator v»es end wherein the MttmnJ 
stator inchidcs a plurality of stator vanes. 

11. Tbe modulator of claim 4, wherein the first scaur 
offset in position from the sccond stator such that tbe ska lor 
vanes mi Ihe first stanrare noial 
the second stator. 

12. 
plurality of rotor m m , 

13. The mutilator ofelaim t , wberein tbe rotor vanes are 
pitched. 

14. A driDing system adapted for obc in drilling a siAter-

a drill siring^ 

before degrading. Accordingly, ibc use of the second stator 
132 within the modulator 111 presents a significant advance-
ment over the prior art. 
|0V23| Il is to be understood ihoft even though numerous 
characteristics md advantages of various cmbodiiDcmE of Ihc 
piMentinvienticiD have been set Ihrfb in tbc foregoingdescrip-
tion. together with details of ibc slructun; and ructions of 

lion, thos disclosure is illit-

» mAuuiemeat while drilling (MW|» tool potitioited 
between the drill string and the drill bit. uhercin tbe 
m«*uftt»ctii while drilling too] cumprbe*; 
a sensor 
an cncodcr opcrabty connected to the sensor, and 
a nsodulaloropcrahly oonnectcd to theencoder, wherein 

tbe modulator comprises: 
a f nl flsTLor. 

Figure 15.2c. MWD "sandwich" siren patent application. 
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15. TheditiUrr; syiieitt afrlalm 14. whuda itu: ituuiiijb-
iYmiI uliilc Aillirt&Ktfl cortqtittt: 

 Ktor; and 
a awiucud la the- nwrcw uul la tte rm at. 
16. Tbe drilling system. of d-iim. IS, wherein liv rotor ir 

p«lb«uxl between chr Jlrn: imur nd the scmukI sunar. 
IT. llKd-illiagtTilwicrcfain] 16. wbvrvin Ibv ftrA rink? 

IdcIikIh a plurality of lunar t u a nut wherein du: uacad 
Hi»ii:ir » pluniliiy ctf 

IH. The-Aillinp ijulnnortbLn IT, wherein ihr first Jtntar 
Is a If to. In (Million (Vam the icarirri tuiur sucbthai i k iimnr 
vawscnlhefnl sfcrifl-arcDotaligned with Ihe rintar vmcb dq 
tbe-HCOOd IUQH-. 

IP. T b dnliqf trtfiwii orvlfin If, wbvivin lb* rotor 
IdcIikIh j plurality of rowvoDH. 

are pitchcd 

Figure 15.2f. MWD "sandwich" siren patent application. 

United States Patent Application US 20160201437 Al is introduced in 
Figure 15.2a for "High Signal Strength Mud Siren for MWD Telemetry," 
invented by the aurhor and Kamil Iftikhar for GE Energy Oilfield Technology 
(which in July 2017 was merged with BakerHughes). A related filing for US 
20160201438 A2 is not discussed here. A generic (non-GE) mud siren with six 
lobes is shown in Figure 15.3, consisting of a single rotating rotor and a single 
stationary stator. For a given flow rate and turning speed, the differential 
pressure (or signal strength) created by relative rotation is similar whether or not 
the rotor is upstream of the stator (although rotor torques will depend strongly 
on relative position and geometric details). With the exception of turbosiren 
designs, where the rotor is upstream of the stator, rotors should always remain 
downstream to circumvent jamming issues. 

i  
1 

Figure 15.3. Generic (non-GE) mud siren with rotor and stator plates. 
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The four-lobe mud siren shown in the published patent application is 
substantially different from the conventional design in Figure 15.3. It consists 
of a single rotating rotor "sandwiched" upstream and downstream by two 
stationary stators - hence the informal designation of "sandwich" siren. The 
working principle is simple. For standard "two plate" sirens, closure of the rotor 
relative to the stator creates a well known "water hammer" signal vital to mud 
pulse telemetry. For sandwich sirens, the flowing fluid is "hammered" twice, 
the first time as it travels through an upstream stator-rotor combination, the 
second time as it travels through the downstream rotor-stator pair. Because the 
second incident is not "aware" of the first, the signal doubles relative to two-
plate configurations when flow rate and rotation speed are held fixed. The 
signal increased has been measured experimentally and follows very closely the 
anticipated "factor of two" increase. Applications for a number of developments 
pertinent to this invention have been filed and will be reported at a later date. 

Figure 15.4. A pair of ganged or tandem mud sirens. 

We emphasize that the signal doubling in "sandwich sirens," such as that 
shown in Figure 15.2a-f, differs from the "turbosiren" signal doubling illustrated 
in Figure 15.4. Here, multiple sirens arranged in series or in tandem. If the 
distance between sirens is small and siren apertures are properly phased, signals 
will be additive. This idea was first proposed in U.S. Patent 5,583,827 and 
extensive details are provided in Chapter 16. 

Finally, United States Patent 9,850,754 Bl, awarded December 26, 2017 to 
Yihan Jiang and the author, integrates the "directional filtering" methods 
described in Chapters 4 and 18 of this book with modern approaches in adaptive 
filter technology. The result is a technique that allows a processor to "learn" 
from its environment while enabling physics-based algorithms to efficiently 
cancel strong background echos. Such methods are important to the very high 
carrier frequency designs that modern turbosirens, such as the ones profiled in 
Chapter 16, are expected to host. 
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(57) ABSTRACT 

A drilling syslc« includes a sensor, an encoder opcrably 

Ibc encoder. Tbe pressure | 
generator is configured lo produce a primary septal io 
response u> input f»m ihe encoder. The drilling system 
further includes a primary transducer, a reference transducer 
and & signal processor cwwwcwd lo ihe primary transducer 
and the reference transducer. Tbe signal processor includes 
a twn-stigc lUier thai is configured 10 cxiraci the primer)1 

signal fiuin noise observed at Ihc primary transducer. 

21 Claim, 3 Dnwtaa Sfeecb 

Figure 15.5a. Advanced MWD signal processing patent award. 
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U.S. Patent D«. 26,2017 Sheet 1 of 3 US 9,850,754 B1 

FIG. 1 

Figure 15.5b. Advanced MWD signal processing patent award. 
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Figure 15.5c. Advanced MWD signal processing patent award. 
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U.S. Patent D«. 26,2017 Sheet 3 of 3 US 9,854,754 B1 

FIG. 3 

Figure 15.5d. Advanced MWD signal processing patent award. 



3 8 8 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION 

US 9,850.754 B1 
1 2 

IIKrll SPEED TEIJ;METRV SIGNAL ](I wwihff embodiment, ihe prwent invention indudte* a 
PROCESSING receiver system Tor use in receiving and decoding a primary 

prawn; generated by a measurement-while-
FIELD OF THE INVENTION drilling, (MWD) tool The MWD tool can be used in a 

s drilling system thot include* a mud pump That is a smree of 
Thii invention rvial« gorarally to tbe field or telemetry pmnue pulse sigluJ ewfc, Ihe receiver fyflcm incluln u 

syslcms, «k! more pstieuliirly. bul Dot by way df limhatiPC. prima? IraiEtfcjocr. a reference transducer and a signal 
to signal processing systems for use in connection with piMeswr. Tbe primwy Ultsdlirtr produces on dettric sig-
acoustic signal generators deployed in wdlhore (killing nal in resporew to (be mcffiurement or (he primary pressure 
oaentiMu 10 wrtkO and Jte premier pulse sjgiuJ noise- Ihe refe^ 
^ e nc e traL^ prokc e . ane ks tr i c S mresponseto the 

BACKGROUND me«ttreniwnt primarily of tbe pressure: pubt signal noi«-
The signal processor includes ait adaptive fiber and a low 

Wells w : oflen drilkd for tbe production of petroleum P®* 1 » h c r ' f i l t e r p r o d t a c e s a first-filtered electric 
fluids from subterranean reservoir*. In muny euse*. a drill bit 11 >l*deciric signals prodwed by the primary 
is counccfcd to a drill string and rotated by a surface-based transducer. Ihe low pa® filter 
drilling rip.- Drilling mud i*cin;uL)tcJ through the drill string «CMtWill<«J eletlnc Slgna from die (in, 
to cool the bit aa it cuts through tbe^btemnean rock ' ^ 

r ™ , ^ ^ ^ - ^ ^ ^ ^ i S ^ i n c ^ a ^ 
As ^ l l i ne l e c b® topes forpmceHingo prim.^ pressure pulse signal generated by 

while dnDing techniques haw been enabled that all™ the „ ^ ^ ^ w b i ^ . i l l L n g (MWD) tool that is wed in « 
driller to secureely identify the location of the drill string system. Ihe method begins with the steps of pro-
and bit and the conditions in tbe wdlbore. MWD equipment ^ i n g a nrfererec e l tttfk signal in m potU t w the ma-
often i l ttWtt Ode or niWrt «BOB thai detect Ml emnrtHH swotieiic primarily of the pressure pulse signal noise and 
mental condition or position and relay that Lnfonnalnu back producing a printer}' tigftal in retpMW to the 
TO tbe driller m ihe rtrf**- TWi information can be relived measurement or ihe primary pressure ptilse signal (he 
to ihe surfbw nslflg acoustic sigreb thai WI)' encoded pressure pulse signuJ noise. The method continues with (be 
about the measured condition. Hep or an wUnfuiw? filter w (he refiwenoe ekttfic 

Systems for training these atcwifc signals make we of signal nnd the primaiy cJamie signal to produce a first-
wave generators tb« create nrpidchmjes in (heprewure of flheredekciric itgiul- New. (hemethodinclwte (heitepof 
the drilling mud- Ihe rapid change* in pressure creae p u l « applying a pass filter to the (in t-filicied dettric sigdu] 
we carried (hrcngh (be drilling mud to receiver* located at to protfiow a scoand-filicnd electric signal. The moUind 
or near tbe suface. Pressure pulse generated inchidc the use continues with tbe step of decoding tbe primary electric 
oTroiafy "mud sirens" and lincarJy-scling valves (hat inter- « signal fium the second-HItend cleelrie signal, 
nipt the flow of mud through (be pulse generator, The 
temporary flow disruption can be used to create a pattern of BRIEF DESCRIPTION OF THE DRAWINGS 
pnasnre pulses that can be reconkd. intopicted and 
dceoded al the surface. FIG. 1 is an elcvalknal view or a drilling system con-

The MWD signal is typically received by one or more 40 strncted in accordance with an embodiment or the present 
transducers located on  standpipcon the surface. Tbe MWD invention. 
signal* contain mutliple Eequencics and tbnc sigiiaJt may FIG. 1 is a diagommaitic depiction or the MWD signal 
overlap with other sources or noise in tbe wdlborc. Mud processor of the pnsaH invention. 
pumps and other drilling equipment may produce noise that FIG. J i i i proceu Bow diagram depicting a method or 
frustrates the proccss or extracting the MWD signd. Addi- U processing the MWD signal, 
tionaUy4 as the MWD travels through tbe wcMnre and 
tfaiHtpipCi the MWD sdgnal may re Ike I off of tubing and WKITItN DliSCKIFIION 
equipment (such as tbe mud punp). Dcpcndmg on the signal 
strcoglhf ficqueitcy aid locaJion or tbe jvcording transduc- In acconlaiice with an embodiment or the present mven* 
ers., the reflected signal may patially or entirely cancel the V) lion, KKJ. I shows a drilling system 100 in a wcUbore 102. 
primary MWD signal. Tbcre is, Iberefore. a need for an The drilling system 100 includes a (frill siring IH, a drifl bit 
improved method « d system fur molding MWD signals L06 and a MWD (measurement while drilling) tool 108, It 

e prior vt. will be appreciated that the drilling system 100 will include 
additional components, including drilling rigs, miud pumps 

SUMMARY M and other surfacc-bascd facilities and downhole equipment. 
Although (be embodiments or the present invention are 
disdoecd in connection with a raaEuranent-whilc~drillint§  
(MWD) tool 108u it will be appreciated that the pre«ut 

connected to tbe sensor and a pressure pulse generator invention will also find utility in logging'While^drilling 
opcnbly ccuncclcd to tbe cncoder. Tbe pressure pulse to (LWD) techniques. Accwdingly, reTerenecs to MWD should 
generator is configured Ed produce  primary signal in be understood to broadly refer to any application cr tech-
response to input lrom tbe encoder, The drilling system niqucs thai involve (be use ofpressure pulse si^ial tekmctry 

from (be weDbore 112. 
The MWD tool 1H includes one or more sensors 110, an 

r The signal processor includes U encoder module 111 and a pressure pubc generator 114. It 
a two-stage liber that is configured to c*tract ihe primary mill be appreciated that 1he MWD tool Lffi may include 
signal lrom noise observed it (be primary transducer, additional components,, such asccntnlinrs. Tbe season 1II 

Figure 15.5e. Advanced MWD signal processing patent award. 
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ucendiiiotionthedtflliitggyifiem The iwo-smge fiber 111 1* incorporated » u coertpaiter 
IM or in ihe wellbore 111 and produce a representative pugpfin runningwjihin ihcsignal processor 12ti. In the flni 
signal Pw (he mewurement. Such meowrenwntt nury suge. ihe output from the primary transducer 111 and 
include. for cMuidfik Kinpdttun, prtHtne. vjbniiMi. i tl ti tntt imnsihjcer 114 are led inu nd udtptive filler 
torque. inclination, rtwgrwtic direction awl posiiion- The s The adaptive filter 130 produces a flrst-fiherwi electric 
figiwi* from ihe sreruwrs U0 are encoded by ihe encoder w^rml. Irtihe *ccond stage, (be output from the adsyiivc fiher 
fflCKkje 112 into command signals delivered w the pressure 130 is provided to a low pas* Alter 133. The low p*u (Iher 
pnbe gerwrttor 114. 131 «̂ HArtJ-rp]i<ar«5 itUtctriHr iiii^J iJlwi ritpi^tn** 

fressurued drilling mud is provided lo lh> drilling system Ibe recovered primary signal- Tbe recovered primary signal 
1041 by a mud puntp IIS ihnmtfh ' aandpif* The to is provided by ibe low past fiher 1J2 io a. display 134 or 
iiaikJpipe l i t and mud pump 11 < may be kKPted mi ihe enber output device for d o p i n g ihe recovered mgral Wwa 
surface or below the platform of a drilling rig. Based on (he operator or Tor sending ibe recovered signal io automated 
command signal* Cram the encoder module 112. ibe pressure comrot* associated with the drilling prwe«-
puhe generator 114 conlrollably adjusts (be flow of drilling In exemplary embodiments, tbe adaptive (liter 130 is a 
muJ or other fluid through the poe»we pulse generator 114. u least means square* ( I M ) adaptive filter. The adaptive filter 
Tbe rapid variation in the siac of (he Ibw path through (he has a s(ep size of bom about 0.0001 to about 0.00001 and 
pNHUK pulse generator 114 increases and decreases the a filler length of torn about 500 io about 10,000. These 
pressure ofdrillina mud flowing ihiwigh ibe MWD Km>1 LOS- value* are tekcted io provide ropid and reliable convergence 
The variaiion In pressure creates acoustic pulses (hai include within the adaptive filter 130. In some embodiment*, the 
the encoded signal* torn the sensor* 11 >. j ) adaptive filter 131 hps a nep siw of abnu 0.00003 and a 

The original signal generated by Ibe pressure pulse gesi- filler length of about 5000. These setting* can be adjusted by 
eraur 114 is referred to bereiit as the "primary" signal- tbe operator or automatically by the signal processor 126 in 
rxlrauous noise within the wellbore 102 and standpipe US response to convergence or divergence results. The adaptive 
is referred to herein a* Twist.'* Noise includes pressure filter 130 the reference provided primarily l>y tbe 
pube* generated b>' equipment other ihon the preuure pulse reference transducer 114 to remove noise ftom the signul 
generator 114, envipanmcntalty'praduced pulses and re flee- provided ty tbe primary transducer 122. 
tioru from die primary signal- Tbe primary signals and r»ise The signal e*wcud by ihe adaptive filter 130 is presented 
are transmitted through drilling mud, equipment and tubing lo (be low pass filter 132, wbeie high frequency noise is 
in  ihe wellbore 102 and scan^ipe 118. reduced- In exemplary embodiments* ihe low p m (liter 132 

A receiver system 121 records the pressure pulses within JO is a Anile impulse response (FIR) filter lhal is configured lo 
the standpipe and isolates (he primary signal from (he noise. permit passage of onty the lower frequency signals associ-
In exemplary embodiment the receiver system 120 ated with ihe known spectra of dw primary signul generated 
includes a pfimaiy transducer 122, a reference transducer by ibc MWD tool 108. In other embodtcKtiis, ibc low pess 
124 and a signal processor 126. The reference transducer filter is a Hamming window FIR filler or a Kaiser window 
124 is positioned in ibe standpipe 118 Ln relative dose « UK fiJcer. The output of Ihe law pass filler 132 represents tbc 
proximity lo tbe mud pump Hi . In this position, Ihe noise recovered primary signal, which can be presented (o a 
crcalod by Ibc mud pump 116 dominate tbc pressure puLsw decoder module 134. Tbe decoder module 134 is configured 
recorded by the reference transducer 124, In (his location. (o decodc tbe dala from tbe recovered primary signal. ll wi]] 
tbc reference transducer 124 b therefore configured to be appreciated lhal displays, control systems or other pcriph-
produce an electric signal thai b largely reflective of Ihe 40 etals can be connected to tbe signal processor 126 for tbe 
noise created by the mud pump 116 and noise reflected of purpose of displaying, storing or utilizing tbe processed 
tbc mud pump 116. signals. 

11k primary transducer 122 is positioned within (he Turning to FIG. 3. sbown therein is a proccss Bow 
standpipe at a spaecd-aparl distance bom Ibe mud pump 116 diagram for a method 2H of reducing nose (ram a signal 
and rcfcreocc transducer 124. 11K prinary transducer 122 is U generated by (be MWD tool IDS. 11K process begins at slep& 
positioned within Ibc standpipe 118 at a location nhicb 203 and 2U, which may lake plaec sanullancously or in 
minimizes tbe extent of reflected signals. Tbe pfimaiy sequence. At slcp 201 a reference electric signal is obtained 
traceddht 122 is configured lo prodnee an clcctric signal by Ihe Eignal processor 126. In exemplary embodiments, tbe 
that is responsive to the measurement of the primary signal step of obtaining (be reference electric Fignal includes (be 
and noise within Ibc stam^npe 118. Jo steps of positioning Ibe reference transducer 124 in closc 

The signals produced by Ihc primary transducer 122 and proximity to Ibc mud pump LL6 and generating tbc i t f a m x 
reference transducer 124 are provided lo the signal processor elcclric signal that is representative of tbc pressure pulses 
126. Although the signal processor 126 is depicted as a produced by. and reflcclcd from. Ihe mud pump l l f . 
standalone component, it will be appreciated that Ibc signal At step 204, a primary electric signal is obtained by tbe 
processor 126 can be incorporated within a computer or M signal processor 126. Tbc step 204 of obtaining (be primary 
computer network used in conjunction with ibc drilling or electric signal includes positioning die primary transducer 
logging process. Generally, tbc signal processor 126 is 122 al a spaccd-apart distance finm ibc reference transducer 
configured (ocxlract and isolate Ihc primary signal bom (he 124 and generating (he primary electric signal (bat is rep-
noise m Ibc standpipe llfl and wellbore 102 in realtime with resentuliuc of tbe pressure pulses measured by Ibe primary 
bltleornodday. HfTectivc and rapid isolation of ti*c primary «o transducer 122. Tbc primary transducer 122 is placed at a 
signal bom ibc noise enlarges (be bandwidth of (be Iclem- location within Ihc wellbore 102 or stindpipc llfl that 
dry bom (be MWD tool I0B to (he surface and permits (he minimizes ihe ralio of noise lo Ibe primary signal produced 
trans mission of a primary signal with increased ipectral by (he MWD lool IH. 
density. The process coulmucs at step 206, during which tbc 

Tuning to FIG. 2, sbown (herein is a diagrammatic U adaptive filler 130 b applied by (be signal processor 126 to 
depletion ofn (wo*s!agc filler 128 used 1ocMnc( (be primaiy (be otflpu( of (he primary Iransduecr 122 and reference 

ir 124 (o produce a first-fibcrcd dcctric signal. Tbc 

Figure 15.5f. Advanced MWD signal processing patent award. 
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adaptive filler (30 tin bt > least itmit* squared (I.MSJ 4. The drilling i^imii Dftlvin J, wherein ihe wo-tujjt 
adaptive filter. The step 306 of applying die additive (liter tikcr comprises: 
I JO nay include applying an I MS adaptive fiher with a step cm wfefjnive filler and 
si«e of 0,0000} for a filler knglh vT aboot 5000. The a low pass filler configured to recoi w the output fiom the 
step 20* of applying the adaptive filter 13(1 generally uses s adaptive filler. 
ihe i tl e mw l i g d h a bins feu- removing noise wwrioied j tIk drilling system of claim 4 wherein the adaptive 
With Ihe mud pump m torn ihe produced by Ihe l l f i cT ^ rerc^ transducer Signal fiom tbe 
pnaWfY transducer 133 reference transducer 

^ " " " ^ * Ibc dri l l s system of cbim 5. wherein the adoptive 
U 10 * * k»t means square adaptive filier. 

W w J ^ ^ T" - h ^ the adoptive 
to mwve higher fre<pency sign*!* tot mv  no* fih(r ^ (>f ^ , O J O W M r „ ^ o f 
wiih the primary ml pmdwed by ihe M WDiool 1M. The * me op mow u- w w j jiw a inter ieng*n oi 

f (33 can be a Jin iie impulse response (FIEt) . J ™ ^ , . , , . . . . . 
er. Finely, at step 310. the »cnnd-fil«red i* * ^ W * * d r c b l » A' (he low p«s* 
1 " l fiom the two-stage filter 138 to fihcr * sckctod rram the group consisting of Hamnung 

i l)h> exi&cted primary signl window finite impulse response filters and Kaiser window 
d as a basis far reviewing the ^ ****** response filters. 

s prude by ihe MWD too] (08. J. The drilling system of claim 4. further comprising a 
Thus, m exemplary embodiments. the present invention jo decoder module (hat is configured u> decode the output fiona 

provides a system and method for oxlrsciing a primacy ibe low pass filler. 
encoded signal produced by the MWD tool 108 from nobe 10. A receiver system for we in receiving Mid decoding a 
present in tbewellboie 113 and standpipcllB-Thcuscofihe primary pressure pulse signal generated by a measuremcnt-
two-stage filter 128 In combination winh the strategically while^drilling (MWD) tool used in a drilling system that 
b o a ^ piimar)1 122 wJrt-ftftfrtccirtr«di>c<r ** includes a mud pump thai is a source of pressure pulse sigmd 
pptwtt a significant advancement over prior an sljwl noise caused by 'he reflection of tbe primary pressure pulse 
pn>cessing systems. Ii is u> be underotood that even ctougjh signal of of the mud pump, tbe recei ver system comprising; 
numerous cluracceristics arul advantages of various cmbodi* a primary transducer, wherein Ihe primary transducer 
meats of ihe present invention have been set torti in Uw ptwHices an elecvic signal in response to the measure-
foregoing description, logotbcr with details of the structure JO men! of the primary pressure pulse signal and the 
and functions of various embodiments of (he invention, ihis pressure pulse signal nobe caused by the reflection of 
disclosure it illusuafive- only, and change* may be made in the primary signal off the mud pump; 
detail, especially in matters of structure and arnuftemeDt of a reference transducer, wherein tbe reference transducer 
parts within the principks of the present invention to Ibc full produces an dcctric signal in response to tbe mcaenre-
extcnl indicated by ibc brad general meaning of Ihe terms « mcnl primarily of l be pressure pulse signal noise 
in which tbe appended claims are expressed* It wil] be mused by Ibe reflection of Ibc primary signal off the 
appreciated by those skilled in Ibc art thai Ihe teaching* of mud pump: and 
the present invention can be applied to other systems with- a signal processor, wherein Ihe signal processor ccm-
out departing from the scope and spirit of the present 

a first-filtered doctric signal fiom 1he cleclrie signals 
What is cfaaned is; produced by ibc primary transducer and reference 
I. A driDing system including a mud pump comprising; transducer; and 
a sensor. a low pass filter, wherein Ibe low pass filler produces a 
an encoder opcrabty connected to Ihe sensor; U second-filtered electric signal fiom (be lirs( filtcred-
a pressure pulse generator opcnbly councctcd lo (he clectrie signal!. 

encoder, wherein (be pressure pulse generator is con* 11. Tbe receiver system ofdaam 1QL wherdn ibe reference 
figured to produce a primary signal in response lo input Innsduccr b positioned m dose proaimify lo tbe mud pump. 

13. The receiver system ofebim 11, wherein (be primary 
s  a primary Jo (nnsduccr is positioned in a spaced-apart idalionship with 

he Ibc reference transducer. 
13. Ihe receiver system of daim 10. wherein tbe adaptive 

i response lo a reflection of Ihe 14. The receiver system of daim 13. wherein the adoptive 
primary signal off Ibe mud pump; and M filter has a step s i s of fiom about 0,0001 to about O.OOOOI 

and a filter length of fram about 500 to about 10.000, 
IS. Ihe receiver system of claim 11, wherein the low pass 

It. Tbe receiver system of claim 10. firther comprising a 
t «o decoder module that is conligured lo decode the second-

filtered dcctric signal frail the low pass filter. 
Z. Ihe drilling system of claim 1. wherein (be (be refcT- IT. A method for processing a primary pressure pulse 

cnce transducer is positioned in close proximity lo (be mud signal generated by a mcDsuiemcnt-while^drillâ g (MWD) 
pump. loo I used in a drilling system (ha( includes a mud pump (bat 

3. Tbe drilling system of daim ZL wherein tbe primary M is  source of pressure pulse signal noise caused by tbe 
transducer is positioned in a s^accd-apart relationship with reflection oflbe primary pressure pulse signal ofifof the mud 

j (be steps of; 

Figure 15.5g. Advanced MWD signal processing patent award. 
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prcdung * reference cfectiic ripiuL wkcrcrn Ac Erfn> 

w e ttairk- slgml fc produced la nufMiw iu iht 
nwEmnint primarily oJ lis p i m m pu]w litnal 
wise ciuud. fey Ibe- Kfectioa of Ac primary press** 
piflw tiqutiO offorilrt mwi pmi|K. J 

producing  pnu>' doclii: ugiuL nhenin i>: piuoiy 
dHlrie Ĥ iUl ih pttdllttd in fc'i iht MlfcMUtt-
mnl of 4k piimaiy p m m pulir sfpal and Ihc* 
prcsswt pubc signal toiu: croud by ihc rcflKikai of' 
llw piimair piwraro pulw cqnid off of lb* tmid -pimp; 10 

m cdapilw Aha »The k&icihc elwirfc flgjul 
mi fc primary Fiiirol to pmAtfG " fnl-JlHwviJ 
( hdi k lipid; 

law pro nfcw lAftefitti-IIIUMol'tiMUte ligyul 
Id pmtucx;  kmu^ filtered cfcctrir ;ijynl; and i S 

rfhvKl*^ ihe- frimuy clecufc: il&ruJ Imm Ibc axtmd-
rdlurvd ftortrk: jifral, 

IH.n£ medud ^rcliloi IT. whcrcln die sep ^ rpul j c -
ittt * ivftmjw tJoftit aifififrl fmbtr wttfrirrt b H(rj1 
ponuodiii^.  rcdmuct mosduca' in closc pnxumiry 4o Iht m 
ui*1 JWillp-. 

19. Tbc auAbodarcbim 17. wherein Ihr slcp of appfav^i 
an adapilw filler I'unkr camfutsa applying d Ioul kiodi 
r^jaind tAf^in} MteT. 

? tort* fflw Jilitr fujibtr 
jpjilyinjj, a l ew miuru q u n d Dcbjrtiw IllLar wilh a slrp 
aim iir ifc-̂ a dhmfl ftjOOl m lbiTui fVOODI fiir a tfilhs- L^gih 
«r frcm *twu1 500 U> abcnJt lii.OW. 

Figure 15.5h. Advanced MWD signal processing patent award. 
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16 
MWD Turbosiren -

Principles, Design and Development 
In conventional Measurement While Drilling technology, several preferred 

approaches are available, namely, "mud pulse telemetry," acoustic "banging the 
drillpipe" telemetry, wired pipe and electromagnetic. Recently, various "unified 
telemetry" implementations have been developed, which combine mud pulse 
and electromagnetic methods within a single tool, providing increased service 
reliability and redundancy, plus operational coverage for foam muds that 
attenuate sound waves rapidly. These attest to the robustness and continuing 
popularity of mud pulse technology which, unfortunately, is described in the 
popular press in three over-simplifying flavors: "positive pulse," "negative 
pulse" and "continuous wave," referring to mud siren embodiments. 

16.1 Background and Motivation. 

There are no good reasons why the former two approaches cannot be 
operated in continuous mode if mechanical oscillations are rendered sufficiently 
rapid. For example, the excuses commonly offered for (high signal strength) 
positive pulse tools, because their pistons work literally against high velocity 
and high density drilling muds, are excessive force and power requirements. 
Mud sirens improve data rate because they do not completely stop the oncoming 
flow - because they move perpendicularly, as opposed to inline with the flow, 
higher data rates are possible. Unfortunately, the same through-flow that allows 
faster oscillations are also responsible for much reduced signal strengths. For 
this reason, sirens do not operate at the large depths associated with highly 
attenuative acoustic paths - thus, where high density data is most needed, it's 
back to "proven" positive pulse technology, typically offering at most 1 bit/sec. 

While the above paragraph correctly summarizes the commonly accepted 
state of affairs, a view espoused even in more technical publications, much more 
remains to be said. This presentation develops a new "turbosiren" approach to 
mud siren technology, but to appreciate the numerous, not so obvious ideas that 
have now been made practical, it will be useful to review several historical 
developments that have made rotary valve approaches more successful than 
positive and negative pulser methods. 

392 

MeasurementWhileDrilling (MWD) Signal Analysis,
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16.1.1 Mud siren background. 

A simple schematic illustrating mud siren operation is offered in Figure 
16.1, with mud flow shown moving from right to left, past an MWD tool housed 
in a telemetry sub (drill collar walls are shown in dark gray). As the mud stream 
passes through the set of rotary valves, a (rotating) "rotor" periodically 
interrupts fluid flow through a (stationary) "stator," creating periodic signals that 
travel both uphole and downhole - we will discuss the subtle ramifications of 
this bi-directional signal generation later. 

Figure 16.1. Mud siren schematic, three-lobe design in sketch. 

r-

Figure 16.2. Generic mud siren, six-lobe design shown. 

A generic mud siren is shown in Figure 16.2, having six "lobes" whose 
boundary contours are cut along radial lines and without tapers along the axial 
direction. Different numbers of lobes have been tested over the siren's decades 
of developments, from a high of sixteen to a low of one - an extremely wobbly, 
unstable, research prototype with high signal strength characteristics. 

We have not, however, explained the operational and engineering 
importance of relative axial rotor versus stator placement. The conventional 
wisdom claims that it makes no difference - so long as the rotating valve 
periodically opens and shuts, "water hammer" signal creation is simply that -
end of story. And while this over-simplification has led to inefficiencies and 
even safety disasters, it turns out that the story does end on very optimistically. 
Note that the mud siren in Figure 16.1 is shown with the rotor upstream, directly 
facing the oncoming mud, and the shielded stator is situated downstream of it. 
This design was conceived by Mobil Oil before its transfer to Schlumberger and 
had been adopted commercially until the late 1980s. 

V 
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Unfortunately, the system was prone to jamming. Operationally, this 
implied disaster. High pressures would build up in the pipe section uphole of 
the tool, leading to accidents at the surface rig - without notice, pump seals 
would break, with high energy fluid drenching workers in drilling mud within 
seconds (the author survived one such accident early on). These pressures 
would also damage the downhole tool. And even if tools remained operable, it 
was often impossible to restart rotations, an inconvenient occurrence attributed 
to the presence of debris lodged between rotor and stator gap. 

Flows past rotating blunt bodies, especially those close to equally blunt 
non-moving stators (blockage is necessary to creating water hammer signals), 
had not been treated in the fluid-dynamics literature for several decades. While 
a large body of theoretical and experimental work existed for turbine flows, with 
thin rotor and stator blades that did not block the flow, the difficulties associated 
with rotating blunt bodies, massive flow separations, strong turbulence, and so 
on, slowed progress toward a meaningful approach to understanding what really 
happened downhole to induce jamming. 

The first breakthrough toward this understanding was achieved by the 
author in a simple table-top experiment. A siren was constructed from card-
board and tape and "flown" in a tube created from rolled poster-board using 
shop air. A replica of this early experiment is shown in Figure 16.3 for a four-
lobe siren whose rotor and stator are held together with a paper clip shaft - a 
hair dryer is used to flow air past "a tool" installed in a cut-open water bottle. A 
video is available showing how the rotor immediately moves to a closed position 
blocking the oncoming air. Importantly, these simple experiments, easily and 
safely conducted in the office, demonstrated that upstream rotors will always 
move so as to stop the oncoming flow. In other words, the siren closes based 
solely on hydraulic behavior, even for clean fluids without debris. 

Just as remarkable is the fact that drilling fluids are non-Newtonian, 
whereas test fluids like air and water are Newtonian. Large differences in 
pressure drops and flow patterns for these rheology categories are documented 
in the literature - it turns out, through extensive testing in air, water and mud 
flow loops, that rheological effects are secondary at least for torque 
characteristics and water hammer sound generation. After more than a hundred 
wind tunnel tests, conducted over a two week period using easy-to-fabricate 
balsa wood, the jamming problem was solved. And not through "obvious" 
pressure relief valves, retractable springs - or the adopted usage of steel rotors, 
permanent magnets biasing these to open positions, plus the non-magnetic drill 
collars used to shield stray fields from directional sensors - but by simply 
reversing the position of the siren plates in Figure 16.1, now with the rotor 
downstream of the stator. This work led to the "downstream rotor" design in 
United States Patent No. 4 , 7 8 5 , 3 0 0 awarded to Chin and Trevino ( 1 9 8 8 ) , a 
design that forms the basis of several commercial mud sirens operational today. 
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Figure 16.3. Card-board siren with "stable closed" characteristics. 
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{37]  ABSTRACT 

A n i mprov e d scoof l ti c s ignal g n s a H v has m u and 
gtaiof i t t f l w i td, e ac h hav tog & p f o n t i ty of r w l n l l y 
e x i w di nf l b t t s j u d inrcrvcjMfljf ports rc l at i v dy pos i -
tioned u d c onf i g ure d i a« i tabl l ah f luid d y m n t totttt 
that ht* i the g e ne rai o* i n n an ope n pos i ti on, the re by 
i mparti ng a " s tabl e o p e n " characteriatLc to the ge ne ra* 
tor, T h e rtrtaf i s l oc ate d dow ns tre am of ibc 3iaruxb u d 
rqtor Ic te * m outw * r f l y twpered in the d o w n s t r e am 
di re c ti on and h a v e urul e ri ap re l uLv e to i he upgcrtAfr 
s tarar lobes . T b e i nv e nti on is e spe c i al l y w i t e d f or dec m 
o' i l ndnf l ry M W D ope rati ons to c oummBLe ai e d o w i -
1k4c E nc a ouc ma nt data to a w d l s urf ac e duri ng drUltag. 
I n q tn e f i n ^ o d h n a i l , m d e f t n t t On di e rotor l obe s i mparl 
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Figure 16.4a. "Rotor downstream, stable open" mud siren. 
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US, Patent Nov. 15>1988 Sheet 3 of4 4,785,300 

FIG.  6 HUB DIAMETER 

THICKNESS-

Figure 16.4b. "Rotor downstream, stable open" mud siren. 

Fluid response properties and requirements for "stable open" operation for 
the Schlumberger siren are disclosed in the foregoing patent. In particular, the 
angular width of solid stator lobes should exceed that of rotor lobes, the axial 
gap between rotor and stator should not be small, rotor tapers are required in the 
downstream direction, and the axial thickness of the rotor should be less than 
that of the stator. With these conditions satisfied, other interesting properties 
can be developed. For instance, fins mounted on the sides of tapered rotors will 
cause "back and forth" oscillations that assist in removing debris lodged in the 
siren gap and in flushing away trapped lost circulation material. 
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The requirements above do not always guarantee "stable open" 
characteristics, but nonetheless, a closed rotor will require much less opening 
torque that a closed and locked rotor positioned upstream. However, the 
conditions cited above, which increased "empty" rotor-stator flow area, are also 
responsible for decreased water hammer signal strength. Thus, while safety 
concerns have been alleviated, and less power is consumed in typical run 
scenarios, low signal strength and attenuation over large distances would remain 
problematic for years. 

16.1.2 Enter the turbosiren. 
Despite the popularity of "downstream rotor" designs, service companies 

and manufacturers are not always cognizant of the Schlumberger work in the 
open literature. As recently as ten years ago, at least two large organizations to 
the author's knowledge developed upstream rotor designs that not surprisingly 
failed in testing and led to large financial losses. As suggested above, the new 
siren was plagued with signal strength problems, but research in this area had 
been curtailed. Even the author's work, which was later continued at 
Halliburton, initially focused on reducing flow resistance rather than on 
acoustic, wave based physics, whose physical characteristics would provide the 
potential for broader telemetry advances. 

Several years after the invention of the "downstream rotor" siren in United 
States Patent No. 4 , 7 8 5 ,3 0 0 , a second important siren invention, described in 
United States Patent No. 5 ,5 8 6 ,0 8 3 , was awarded to Chin and Ritter ( 1 9 9 6 ) . 

The invention of their so-called "turbosiren," comprising of turbine and siren, 
addressed two engineering concerns. In the first, small rotor-stator gaps 
(irrespective of relative rotor and stator axial placement) were necessary for 
strong signal creation. For typical tool diameters, gaps exceeding 0.1 inch 
would lead to weak signals (for most mud density and oncoming speed 
combinations) rendering such tools useless for logging operation. Second, 
closer placement generally required higher power motors to overcome greater 
resistive torques. These lead to several undesirable consequences. For battery-
based tools, this would limit downhole operation and imply economic 
efficiencies. On the other hand, for turbine-based tools, higher blade pitch 
angles would imply increased erosion, while larger alternator components would 
lead to increased costs. The turbosiren (shown on the next page) promised to 
address these concerns in an inexpensive but clever manner. 
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Figure 16.5a. MWD "turbosiren" pulser. 
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U.S. PMCDl DfelT.iMtf ti rttwi- 5.5SM&} 

FIG. 2  

US, Patent dh. i t . i ah fc+urfT 

FIG. 3 

Figure 16.5b. MWD "turbosiren" pulser. 
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U.S. Patent Dec. 17, ISM Sheet 4 of 7 5,586,083 

FIG, 4 

Figure 16.5c. MWD "turbosiren," "sirens in series" 
very high signal strength pulser. 
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U.S» Patent Dec. n, mt sheet 6 of 7 5,5SMS3 

Figure 16.5d. MWD "turbosiren" pulser. 

The turbosiren in Figures 16.5a-d was just not an incremental improvement 
over United States Patent No. 4,785,300. Note that the rotor, without tapering in 
the axial downstream direction, is placed upstream of the stator - contrary to the 
teachings of the author's Schlumberger patent. Turning torque is now provided 
by an array of thin inclined blades located in the upstream-most position. This 
"free torque," extracted from the kinetic energy of the oncoming mud, reduces 
power demands from battery packs and turbine assemblies. 
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Importantly, the availability of almost unlimited power reduces demands 
on battery or turbine performance - to transmit information, the rotation induced 
by the flowing mud can be modulated by mechanically or electrically braking 
the system, a process that consumes far less energy than one requiring both 
rotation and modulation. Small gaps (for high signal strength) were now a 
reality, since strong closing torques associated with "rotor upstream" designs are 
easily overcome by high angular momentum velocities imparted by the inclined 
turbine blade row. Of course, these advantages would dictate the need for other 
innovation. The higher frequencies offered by turbosiren would imply 
complicated wave fields requiring more sophisticated signal processing 
(discussed elsewhere in this book) than the "thump, thump, thump" schemes 
used for positive and negative pulsers. The "turbosiren," which reflected the 
hybrid half-turbine and half-siren nature of the pulser, was protected directly and 
indirectly in several more Halliburton patents, namely 

 U.S. Patent No. 5,969,638, "Multiple Transducer MWD Surface Signal 
Processing," awarded to W.C. Chin, Oct. 19, 1999. 

 U.S. Patent No. 5,831,177, "Fluid Driven Siren Flowmeter," awarded to 
W.C. Chin, with J. Anders, M. Proett, and M. Waid, Nov. 3, 1998. 

 U.S. Patent No. 5,787,052, "Snap Action Rotary Pulser," awarded to W.C. 
Chin, with W. Gardner, July 28, 1998. 

 U.S. Patent No. 5,740,126, "Turbosiren Signal Generator for Measurement 
While Drilling Systems," awarded to W.C. Chin and T. Ritter, April 14, 
1998. 

 U.S. Patent No. 5,586,083., "Turbosiren Signal Generator for Measurement 
While Drilling Systems, awarded to W.C. Chin and T. Ritter, Dec. 17, 
1996. 

 U.S. Patent No. 5,583,827, "Measurement-While-Drilling System and 
Method," awarded to W.C. Chin, Dec. 10, 1996. 

Figure 16.6. Turbosiren hardware and wind tunnel prototype. 
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Despite the high-data-rate potential offered by turbosiren technology, 
laboratory and field tests were never conducted on any prototypes. The metal 
model shown in Figure 16.6, fabricated without bearings, was never operated in 
water or mud flow loops - furthermore, the original wind tunnel "grand-daddy," 
shown at the top right, was never tested aside from the single spin-point that 
inspired the self-spinning approach. All of Halliburton's turbosiren patents have 
since expired, leaving its fullest technical potential unexplored and unknown. 

16.1.3 General unanswered questions. 
Despite the simplicity underlying turbosiren construction, many obvious 

questions must be addressed prior to any commercialization. As with any 
serious research endeavor, answers to questions only raised more questions over 
the years. Some of these are offered below, in no particular order of 
prioritization. For example, 

 For a given operating frequency, is it better to rotate a siren with numerous 
lobes slowly or to turn one with fewer lobes more rapidly? Which mode 
possesses higher resistive torque? Higher acoustic signal? Can a siren run 
with low torque and high signal? Conversely? 

 Torques and aerodynamic forces depend on incompressible, hydraulic flow 
properties, while acoustic "water hammer" signal creation depends large on 
fluid compressibility. Effective turbosiren operation depend on both, 
through the use of a single mechanical hardware element. How are 
engineering priorities and trade-offs mediated in the design process? What 
are the torque and power consequences of different rotor tapers? 

 When a siren is designed for a given base frequency, implying a particular 
rotational speed, are inefficient higher acoustic harmonics also created? 
How are these controlled or eliminated? 

 Since properties like signal strength, torque and rotation rate for a given 
geometry (lobe number, rotor tapering, upstream turbine blade design, 
sirens in series, and so on) depend on volume flow rate, what procedures are 
available for efficient cost-effective analysis? Importantly, which measured 
properties are scalable to other drill collar dimensions and mud parameters? 
Which dimensionless parameters are important? 

 And finally, what is the best strategy for economically creating a design 
database that can effectively guide future prototype creation? 
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16.2 Prototype Turbosirens and Experimental Notes 
In this section, we offer photographs covering turbosiren construction, for 

example, related to lobe number, sirens in series, pressure measurement, and so 
on, plus simple instruments that have been identified that acquire data with 
reasonable accuracy. Interestingly, because the configuration chosen does not 
jam, high pressure blowers are not necessary - a significant cost reducer 
allowing us to use simple leaf blowers for the wind source. All of our 
aerodynamic and acoustic information will be obtained from "short wind tunnel" 
testing although, in telemetry applications (e.g., signal processing, echo 
cancellation, signal augmentation by constructive wave interference, and so on) 
long wind tunnels will be necessary. In what follows, photographs will be 
offered with brief explanations of the experimental setups used. 

16.2.1 Single-stage turbosiren. 

Figure 16.7. "Single turbosiren" - rotor moves with shaft supported on 
bearings installed in left stator and right turbine (top); test section without flow 

straighteners (middle); and test section with flow straighteners (bottom). 
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16.2.4 Three-stage turbosiren. 

t* 

Figure 16.8. Wheel for stall torque measurement (tangent linear force 
times radius gives torque at any prescribed volume flow rate). 

Figure 16.9. Linear force gauges for torque measurement 
(several used to cover wide range of force magnitudes). 
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Figure 16.10. Differential pressure signal measurement. 
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Figure 16.11. Alternative flow straightener designs. 
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16.2.3 Dual-s tage turbos iren. 

Figure 16.12. Two-stage turbosiren with flow straighteners and torque wheel. 
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16.2.4 Three-s tage turbos iren. 

AT' * 

Figure 16.13. Three-stage turbosiren (pressure ports 
for Ap measurement circled at left and right). 
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16.2.5 Complementary reference turbine . 

4P 
Figure 16.14. Reference power turbine. 
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16.2.4 T h r e e - s t a g e t u r b o s i r e n . 

5 7 - = K 

a" J « " i t , " - i 

Figure 16.15. Turbine assemblies with pressure compensation module. 
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Figure 16.16. CAD rotation animations for design validation. 
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16.2.4 T h r e e - s t a g e t u r b o s i r e n . 

Figure 16.17. 3D printing setup for turbosiren components. 
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16.2.8 Test matrix, changing lobe number and taper. 

Figure 16.18. Rotors and stators with different lobe numbers and tapers 
(a Chinese yuan and a United States quarter, top). 
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16.3 Pressure Measurement - Subtleties and Ideas. 

16.3.1 Physical discussion. 

When a siren rotor closes and obstructs flow through the open ports of the 
stator, high positive over-pressures (relative to hydrostatic) are formed 
upstream of the rotor, while equally low negative pressures associated with 
expansion appear downstream of the stator. These statements have been 
confirmed by traveling pressure measurements made simultaneously at upstream 
and downstream locations equidistant from the siren center. 

The differential pressure Ap across a siren, pronounced "delta p," is easily 
measured with a differential pressure transducers and provides a quantitative 
indicator of signal strength. We ask, "What is the physical significance behind 
these pressure differences?" If a siren is operated in an infinitely long 
drillstring, then by symmetry, half of the Ap signal will propagate uphole while 
the remaining half will propagate downhole. 

Of course, real world flow loops and borehole geometries are finite - end 
reflections and waves created at impedance junctions will form that traverse the 
waveguide multiple times to create complicated pressure fields. However, each 
individual reflection or wave is associated with continuous pressures free of 
pressure jumps like those found across sirens - that is, they do not create or 
carry Ap's and their effects are not captured by differential pressure transducers. 
This being the case, the measured Ap represents the "true acoustic strength" 
characteristic of a siren configuration. Because this measurement is unaffected 
by reflections, it suffices to measure differential pressures in small flow loops -
large lengths are not required for pressure strength characterization although, in 
telemetry studies related to noise removal and constructive or destructive wave 
interference, wind tunnel lengths comparable to wavelengths are necessary. 

In our near-field studies, we are interested in how rotation rate (which, 
together with lobe number, determines carrier frequency), stall torque and signal 
strength are affected by oncoming volume flow rate or fluid speed. By signal 
strength, we typically mean Ap, but in deeper analyses, the frequency spectrum 
for Ap is also important. Harmonics of the primary carrier frequency also 
appear, which are related to inefficient higher frequency modes that attenuate 
rapidly, need also be characterized and avoided in design wherever possible. 

Higher flow rates will yield higher signal strengths, but very often, the 
flow rate is fixed and increased signal Ap's are required. This is achieved by 
decreasing rotor-stator gap, which also leads to increased chances for jamming -
although the torque induced by the upstream turbine blade row in the rotor is 
presumably designed to minimize this possibility. However, gap reductions can 
only be used so far - downhole vibrations and rotor-stator rubbing can produce 
intermittent stalling that destroy the integrity of the modulated signal at small 
separations. Thus, more clever means for signal enhancement are necessary. 
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In the study presented next, we will assess the viability of "sirens in series" 
approaches to signal augmentation. In addition to determining rpm, torque and 
Ap dependence on flow rate, we also asked, "Does the siren combination under 
consideration start by itself? Does it jam?" In all cases, the sirens displayed in 
our photographs are self-starting and do not jam while in motion even when 
disturbances are introduced to the flow apparatus. 

The measurement of signal strength is more subtle than our prior 
explanation for Ap would suggest and we now discuss several basic ideas. For 
those new to fluid mechanics with some familiarity to Bernoulli's equation, the 
presence of a "velocity squared" term like "U2" is expected. Very often, 
engineers look for such dependencies in data. In fact, several industry 
development groups measure "signal" by placing static, non-moving positive 
pulsers in flow loops, measuring axial pressure drop and erroneously identifying 
these measurements as signal strengths that are functions of flow rate. While 
increased flow rates do lead to higher static pressure drops, these unfortunately 
have nothing to sound propagation. For positive pulse poppet valves, the correct 
relation follows from compressible flow theory (not the elementary form of 
Bernoulli's equation, derived from incompressible assumptions) - in fact, the 
signal due to a suddenly closed piston in one-dimensional flow is given by the 
Joukowski formula "p = pUc" where p is fluid density, U is flow speed and c is 
the sound speed of the fluid. 

For poppet valves without rotation anyway, a quadratic dependence of 
pressure on speed would suggest a "slow" disturbance creation process while a 
linear dependence indicates a rapid "water hammer" development. This 
understanding is important to job planning in the field. Suppose that in a air or 
mud test loop, the values of Utest, ctest and ptest are known. Further, assume that 
we knew the signal attenuation rate for a field job from borehole length and mud 
characteristics, so that the required starting pressure strength is also known. 
How do we determine is the pulser pressure is strong enough? This is easily 
answered. If the physics is acoustically based, then the downhole signal will be 
Pmud = (pmud/ptest)((umud/utest)(cmud/ctest) Ptest- On the other hand, for "slow" 
hydraulicapplications, e.g., situations when the poppet does not suddenly or 
fully obstruct the flow, one has pmud = (pmud/ptext)(Umud/Utest)2Ptest- It is clear that 
using the wrong upscaling relation can lead to failed MWD telemetry jobs. 

We emphasized positive pulse, poppet valves in the above paragraph 
because analysis was relatively simple. Extended arguments apply to rotary or 
siren-type pulsers. Now, it is known from turbine design theory that two 
velocities arise in analysis, namely, the axial "U" (as introduced above) and an 
azimuthal speed V = coR where co is the rotation rate and R is a radius (turbine 
design does not address water hammer signal creation because the assumed thin 
blades do not substantially block the flow). When the dimensionless ratio V/U 
is small, the flow swirls very little, so that pressure drops can be studied on a 
one-dimensional basis. However, when V/U is large, two parameters, the 
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customary "dynamic head" pU2 and the auxiliary pcoUR head appear, so that a 
second test parameter must be considered - the ratio of the two speeds is coR/U. 
We might ask, "What is the value of this parameter in our test matrixes?" From 
our single and dual turbosiren data below, the highest swirl combination 
assuming "5,000 rpm, 300 gpm, 1 inch radius" would lead to coR/U of 
approximately 3, while the lowest would yield about unity. The values 
corresponding to carrier frequencies ranging from 60 Hz to 180 Hz. Thus, for 
very high data rates utilizing these frequencies, the swirl coR/U cannot be 
neglected. On the other hand, if we deal with frequencies in the 10 - 20 Hz 
range, swirl is probably unimportant. In this event, assuming that siren rotor-
stator gaps are tight and suddenly block the oncoming flow, water hammer 
effects will predominate and a linear pressure dependence through "pUc" will 
prevail. A plot of Ap versus U (or GPM) that is quadratic would indicate weaker 
hydraulic effects that are not acoustic or water-hammer in variety. As we will 
find from our data analysis, turbosiren torques are sufficiently high that their 
rotors will turn any attached metal shafts with minor effort, and that very likely, 
the final operating frequency will probably fall in the reduced range above. 

Other issues arise in pressure measurement and we introduce one by 
analogy. Consider a stone that is tossed into a lake - at the impact point, very 
complicated patterns of surface waves are formed, until clear circular patterns 
evolve several stone diameters away. Siren signal generation, through rapid 
rotary valve opening and closing, similarly creates three-dimensional 
disturbances, both acoustic and hydraulic (due to flow separation, turbulence 
and wake interaction). Far away, their effects dissipate, leaving the simple plane 
waves that usually describe waves in circular waveguides. 

Differential pressure measurements for Ap require that probes be close, 
typically about one foot or less in wind tunnel testing. Thus, they are immersed 
in local background flows that are contaminated by noise. On the other hand, it 
is possible to measure the pressure itself, and not Ap, faraway - however, this 
would require a very long wind tunnel and measurements must be taken prior to 
any received reflections - this would lead to inconvenience and increased cost. 
In addition, we had mentioned the presence of nonlinear harmonics (typical 
frequency spectra are given later). Under ideal circumstances, these would be 
studied with closely-spaced pressure probes - but even so, siren vibration, 
blower noise, shaft wobble and other effects lead to non-ideal effects that cannot 
always be characterized. 
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16.3.2 Test Series A - "Sirens in series" signal augmentation. 

Three "A," "B" and "C" series of tests are described in this write-up. In 
the present section, "sirens in series" concepts are evaluated. Data from Table 
16.1 conclusively show that signals do add constructively. For example, 
consider the "single siren" pressure value of 0.325 psi obtained at 632 gpm. The 
Ap measured across three sirens is 0.315 psi at 284 gpm. In other words, we 
obtain comparable signal strength when three sirens are operated at less than 
half the single-siren flow rate. In the field, there would be no problem 
maintaining constant flow rate using positive displacement pumps - thus, at the 
same flow rate, we would have almost three times the single-siren signal 
(blower flow rates are very sensitive to tubular blockage effects). We 
emphasize that our components are not precision manufactured. For instance, 
rotor-stator gaps were approximately set using machine washers; further, rotor 
tip to tubing clearances could not be accurately maintained because of tolerances 
with off-the-shelf plastic tubing varied along the length of the wind tunnel. 

Note that all of the lines in Figure 16.21 shift to the right of the origin and 
do not pass through it as they should. This delay arises from bearing friction 
(two bearings per single siren were used), weight due to shaft length and low 
mass inertia in the flowing air. Aside from this shift, measured trends are 
credible and are consistent with expected behavior. Most importantly, pressures 
vary linearly with flow rate - per the foregoing discussion, this is an indicator of 
water hammer behavior (laboratory signals, in the 150 Db range, sound like loud 
motorcycle roars), so that the scaling pmud = (pmud/p test)((Umud/Utest)(cmud/Ctest) ptest 

would apply for job planning purposes. It is instructive to provide a typical "air 
to mud" scaling example. Suppose we use water as the drilling fluid and air as 
the test medium. Then it is known that pmud/ptest ~ 800 and cmud/ctest « 5. Thus 
for the same flow rate (that is, Umud/Utest

 = 1), the signal strength in water 
follows pmud « 4,000 ptest so that a Ap of 0.3 psi in air translates to 1,200 psi in 
water. We also indicate that while the frequencies in Table 16.1 are high, the 
turbosiren will most likely operate in the 10-20 Hz range in practice, once the 
rotor is connected to the motor shaft and motor. Rotation rate adjustments are 
possible using hollow versus solid shafts and different construction materials. 

A feature of the existing turbosiren is an observed "non-jamming" flow 
tendency when operation ceases. In several videos, a prototype is used where 
the turbine stator and the adjacent siren rotor are not pinned to the housing or 
shaft and both are allowed to float. A "motorcycle roar" is heard while the siren 
rotor is rotating. When the wind in turned off, the sound disappears, as it is 
expected to. But interestingly, the turbine moves upstream, and a moment later, 
the rotor also travels upstream. This self-induced increase in turbine and rotor, 
and rotor and siren stator separation allows "lost circulation material" and debris 
to self-clean and flush down the drill collar and prevent jamming. 
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Figure 16.20. Single, dual and triple turbosiren test models - straight, zero 
taper rotors and stators used for all tabulated data - triple turbosiren RPM and 

torque data unavailable since shafts of joined units are not connected. 
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Table 16.1. Detailed sirens-in-series test data 
(un-tapered side edges for all above data). 
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Figure 16.21. Signal strength, frequency and torque 
versus volume flow rate and siren number. 

That the above lines do not pass through the origin is explained by high 
friction levels in the bearings and in the weight of the long shaft used - this 
represented an initial attempt to load down the assembly to reduce RPMs for 
more detailed Ap analysis at lower carrier frequencies. These would emulate the 
inertial effects of metal shafts and attached hardware in an actual tool. 



4 2 2 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DES IGN 2 ND EDITION 

Figure 16.22. Signal strength, Ap frequency spectrum and harmonics 
(wide "spikes" or lines due to test assembly vibration and blower noise). 
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16.3.3 Test Series B - Rotor taper effects on RPM and AP. 

TO 
G PM HZ AP-PSI SPL-d B 

TO 
1 , 0 0 5 1 7 9 0 . 3 6 0 1 6 1 . 9 1 , 0 0 5 1 7 9 0 . 3 6 0 1 6 1 . 9 

8 2 6 1 5 7 0 . 3 1 6 1 6 0 . 7 8 2 6 1 5 7 0 . 3 1 6 1 6 0 . 7 

4 6 4 8 3 0 . 1 9 2 1 5 6 . 4 4 6 4 8 3 0 . 1 9 2 1 5 6 . 4 
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( l d ( l 
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G PM HZ AP-PSI SPL-d B 

( l d ( l 

1 \ 6 4 8 9 3 0 . 3 0 2 1 6 0 . 3 
( l d ( l 

1 \ 5 3 1 7 6 0 . 1 7 2 1 5 5 . 5 

( l d ( l 

1 \ 
4 3 2 3 3 0 . 0 8 9 1 4 9 . 7 

(1(1(1 
1 1 

G PM HZ AP-PSI SPL-d B (1(1(1 
1 1 7 0 9 9 3 0 . 3 0 0 1 6 0 . 3 
(1(1(1 
1 1 5 3 8 8 8 0 . 1 6 0 1 5 4 . 8 

1 6 5 6 1 0 . 0 8 6 1 4 9 . 4 

Table 16.2. Turbosiren frequency and Ap versus GPM test matrix and results 
(different rotor cross-sections shown at left). 

In the above, we consider single-stage, two lobe sirens, evaluating the 
effects of rotor taper on rotation rate and signal strength (stators possess straight 
edges in all cases. Interestingly, all sound pressure levels were found in the 
extremely strong 150-160 dB range, suggesting that signal strength depends on 
blockage only and not taper consistently with physical intuition.. 
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GPM HZ AP-PSI SPL-dB 

1,005 179 0.360 161.9 

826 157 0.316 160.7 

464 83 0.192 156.4 

Figure 16.23. Baseline zero-taper rotor configuration. 

We emphasize that the above "no rotor taper" results should not be 
compared with the top "single turbosiren" results of Table 16.1 due to slightly 
different test geometries used - also, the higher bearing friction present in the 
former tests is responsible for Ap's and RPMs not passing through the origin. 
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Figure 16.24. Signal strength and frequency versus GPM. 
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Figure 16.25. Signal strength and frequency versus GPM. 
The upper three blocks of Table 16.2 confirm our expectations that rotor 

inclinationl affects rotation rate and torque. Plots are offered in Figures 16-23 to 
16-27 illustrate other anticipateded trends. The lowest two data blocks for a 
"trapezoidal rotor" and a "reverse trapezoid" show some data irregularities. 
Although trends are clearly defined, more accurate testing is required. 
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Figure 16.24. Signal strength and frequency versus GPM. 



4 2 8 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DES IGN 2 ND EDITION 

TO 

I / 

GPM HZ AP-PSI SPL-dB 

TO 

I / 

709 93 0.300 160.3 
TO 

I / 538 88 0.160 154.8 

165 61 0.086 149.4 

Figure 16.27. Signal strength and frequency versus GPM. 
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16.3.4 Test Series C - Reference axial turbine. 

Figure 16.28a shows an axial turbine constructed from the blade row of 
Figure 16.20 and its mirror image. As part of our research program in turbosiren 
properties, we asked how siren rotor torques would compare to an "equivalent," 
or more accurately, "reference axial turbine" with similar features. High torques 
are desirable because they provide for robust rotations - a turbosiren with high 
rotor torques would continue to rotate despite debris or lost circulation material 
(LCM) in the drilling mud. Furthermore, higher torques would enhance cutting 
actions needed to remove rock chips trapped within rotor-stator gaps. 

Figure 16.28a. Flow straightener, wind anemometer and force gauge. 

Figure 16.28b. Axial turbine with rotating reflector disk 
for optical tachometer RPM measurement. 
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Figure 16.29. Pin-wheel toy, conventional turbine and turbosiren. 

Because no laboratory test results are available, our questions was simple. 
Does the turbosiren behave like the pin-wheel toy or the conventional axial 
turbine in Figure 16-29? The work in this short test series was intended to 
provide rough estimates only. Also shown in Figure 16.28b is a black disc 
attachable to the rotating shaft, with a small piece of reflector tape to assist in 
high quality optical tachometer measurements for RPM (white disks lead to very 
inaccurate optical measurements). The flow straightener in Figure 16.28a was 
attached to the downstream end of the turbine assembly to remove velocity swirl 
prior to wind anemometer measurements. Stall torques were calculated as the 
product of turbine radii and tangential forces measured at a spoke located on the 
rim of the disk held stationary. Because the linear force gauges at the top of 
Figure 16.9 were expensive at $300 USD each, and both stall torque and volume 
flow rate ranges could not be anticipated beforehand, we opted to use the weight 
scale at the bottom of Figure 16.9 - a popular $20 USD device offering limited 
resolution and accuracy used by fishermen to weigh hobby catches. 
Measurement uncertainties arise because the effects of model blockage on 
blower flow rate and high blade camber on torque generation could not be 
estimated - at best, analytical models are inaccurate. 

The data obtained from our tests are given in Table 16.3 and plotted in 
Figure 16.30. The no-load RPM versus GPM results from our high accuracy 
optical tachometer form a straight line and correctly pass through the origin, as 
expected. Stall torque values should likewise pass through the origin, but do not 
because of expected measurement error using the fish scale. However, they 
served our purposes in providing approximate orders-of-magnitude, in this case, 
torque values in the 0.1 to 1.0 in-lbf range. A typical stall torque might be 0.25 
in-lbf at 500 GPM. This value applies to air - in water, the corresponding 
torque is approximately 200 in-lbf, not a small torque. Other extrapolations are 
of interest. Of the three data points tested, the highest GPM dataset was deemed 
to be most reliable given the lower resolution offered by our force gauge. 
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Desaptbn Speed Flow Rate 
GPM 

Mo Load 
RPM 

Stall 
Force 
LBF 

Stall 
Tonpie 
(in-bf) 

Stall 
Tor<pje 
(ilHS) 

Slow  1,170 429 7,400 0.13 LBF 
Z1 OZ 

0.13 Z1 

Medium  1,432 526 10,150 0.26 LBF 
4.2 OZ 

0.26 4.2 

Fast  1,916 703 14*200 0.50 LBF 
B.OOZ 

0.50 A.0 

Table 16.3. Axial turbine data. 
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Figure 16.30. Wind tunnel axial turbine data. 
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We therefore used the "fast," most accurate dataset in Table 16.3 to 
provide estimates for torque and power properties for drilling muds at typical 
downhole flow rates for the turbine diameter used. Note that the hub radius is 1 
inch while the blade radial extension is 0.375 inch. The turbine model 
developed in Chapter 8 is available through software with the user interface 
shown in Figure 16.31 (readers new to turbine analysis are encouraged to read 
this chapter for a simple-to-understand exposition). 

Our turbine analysis software is simple to operate. The inputs in 
"Geometry" and "Wind Tunnel Data" apply to the tested configuration - results 
for air are given in Figure 16.32. The entries in "Field Predictions" state the 
conditions under which extrapolations based on theory are to be provided. In 
the first case, water is assumed at 400 GPM, this flow rate being the high-end 
expected for the small sized tool assumed - results are provided in Figure 16.33. 
A second extrapolation for 150 GPM, the low-end operation point for tool 
operation, is given in Figure 16.34. Note that power varies with the third power 
of flow rate, a dependence that is responsible for large changes as GPM 
changes. 

LJ Turbine Design H 0 Q 

Figure 16.31. Turbine design software. 
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Figure 16.32. Performance characteristics in air. 
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Figure 16.33. Extrapolated performance in water at 400 GPM 
(producing about 3,000 watts peak power). 
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Figure 16.34. Extrapolated performance in water at 150 GPM 
(producing about 150-160 watts peak power) 
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The measured no-load RPM and stall torque for the "fast" dataset in Table 
16.3, plus the extrapolated peak power point of approximately 150-160 watts in 
Figure 16.34, are consistent with turbine data measured in mud loops for several 
service company models used commercially, with slight differences due to 
minor geometric differences (note that 1 ft-lbf/sec = 1.356 watt). Thus, the 
turbine results and test procedures in this section are considered reliable. As a 
check, siren rotor stall torques were measured using both force gauges shown in 
Figure 16.9, with differences perhaps in the 20% range (e.g., the 55g shown 
equals 1.94 oz). Experimental torque comparisons for our single-state 
turbosiren and reference axial turbine are shown side-by-side in Table 16.4. 

Consider torques for "1,722 ft/min" in the case of the turbosiren and 
"1,916 ft/min" for the turbine. The stall torque for the former is 1.90 in-oz and 
8.0 for the latter, which are both large and comparable in order-of-magnitude. 
This suggests that the siren rotor is likely to cut and remove debris lodged in the 
tight rotor-stator gap - this high torque is consistent with the fact that, in all of 
our experiments, the rotor always self-started quickly and never stalled despite 
rapid blower movements. More work is required to understand the potential 
applications of high torque. For example, it may be possible to use a single 
turbosiren for both signal and power generation - the created rotation speed 
would change constantly since it is dependent on random modulation input and 
clever voltage regulation would be required. Such dual usage is not possible 
with other conventional sirens. Again, the last columns in the two datasets of 
Table 16.4 are comparable in magnitude. 

Wind Tunne l Data -  Single  Turbos ire n 

Flow  
Des c ription 

Speed 
(f t /m ln) 

Flow  Re t* 
(GPM) 

RPM 
(ro t /m ln) 

Fre q. 

m 
Signal AP  Signal 

SPUOb) 
Tange nt 
Forc e  (g) 

Torque  
(Inc h-oi) 

SLOW 340  1956  65  0.103  151  2 1  0 .74  

MEDIUM 1269  465  3450  115  0.184  156  34  1 .20  

FAST  1722  £32  5250  175  032S 160  55  1 .90  

Wind Tunnel Data - Reference Axial Turbine 

Descrptbn Speed 
(fttrin) 

Flaw Rate 
GPM 

Ho Load 
RPM 

Stall 
Force 
LBF 

Stall 
Tanjie 
(in-bl) 

Stall 
Toripie 
(in-oz) 

Slow 1,170 429 7,400 0.13 LBF 
Z 1 OZ 

0.13 Z 1 

Medium 1,432 526 10,150 0.26 LBF 
4.2 OZ 

0.26 4.2 

Fast 1,916 70J 14,200 0.50 LBF 
8.0 OZ 

0.50 S.0 

Table 16.4. Siren (top) and turbine (bottom) stall torque comparisons. 
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Closing remarks. The turbosiren is excellent for future mud siren 
applications for several reasons. First, small rotor-stator gaps can be used for 
strong water hammer signal creation - normally, such gaps would cause "rotor 
upstream" sirens to close and jam, but the presence of a high angular momentum 
blade row does not allow jamming to occur. Second, the rotor literally turns by 
itself without any motor assistance - this rotation is possible by drawing on the 
kinetic energy present in the flowing mud. Thus, power demands on battery 
packs or turbines are significantly reduced - the motor's primary role would be 
signal modulation although a more active driver mode is certainly possible. 

We have also demonstrated how signal enhancement is possible using 
"sirens in series." In our tests, we used an inexpensive leaf blower as our wind 
source, one highly sensitive to blockage in the flow conduit. In field 
applications, this limitation does not arise because positive displacement motors 
guarantee the "dialed in" flow rate setting. We further emphasize that the higher 
frequencies created from turbosiren signal generation allow us to draw upon 
wave phenomena and increase signal by constructive wave interference - as 
explained elsewhere in this book, frequency-shift-keying (FSK) based schemes 
are positioned to best take advantage of this approach. Essentially, reflections 
are optimally phased at the drillbit and the surface standpipe so that waves 
amplify by linear superposition. This increase is "free" and comes without 
economic penalty - for these reasons, we were interested in bi-directional signal 
generation from the siren - successful implementation of these ideas requires 
combination of wave propagation analysis and wind tunnel modeling. 
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Figure 16.35. Combined signal data from Test Series A and B. 



4 3 8 M W D SIGNAL ANALYSIS, OPTIMIZATION, AND DES IGN 2 ND EDITION 

Finally, we close with an observation on low flow rate signal performance. 
We previously indicated that Test Series A and B used slightly different 
geometries with gaps held by different types of washers. Strictly speaking, 
single-turbsiren data from the top block of Table 16.1 and Figure 16.23 should 
not appear together. However, the two single-siren datasets are combined in 
Figure 16.35 to provide some insight into signal strength performance over a 
wider GPM range. The red line shows our best visual straight-line curve fit 
passing through the origin. This gives a Ap of 0.05 psi in air at about 200 GPM. 
Earlier we showed that siren signal generation follows water hammer (and nor 
Bernoulli-based hydraulic) rules. In the case of air-to-water extrapolations, we 
found that Apmud » 4,000 Aptest so that a 0.05 psi signal would translate to 200 
psi. For drilling mud, the approximately 30 Hz signal would be proportionately 
larger by a multiplicative factor equal to the mud-to-water density ratio 
although, of course, attenuation would also be higher in mud. 

16.4 Credits. 

Shan Li (left), Hai Ma (center) and Wilson Chin (right). 

Figure 16.36. Dongying, Shandong MWD technical staff. 
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17 
Design of Miniature Sirens 

We have surveyed a range of MWD wind tunnels designed with different 
degrees of sophistication and costs for different objectives. When torque, signal 
strength, erosion and "stable open versus stable closed" are the only properties 
of interest, a short wind tunnel as simple as in Figure 17.1 will suffice. In this 
chapter, we introduce very, very simple and inexpensive means for rapid signal 
and torque evaluation. As discussed, sirens may be prone to jamming -
however, when they are not (so that blockage resistances are low), testing is less 
expensive because blower requirements are less severe. Positive displacement 
pumps will not be necessary and design trends can be identified accurately - for 
smaller sirens, leaf blowers and hair dryers have been used successfully for 
applications like signal strength and torque extrapolation versus flow rate. 

Figure 17.1. Simple desk-top test fixture. 

440 

MeasurementWhileDrilling (MWD) Signal Analysis,
Optimization, and Design,2nd Edition.Wilson C. Chin.
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17.1. Siren flowmeter applications. 

We emphasize that the "mud" sirens used in MWD telemetry are also 
useful for industrial applications outside of the petroleum industry. For 
example, turbosirens can be cleverly used as flowmeters that provide rate and 
fluid density information - rotation rates are proportional to volume flow rate 
while sound amplitudes are directly proportional to fluid density. Flow rate 
versus rpm trends obtained in the wind tunnel apply to flows in other fluids. 
Also, measured pressures are a direct indicator of fluid density. 

An array of turbosirens, with each placed at user-determined positions 
along a wellbore, for instance, provides key production data not possible with 
any other rate measurement system. Suppose that multiple identical sirens are 
located at known positions and that a single spectrum analyzer is monitored at 
the surface for signals originating downhole. It is clear that the (right-most) 
highest frequency spectral line corresponds to the siren closest to the surface 
since all fluids must pass through this last siren. Analogously, the (left-most) 
lowest frequency line would measure the flowrate at the bottom-most siren. The 
spectral plot consists of multiple frequency lines, each with different amplitudes. 
Frequency differences between adjacent lines are a direct indicator of volumetric 
flow rate obtained for the layer bounded by the two sirens. The flow rate versus 
frequency calibration can be determined from simple wind tunnel experiments 
and would apply to all downhole fluids. The height of each spectral line would 
be proportional to the average density of any mixed fluids produced downhole. 
Of course, some signal processing is required to ensure accurate readings, e.g., 
elimination of nonlinear harmonics, cancellation of reflections, elimination of 
random flow noise, and so on. However, the most important advantage is the 
convenience offered by wireless telemetry, without any requirement for 
downhole electric power - moreover, the operational complications with 
ultrasonic and electromagnetic flowmeters are completely avoided. 

As a third example for siren applications, sirens can be designed to provide 
directional flow control, e.g., as "fluidic diodes." The tapered-rotor siren in 
United States Patent 4,785,300 entitled "Pressure Pulse Generator," issued to 
Chin and Trevino on Nov. 15, 1988, passes flow when the rotor is located 
downstream of the stator, but acts as a check valve (which blocks fluid 
movement) when the flow is reversed. When "fins" are added to tapered rotors, 
the patent also explains how the rotor oscillates in place to create a secondary 
signal that is superposed on the main carrier. This signal, which arises from 
vortex shedding, can be used for flow rate monitoring. Other sirens, as we will 
show in one figure later, are "bi-directional" and allow flow in both directions, 
at the same time creating ample pressure signals. 
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17.2. Mini-siren prototypes. 

In general, wind tunnels allow rapid flow evaluation and prototyping and 
act as highly accurate analog computers. Because compressible flows past 
complicated rotating, separated, blunt body flows are difficult to model 
accurately, even with the best computational fluid-dynamics software, it is often 
simplest to "build 4 em and test 4 em" in a "blind" manner that is really not so 
blind. In Figure 17.2, a wide variety of miniature rotors and stators (having one 
inch diameters) with diverse geometric modifications are "mixed and matched," 
and additionally, with rotors serving as stators and vice-versa. Tests of 3D 
printed parts in simple wind tunnels identified optimal configurations for further 
more expensive liquid flow evaluation. The author has significantly enhanced 
his understanding of siren fluid mechanics over the years through such 
inexpensive but scientifically rigorous experimentation. 

Figure 17.2. Miniature prototypes, plastic model and machined. 

rm-m 

Figure 17.3. Mini-siren, about one inch across, with low friction 
bearings (the quarter is about the size of a Chinese yuan). 



DES IGN OF MINIATURE SIRENS 4 4 3 

Figure 17.4. Downstream rotor with parallel tapers. 

Figure 17.5. Four different mini-sirens. 
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Figure 17.6. Close-up of straight rotor mini-siren. 

Figure 17.7. Close-up of notched mini-siren design. 

Figure 17.8. Close-up of tapered rotor. 
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Figure 17.9. Hair dryer test of mini-siren, high speed 
rotation at bottom (sound video available on request). 
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Figure 17.10. Modeling drillbit reflections and siren position in collar -
"MWD drill collar assembly" installed in long instrumented PVC tubing. 
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Figure 17.11. Low torque, non-jamming, reversible bi-directional flow -
note water vapor on plastic tubing as author breathes in and out. 
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Earlier we indicated that the Schlumberger "rotor downstream" siren 
disclosed in United States Patent No.. 4,785,300 can be used as a check valve in 
a flowline, for example, in a process plant as opposed to a wellbore. With the 
rotor downstream, the siren permits flow passage; however, when the rotor is 
located upstream of the stator, through-flow is disallowed. At the time, the 
author believed that this property characterized all sirens - an observation that 
proved to be untrue with further study. 

The siren shown in Figure 17.11 (not a turbosiren) is designed with special 
contours that allow fluid passage in both directions while rotating. This 
surprising bi-directional flexibility can be inferred from water vapor deposited 
on the walls of the plastic tubing - "clear" and "unclear" patterns alternate as the 
author breathes in and out. A video demonstrating this behavior, together with 
audible signals, is available to interested readers - testament to the fact that 
powerful positive displacement pumps are not needed to turn siren instruments 
so long as the designs are clever enough. 

17.3. Cardboard test prototyping. 

The simplest test mud siren test method was conceived by the author while 
at Schlumberger and led to the invention in U.S. Patent No.. 4,785,300. The 
siren was created from cardboard using scissors and tape, while a pencil or a 
paper clip served as the shaft (see Figure 17.12). The assembly was installed in 
a plastic water bottle with its ends removed and spun by hand to provide 
rotation. A hair dryer aimed at the exposed rotor quickly demonstrated "stable 
closed" properties in clean air, e.g., as shown in Figure 17.13 - prior to this 
discovery, petroleum engineers had assumed that debris lodged in rotor-stator 
gaps were responsible for jamming. The role of aerodynamics in siren design 
was clearly established in the author's early experiments. The slightly more 
sophisticated wind tunnel developed later in Figure 17.14 utilized an 
inexpensive squirrel cage blower and easy-to-machine balsa wood prototypes. 
The foregoing Schlumberger invention was discovered after one hundred design 
"desk top" modifications were tested over a period of two weeks. The miniature 
sirens in Figure 17.4 and 17.7, showing "parallel taper" and "notched" 
configurations, respectively, were also designed in "wind tunnels" using air as 
the working fluid. It is important to recognize that, where torque is concerned, 
the rheology of the fluid is only second-order in importance in comparison with 
inertial forces. So long as the test model, in this case larger than the metal 
model, is similar in geometry, torque and "stable opened versus stable closed" 
properties will be identical provided frictional effects are minimal. This 
scalability is easily ensured by using low friction bearings or simply a paper-clip 
shaft. 
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Figure 17.13. Siren installed in open plastic bottle, with 
hair dryer used to identify "stable closed" properties. 
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Figure 17.14. Very early (historical) short wind tunnel. 

17.4 Credits. 

The author is indebted to Larry Leising and Jose Trevino for their support 
in developing the use of wind tunnel testing in MWD design while at 
Schlumberger. Over the years, the diligent efforts of many professionals have 
turned our ideas into viable engineering tools supported by credible scientific 
ideas. It is the author's hope that rapid progress will continue with the 
dissemination of ideas published in this book. 



18 
Wave-Based Directional Filtering 

18.1 Background. 
In high-data-rate MWD mud pulse telemetry, surface reflections at the mud 

pump and desurger can "confuse" standpipe transducers as wave cancellations 
and reinforcements contaminate intended upgoing signals. MWD pressure 
waves reflect without sign and shape change at pump pistons; also, reflections at 
desurgers can lead to synchronization loss since elastic membranes may 
unrecognizably distort signals (e.g., square waves can reflect can with 
exponential-like form). In addition, mud pump noise traveling opposite to the 
signal, typically many times the upcoming signal strength, introduce further 
reductions to signal-to-noise ratio. Thus, the use of robust "directional filtering" 
with multiple transducers, ideally employing minimal waveform information 
with the fewest practical constraints, is motivated. Here applications for two 
schemes from Chapter 4 are evaluated under severe operational conditions using 
synthetic signal and noise data. In practice, the algorithms would be used with 
frequency, wavelet, white noise and other filters. It is important to recognize 
that filtering based on direction of origin requires at least two transducers. 
Because data rates will be adjustable in field applications, for instance, lower 
rates for deeper wells or high attenuation environments, transducer spacings 
must likewise be flexible - spacings and time samples must be chosen 
accordingly as the host transmission frequency used. The study in this chapter 
provides a detailed analysis of practical transducer array requirements. 

In MWD mud pulse telemetry, two practical constraints exist: (1) sound 
speeds vary between 3,000 and 5,000 ft/sec, where the latter is achieved with 
water or brine, and (2) transducer positions are restricted to a thirty feet 
standpipe on the rig floor where at most two pressure taps may be drilled due to 
safety concerns. In high speed telemetry, base frequencies used can be high, say 
10-50 and even up to 100 Hz; transducer separations should represent small 
percentages of a wavelength, but at the same time, cannot be "too close" since 
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such measurements will be error-prone. Similar considerations apply to time 
discretization. Micro-second sampling, for instance, is out of the question but 
unnecessary; however, coarser durations of 1 ms up to 10 ms are permissible for 
the frequencies under consideration. 

Consider, for example, a sound speed of 3,000 ft/sec and a 0.003 sec 
sampling. A transducer separation that permits this would be 9 ft. If the time 
duration is increased to 0.006 sec, then the separation increases to 18 ft. If the 
sound speed is 5,000 ft/sec, the respective distances are 15 and 30 ft. All of 
these distances are doable on existing rig installations. Thus, we ask, "Is it 
possible to design a good MWD echo cancellation and mud pump noise removal 
algorithm that works under the restrictive environment described and performs 
quickly with a minimum of computation?" 

Methods 4-3 and 4-4 for "directional filtering," described in detail in 
Chapter 4 are based on analytical wave equation properties. The former uses a 
difference equation delay formulation whereas the latter is hosted by a 
differential equation for the upgoing MWD signal. The algorithms are 
completely different, but both fully eliminate propagating waves that travel in 
directions opposite to the upgoing MWD signal. These can contain signal 
reflections at positive displacement and/or centrifugal mud pumps, distorted 
reflections at the desurger, together with large-amplitude mud pump noise with 
or without frequencies near those in the upgoing signal. 

Information on downgoing waveform shape or amplitude is not necessary. 
Application of these models is subject to requirements imposed by the Nyquist-
Shannon Theorem. In addition, the methods can be augmented with damping to 
lessen earlier time effects and to improve computational stability; processing 
times are almost instantaneous for the computations with Intel i5 class chipsets. 
In practice, such "directional filters" are used together with frequency, wavelet, 
white noise and other filters for robust signal processor design. In this paper, the 
two methods are evaluated in detail using synthetic datasets to examine their 
ability to remove all noise traveling opposite to the upcoming signal. Both 
algorithms appear to work well with large transducer separations and coarse 
time sampling - the use of the two schemes together with multiple pressure 
transducer data would offer redundancy that is likely to further minimize 
common synchronization loss at the surface. The methods are also 
computationally efficient, requiring few "multiplies and divides" compared to, 
say, a typical FFT calculation. 

18.2 Theory and Difference-Delay Equations. 

The ideas behind Method 4-3 are developed from wave equation 
properties. The complete pressure disturbance is taken as the sum of two waves 
traveling in opposite directions. Let " f ' denote the incident wave traveling from 
downhole. Then, "g" will denote reflections of any type at the mudpump 
(positive displacement pistons and centrifugal pumps are both allowed), together 
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with reflections at the desurger with any type of shape distortion permitted, plus 
the mudpump noise itself. In general, we can write 

p(x,t) = f(t - x/c) + g(t + x/c) (18.1a) 

where c is the measured speed of sound at the surface. Two transducers are 
assumed to be placed along the standpipe. Note that the impedance mismatch 
between standpipe and rubber rotary hose does introduce some noise, however, 
since a portion of this effect propagates downward, it is part of the "g" which 
will be filtered out in its entirety. The rotary hose does not introduce any 
problem with our approach. Now let xa and xb denote any two transducer 
locations on the standpipe. At location "b" we have 

p(xb,t) = f(t - xb/c) + g(t + xb/c) (18.1b) 

If we define x = (xb - xa)/c > 0, it follows that 

p(xb,t - x) = f{t + (xa - 2xb)/c} + g(t + xa/c) (18.1c) 

But at location "a" we have 

p(xa,t) = f(t - xa/c) + g(t + xa/c) (18.Id) 

Subtraction yields 

p(xa,t) - p(xb, t - x) = f(t - Vc) - f{t + (xa - 2xb)/c} (18.le) 

Without loss of generality, we set xa = 0 and take xb as the positive transducer 
separation distance 

f(t) - f(t - 2xb/c) = p(0,t) - p(xb, t - Xb/c) (18.If) 
or 

f(t) - f(t - 2x) = p(0,t) - p(xb, t - x) (18.lg) 

The right-side involves subtraction of two measured transducer pressure values, 
with one value delayed by the transducer time delay x, while the left side 
involves a subtraction of two unknown (to-be-determined upgoing) pressures, 
one with twice the time delay or 2x). The deconvolution solves for f(t) given the 
pressure values on the right and is solved by our 2XDCR*.FOR code. 

Method 4-3 is extremely powerful because it eliminates any and all 
functions g(t + x/c), that is, all waves traveling in a direction opposite to the 
upgoing wave. Thus, g(t + x/c) may apply to mudpump noise, reflections of the 
upgoing signal at the mudpump, and reflections of the upgoing signal at a 
desurger, regardless of distortion or phase delay, reflections from the rotary hose 
connections, and so on. The functional form of the downgoing waves need not 
be known and can be arbitrary. This is not to say that all downward moving 
noise sources are removed. For example, fluid turbulence noise traveling 
downward with the drilling fluid is not acoustic noise; it will not be removed 
and may degrade performance. Additional noise sources and filters would be 
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used together with Method 4-3. The order in which filters are applied will affect 
the outcome of any signal processing, and it is this uncertainty that provides the 
greatest challenge in signal processor design. The model in Equation 18.1g can 
be solved exactly in closed analytical form and is implemented in our 
2XDCR*FOR software series. We note that this method is similar to the two-
transducer delay-line approach of Foster and Patton (1973) who first solve a 
model analogous to Equation 18.1g for MWD applications using approximate 
frequency domain analysis. Other ad hoc derivations have since appeared 
which are solved by undisclosed methods, but to the authors' knowledge, none 
have proven successful and there have been no other publicly available 
validations of delay approaches except that presented here. 

Method 4-4 is similarly developed from wave equation properties but 
follows a strategy different from the delay equation approach. Our derivation at 
first follows from the author's United States Patent 5,969,638 which gave 
solutions for the derivative of the signal only. The present method, which 
includes a robust integrator to handle sharp pressure pulses, substantially 
changes the earlier work. In Method 4-3, we used time delayed signals for 
which there was no restriction on time delay size. For Method 4-4, we invoke 
time and space derivatives; thus sampling times should at least be small 
compared to a period and transducer separations should be small compared to a 
wavelength. 

As in Method 4-3, the representation of pressure as an undamped upgoing 
and downgoing wave is still very general (attenuation between close transducer 
locations is minimal), and all waves in the downward direction are removed 
with no information required at all about the mudpump, the desurger or the 
rotary hose. Note that "c" is the mud sound speed at the surface and should be 
measured separately. In our derivation, expressions for time and space 
derivatives of p(x,t) are formed, from which the downgoing wave "g" is 
explicitly eliminated, leaving the desired upgoing "f." The steps shown are 
straightforward and need not be explained. 

p(x,t) = f(t - x/c) + g(t + x/c) (18.2a) 

Pt = f + g' (18.2b) 

Px = - C"1 f + C"1 g' (18.2c) 

cpx = - f + g' (18.2d) 

Pt - cpx = 2f (18.2e) 

f ' = X/2 (Pt - cpx) (18.2f) 

Equation 18.2f for "f," which is completely independent of the downgoing 
wave "g," however, applies to the time derivative of the upgoing signal f(t - x/c) 
and not " f ' itself. Thus, if a square wave were traveling uphole, the derivative 



WAVE-BASED DIRECTIONAL FILTERING 4 5 5 

of the signal would consist of two noisy spikes having opposite signs. This 
function must be integrated in order to recover the original square wave, and at 
the time the original patent was awarded, a robust integration method was not 
available. 

The required integration is not discussed in the patent, where it was simply 
noted that both original and derivative signals in principle contain the same 
information. Here, a special integration algorithm is given to augment the 
numerical representation in Equation 18.2f. 

At first glance, the two-transducer delay approach in Method 4-3 seems to 
be more powerful because it does not require time integration, and since it does 
not involve derivatives, there are no formal requirements for sampling times to 
be small and transducer separations to be close. However, in any practical high-
data-rate application, the latter will be the case anyway, e.g., slow sampling 
rates will not capture detailed data. Thus, Method 4-4 is no more restrictive than 
Method 4-3. But the present method is powerful in its own right because the 
presence of the dp/dx derivative implies that one can approximate it by more 
than two (transducer) values of pressure at different positions using higher-order 
finite difference formulas - in operational terms, one can employ multiple 
transducers and transducer arrays to achieve higher accuracy. 

Similarly, the presence of dp/dt means that one can utilize more than two 
time levels of pressure in processing to achieve high accuracy. The required 
processing in space and time is inferred from the use of finite difference 
formulas in approximating the derivatives shown and numerous such 
computational molecules are available in the numerical analysis literature. The 
illustrative calculation used below assumes two transducers and pressures stored 
at two time levels. Higher order processing does not add substantially to 
computational or storage requirements. 

18.3 Calculated Results. 
Method 4-3 uses a difference equation time delay equation with damping 

while Method 4-4 employs a differential equation approach. Both methods (1) 
require at least two (piezoelectric) transducers mounted on the surface 
standpipe, (2) operate with minimal information on waveform and noise 
properties, and (3) robustly function in the less-than-ideal environment prevalent 
on typical drilling rigs. The surface speed of sound is required and is easily 
obtained by clocking the transit time of a sharp pulse traveling between the two 
transducers. The results below are reported together with software references 
cited in Chapter 4. For all the calculations given, we duplicate relevant Fortran 
source code describing the assumed signals and noise in order to clearly 
document the test methodology employed. 
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18.3.1 Method 4-3, Difference equation (Software reference, 
2XDCR07D.FOR). 

C CASE A. FSK MODULATION WITH SINUSOIDS 
I F ( T . L T . 0 . 2 0 ) THEN 
AMP = 0 . 2 5 
FRQ = 20 . 
SIGNAL = AMP*S IN(2 . *P I *FRQ*T) 
ENDIF 
I F ( T . G E . 0 . 2 0 . A N D . T . L T . 0 . 3 5 ) THEN 
AMP = 0 . 5 
FRQ = 40 . 
SIGNAL = AMP*S IN(2 . *P I *FRQ*T) 
ENDIF 
I F ( T . G E . 0 . 3 5 . A N D . T . L T . 0 . 5 0 ) THEN 
AMP = 0 . 2 5 
FRQ = 20 . 
SIGNAL = AMP*S IN(2 . *P I *FRQ*T) 
ENDIF 
I F ( T . G E . 0 . 5 0 ) THEN 
AMP = 0 . 5 
FRQ = 40 . 
SIGNAL = AMP*S IN(2 . *P I *FRQ*T) 
ENDIF 

C CASE B. NARROW PULSE WIDTH 
A = 1 0 . 0 
R = 1 0 0 . 0 
I F ( T . L T . 0 . 1 ) THEN 
SIGNAL = A * ( T A N H ( R * ( T - 0 . 1 0 0 ) ) - T A N H ( R * ( T - 0 . 1 0 1 ) ) ) / 2 . 
ENDIF 
I F (T . GE . 0 . 1 ) THEN 
SIGNAL = 0 . 
ENDIF 

C FUNCTION XNOISE(T) 
C Mud pump n o i s e f u n c t i o n may a l s o i n c l u d e r e f l e c t e d MWD 
s i g n a l , b u t 
C i t i s n o t necessary t o add t h e wave r e f l e c t i o n t o t h e t o t a l 
n o i s e 
C t o demonstra te d i r e c t i o n a l f i l t e r i n g . 
C FRQPMP = H e r t z f r e q o f pump n o i s e , p ropagates downward. 

P I = 3 . 1 4 1 5 9 
FRQPMP = 5 . 
AMP = 1 . 5 
XNOISE = AMP*SIN(2.*PI*FRQPMP*T) 
RETURN 
END 
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In our Series A calculations, sinusoidal FSK (frequency-shift-keyed) 
signals are assumed; the number, e.g., "002," refers to millisecond sampling, in 
this case, representing a coarse 2 ms. The sampling time can be (crudely) taken 
as the travel time between two transducers. The parenthesized figure number 
provides a "physical feeling" for transducer separation. For illustrative 
purposes, assuming a 4,000 ft/sec mud, we find 4,000 ft/sec x 0.002 sec or 8 ft. 
The noise function is given above. In both Methods 4-3 and 4-4, the derivations 
do not assume sinusoids and no requirements for sinusoidal waveforms exist -
all telemetry schemes are supported. Black denotes the original upgoing MWD 
signal, red the downgoing pressure wave, green the superposition of the two at a 
transducer location (the MWD signals are almost unrecognizable), while blue 
shows a successfully extracted signal (using only green data) which is almost 
identical to the black. Note that high-data-rate telemetry requires closer 
transducer separations along with finer time samples than in more conventional 
applications. As shown in our source code, the FSK frequencies used are 20 and 
40 Hz. The Series B results assume single non-sinusoidal pulses. 

Figure 18.1a - Method 4-3, A-002 (8 feet). 
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Figure 18.1b - Method 4-3, A-003 (12 feet). 

Figure 18.1c - Method 4-3, A-004 (16 feet). 
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Figure 18.1d - Method 4-3, A-005 (20 feet). 

Figure 18.1e - Method 4-3, B-002 (8 feet). 
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Figure 18.1f - Method 4-3, B-004 (16 feet). 

18.3.2 Method 4-3, Difference equat ion (Software reference, 
2XDCR07E.FOR) . 

In the next set of difference equation calculations for Series A, the previous 
20-40-20-40 frequency sequence is replaced by 60-40-60-40, with all else 
unchanged. However, the single pulse used earlier in Series B is now replaced 
with the more complicated four-pulse sequence shown below -

A = 1 0 . 0 
R = 1 0 0 . 0 
SI GNAL = A* ( TANH( R* ( T- 0 . 1 0 0 ) ) - TANH( R* ( T- 0 . 1 0 1 ) ) ) / 2 .  

1  +1 . 5 * A* ( TANH( R* ( T- 0 . 2 0 0 ) ) - TANH( R* ( T- 0 . 2 0 1 ) ) ) / 2 .  
2  +2 . 0 * A* ( TANH( R* ( T- 0 . 3 0 0 ) ) - TANH( R* ( T- 0 . 3 0 1 ) ) ) / 2 .  
3  +3 . 0 * A* ( TANH( R* ( T- 0 . 4 00)  ) - TANH( R* ( T- 0 . 4 01)  )  ) / 2 .  
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Figure 18.1g - Method 4-3, A-002 (8 feet). 

Signal Deconvolution 

Figure 18.1h - Method 4-3, A-003 (12 feet). 
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Figure 18.1i - Method 4-3, A-004 (16 feet). 

Figure 18.1j - Method 4-3, A-005 (20 feet). 
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Figure 18.1k - Method 4-3, B-003 (12 feet). 
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Figure 18.11 - Method 4-3, B-006 (24 feet). 

Method 4-3, Difference equation (Software reference, 2XDCR07F.FOR). 

Finally, we consider a noise function that is not sinusoidal in our 
calculations. In fact, the downward propagating sine wave defined previously in 
FUNCTI ON XNOI SE ( T) is replaced by a single isosceles triangle, noting that 
multiple triangles are easily constructed, as follows -
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F UNCTI ON XNOI SE( T)  
TYPE 3:  NOI SE MODEL 
A = 7.  
B = 0 . 2 
XNOI SE = 
RETURN 
END 
F UNCTI ON 
IF ( 

I S A TRI ANGLE 

TRI ANGLE( T, A, B)  

TRI ANGLE( T, A, B)  
T.LE.0.0) 

I F ( T. GT. 0 . 0 . AND. T. LE. B )  
I F ( T. GT. B . AND. T. LE. 2 * B)  
IF(T.GT.2 *B ) 
RETURN 
END 

TRI ANGLE 
TRI ANGLE 
TRI ANGLE 
TRI ANGLE 

0. 
A* T 
A* ( 2 . * B- T)  
0. 
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Figure 18.1m - Method 4-3, A-002 (8 feet). 
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Figure 18.1n - Method 4-3, A-004 (16 feet). 

Figure 18.1o - Method 4-3, A-006 (24 feet). 
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Figure 18.1q - Method 4-3, B-008 (32 feet). 

18.3.4 Method 4-4, Differential equation (Software reference, SAS14D.FOR 
Option 3 identical to SIGPROC-1 .FOR). 

Next consider the differential equation method in Chapter 4. Inputs appear 
in bold red font. In the first four simulations, a three-pulse "canned" signal is 
used for convenience. For the fifth, a seven-pulse calculation is performed - the 
software allows any number of rectangular pulses with arbitrary widths, 
separations and amplitudes, although very general waveforms are permitted 
which require only minor source code modification. In our figures, black 
represents the original amplitude and frequency modulated upgoing MWD 
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signal, blue and green denote pressures obtained at the two transducer locations 
(the large noise function is omitted for brevity), while red, displaying the signal 
extracted from blue and green data, reproduces the black curve in many 
instances. Additional conventional processing would improve comparisons. 
Because significant noise is assumed, the blue and green signals do not differ 
substantially, at least visually - thus, it is remarkable that usable red lines are 
achievable at all. Algorithm details are available in Chapter 4 and only the input 
screen menus are shown for runs denoted "C." In the first four calculations, 
sound speeds of 5,000 and 3,000 ft/sec are considered for transducer separations 
of 30 and 10 feet. Again, in the fifth, a high-data-rate seven-pulse simulation 
with pulses of varying amplitudes is shown - the plot is stretched horizontally to 
show pulse shape details. 

Run C-1 

I nt e r na l  MWD upg o i ng ( ps i )  s i g na l  a v a i l a b l e  a s  
P( x , t )  = + 5 . 0 0 0 { H( x -  1 5 0 . 0 0 0 - c t )  -  H( x -  4 0 0 . 0 0 0 - c t ) }  

+ 1 0 . 0 0 0 { H( x -  6 0 0 . 0 0 0 - c t )  -  H( x -  1 0 0 0 . 0 0 0 - c t ) }  
+ 1 5 . 0 0 0 { H( x -  1 4 0 0 . 0 0 0 - c t )  -  H( x -  1 7 0 0 . 0 0 0 - c t ) }  

Uni t s :  f t ,  s e c ,  f / s ,  ps i  . . .  
As s ume c a nne d MWD s i g na l ?  Y/ N:  Y 
Downwa r d pr o pa g a t i ng no i s e  ( ps i )  a s s ume d a s  
N( x , t )  = Ampl i t ude  *  c os  { 2 T f  ( t  + x / c ) }  . . .  
o Ent e r  no i s e  f r e q " f "  ( hz ) :  15 
o Ty pe  no i s e  a mpl i t ude  ( ps i ) :  30 
o Ent e r  s ound s pe e d c  ( f t / s ) :  5000 
o Me a n t r a ns duc e r  x - v a l  ( f t ) :  1750 
o Tr a ns duc e r  s e pa r a t i on ( f t ) :  30 

Figure 18.2a - Method 4-4, Run C-1. 
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Run C-2 

I nt e r na l  MWD upg oi ng ( ps i )  s i gna l  a v a i l a b l e  a s  
P( x , t )  = + 5 . 0 0 0 { H( x -  1 5 0 . 0 0 0 - c t )  -  H( x -  4 0 0 . 0 0 0 - c t ) }  

+ 1 0 . 0 0 0 { H( x -  6 0 0 . 0 0 0 - c t )  -  H( x -  1 0 0 0 . 0 0 0 - c t ) }  
+ 1 5 . 0 0 0 { H( x -  1 4 0 0 . 0 0 0 - c t )  -  H( x -  1 7 0 0 . 0 0 0 - c t ) }  

Uni t s :  f t ,  s e c ,  f / s ,  ps i  . . .  
As s ume c a nne d MWD s i gna l ?  Y/ N:  Y 
Downwa r d pr opa g a t i ng noi s e  ( ps i )  a s s ume d a s  
N( x , t )  = Ampl i t ude  *  c os  { 2 T 

o Ent e r  noi s e  f r e q " f "  ( hz)  
o Ty pe  noi s e  a mpl i t ude  ( ps i )  
o Ent e r  s ound s pe e d c  ( f t / s )  
o Me a n t r a ns duc e r  x - v a l  ( f t )  
o Tr a ns duc e r  s e pa r a t i on ( f t )  

( t  + x / c ) }  
15 
30 
5 0 0 0 
1750 
10 

Figure 18.2b - Method 4-4, Run C-2. 
Run C-3 

I nt e r na l  MWD upg oi ng ( ps i )  s i gna l  a v a i l a b l e  a s  
P( x , t )  = + 5 . 0 0 0 { H( x -  1 5 0 . 0 0 0 - c t )  -  H( x -  4 0 0 . 0 0 0 - c t ) }  

+ 1 0 . 0 0 0 { H( x -  6 0 0 . 0 0 0 - c t )  -  H( x -  1 0 0 0 . 0 0 0 - c t ) }  
+ 1 5 . 0 0 0 { H( x -  1 4 0 0 . 0 0 0 - c t )  -  H( x -  1 7 0 0 . 0 0 0 - c t ) }  

Uni t s :  f t ,  s e c ,  f / s ,  ps i  . . .  
As s ume c a nne d MWD s i gna l ?  Y/ N:  Y 
Downwa r d pr opa g a t i ng noi s e  ( ps i )  a s s ume d a s  
N( x , t )  = Ampl i t ude  *  c os  { 2 T f  ( t  + x / c ) } . . . 
o E n t e r n o i s e f r e q "f" ( h z ) : 15 
o Ty pe  noi s e  a mpl i t ude  ( ps i ) :  30 
o Ent e r  s ound s pe e d c  ( f t / s ) :  3 0 0 0 
o Me a n t r a ns duc e r  x - v a l  ( f t ) :  1750 
o Tr a ns duc e r  s e pa r a t i on ( f t ) :  30 
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Figure 18.2c - Method 4-4, Run C-3. 

Run C-4 

I nt e r na l  MWD upg oi ng ( ps i )  s i gna l  a v a i l a b l e  a s  
P( x , t )  = + 5 . 0 0 0 { H( x -  1 5 0 . 0 0 0 - c t )  -  H( x -  4 0 0 . 0 0 0 - c t ) }  

+ 1 0 . 0 0 0 { H( x -  6 0 0 . 0 0 0 - c t )  -  H( x -  1 0 0 0 . 0 0 0 - c t ) }  
+ 1 5 . 0 0 0 { H( x -  1 4 0 0 . 0 0 0 - c t )  -  H( x -  1 7 0 0 . 0 0 0 - c t ) }  

Uni t s :  f t ,  s e c ,  f / s ,  ps i  . . .  
As s ume c a nne d MWD s i gna l ?  Y/ N:  Y 
Downwa r d pr opa g a t i ng noi s e  ( ps i )  a s s ume d a s  
N( x , t )  = Ampl i t ude  *  c os  { 2 T f  ( t  + x / c ) }  . . .  
o Ent e r  noi s e  f r e q " f "  ( hz ) :  15 
o Ty pe  noi s e  a mpl i t ude  ( ps i ) :  30 
o Ent e r  s ound s pe e d c  ( f t / s ) :  3 0 0 0 
o Me a n t r a ns duc e r  x - v a l  ( f t ) :  1750 
o Tr a ns duc e r  s e pa r a t i on ( f t ) :  10 
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Figure 18.2d - Method 4-4, Run C-4. 

Run C-5 

I nt e r na l  MWD upg oi ng ( ps i )  s i gna l  a v a i l a b l e  a s  
P( x , t )  = + 5 . 0 0 0 { H( x -  1 5 0 . 0 0 0 - c t )  -  H( x -  4 0 0 . 0 0 0 - c t ) }  

+ 1 0 . 0 0 0 { H( x -  6 0 0 . 0 0 0 - c t )  -  H( x -  1 0 0 0 . 0 0 0 - c t ) }  
+ 1 5 . 0 0 0 { H( x -  1 4 0 0 . 0 0 0 - c t )  -  H( x -  1 7 0 0 . 0 0 0 - c t ) }  

Uni t s :  f t ,  s e c ,  f / s ,  ps i  . . .  
As s ume c a nne d MWD s i gna l ?  Y/ N:  n 
Numbe r  of  r e c t a ng ul a r  pul s e s :  7 

o Le f t  " x "  c oor d,  Pul s e  1 50 
o Ri ght  " x "  c oor d,  Pul s e  1 100 
o Ampl i t ude  ( ps i ) ,  Pul s e  1 5 

o Le f t  " x "  c oor d,  Pul s e  2 150 
o Ri ght  " x "  c oor d,  Pul s e  2 200 
o Ampl i t ude  ( ps i ) ,  Pul s e  2 10 

o Le f t  " x "  c oor d,  Pul s e  3 250 
o Ri ght  " x "  c oor d,  Pul s e  3 300 
o Ampl i t ude  ( ps i ) ,  Pul s e  3 15 

o Le f t  " x "  c oor d,  Pul s e  4 350 
o Ri ght  " x "  c oor d,  Pul s e  4 400 
o Ampl i t ude  ( ps i ) ,  Pul s e  4 20 

o Le f t  " x "  c oor d,  Pul s e  5 450 
o Ri ght  " x "  c oor d,  Pul s e  5 500 
o Ampl i t ude  ( ps i ) ,  Pul s e  5 5 

o Le f t  " x "  c oor d,  Pul s e  6 550 
o Ri ght  " x "  c oor d,  Pul s e  6 600 
o Ampl i t ude  ( ps i ) ,  Pul s e  6 10 
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o Le f t  " x "  c oor d,  Pul s e  7 
o Ri ght  " x "  c oor d,  Pul s e  7 
o Ampl i t ude  ( ps i ) ,  Pul s e  7 

650 
1700 
15 

I nput  wa v e f or m s umma r y ,  
P( x , t )  = + 5 . 0 0 0 { H( x -

+ 10.000 {H(x-
+ 1 5 . 0 0 0 { H( x -
+ 20.000 {H(x -
+ 5 . 0 0 0 { H( x -
+ 10.000 {H(x -
+ 1 5 . 0 0 0 { H( x -

5 0 . 0 0 0 - c t )  
1 5 0 . 0 0 0 - c t )  
2 5 0 . 0 0 0 - c t )  
3 5 0 . 0 0 0 - c t )  
4 5 0 . 0 0 0 - c t )  
5 5 0 . 0 0 0 - c t )  
6 5 0 . 0 0 0 - c t )  

H ( x-
H ( x-
H ( x-
H ( x-
H ( x-
H ( x-

1 0 0 . 0 0 0 - c t ) }  
2 0 0 . 0 0 0 - c t ) }  
3 0 0 . 0 0 0 - c t ) }  
4 0 0 . 0 0 0 - c t ) }  
5 0 0 . 0 0 0 - c t ) }  
6 0 0 . 0 0 0 - c t ) }  

H( x -  1 7 0 0 . 0 0 0 - c t ) }  

| Signal DeconvolLition| 

Figure 18.2e - Method 4-4, Run C-5. 

Closing remarks. In high-data-rate MWD mud pulse telemetry utilizing 
high transmission frequencies, the effects of signal cancellations and distortions 
at the mudpump and desurger imply severe detection problems and 
synchronization loss. These are worsened by strong pump transients and weaker 
(siren) pulser signals relative to conventional positive pulse poppet devices. In 
this paper, we have addressed propagating noise effects and shown that robust 
"directional filters" can be designed that operate with short transducer spacings 
and large time sampling durations in typical noisy drilling rig environments. 
The latter support fast calculations using computers with modest hardware 
resources. In practice, the filters will be used together with conventional 
frequency, wavelet, white noise, adaptive and other filters. Our signal 
processing efforts are complemented by low-torque and high-amplitude siren 
hardware, where signal strengths are augmented by using constructive wave 
interference methods. The authors believe that a fully integrated system 
addressing both surface and downhole concerns stands the best chance in 
confronting the challenges offered by noisy and attenuative environments . 
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18.4 Conclusions. 

We have summarized our strategy for high-data-rate mud pulse telemetry 
and means for developing the technology. Our target objective of 10 bits/sec at 
30,000 feet appears to be doable. The signal amplification approach used, 
together with new surface signal processing techniques, plus the use specially 
designed tools that are integrated with mud and drillpipe properties, provide a 
systems oriented process that optimizes data transmission. Needless to say, we 
have acquired much in our testing program, and we are continually learning 
from our mistakes and developing new methods to improve the technology. 
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Harmonic, 29, 37, 40, 49, 51, 53, 55, 
57, 59, 61, 63, 65, 67, 69-71, 73, 75, 
77, 79, 81, 83, 85, 87-89, 91, 93-95, 
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244, 270, 276-277, 285, 299 

High-data-rate, 2, 8-11, 13-14, 28, 
32, 45-46, 48-52, 54, 59-60, 66, 106, 
110, 144, 176, 179, 184, 206, 208, 
232, 234-235, 237-238, 244, 276-
277, 279, 281, 283, 285, 287-289, 
291-293, 295, 297-299, 318, 327, 
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257, 261-263, 265, 268, 298, 394, 
404,418, 438 

Hydrostatic, 51-52, 57, 67, 69-70, 
122, 238,416 
Hz, 2-3, 5, 7, 9, 12, 15-18, 27-28, 42, 
44-45, 55, 65, 72, 79-86, 92, 96, 106-
110, 112-114, 124-126, 133-134, 
139-140, 148-153, 161-162, 177-178, 
212, 255, 259-260, 263, 268, 271, 
279, 281-285, 289-290, 292-293, 
418-419, 438, 451, 457, 467-469 

I 

Impedance, 4, 7, 16, 54-57, 63-64, 
68, 73, 78-79, 115, 142, 144-145, 
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