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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-11-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-steerable 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 [
had joined a stodgy M.LT. from its even stodgier cross-town rival, the California
Institute of Technology. These credentials in acoustics and fluid mechanics
desigh made me eminently qualified to advance the state-of-the-art in
Measurement-While-Drilling (also known as, “MWD” ) telemetry — ot 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, | 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.
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Carl Buchholz, the division president at the time, interviewed me that one
fateful Saturday. ‘“What do you know about 0il?” 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 unconirolied laughter. That
type of honesty he appreciated. 1 got the job. And with that, I became
Schlumberger’s Supervisor, MWD Telemetry, for 2™ 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.” 1 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” conirolled 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 1 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 drilibit 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
drilibit 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, 1 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 | resigned from the company in
1999. The key revelation would come years later as | 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 fived 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 smaliness 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’ 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 ¢ 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 muitiple 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 er 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/pu = UL/v where p
and p are density and viscosity, U is the speed of the oncoming flow, and L is a
characteristic length (v is the kinematic viscosity p/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 2 = 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 o is circular
frequency, p is viscosity, p is mass density, ¢ is sound speed and R pipe radius,
then the pressure P corresponding to an initial signal Py can be determined from
P =Py e ** where x is the distance traveled by the wave and « is the attenuation
rate given by a = (Re)' V{(nw)(2p)} = (Re)’ Vi(vw)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, algorithims and theories were tested. The work described in
“High-Data-Rate Measurement-While-Drilling System for Very Deep Wells,”
Paper No. AADE-11-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, ¢.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
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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 1.1b. 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 0’s and 1°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 0’s and 1’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.
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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 1.2d. Drilipipe 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.

T

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¢c. 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.

ud Sren Sreamine Plot

Mud Siren Sveamnine Fot Mud Seen Strearmine Piot

Mud Sren Streamire Plot

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 1.4¢. 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 “pU?” 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.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.1. Very long “acoustic” wind tunnel.
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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 1.5¢. 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.1 (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, ¢.g., see Figure 1.50, 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.1 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 ® will not only produce pressure signals
with o, but those with frequencies +2 w, 3w, 4w 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.1. Siren concepts tested in wind tunnel (standard size).
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Figure 1.5d.2. Evaluation of hub convergence effects.

Figure 1.5e.1. 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).



32 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

The sirens shown in Figures 1.5.d.1 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.1, 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.1. 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 1.51.2. 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.1 suffice.

Figure 1.5g.1. 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)° 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.”



34 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

Errors in power extrapolation are more severe. For the same problem, the
exact power increase varies cubically, that is (500/100)° or 125; the extrapolated
range would vary by factors in the range 94-171. These uncertainties introduce
obvious difficulties in engineering design, ¢.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 T, and T, for U, and U,. Since torque is known
to vary quadratically with oncoming speed, these measurements must satisfy
(T/Ty) = (UJUp)* — 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.1 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.

=== e
R =

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. Sh. 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 Labview 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.

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 1.50.2. 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.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.



40 MWD SiGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

b —__ i 1
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).

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.1. 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.1. Simultaneous signal strength and torque measurements.
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Figure 1.6a.2. Siren Ap signal strength vs © at with flow rate fixed.
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Figure 1.6a.3. Siren torque versus o 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 1.6¢ 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.

Dretts-P Signal Decomvelltion

Figure 1.6¢. 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.
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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 1.1a,b. The top photograph in Figure 1.5b.1 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
puliser 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.

49
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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 telemeiry 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 “0°s™ and “1°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
“0’s” and “1°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, “/2 Ap” will propagate
in one direction while the other “/2 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 “0’s” and “1’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
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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 “pis /Ap,” and
upgoing annular pressure to Ap, that iS, “Pamuns /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 pyi, /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 pyipe /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), (¢) 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, ¢.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 pyp/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 ¢ appear explicitly in the drillpipe acoustic
discussion.

The pressure initially entering the drillpipe may be denoted by T.i Ap
where T 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 T 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 T 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 “Teg 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.c., 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 2.4ab,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 ¢ of 5,000 fi/sec, we find that for 2fa/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

—\_|—,—IW'7
I

I O S Y

X
) 2 ] Xy Xin | 4 X J
[l >

X=X, XX, X=X, Xy X=X, 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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2.41 Nomenclature.

A, .. Internal cross-sectional area in drillpipe

A, .. Internal cross-sectional area in MWD drill collar

A_ .. Internal cross-sectional area in mud motor (exclude metal rotor)

A, .. Internal cross-sectional area in “bit passage”

A, .. Cross-sectional area, annulus surrounding drill collar

A, .. Cross-sectional area, annulus surrounding drillpipe

B . .- Bulk modulus in mud

B_. ... Bulk modulus in mud motor (weighted average, rubber and mud)

€ - Speed of sound in mud

€., - 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)

Puug - Mass density of mud

P, -- Mass density in mud motor (weighted average, rubber and mud)

t . Time

u . Lagrangian displacement of fluid element from equilibrium

© . Circular frequency of dipole source

X . Axial coordinate, “x = 0” at mud-motor/drill-collar interface

X, ... Distance to MWD acoustic dipole source, located in drill collar

X, . Drill collar length

X, ... Length of mud motor

X, . Length of “bit passage” beneath mud motor

X, . 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, Xy, X, and x,.

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.

2421 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 “p_ ., u°. - B u° =0, where p_ ,and B_ , 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-x,) where we refrain from conjecturing the meaning of “Ap” for now.

We do, however, note that 8(x-x ) represents the Dirac delta function — that is, a
concentrated force — situated at the source point x = x; 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

ue, -B_ uc = “Ap” &(x-x_) 2.1

p mud &t mud

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 “x_-€” to “x +¢€,” where € 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”

-B, U, (X, Tet) + B, ue (X -g,t) = “Ap” (22)

mu

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

p=-Bu, 2.3)

it follows that “Ap” = p¢_(x,+&,0) - p, (x,-&,0). 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-x_+ €) - &(x-x_- )] 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 = 0¢/0x and pressure is related to its time derivative. In the MWD
drill collar, the statement p_, ¢, - B, ¢°. = B “Av” 8(x-x_ ) 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 e and a signal
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strength Ap(w) 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 eit 2.4)

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

ue(x,t) = Us(x)eet 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 U%(x),

Ue (x) + (0¥c, A U=-(Ap/B, ) d(x-X) (2.6)

which is satisfied by all fluid elements residing in the drill collar (here, we have
introduced the sound speed defined by ¢, = \/(Bmu 4 Pnua))-  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
Ue (x) + (o¥c, 5 U° =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.

‘mud

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)e!*!, 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

Ur (x) + (o%c, ) Ur

0 (2.7a)

Ue (x) + (o%c, B U = -(Ap/B, ) 6(x-x) (2.7b)

‘mud

Um0+ (0%c,) U™ = 0 (2.7¢)
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U (x) + (0¥, A U = 0 (2.7d)
U= (x) + (0¥ 2 U2 = 0 2.7¢)
Usl (x) + (o¥c 2 U = 0 2.7H)

We observe that ¢, appears in all of the above equations, except Equation 2.7c,
which contains ¢__. 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 ¢ the corresponding bulk modulus B__ and the

mm mm

equivalent density p__ (as in the case of drilling mud, the relationship of the

mm

form ¢ =\(B__/p__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

Ur(x) = C, exp (-imx/c_ ;) (2.8a)
Us(x) = C, cosox/c,  +C,sinox/c (2.8b)
+0ifx<x,or
- {c,  AP/(0B, J}sin o(x-x)/c ifX>X
Um(x) = C, cos wx/c,+C;sinwx/c, (2.8¢c)
Ub(x) = C, cosax/c_, +C, sinox/c_, (2.8d)
Uz(x) = C, cosox/c +C;sinox/c (2.8¢)
Usl(x) = C,,exp (Hwx/c_ ) (2.80)

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., U _(x) + (w¥c_ ) U = 0, has two real linearly independent
solutions, namely, the usual sin wx/c_

4 and cos wx/c but that equivalent

ul mud *

solutions are also given by the complex mathematical expressions
exp(+Hiwx/c ) and exp(-iwx/c ). 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)e'®..

The assumption taken in Equation 2.8a, namely, Ur(x) = C, exp (-iox/c_ , ),

we)) 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.

implies that the time-dependent solution is u(x,t) = C, exp {io(t-x/c

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)/0t 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 arca-velocity product takes the form
Adu(x,t)/ot. Because u(x,t) = Ux)e®, this quantity is AJ{U(x)e™}/0t or
iIAUwe™, And furthermore, since the coefficient ime 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
“AU, =AU.”). Continuity of the acoustic pressure p = — B du(x,t)/0x, on the
other hand, requires that the derivative quantity BU’(x) remain invariant
(consequently, we obtain “B,U’, = B,U’,”), 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.
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Collar-Pipe Interface:

{l-itanwx/c +C, - {AC/AP}C2 - {(AC/Ap) tan wx /¢, 3C, =

- {Accmcu 4 Xup sin (X X)/c, }/{A 0B, cos ox /c .} (2.9a)
{-tan wx /c_, -i} C, + {tan wx/c_ 3C, -C,=
- {c,qAp cos ofx -x )/c  /{oB cosox/jc .} (2.9b)
Mud Motor-Collar Interface:
C,-{A_/A}C,=0 (2.10a)
C,-{_ B, )C B _.)3C =0 (2.10b)

Bit Passage-Mud Motor Interface:
{A cosox /¢ 3C,-{A sinwx /c_}C,

-{A cosx /e C o+ {A sinwx /¢ +C =0 (2.11a)
{B,/C,)sinwx /c1C,+{(B,_/C_ }coswx /c_ }1Cs 2.11b)

- {(Bmud/Cmud) Sin wxm/cmud}c6 - {(Bmud/cmud) €os wxm/cmud}c7 = 0
Annulus (2) - Bit Passage Interface:

C, - {tan o(x _+x)c_3C -{A_ /A }C,
+ {(A,/A) tan o(x +x )¢ 4C,=0 (2.12a)

{tan o(x_+x,)c_ 3C,+C, - {tan w(x _+x)c_ 3C, -C,=0 (2.12b)

Annulus (1) - Annulus (2) Interface:

C, - {tan o(x_+x,+x_ )c_ }C,
+(A, /A D{- 1 +itan o(x_+x,+x e  3C,,=0 (2.13a)

{tan o(x _+x,+x )¢ $C, +Cy

+{-tan o(x_+x,+x )Yc_, -1;C,,=0 (2.13b)

‘mud

24.2.5 Matrix formulation.

The foregoing equations define a 10 x 10 system of linear algebraic
equations in the complex unknowns C, , C,, ..., C,,. 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,
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I'S1,: S1,2 Si,5 [1C, | IR, |
1S5,0 83,2 S35 1c, | IR, |
! S, S3, l1c, |10 |
! 54,5 84,5 l1c, |10 |
| Ss,4 Ss,5 55,6 S5 [1C, 1=10 |
| Se,a S5 Se,6 56,7 [1C, 1 10 |
| 816 S0 81,6 S 1, 110
| Sa6 Sa,7 Sg8 S0 [1C, 1 10 |
| Ses Soo Sgue 1C 1 10 ]
! Si0,e S10,0 Si0,10 G 1 101
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

S, =1-itanwx/c , (2.15a)
S,,=-AJA (2.15b)
Si;=- (A, /Ap) tan ox /c (2.15¢)
Sz)1 =-tan ox /c ., -1 (2.15d)
Sz)2 =tan X /c, , (2.15¢)
S,;=-1 (2.15)
5,71 (2.15g)
ST AL/A, (2.15h)
S5~ 1 (2.151 )
S45 = 7 (CruaBuun V(CoiBria) (2.15) )
S, = A, cos0x /c (2.15k )
Sgs=-A,sinwx /c (2.151 )
Sss=-A,c0s X /C (2.15m)
Ss; = Aysinox /e, 2.15n)
Ses = (B,./Cpp)sinox /e (2.150)

S6,5 = (Bmm/cmm) cos wxm/cmm (2] Sp )
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Ses = = (Bud/Crug) SID OX, /C_ 4 (2.15q)
Se7= - (B, /Cue) COS ©X [C (2.15r )
Sie= 1 (2.15s )
S,,=-tan o(x +tx)c, (2.15t )
S8 - An/A, (2.15u)
S, = (A, /A, tan o(x, %)/, 2.15v)
Sg6 = tan o(x +x.)c, (2.15w)
Sg, =1 (2.15x )
S5 = - tan (X, +X,)/C, 4 (2.15y)
Sge=-1 (2.15z)
Sos =1 (2.152")
Seo = - tan o(x X, tX )c (2.15b")
Se10 = (A, /A 1 +itan o(x, +x,+x,)/c, o} (2.15¢")
Sios = tan o(x +x,+X,)/c, (2.15d")
810~ 1 (2.15¢")
Sio10 = - tan o(x +xtx ) i (2.15f")

whereas, for the elements of the forcing function R, we have
R, =-{Ac, ,Apsin o(x-x)/c, +/ {Amemu JCos ox /e 4 (2.16a )

R, =- {c . Apcos o{x -x)/c,  +/{wB _  cosox/jc .} (2.16b)

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,

wP(x,t) = Re Up(x) ¢t (2.17a)
pP(x,t) = - B, Re dUP(x)/dx &' (2.17b)
= Re {(ioB, ,/c,.0) C, exp io(t-x/c_ )} (2.17¢)

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

v (x,t)= Re Ur'(x) et (2.18a)
pP'(x,t)=- B_ , Re dU*'(x)/dx et (2.18b)
= Re {(-ioB_ /c o) C,, exp io(trx/c )} (2.18¢)

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



78 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

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, ¢.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 2.17¢ and 2.18¢
are easily determined from division by Ap and taking absolute values. Since the
absolute value of exp iw(t = x/c_ .} is exactly unity, it follows that

mud
Transmission efficiency | = |p/Ap| = {@B_,/(|Aplc )} [C) ol

*

= {0B,,/(Aple, J3VC, ,C, ) (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.

2.51 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 P, 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.

B, — P | 2P

|
P —pd <> ) a» | 4P

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 x, was incremented every foot,
starting with x; = 1 ft immediately above the motor, to x; = 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 2.8¢ are based
on the entire set of 1,100 data points.
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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 nor generalize these results to other situations.
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Figure 2.8a. Transmission efficiency p/Ap in drillpipe and annulus.

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

Figure 2.8¢. P, /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.
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Figure 2.9a. Graphical user interface.

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 fwo 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 2.10e. 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 2.10h, 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 0°s and 1’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.
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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
puliser, 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.1. 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

e — ¢ Fwox’ =0 (B.A.1D)
¢c =Blp (3.A2)
p=— B du/dx (3.A3)

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

=(] =) )
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Figure 3.A.1. Different propagation modes.

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

The “infinite-infinite” system in Figure 3.A.l1a 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 ®. We seek separable solutions of the form

u(x,t) = X(x) e ™ (3.A4)

in which case
dE*X(x)/dx* + 0Hc* X =0 (3.A.5)
iox/c

This has linearly independent solutions of the form sin wx/c, cos wx/c, " and
¢’ 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.1a, complex exponentials

are appropriate and we assume



90 MWD SiGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

Uy =Cp e Ty ¢, e et < (3.A.6)
Uy =Cy e Ot ¢, ettt 5 (3.A.7)

That u, and u, represent left and right-going waves, respectively, requires C; = 0
and C; = 0. This illustrates the implementation of so-called “radiation” or
“outgoing wave” conditions in classical physics.  Continuity of fluid
displacement requires

Ut = u(x,t)atx =0 (3.A8)
If the dipole source produces a Ap in the form p, — p; = p, €, then

B du/0x — B Ouy/0x = ps e at x = 0 (3.A.9)
These conditions lead to the pressure solutions

pi(x.) == B du/dx =—Yapse MY x <0 (3.A.10)

Pa(x,t) = — B Quy/Ox =+ Y py e Y x>0 G.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
— % ps and + ¥ p,. For this “infinite-infinite” system, nothing else happens that
is of physical interest. It is interesting to note that |p;| /Ap = |p,| /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.1b. 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 = X,. For 0 <x <x,, we take u; with linear combinations of sin wx/c and
cos wx/c to model standing waves, but for x > x;, our u; is proportional to e of-xfe
“Yto 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 = x,, we find the solution

pa(x,t) = + i {2 sin (wxc)} Y ps e T x> xg (3.A.12)

3.1.3 Case (c), drillbit as open-ended reflector.

Here we consider the wave motion in Figure 3.A.1c. 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 |p,| /Ap = |ps| /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 pyi,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 = x,. For the domain 0 <x <x,
we take u; with linear combinations of sin wx/c and cos wx/c to model standing
waves, but for x > X, our u, is proportional to e ™ * 9 to represent a non-
reflecting propagating wave traveling to the right. Since an open-ended reflector
satisfies du/Ox = 0 at x = 0, and Equations 3.A.8 and 3.A.9 apply at x = x,, we
find the solution

io{-x/c + t)

pa(x,t) = {2 cos (wx/c)} Yaps e L X > X (3.A.13)

3.1.4 Case (d), “finite-finite” wavegquide of length 2L.

The illustration in Figure 3.A.1d shows a dipole source centered at x = 0 in
a waveguide of length 2L. We will assume open-ended reflectors satisfying
ou/ox = 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 wx/c and
cos wx/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) = — {p/(2 tan wL/c)} [sin wx/c + (tan wL/c) cos wx/c] e
on—L<x<0 (3.A.14)

pa(x,t) = — {p,/(2 tan wL/c)} [sin wx/c — (tan wL/c) cos wx/c] e’
on0<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 p;
splits into two waves that travel in opposite directions having equal and opposite
strengths — ¥ ps and + ' ps. That is, we have py(x,f) = — Y pse ™79 x <0
and py(x,t) = + 2 ps e 0" 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 drilibit is modeled as a solid reflector, we have px(x,t)
=+ i {2 sin (0xy/c)} ¥ ps e Y x> x.. This important solution indicates
that the pressure is the product of an interference factor “2 sin (wx¢/c)” and the
no-reflection “% p, e " 9 solution of Case (a). This factor is the result of
constructive or destructive interference. It states that we can expect constructive
interference if wx/c = /2, 3n/2, 57/2 and so on, and destructive interference if
wXy/c =T, 2x, 31 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 wx/c = . 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 0°s and 1’s,
but 0’s, 1’s, 2’s, 3’s and so on. A simple binary scheme is also possible.
Adjacent to each “good” frequency f,q04 (Strong signal) is a “bad” frequency fyq
(weak signal), as our equations show. Importantly, to convey 0’s and 1’s, it is
not necessary to frequency shift between f,0,q 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 {004 and fiag.

Case (c¢). When the drillbit is an open-ended reflector, we have instead
Pa(x,t) = {2 cos (ox/c)} % ps e D x > x,. 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 wx/c = 0, ®, 2m, 31 and so on, and
destructive interference is achieved at wx/c = /2, 3n/2, 57/2 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 p, =0 at x = — L and p, = 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 p representing
“delta-p” in “p, —p1 = ps €7 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 p; and p;
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 p; 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 = — 'z 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 p, 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.

3.21 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, =10 Pulser MWD Collar Drillpipe
/ P J-'“ ' -
( <> ( (Q ‘l) <> [ = ]
I\ \ ! L/ }\ II_\ I"-. _,I
\-- = I"-,../ h --—;—_
X=00
—— 1:“ —’i
- L g
[ =4 |
— =
P o |
g ' \ A ST
=& ———

' 1o "f - B “L'l"
Figure 3.B.1. 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, A and A, are cross-sectional areas for the collar
and pipe, with A, referring to the collar area minus the area of the central hub.
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Su/ot — ¢* Pu/ox’ =0 (3.B.1)
2 =B/p (3.B.2)
p=—Bdu/ox (3.B.3)
u(x,t) = X(x) e " (3.B.4)
dEXE)/A + 0t X =0 (3.B.5)
X;(x) = A sin ox/c + B cos ox/c (3.B.6)
X5(x) = C sin wx/c + D cos wx/c (3.B.7)
X;(x) = E exp (-iwx/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 u; = 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.1.
At x = L, continuity of volume velocity (A.u, = Ayu;) and of acoustic pressure
(Ouy/Ox = Ouy/0x) require that

C sin wL/c + D cos oL/c = (A/A.) E exp (-iwL/c) (3.B.9)

C cos oL /c — D sin oL /c = - i E exp (-ioL/c) (3.B.10)
At x = L, continuity of displacement yields

A sin oL,,/c + B cos wL,/c = C sin wL,,/c + D cos wL,/c (3.B.11)
The pulser develops a pressure discontinuity at x = L, of the form

P2 —p1 = Ap = P exp (iwt) (3.B.12)
Since p =— B 0u/0x, we have

A cos oL /c — B sin owL/c — C cos oL,/c + D sin oL, /c = cP/(®B)

(3.B.13)
At the drillbit x = 0, the assumption of an open reflector, i.e., Case (e),
requires Ou;/0x = 0 or A = 0, while the assumption of a solid reflector, that is,
Case (f), requires u; = 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

Eqoiid = {(cP)/(wB)} sin oL, /c exp (+ioL/c) / {{A/A.) cos oL /c +isin ol./c}
(3.B.14)
Egpen = — {(cPy)/(@B)} cos wLy/c exp (HiwL/c) {(Ay/Ac) sin oL /c —i cos wL/c}

(.B.15)
Since ps(x,t) = — B duy/dx = i(Bw/c) E ¢~ then
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P3.s0lid(X,1)/Py = i sin oLy/c exp (+ioLy/c) / {(A/A,) cos oLy/c +isin oLy/c} e oot = x/e)
(3.B.16)

D3.0pen(3%,1)/Py = — i cos L,/ exp (HoL/c) {(A/A,) sin oL/c —icos mL/c} e foolt = x/e)
3.B.17)
The quantity | Py(L,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 p; splits into two
waves that travel in opposite directions having equal and opposite signal
strengths — %2 ps and + 2 p,. 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 wavequide, open-ended reflector.

i

- —

MWD Signal - Cpen Reflector - Two Part Waveguide

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

MWD Signal - Solid Raflactor - Twa Part Waveguide W N

S o]
Figure 3.B.2e. MWD signal, solid reflector.

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,
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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.

99
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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 (’s and 1’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

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

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

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

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

o 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).

e 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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41 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.

ff \ Uogcing r'\f\

( :I 'pgoing VA" K“\\J’ :

) wave S\ )

L = A

X Py . 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 , = 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 0’s
and 1’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 0’s and 1’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(Lt) = 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 8u/dx = + (B/c) [F(t — x/c) + F'(t + x/c — 2L/c)] (4.1¢)

At the transducer x = 0, p(0,t) = (B/c) [F’(t) + F’(t — 2L/¢)] 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) = Pmeasured(t) (4 ld)

The deconvolution problem is stated as follows. When the total pressure
Peasurcd(t) is available at a single transducer as a discrete array of values at
different instances in time, and Pyyoing(t) vanishes at t < 0, find the function
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Pupgoing(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 4.1d 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 4.1d 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) = pmeasured(t) (4 1 e)

because an acoustically-opened (zero pressure, “Ou/dx = 0 ) boundary condition
applies instead of the solid reflector “u = 0.” If attenuation is not negligible, the
above equations are replaced by Pypeoing(t) T OPypgoing(t-h) = Proeasuwrea(t) and
Pupgoing(t) = P peoing(t-h) = Procaquea(t), Tespectively, where 0 < & < 1 is a positive
loss factor, with SPyygine(t-h) describing the reduced pressure at the transducer
after the roundtrip travel time t = h (the constant J 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,
¢ = 5,000 ft/sec and h = 2L/c = 2(50)/5,000 ft or 0.02 sec. For typical drilling
muds, ¢ = 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.

41.3 Run1. 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. BRROAD PULSE WIDTH

C Clearly see upgoing and reflected pulses enhance the signal
A=1.0
R = 20.0
G = A* (TANH(R*(T-0.100))-TANH (R*(T-0.600)))/2.
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e  Roundtrip delay time = 0.02 sec
e  Sampling time = 0.01 sec = 10 ms
e  Pulse width is 0.600 — 0.100 or 0.500 sec.

5 3 4 5

Time {sac)

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
e 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 4.1¢c. Wide signal — low data rate.
4.1.4 Run 2. Narrow pulse width — high data rate.

C CASE 2. NARROW PULSE WIDTH

C Clearly see interference between upgoing and reflected pulses
A = 20.0
R = 100.0
G = A* (TANH(R*(T-0.100))-TANH(R* (T-0.101)))/2.

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 4.1d, is small and indicates high data rate.

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

o 02 03 04 05
Time (sec)

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,

e Roundtrip delay = 0.02 sec
e 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.

vy
—l
7N
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Time {58¢)

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 4.11.

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)
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C Means 2*PI*F cycles in 2*PI secs, or F cycles per sec, F is
Hz
C One cycle requires time PERIOD = 1./F
PERIOD = 1./F
IF(T.GE.0.0. AND.T.LE. PERIOD) G = +A*SIN(2.*PI*F*T)
IF(T.GE.PERIOD.AND.T.LE.2.*PERIOD) G = -A*SIN(2.*PI*F*T)
IF(T. GE.2.*PERIOD) G = 0.
e Roundtrip delay = 0.02 sec
e Sampling time = 0.001 sec
7N s : —
‘M:kﬁ 02 04 )4 05

| Tirma (sec)

Figure 4.1f. 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 4.1f 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.

e Roundtrip delay = 0.02 sec
e 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 = 3.14159
A = 0.25
F = 24.
C G = A*SIN(2.*PI*F*T)
C Means 2*PI*F cycles in 2*PI secs, or F cycles per sec, F is
Hz
C One cycle requires time PERIOD = 1./F
PERIOD = 1./F
IF(T.GE.0.0. AND.T.LE. PERIOD) G = +A*SIN(2.*PI*F*T)
IF(T.GE.PERIOD.AND.T.LE.2.*PERIOD) G = —-A*SIN(2.*PI*F*T)
IF(T. GE.2.*PERIOD) G = 0.
1
!'Il - JJl\
s 0 02 03 04 05

Time (sech

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

e 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.
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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 = 3.14159
A = 0.25
F = 48.
C G = A*SIN(2.*PI*F*T)
C Means 2*PI*F cycles in 2*PI secs, or F cycles per sec, F is
Hz
C One cycle requires time PERIOD = 1./F
PERIOD = 1./F
IF(T.GE.0.0. AND.T.LE. PERIOD) G = +A*SIN(2.*PI*F*T)
IF(T.GE.PERIOD.AND.T.LE.2.*PERIOD) G = -A*SIN(2.*PI*F*T)
IF(T. GE.2.*PERIOD) G = 0.
e  Roundtrip delay = 0.02 sec
e Sampling time = 0.00025 sec
BN ot
- W03~ 004 006 008 010 012
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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.

e 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 4.1j.

f ’I " Jr““ :
| |‘.r’b"1"ts 02 002 004 005 0.06 007 0.08 0.09
Tirne {58¢)

Figure 4.1j. 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 af 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 ,

| \f‘kﬁ «—

\ | wave

\._/ Pump

? o noise

X —p B _/ Solid
I'ransducer 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 Pueasurea(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) (42)
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applies. Again, the measured pressure Pueasurca(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.

4.24 Run1. 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).

FUNCTION G(T)

C
cC Test MWD upward waveforms stored here
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 secs, or F cycles per sec, F is
Hz
C One cycle requires time PERIOD = 1./F
PERIOD = 1./F
IF(T.GE.0.0. AND.T.LE. PERIOD) G = +A*SIN(2.*PI*F*T)
IF(T.GE.PERIOD.AND.T.LE.2.*PERIOD) G = -A*SIN(2.*PI*F*T)
IF(T. GE.2.*PERIOD) G = 0.
RETURN
END

FUNCTION PUMP(T)

PUMP = 1. * SIN(2. * 3.14159 * 15. * T )
RETURN

END
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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
0f 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 4.2¢. 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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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) (4.32)

where ¢ 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 x, and x, denote any two transducer locations on the
standpipe. At location “b” we have

p(Xp,t) = f{t — xp/c) + g(t + xp/C) (4.3b)
If we define T = (x;, — x,)/c > 0, it follows that

pXp,t — 1) = f{t + (%, — 2%p)/c} + g(t + x,/¢) (4.3¢)
But at location “a” we have

p(Xat) = f(t — x,/¢) + g(t +x,/¢) 4.3d)

Subtraction yields
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P(Xat) — p(Xp, t — ) = f{t — x,/¢) — f{t + (x, — 2x)/c} (4.3¢)

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

£(t) — £t — 2x1/¢) = p(0,8) — p(Xs, £ — X¢/) (4.3
or

f(t) — f(t—27) = p(0,t) — p(Xp, t — T) 4.3g)

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 21). 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.
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FUNCTION SIGNAL(T)

C MWD upward wave signal function
C Train of pulses, 0.5 sec width, 0.5 sec separation
cC CASE 2. NARROW PULSE WIDTH (Considered in single xducer
method)
C Clearly see interference between upgoing and reflected pulses
A = 10.0
R = 100.0
SIGNAL = A* (TANH(R* (T-0.100))-TANH(R* (T-0.101)))/2.
RETURN
END
c

FUNCTION XNOISE(T)

Mud pump noise function may also include reflected MWD
signal, but it is not necessary to add the wave reflection to
the total noise to demonstrate directional filtering.

FRQPMP = Hertz freq of pump noise, propagates downward

PI = 3.14159

FRQPMP = 15.

Q000

AMP = 0.25

XNOISE = AMP*SIN{(2.*PI*FRQPMP*T) + 0.0*SIGNAL(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.

01 02 03 014 05

Time (sac)

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 upward wave signal function
C Train of pulses, 0.5 sec width, 0.5 sec separation
cC CASE 2. NARROW PULSE WIDTH (Considered in single xducer
method)
C Clearly see interference between upgoing and reflected pulses
A = 10.0
R = 100.0
SIGNAL = A* (TANH(R*(T-0.100))-TANH(R* (T-0.101)))/2.
RETURN
END
c

FUNCTION XNOISE(T)

C Mud pump noise function may also include reflected MWD
C signal, but it is not necessary to add the wave reflection to
C the total noise to demonstrate directional filtering.
C FRQPMP = Hertz freqg of pump noise, propagates downward
PI = 3.14159
FRQPMP = 15,
C AMP = 0.25
AMP = 1.
XNOISE = AMP*SIN(2.*PI*FRQPMP*T) + 0.0*SIGNAL(T)
RETURN
END

ﬁ\’ J
ot a2 03 04 V 05

a4} Time (sec)

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
4,31, the blue curve again replicates the black pulse very successfully.

FUNCTION SIGNAL(T)

cC MWD upward wave signal function
C Train of pulses, 0.5 sec width, 0.5 sec separation
C CASE 2. NARROW PULSE WIDTH (Considered in single xducer
method)
C Clearly see interference between upgoing and reflected pulses
A = 10.0
R = 100.0
SIGNAL = A* (TANH(R*(T-0.100))-TANH(R*(T-0.101)))/2.
RETURN
END

FUNCTION XNOISE(T)
Mud pump noise function may also include reflected MWD signal,
but it is not necessary to add the wave reflection to the
total noise to demonstrate directional filtering.
FRQPMP = Hertz freq of pump noise, propagates downward
PI = 3.14159
FRQPMP = 15.
C AMP = 0.25
AMP = 2.
XNOISE = AMP*SIN(Z2.*PI*FRQPMP*T) + 0.0*SIGNAL(T)
RETURN
END
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Figure 4.3d. Very, very noisy environment.



120 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

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)

cC MWD upward wave signal function
C Train of pulses, 0.5 sec width, 0.5 sec separation
C CASE 2. NARROW PULSE WIDTH (Considered in single xducer
method)
C Clearly see interference between upgoing and reflected pulses
A = 10.0
R = 100.0
SIGNAL = A* (TANH(R*(T-0.100))-TANH (R*(T-0.101)))/2.
RETURN
END
C

FUNCTION XNOISE(T)
Mud pump noise function may also include reflected MWD
signal, but it is not necessary to add the wave reflection to
the total noise to demonstrate directional filtering.
FRQPMP = Hertz freq of pump noise, propagates downward
PI = 3.14159
FRQPMP = 15.
C AMP = 0.25
AMP = 4., [Twice the above example, nothing else changed]
XNOISE = AMP*SIN(2.*PI*FRQPMP*T) + 0.0*SIGNAL(T)
RETURN
END
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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)

cC MWD upward wave signal function
C Train of pulses, 0.5 sec width, 0.5 sec separation
C CASE 2. NARROW PULSE WIDTH (Considered in single xducer
method)
C Clearly see interference between upgoing and reflected pulses
A = 10.0
R = 100.0
SIGNAL = A* (TANH(R*(T-0.100))-TANH(R*(T-0.101)))/2.
RETURN
END
C

FUNCTION XNOISE(T)

Mud pump noise function may also include reflected MWD signal,
but it is not necessary to add the wave reflection to the
total noise to demonstrate directional filtering.

FRQPMP = Hertz freq of pump noise, propagates downward

PI = 3.14159

FRQPMP = 15,

C AMP = 0.25

Q000

AMP = 5.
C XNOISE = AMP*SIN(2.*PI*FRQPMP*T) + 0.0*SIGNAL(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).

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

441 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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442 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=f+¢g (4.4b)
p=-c'P+c’g (4.4¢)
cpx= - +g 4.4d)
pi—cpx = 2 (4.4¢)
£7 =" (p.—cpy) (4.41)

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/0x 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 Op/0t 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.

443 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.

Internal MWD upgoing (psi) signal available as

P(x,t) = + 5.000 {H(x- 150.000-ct) - H(x- 400.000-ct)}
+ 10.000 {H(x- 600.000-ct) - H(x- 1000.000-ct)}
+ 15.000 {H({(x- 1400.000-ct) - H(x- 1700.000-ct)}

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 = 250ft
600 — 400 = 200ft
1000 — 600 = 400ft

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.
Units: ft, sec, f/s, psi ...

Assume canned MWD signal? Y/N: vy
Downward propagating noise (psi) assumed as

N(x,t) = Bmplitude * cos {2¢ £ (t + x/c)}
o Enter noise freqg "f" (hz): 15

o Type noise amplitude (psi): 20

o Enter sound speed c (ft/s): 5000

o Mean transducer x-val (ft): 1710

o Transducer separation (ft): 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.

.
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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).

444 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.

Units: ft, sec, £/s, psi ...
Assume canned MWD signal? Y/N: vy
Downward propagating noise (psi) assumed as

N(x,t) = Amplitude * cos {2 £ (t + x/c)}
o Enter noise freqg "f" (hz): 5

o Type noise amplitude (psi): 200

o Enter sound speed c (ft/s): 5000

o Mean transducer x-val (ft): 1700

o Transducer separation (ft): 30

Mk

L= ! o 2
1a0 200 “ 300 né—" 500
Time

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’ =% (p,— cpx), improvements to py and p, imply better filtering. The spatial
derivative was calculated from py = (p» — p1)/A + O(A) where A is transducer
separation and O(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 p,, 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
s0 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 drilibit 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.

451 Software note.

The net upgoing pressure signal (designated below by “p(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 po(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 0’s and 1’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 0’s and 1°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
0’s and 1’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 p,(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 0’s and 1’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, €.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.
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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/¢) 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 ou/0x = + (B/c) [W’(t — x/¢) + 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/0x = + (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 p, — p; = 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) = (¢/B) Ap(t) (4.5a)
The requirement u; = u, 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/ic)—h’(t+Lic)y=£(t—L/c) (4.5b)
If we eliminate f > between the Equations 4.5a and 4.5b, the “t — L/¢” terms
cancel, and we obtain h’(t + L/c) = — {c/(2B)} Ap(t). In terms of the dummy
variable T =t + L/c, we have



TRANSIENT CONSTANT AREA SURFACE AND DOWNHOLE WAVE MoODELS 131

h’(t) = — {c/(2B)} Ap(t — L/c) (4.5¢)

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

£7(t) = h’(z) + {c/(2B)} Ap(t + L/c) (4.5d)

If we eliminate h’(t) between Equations 4.5¢ and 4.5d, we obtain Ap(t + L/c) —
Ap(t — L/c) = (2B/c) f ’(z), which we can express in the more meaningful
physical form

v [Ap(t + L/c) — Ap(t — L/c)] = (Bc) £(x) (4.5¢)

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

Vs [Ap(t) — Ap(t — 2L/c)] = (B/c) £ °(t — L/c) = pa(L,1) 4.5%H)

where p,(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
— Y% 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 py(L.,t) is obtained from measured surface data.
This is the “pyipe” 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) =2 po(L.1) (4.52)

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 0’s and 1°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.

455 Run1. Long, low data rate pulse.

01 0.2 02 04 05
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Figure 4.5b. Long, low data rate pulse.

C CASE 1
A =20.8
R = 100.0

SIGNAL = A* (TANH(R*(T-0.1))-TANH(R* (T-0.35)))/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
drilibit 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 4.5¢. 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 = 20.0
R = 100.0

SIGNAL = A* (TANH(R* (T-0.100))-TANH(R* (T-0.101)))/2.

01 02 03 04 05
(VI Time (sec}

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

4.5.7 Run 3. PSK example, 12 Hz frequency.

133

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 secs, or F cycles per sec, F is Hz.
C One cycle requires time PERIOD = 1./F
PERIOD = 1./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.
& - Ve
“%f 02 03 04 05
o Time (sec)

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.c., 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.
o G = A*SIN(2.*PI*F*T)
C Means 2*PI*F cycles in 2*PI secs, or F cycles per sec, F is Hz.
C One cycle requires time PERIOD = 1./F
PERIOD = 1./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.
AV I.-"‘
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Figure 4.5¢. 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
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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, DPOPEN*.FOR).

4.6.1 Software note.

In Method 4-5, the drillbit is assumed as a solid reflector, meaning “small
drilibit 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 “p,(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.
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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 ou/ox = + (B/c) [h’(t — x/c) — W’(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 ouw/ox = + (B/c) T ’(t — x/c) or p(L,t) = + (B/c) f ’(t — L/c). At the
pulser x = L, the enforced pressure drop is p» — p1 = 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) = (¢/B) Ap(t) (4.6a)
Continuity of displacement through the MWD source, that is, uy =uw,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) = + {¢/(2B)} Ap(t). In terms of the dummy
variable T =t + L/c,

h’(r) =+ {c/(2B)} Ap(z — L/c) (4.6¢)

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

f7(1) =h’(x) + {c/(2B)} Ap(t + L/c) (4.6d)

If we eliminate h’(t) between Equations 4.6¢ and 4.6d, we obtain Ap(t + L/c) +
Ap(tr — L/c) = (2B/c) f ’(r) which we can express in the more meaningful
physical form

Y [Ap(t + L/c) + Ap(t — Lic)] = (B/e) £ ’(7) (4.6¢)
We now recast the Equation 4.6e in a more useful form, taking the dummy
variable T = t — L/c. Since it is clear that (B/c) f ’(t — L/c) is just the upgoing
pressure po(L,t), we can write, noting px(L,t) = + (B/c) f’(t — L/c),

Y5 [Ap(t) + Ap(t — 2L/¢c)] = (B/c) £7(t — L/c) = pAL,1) (4.6%)
or

Pa(L.0) = Y2 [Ap(D) + Ap(t - 2L/c)] (4.69)

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, + %2 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 p,(L,t) is identical to the “pyip.” 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 0’s and 1’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 Run1. 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. 1In 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 =20.8
R = 100.0

SIGNAL = A* (TANH(R*(T-0.1))-TANH(R* (T-0.35)))/2.

(] 02 0.3 04 5

Time {sec)

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
DELTAPO04.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 217 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 4.6¢. 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 = 20.0
R = 100.0

SIGNAL=A* (TANH(R* (T-0.100))-TANH(R* (T-0.101)))/2.

(1] 0:2 0:3 04 05

Tims (sect

Figure 4.6¢c. 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-SHIFTING {(F = FREQUENCY IN HERTZ)
PI = 3.14159
A 0.25
F 12.
C G = A*SIN(2.*PI*F*T)
Means 2*PI*F cycles in 2*PI secs, or F cycles per sec, F is Hz.
C One cycle requires time PERIOD = 1./F
PERIOD = 1./F

O

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 = Q.
]
|
i
|
|
> % i
A 02 03 04 05
= |
vl 1 Time {sec)
|
|
<
|
|

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.

o 02 03 04 a5
Time (sec)

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 4.6¢, the
(blue) recovery of the black signal from the green data is very good.

o CASE 4. PHASE-SHIFTING (F = FREQUENCY IN HERTZ)
PI = 3.14159
A = 0.25
F = 24.
PERIOD = 1./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.

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 = 3.14159
A= 0.7
F = 48.
PERIOD = 1./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*3IN(2.*PI*F*T)
IF(T. GE.2.*PERIOD) SIGNAL = 0.
C
= r'\';
o = = ? = A
01 02 03 4 05
Time (sec)

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, ¢.g., see Figures 4.1¢,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.
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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.

142
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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.

Area matching
A

MWD collar fuih '\|i||II|-||x

A

Figure 5.0. MWD collar — drillpipe area mismatch.

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.
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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, =0 Pulser MWD Collar Drillpipe

—— Lm —bi
L »
C "
— X
[
L ..(@ s A A
————
»ha IF_ g— -qit

Figure S.1a. MWD dipole pulser in drill collar and drillpipe system, with
drilibit 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 < Ly, the superposition of up and downgoing waves takes the form
u;(x,t) = h(t — x/c) + h(t + x/c). The corresponding pressure p; = — B ou/0x =
B/c [h’(t —x/c) — h’(t + x/c)] vanishes at the assumed open end x = 0. In Section
“3,” with x > L., we assume a pure upgoing wave us(x,t) = gq(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 p; = — B dus/0x = B/c q’(t — x/c). In Section
“2,” Ly <x < L., we more generally assume a linear superposition of the form
u(x,t) = f{t — x/c) + g(t + x/c), which supports up and downgoing waves, with
acoustic pressure p, = — B du,/0x = B/c [f °(t — x/c) — g’(t + x/¢)]. 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 = L., continuity of volume velocity and
of pressure require A, Ouy/0t = A, Ous/0t and Ou,/0x = Ouy/Ox, 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 £ ’(t — Ly/c) = 2 (Ay/A. +1) ¢’(t — Ly/c) and g’(t — Ln/c) =
Y2 (Ay/Ac— 1) q’(t — Ly/c — 2L /c). The first equation states that when A, = A,
“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 = L,,, the MWD pulser supports a general transient
acoustic pressure difference Ap(t) satisfying po(t) — pi(t) = Ap(t). In addition,
continuity of volume velocity requires 0u;/0t = Ouy/0t since cross-sectional area
does not change. These conditions together lead to g’(t — L,/c) —h’(t — L,/¢c) =
— ¥ (¢/B) Ap(t — 2L, /¢) and also £ °(t — L,/c) —h’(t — L,/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 — L,/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 p; 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 ps(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 p;(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(ty + Ap(t—2L,/c) =
= (Ay/A; +1) ps(t — La/c) — (Ay/Ac — 1) ps(t — Ln/c — 2L/c) ¢.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 p;(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= La/©) — {(Ay=A)(A+AD} pa(t — Lufc — 2Lofc) =
= {Ap(t— 2L, /c) + Ap(D}/(AJA, +1)  (5.12)

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 ps(x,t) is defined for x > L, only. The
argument in the first term on the left side above refers to x = L, which is less
than L.. 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 — Ln/c — L/c) + Ap(t + Lu/c — L/O)}(A/A +1)  (5.1.3)

Now, we recognize that p;(t — L./c) is the acoustic pressure at the very bottom of
the drillpipe (x = L) just above the MWD drill collar. It is this “Py,c” at x = L
that travels up the drillpipe to the surface. It is more instructive to introduce the
new symbol P.(t) = p3(t — L./c) so that the above equation can be rewritten as
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Ppipe(t) - {(Ap_Ac)/(Ap+Ac)} Ppipe(t - 2Lc/c) =
= {Ap(t — Lo/c — Lo/c) + Ap(t + Lo/ — L/OM(A/A. +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 Py,(t) applying to x = L..
The resulting Py, of course, will decrease in amplitude as it travels to the
surface, on account of attenuation (at the surface, the above Py, signal is
reduced by the attenuation factor e¢“ 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

ps(t—L/c) — {(Ap-A)(Ap+AL)} ps(t—L/c—2LJ/c) =
= {Ap(t—L,/c—L/c) + Ap(t + Ln/c — L/c)}/(A/A +1) (5.1.5)

where L is a length such that L > L, (L is the distance from the origin x = 0).
The term ps;(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 p;(t — L/¢) = Psutace(t), then Equation
5.1.5 becomes

psurface(t) - {(ApfAc)/ (AerAc)} psurface(t - 2Lc/ C) =
= {Ap(t — Ly/c — L/c) + Ap(t + Ly/c — L/c)}/(Ay/A, +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 ux(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 ~** where o > 0 depends
on frequency, fluid kinematic viscosity and pipe radius. Over large distances,
pressure takes the form ps(x,t) = —e ~* B dus(x,t)/ 0x = + (B/c) e ~** q’(t — x/c).
The “x” in this exponential actually refers to the distance from the source
located at x = L,,, however, since L,, is very small compared to the surface
location x = L, we can use ¢ ~ “" 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 o to giVC e o psurface(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 Psuface(t). Instead of solving Equation 5.1.1 to recover Ap(t), which
contains all the well logging information, one would solve

Ap(ty + Ap(t—2L,/c) =
=¢ o {(AYyA; 1) ps(t — Luw/c) — (Ay/A. — 1) ps(t— L/ —2LJe)} (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 dipole source models available

(1) 12 Hz PSK, sampling time DT = 0.0010 sec
(2) 24 Hz PSK, sampling time DT = 0.0001 sec
(3) 96 Hz PSK, sampling time DT = 0.0010 sec
(4) Short rectangular pulse, DT = 0.0010 sec

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

cC Hardcode above parameters for testing.

LM = 40. (distance, feet, pulser from drillbit)

LC = 50. {(length, feet, of MWD drill collar)

C = 3600. (sound speed, ft/sec)

AP = 1. (pipe cross-sectional area, sg feet)

AC = 1.5 (collar cross-sectional area, sq feet)
C We wish to calculate the drillpipe pressure at a distance
C x = L > LC from the drillbit. At this distance, original
cC drillpipe signal leaving the drill collar will have decayed
C exponentially due to attenuation (this satisfies a separate
C model) . Assume that DECAY is the fraction of the original
C signal that remains. If no attenuation, DECAY = 1. Be sure
C to try L = 100.*LC for NCASE=2 for difficult test!

L = 5.*LC (location > LC, feet, where we want computed

values of P3 pressure)
DECAY = 0.75 (assumed decay fraction, 1.0 if no decay)

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. High data rate PSK phase shift keying.
IF(NCASE.EQ.1) THEN

F is frequency in Hz, AMP is delta-p amplitude in 1lbf/ft"2 (PSF),
sampling time DT in seconds.

2*PI*F cycles in 2*PI secs, or F cycles per sec, F is Hz.
One cycle requires time PERIOD = 1/F.

IF(T.LE.0.0) DELTAP = O.

IF(T.GE.0.0) THEN

PI = 3.1415926

AMP = 0.5

F=12.

PERIOD = 1./F

IF(T.GE.0.0.AND.T.LE.2.*PERIOD) DELTAP =

1 +AMP*SIN(2.*PI*F*T)

IF(T.GE.2.*PERIOD) DELTAP = abs(-AMP*SIN(2.*PI*F*T)

ENDIF

ENDIF

OO0
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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. High data rate PSK phase shift keying.

IF(NCASE.EQ.2) THEN

F is frequency in Hz, AMP is delta-p amplitude in 1lbf/ft"2 (PSF),
sampling time DT in seconds.

2*PI*F cycles in 2*PI secs, or F cycles per sec, F is Hz.

One cycle requires time PERIOD = 1/F.

IF(T.LE.0.0) DELTAP = O.

Q000
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IF(T.GT.0.0) THEN

PI 3.1415926
AMP = 0.5
F = 24.

PERIOD = 1./F

IF(T.GE.0.0.AND.T.LE.PERIOD) DELTAP =

1 +AMP*SIN(2.*PI*F*T)
IF(T.GE.PERIOD.AND.T.LE.2.*PERIOD) DELTAP =
1 -AMP*SIN(2.*PI*F*T)

IF(T.GE.2.*PERIOD) DELTAP = O.

ENDIF

ENDIF

e e ) —y
002 004 008 008 010 012 D14 016
B, Tima{sac)

Figure 5.1¢. 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

[eNeNeNe]

CASE 3. Standard phase shift keying

IF(NCASE.EQ.3) THEN

F is frequency in Hz, AMP is delta-p amplitude in 1lbf/ft"2 (PSF),
sampling time DT in seconds.

2*PI*F cycles in 2*PI secs, or F cycles per sec, F is Hz.

One cycle requires time PERIOD = 1/F.

IF(T.LE.0.0) DELTAP = O.

IF(T.GT.0.0) THEN

PI 3.1415926
AMP = 0.5
F = 96.

PERIOD = 1./F

IF(T.GE.0.0.AND.T.LE.PERIOD) DELTAP =

1 +AMP*SIN(2.*PI*F*T)
IF(T.GE.PERIOD.AND.T.LE.2.*PERIOD) DELTAP =
1 -BMP*SIN(2.*PI*E*T)

IF(T.GE.2.*PERIOD) DELTAP = 0.

ENDIF

ENDIF
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Figure 5.1d. 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. Short rectangular pulse with rounded edges.
IF(NCASE.EQ.5) THEN
IF(T.LE.0.0) DELTAP = O.
IF(T.GT.0.0) THEN
AMP = 0.4
R = 200.0
DELTAP = AMP* (TANH (R* (T-0.01))-TANH (R*TANH (T-0.51)))
ENDIF
ENDIF

01 02 03 04 05 06 07 D8 09 10

Time (s&c)

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 u(0,t) = 0 at the
bit. This requires that u;(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— 2L /c) =

= (AJ/A, +1) ps(t — Ln/€) + (Ay/Ac — 1) ps(t — Ly/c — 2L /c) (5.2.1)
Ppipe (t) + {(ApfAc)/(AerAc)} Ppipe (t - 2LC/C) =

= {— Ap(t — Liy/c — L¢/c) + Ap(t + La/c — L/c)}/(Ay/A +1) (5.2.2)
psurface(t) + {(Ap_Ac)/ (Ap+Ac)} psurface(t - 2Lc/ C) =

= {= Ap(t— Ly/c — L/c) + Ap(t + Ly/c — L/c)} (A /A +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.

o —

1 |

02 04 08 08 10 12 14 16 112 20
Time {sec)

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.

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

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

f
%U H

1| . i 1 ‘ 1 i ] * i . | . i —
002 004 0068 008 D10 012 014 016
Time [sec)

Figure 5.2¢. 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.
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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

1. Desurger Distortion

2. Downbhole Drilling Noise (Positive Displacement Motors,
Turbodrills, Drillstring Vibrations)

3. Attenuation Mechanisms

4. Drillpipe Attenuation and Mudpump Reflection

5. Applications to Negative Pulser Design in Fluid Flows and to
Elastic Wave Telemetry Analysis in Drillpipe Systems

6. LMS Adaptive and Savitzky-Golay Smoothing Filters

7. Low Pass Butterworth, Low Pass FFT and Notch Filters

8. Typical Frequency Spectra and MWD Source Properties
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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 0%u/ot* — ¢* &*u/dx* = 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/ot while the local acoustic pressure p is p(x,t) = -B du/ox, where B
is the bulk modulus. If p is the fluid density, then ¢* = B/p. The general
solution to the above wave equation is u(x,t) = fct-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
ou(x,t)/0x = -f(ct-x) + g’(ct+x) = -’ (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 ©D%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)/0x where T = BrD*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)/0x = 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
“n.” 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.
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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,

flet-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 0’s and 1°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 p,,quy - Buy, = 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 p, = - Bu,(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 Muy + vy u; + ku = (BeD2%/4)u, (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) = gct+x) - g(ct-x) (6.1b)
ct-x
+ {2(BnD2/4)/[Mc2(a-b)]} | g(c) [aea(ctx-0) - beb(ct-x-0) | do
0

It is important to recognize that M, y, k, B, D, ¢ and p,,q do not appear

individually in the complete solution. Rather, they appear implicitly through the
lumped parameters

a= {- (yc+H(BrD%4)) - V [(yc+(BrD2/4))? - 4kMc?] }/2Mc2 (6.1¢)

b= {- (yc+(BnD/4)) + \ [(yc+(BrD2/4))? - 4kMc?] }/2Mc?2 (6.1d)
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 o(cttx)/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 {o(ct+x)/c} - A sin {w(ct-x)/c} (6.1¢)
+ 2A(BrDZ/4)b{b sin (w(ct-x)/c) + (w/c) cos (w(ct-x)/c)}/ {McZ(a-b)(b2 +w2/c2)}
- 2A(BrD?%/4)a{a sin (o(ct-x)/c) + (w/c) cos (e(ct-x)/c)}/ {Mc2(a-b)(a2 +w?/c2)}
+{2A(BrD2/4)0/[Mc3(a-b)]} {ac®(Ct-X)/(a2 +12/c2) - beb(C-X)/(b2 +w2/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 {w(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.le indicates that these
distortion effects vanish in the limit of high frequency w, 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 6.1¢
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 “bc” inferred from the exponential terms above define two of the time scales
important to the problem; the third is the period 1/®. The mud density p,uq

does not explicitly appear in our solutions, but the dependence can be ecasily
recovered if we note that ¢2 = B/p,,,q- This leads to B/c2 = p,.4- If the B/c?

coefficient multiplying the integral is replaced instead by p,,,q4. the distortion is

seen to be proportional to mud density, or more precisely, a ratio that depends
on Pmug-’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 .

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

motar

Figure 6.2a. Positive displacement motor (see noise spectra in Figure 6.8a).
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Figure 6.2b. Turbodrill motors.
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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 0’s and 1’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 o is circular frequency, p is viscosity, p is mass density, ¢
is sound speed and R is pipe radius, then the pressure P corresponding to an
initial signal P, is determined from

P=Pje ** (6.3a)
where x is the distance traveled by the wave and « is the attenuation
o = (Ro)" V{(no)/(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/Py 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= {nR¥/(3 + I/n)} {R/2K)} '™ (dp/dz) " (6.3¢)
from which we can calculate the pressure gradient dp/dz. What is the effective
Newtonian viscosity W csrecive 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

M effective — {TCR4/(8Q)} dp/dZ (63d)
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.

[ bitcnuain (emtoman) = EY
Fiequency [Hz)
Viszosity fop] ..
Specific gravity
Sound speed (It/ssc] |
Diriflpipe 1adivs [in]
Travel distance (i), .
Alpha (1)
P/Pimatiad |
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Exi | Find

F = Plrstial) sl doha x Usdanca]
1 roade = 5260 N = B0 344 m

Figure 6.3a. Newtonian model input form.
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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-Newtonian Attenuation Model x|

Io' First find i and K using anline calculator, then type inta main
' program ...

nomewerkes [ ]
K Boecinigm | ]

K brecnfmn | |

T o]

[T —

Pipitial ——
Exit | fid |
P Piraial) vk Akhs # Distsre|

1 e = S2E0 M = 1 603 24w

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.

-

| 1 2 3 4

Time {sec)

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.

I I!\ I‘I (| fl |I|| [rll f Ial| AAAA RN ||| f’ '
I { , || I|| | \ I|| |
\__fl' I\ / ||Hl|f|“ j\'f\(\jh I\ |\|]|

5

F. N

Signal
)

A / Tlrn (sec)

Gy,

Figure 6.4b. Pressure versus “t” at given “x.

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
U« + Uy, = 0 holds, there exists a complementary model V + Vi, = 0
describing a related physical problem; these are connected by the so-called
Cauchy-Riemann conditions U, = V, and U, = —-V,. 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 QPu/ot — ¢ u/ox* = 0, which can be
rewritten in the form A(8u/dt)/dt — ¢ & (du/ox)/Ox = 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 9¢/dx = Ou/dt and 0/t = ¢ du/ox.
This merely restates the identity &*¢/0tdx = 6°¢/0xdt. However, the definition
importantly implies that ¢(x,t) satisfies &°¢/at" — ¢ &*¢/0x> = 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 6°u/dt" — ¢* &*u/ox* = 0, with the jump or
discontinuity [ou/0x] specified through the source position (that is, a “delta-p”
function of time is prescribed at the pulser) and then du/ox = 0 at the drillbit (a
uniform pipe is assumed and outgoing wave conditions are taken at x = o). This
is the dipole formulation previously addressed, assuming an opened acoustic
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end, for which we already have a solution algorithm. Now we ask, “What
problem is physically solved if we simply replace ‘v’ by ‘¢’ in the formulation?”
Thus, we wish to interpret the formulation 8°¢/6t" — ¢* &¢/dx> = 0, with the
jump [0¢/0x] specified through the source position and 6¢/0x = 0 at the drillbit.
At the drillbit, ¢/0x = 0 implies that du/ot = 0, that is, a solid reflector. From
our definitions, a jump in [0¢/0x] is simply a jump in the velocity du/ot. 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 d¢/0t and then re-expressing the result in terms of du/0x, 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 &*u/ét* — ¢* 8°u/ox* = 0, with the jump
[ou/0x] 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 ‘u’ by ‘¢,” what does the resulting
boundary value problem solve? The only difference from the foregoing
formulation is ‘0¢/0t = 0’ at the bit. Now, 0¢/0t = 0 implies, per our definitions,
that du/ox = 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, (Ou/0X)cottar = (OW/OX)aritipipe and
Acottar (OO ottar = A aritipipe (OW/ ) arinpipe hold.  These would be replaced by
continuity of displacement and net force, that is, (Ou/0t)cotiar = (OU/Ot)aritipipe and
Acollar (aU/aX)collar = Adrillpipe (GU/aX)drillpipe' In terms of (I)(X,t), we would have
(a(b/ aX)collar = (ad)/ ax)drillpipe and Acollar (a(b/ at)collar = Adrillpipe (ad)/ at)drillpipec 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:AMWD-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, ¢.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.
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Figure 6.6a. Raw unprocessed wave signal
with random noise and propagating wave.

Figure 6.6b. LMS processed signal, with random noise
removed by adaptive filtering.
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Figure 6.6¢. 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.

Figure 6.7a. Low-pass Butterworth filter.

-

Figure 6.7b. Low-pass FFT filter.
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Figure 6.7¢. 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 fat both low and high flow rates. Because the
sound generation mechanism and fluid-dynamical equations are nonlinear,
harmonics at 2f, 3f, 4f 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.

Low Flow Rate Siren '
| High Flow Rate Siren

Amplhitude
Amplhitude

Frequency Frequency

Figure 6.8a. Signal strength harmonic distribution.
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Mud Pump TYPICAL FREQUENCY SPECTRUM
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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 a/
(1994) suggest that the amplitude of the pressure pulse created is roughly
independent of frequency at higher frequencies. On the other hand, Su et a/
(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.

179
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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 wupstream 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 ‘0’ and ‘1’ 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,” “puise 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.

G

LW ¢

Mud Signal

Y fl 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 water! 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

Figure 7.2, New 1990s “stable-opened” improvement.
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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 acrodynamic stall.
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Figure 7.4. Typical inviscid lift coefficient versus inclination.

By analogy, we expect that the forque 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.

7.21 Inviscid aerodynamic model.

If viscous stresses are ignored, fluid motions are governed by Euler’s
equation Dg/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¢ (72.1)
so that
Vip=0 (722)

by virtue of mass conservation, that is, Veq = 0. A consequence of Euler’s
equation is “Bernoulli’s pressure integral,” which takes the general vector form

p+%p|Vd|*=po (7.2.3)
where po 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 acrodynamics 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.LT., 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 paraliel
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. WNot 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. lterations 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 ef al (1980, 1982).

=

Figure 7.6. Exact model and approximate thin engine nacelle theory.
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Figure 7.7. Three-dimensional mean surface approach.

7.3 Mud Siren Formulation.

Acrospace 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

¢xx+¢n'+1/r¢r+1/r2¢99:0 (7.3.1)

where x is the axial streamwise variable, r is the radial coordinate, and © is the
azimuthal angle. It is possible to solve this three-dimensional partial differential
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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 27, integrate | . .. dr radially over the radial
limits R; <1 <R, and introduce the area-averaged velocity potential

O(x,0) = A" [ &(x,r,0) 27r dr (7.3.2)

Here, R; is the inner hub radius at the bottom of a siren lobe, R, is the inner drill
collar radius at the top of the lobe, and A is a reference area to be defined. Then

R, R,
O +2nA" @) | + A1/ oo 2nrdr=0 (7.3.3)
R; R;

Now approximate the r in 1/r* by the mean value R,, = % (R; + R,) to obtain

R,
@ + 1R, D oo = - 2nA” (19,) | Z27A™ {R; §,(x,R:,0) — R, ¢ (x,Ro,0)}
R (7.3.4)

Next observe that ¢ (x.R;,0)/¢ «(x,R;,0) represents the ratio of radial to
streamwise velocities at the inner surface; kinematically, it must equal the
geometric slope o; (x,0). Thus, ¢ (x,R;,6) = o; ¢ «(x,R;,0) at the inner radial
surface. Similarly, ¢ (x,R,,0) = &, ¢ «(X,R,,0) for the outer surface, so that

D+ 1/R,) Do = 27A™ {Ri G5 d(x,Ri,0) — R, 5, 0(X,.R,,0)}  (7.3.52)

From thin airfoil theory, the complete horizontal speed ¢  is approximated
by the oncoming flow speed U, 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

D+ VR D =2nA" U, {Ri0i —R, 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
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POGEO) + Y2 p (9" + ¢ + 117 047 ) = o (7.3.6)
Since Equation 7.3.6 is nonlinear in ¢(x,r,8), a simple formula connecting ® and
p cannot be obtained. Special treatment is needed so that the radially-averaged
potential variable ®(x,6) can be used. First, we expand ¢ = ¢y + ¢; where |¢g| >>
|¢4]. 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.5,0) + 5 pdox’ T P Poxdix ... = Po (7.3.7)

As before, multiply throughout by 27nr and integrate over (R;,R,) to obtain
,fp(x,r,@) 2mrdr+ Y4 p o {2mr dr + P dox ] § 15 27 dr = py [2mr dr

(7.3.8a)

noting that ¢y, and pg are constants. Introducing
[ p(%,1,8) 271 dr = A paye(%,0) (7.3.8b)
[ §1x 27 dr = AD 1, (x,0) (7.3.8¢)
[2nrdr=n(Ro*-R;?) (7.3.8d)

we find that Equation 7.3.8a becomes

APag(X,0) + 5 pdox” T(Ro>- Ri%) + p oy AD 1, (x,0) Zpom(Ro*- R )
(7.3.9)
Without loss of generality, we now set the reference areato A = (R *- R ;%) so
that Equations 7.3.5 and 7.3.9 simplify as follows,

D+ /R D g = 2U, {Ri5; — R, 6,}(Ro2- R ) (7.3.10)

pavg(xve) + Y P 4)0 xz + P 4)0 X o 1x (Xye) = Po (731 1)
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 ¢q,. 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/R,, @4 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 {R; o; — R, 6,} 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.

\\

| ~ .
~ i i

|
L

Figure 7.8. Basic mud siren with upstream swirl.

"

Figure 7.9. Three-dimensional mud siren with annular passages.
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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 R, on the left side contains the effects of hub radius, while individual
boundary conditions at R; and R, (to be described) implicitly include the effects
of the “siren lobe height,” that is, R, — R;. Hence, the two necessary length
scales R, and R, — R; 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 o in Figure 7.11 satisfies

tano="%s " [(|[Vd|? = |V |? VU dx (7.3.12a)
following the nomenclature in Figure 7.4, where s is the vertical blade
separation between neighboring airfoils, and / and « denotes lower and upper
blade surfaces. The integral is taken from the upstream leading edge to the
downstream ftrailing edge. The deflection is independent of the density p and

the oncoming speed U,. The deflection of the downstream flow is associated
with a pressure drop

Ap =" pU., tan’ a (7.3.12b)



196 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

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 Ry 'dg /¢ = f(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'ld)e = £.(0,x,1) 0, multiply
through by 2nr, carry out the former integration, and introduce our definitions
for ®. If f(B,x,r) is approximated by f,(68,x,R;;), we obtain Ry '@ /D, =
«(8,x,Ry,) to leading order, where @, is roughly U.,.

One significant modification to ¢,(x,0)/U,, = “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 Uy, which can take on different values for rotor and stator. At x
locations not occupied by solid siren lobes, the velocity ¢, can be approximated

by U,. But at locations occupied by the siren, it is convenient to introduce a
“see through” area Ayq.. Mass flow continuity requires that ApgeUnole =

AtotalUc, Where Al = @ (R(,2 - Riz). Thus, the value of Uy, 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 o 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 aecrodynamic 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 R0 to y transforms Equation 7.3.10 to
classical form (e.g., see Figure 7.5), that is,

CI)xx + CI)yy = 2{R1 Gi (I)X(X,R,',e) - Ro Go (I)X(X:Roae)}/(ROz' Riz)(3']3a)
= 2U,{R;6;— R, 6.} /(R o%- R (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 Fgpge.i0nc 13 the force acting on one lobe, as calculated
by numerical integration, the torque associated with that lobe is given by

Tsing]e lobe Rm Fsingle—]obe (7314)

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

D+, =ZA (7.3.15a)
where A denotes the right side of Equation 7.3.13a, and then re-expressing it as

O{®}/ox + 0{®,— Ay}/0y = 0 (7.3.15b)
This “conservation form” implies the existence of a function ¥ satisfying

O, =, (7.3.15¢)

O, Ay =¥, (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 7.3.15¢ with respect to y and Equation 7.3.15d with respect to x, and
eliminate the velocity potential, we obtain the governing equation

YutWy=0 (7.3.15¢)
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
7.3.15¢c and 7.3.15d since @ is already known. The normal Neumann derivative
¥, is applied along the horizontal upper and lower box boundaries, while the
normal derivative W, 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 @ ,/®, that is,

dy/dx =0 /D, =V, /¥, + Ay/YV, (7.3.151)
Then the total differential satisfies
d¥ =¥, dx + W, dy = Ay dx (7.3.15g)

When annular convergences are small, A can be neglected so that d¥W = 0. Thus,
Y is constant along a streamline. In this limit, streamlines are easily constructed
by using a contour plotter for the converged numerical field W(x,y).

Figure 7.12. Periodic cascade of upstream and downstream lobes.

Widd

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.

7.41 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 Ibf and +19 Ibf 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 Ibf/lobe x 1.5
inch or about 180 in-Ibf, 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 Ibf to +28 Ibf 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 Ibf to +28 Ibf range obtained previously is significantly
reduced to —21 Ibf to + 18 Ibf, 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 Ibf to 11 Ibf 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 Ibf
to +19 Ibf 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 Ibf to +16 Ibf, 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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Figure 7.15. Velocities for erosion prediction at different degrees of closure.
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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 1bf to +28
Ibf. Here we allow the annular area to converge again, and as in Run F, we
obtain some decrease in the upstream force.

Runl. 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 1bf to +14 Ibf 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.



Mup SIREN TORQUE AND EROSION ANALYSIS 207

7.6 References.

Ashley, H. and Landahl, M.T., Aerodynamics of Wings and Bodies, Addison-
Wesley, Reading, Massachusetts, 1965.

Batchelor, G.K., An Introduction to Fluid Dynamics, Cambridge University
Press, 1970.

Chin, W.C., “Algorithm for Inviscid Flow Using the Viscous Transonic
Equation,” 4144 Journal, Aug. 1978.

Chin, W.C., “MWD Siren Pulser Fluid Mechanics,” Petrophysics, Journal of the
Society of Petrophysicists and Well Log Analysts (SPWLA), Vol. 45, No. 4,
July — Aug. 2004, pp. 363-379.

Chin, W.C., Golden, D. and Barber, T., “An Axisymmetric Nacelle and
Turboprop Inlet Analysis with Flow-Through and Power Simulation
Capabilities,” AIAA Paper No. 82-0256, AIAA 20th Aerospace Sciences
Meeting, Orlando, FL, Jan. 1982,

Chin, W.C., Presz, W., Ives, D, Paris, D. and Golden, D., “Transonic Nacelle
Inlet Analyses,” NASA Lewis Workshop on Application of Advanced
Computational Methods, Nov. 1980.

Chin, W.C. and Ritter, T., “Turbosiren Signal Generator for Measurement While
Drilling Systems, U.S. Patent No. 5,586,083, Dec. 17, 1996.

Chin, W.C. and Ritter, T., “Turbosiren Signal Generator for Measurement While
Drilling Systems,” U.S. Patent No. 5,740,126, April 14, 1998.

Chin, W.C. and Trevino, J.A., “Pressure Pulse Generator,” U.S. Patent No.
4,785,300, Nov. 15, 1988.

Hawthorne, W.R., Aerodynamics of Turbines and Compressors, Volume X,
High Speed Aerodynamics and Jet Propulsion, Princeton University Press, 1964.

Oates, G.C., The Aerothermodynamics of Aircraft Gas Turbine Engines, Air
Force Aero Propulsion Laboratory Report No. AFAPL-TR-78-52, July 1978.

Patton, B.J., Prior, M.J., Sexton, J.H. and Slover, V.R., “Logging-While-Drilling
Tool,” U.S. Patent No. 3,792,429, Feb. 12, 1974.

Patton, B.J., “Torque Assist for Logging-While-Drilling Tool,” U.S. Patent No.
3,867,714, Feb. 18, 1975.

Sexton, J.H., Slover, V.R., Patton, B.J. and Gravley, W., “Logging-While-
Drilling Tool,” U.S. Patent No. 3,770,006, Nov. 6, 1973.
In this chapter, a three-dimensional inviscid flow formulation for MWD



Measurement While Drilling (MWD) Signal Analysis,
Optimization, and Design, 2nd Edition. Wilson C. Chin.
© 2018 Scrivener Publishing LLC. Published 2018 by John Wiley & Sons, Inc.

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.L.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 U? while power varies like U®. 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.

208
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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 Large (prevent jamming from vibration,
clearance Tight doglegs, gelled mud - means low torque)
Jamming No Yes (vibration, doglegs, debris)

High rotor tip wear (sand recirculation
by vortex flow), constant stator wear

Erosion Normal (sand abrasion from rock entrapment)
High cycle fatigue, bit bouncing, strong
Shock and vibration None transverse loads

Low (high blade pitch angles and large

Efficiency High 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 Rey
= pUR/p, and finally, (iii) the dimensional quantity pU?SR. 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 Rey is such that turbulent
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flow is found, then the argument of Gavignet er a/ 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 Py € ~** where Py is an initial value, x is the distance traveled by the

wave and o is the attenuation rate o = (Re)™ V{(no)(2p)} = (Re)" V{(vew)/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 “%pU’SR and a dimensionless number C; which
depends on geometric shape only (the “1/2,” added for convenience, is
customary in aerodynamics). The Cy 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 = 4pU°SRCy. 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

CT = Tair/(]/zpairUairZSR) (81)

Now, consider a test under field conditions with a mud of density py.g and
downhole flow speed Uy, This yields a torque Ty Its torque coefficient
would be Cr = Tmud/(‘/zpmudUmudZSR). But since the two torque coefficients
must be the same, we have Tmud/(‘/zpmudUmudZSR) = Tair/(‘/zpairUairZSR) or

Tmud = (pmud/ pair)(Umud/ [Jair)2 Tair (82)

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

T = %pU*SRCy (8.3)

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 U,; 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 T, . 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 oy . Then, it is true
in linear theory (that is, for small flow angles relative to blade pitch under
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rotating conditions), but also experimentally observed when the angles are large,
that

Tair = Ts,air(l - 03/ mNL,air) (84)

where o will vary from 0 to oy 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 Py, is simply the product of T,;, and oy, or,

Pair = Ts,air ajr (1 - m/mNL,air) (85)

That is, turbine power is a quadratic function of . It vanishes under stall
conditions (® = 0) and no-load (® = wng ) conditions. Whether we deal with
air or mud, for every desired power level P* in practice, two different values of
o will give that power because Equation 8.5 is a quadratic equation in © — 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

5= [Ty +V{TS -4 TP on} 1/ QT /on ) (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 OJNL/4 .ato=% ONL (87)

Figure 8.6 shows typical turbine properties. Also note from the plot of
speed U versus oy 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.
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B Three wind tunnel data points needed to completely
characterize turbine properties for all muds and flows rates

Figure 8.6. Torque and power versus ®. Also, oy, 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,

oy, = 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 T, ,; 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, ®,/Usiy = Omud/Umua S0 that

Omud = (Umud/Uair) Wair (89)

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 ©,;,/U,; =
Omud/Umea for which Equation 8.9 follows. Now, let us combine Equations 8.2
and 8.4 to give

Tmud = (pmud/pair)(Umud/Uair)2 Ts,air(l - w/wNL,air) (810)
We multiply Equation 8.10 by Equation 8.9 to give
Tmudwmud = (pmud/pair)(Umud/Uair)3 Ts,air Wayir (] - w/wNL,air) (81 ])

Now, the right side of Equation 8.11 can be simplified using Equation 8.5 which
states that Py = Tsair ©Oair (1 — ©/Onp ). The left side of Equation 8.11 is the
power in mud denoted by Pyug. Thus,

Pmud = (pmud/pair)(LImud/LIair)3 Pair (8 12)
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For computing purposes, we can write Equation 8.12 in the form

Pmud = (pmud/pair)(LImud/LIair)3 Ts,air Oair (1 - OJ/OJNL) (8 1 3)

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 o/ refers to rotation speeds for the oncoming speed U obtained for the
mud test. If Uyu > Uy, 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 «’ and ‘power
versus @’ 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-Ibf in Figure 8.7 is 0.08333 ft-1bf since there are 12
inches in one foot. The 1,000 rpm is 104.7 rad/sec since 1 rpm = 27 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-1bf 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 8.8¢c. 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 2° or
4 times, while the power will increase by 2° 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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Next we provide an example of inputs and outputs for the software shown
in Figure 8.9. The Courier New font below summarizes assumed inputs
from wind tunnel data and field conditions for the requested extrapolation.

MWD Turbine Analysis and Design System ...
Wind tunnel and downhole geometries assumed identical

Wind tunnel input data assumes

o Inner radius (inch): ....... 1.0000
o Outer radius (inch): ....... 1.3750
o No-load rpm (rev/min): ..... 14200.0000
o Stall torque (in-1bf): ..... 0.5000
o Volume flow rate (gpm): .... 703.0000
o Alr specific gravity: ...... 0.0013

Field conditions requested ....

o Mud specific gravity: ...... 1.0000
o Mud volume flow rate (gpm): 150.0000

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 ... or (1/s) Torgue (ft-1bf) Power (ft-1bf/s) Power (watt)

0.0000 0.0000 0.0417 0.0000 0.0000
747.3685 78.2642 0.0395 3.0894 4.1892
1494.7369 156.5285 0.0373 5.8355 7.9129
2242.1052 234.7927 0.0351 8.2383 11.1712
2989.4739 313.0569 0.0329 10.2979 13.9640
3736.8420 391.3212 0.0307 12.0142 16.2913
4484.2104 469.5854 0.0285 13.3873 18.1532
5231.5791 547.8497 0.0263 14.4171 19.5496
5978.9478 626.1139 0.0241 15.1036 20.4805
6726.3159 704.3781 0.0219 15.4469 20.9460
7473.6841 782.6423 0.0197 15.4469 20.9460
8221.0527 860.9066 0.0175 15.1036 20.4805
8968.4209 939.1708 0.0154 14.4171 19.5496
9715.7900 1017.4351 0.0132 13.3873 18.1532
10463.1582 1095.6993 0.0110 12.0142 16.2913
11210.5264 1173.9635 0.0088 10.2979 13.9640
11957.8955 1252.2278 0.0066 8.2383 11.1712
12705.2637 1330.4921 0.0044 5.8355 7.9129
13452.6318 1408.7562 0.0022 3.0894 4.1892
14200.0010 1487.0205 0.0000 0.0000 0.0000

Results for mud at downhole flow rate ...

Note: 1 HP = 550 ft-1lbf/sec, 1 HP = 745.70 watts, 1 ft-1bf/sec =
1.356 watt.

RPM ... or (1/s) Torque (ft-1bf) Power (ft-1lbf/s) Power (watt)

0.0000 0.0000 1.4592 0.0000 0.0000
159.4669 16.6993 1.3824 23.0853 31.3037
318.9339 33.3987 1.3056 43.6056 59.1291
478.4008 50.0980 1.2288 61.5608 83.4764
637.8678 66.7974 1.1520 76.9510 104.3455
797.3348 83.4967 1.0752 89.7762 121.7365
956.8016 100.1960 0.9984 100.0363 135.6492
1116.2687 116.8954 0.9216 107.7314 146.0838
1275.7356 133.5947 0.8448 112.8615 153.0401
1435.2025 150.2941 0.7680 115.4265 156.5183
1594.6696 166.9934 0.6912 115.4265 156.5183
1754.1365 183.6927 0.6144 112.8615 153.0401
1913.6033 200.3921 0.5376 107.7314 146.0838
2073.0703 217.0914 0.4608 100.0363 135.6492
2232.5374 233.7907 0.3840 89.7762 121.7365
2392.0042 250.4901 0.3072 76.9510 104.345¢6
2551.4712 267.1894 0.2304 61.5608 83.4764
2710.9382 283.8888 0.1536 43.6056 59.1291
2870.4050 300.5881 0.0768 23.0853 31.3037
3029.8721 317.2874 0.0000 0.0000 0.0000
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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 “pU? ” as is demonstrated from theory.
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Figure 8.11. Stall torque versus flowrate. Figure 8.12. No-load rpm versus speed.
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Figure 8.14. Torque results.
8.5 Erosion and Power Evaluation.

The resulis 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.

S,

Figure 8.17a. Aerospace blade rows with shrouds.

Figure 8.17b. Turbine prototypes with and without shroud.

An alternative to shrouded turbines is twisted blade design. Figure 8.17¢
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 8.17¢. Blade twist, acrospace 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
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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.

229
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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-11-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 9.2b. 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.1 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 simultancously 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.

o 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= gu(r) 27r dr ©.1H

which integrates u(r) across the circular area of the inside of the test section. Ifa
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.

9.21 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.”
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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 fry 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 T, = 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
Downstream rotor

(of stable closed siren)
attempts to close

"4

Fluid pressures exert
a "closing torque"
which moves rotor

Figure 9.4a. Simple stable-closed siren.
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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 W; will give a torque of
W;R associated with relative rotor-stator angle A;. Measurements are repeated
for different weights W, to give restoring torques T, associated with different
degrees of relative closure A,. Note that we are measuring static torque, that is,
torque when the rotor is nor 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 T,;, and Q,;, are available
from wind tunnel measurements when the air has a mass density of pu (Quir 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 Qg to some
higher level and verifying that the new T, increases quadratically. If this
quality test is passed, we would like to use their values to predict the
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corresponding torque T, in a flow with density pu,q and flow rate Quug. The
result is simple, following derivations identical to that given in Chapter 8 for
turbine torque, and given by the formula T,,u4 = Tair (Pmud/Pair) (Qmud/Qah.)z. 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 9.4¢,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 W, on
the string attached to the circular wire wheel and compute the restoring
torque W{R and record the relative angle open between siren stator and
rotor A;. Repeat with different weights W,, which would correspond to
torques T, and angles A,,. Also record the flow rate Q, 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 pug and Quug-
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6. Calculate the worst-case starting static torque using the earlier formula T,,uq
= Tar (Pmud/Pair) (Qmud/Qah.)z. 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 1 of the siren rotor and any attachments to
the rotor shaft expected in the actual MWD tool, ¢.g., alternative shaft,
motor parts, etc. For the torque T, and the calculated inertia 1, 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 ®, and the flow
rate Q. It is known from rotating flow turbomachinery analysis (e.g., refer to the
classic books by Hawthorne (1964) 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/pQ? and nwR*/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/pQ? is in fact a
straight line function of m®R’/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/pQ’ and moR*/Q are dimensionless and have no physical units. The

straight line curve fit will take the form RT/pQ* = Slope X mnwR’/Q + Vertical
Intercept. Using our data, Vertical Intercept = — 0.09 and Slope = (0.12 +
0.09)/1.0 = 0.21. Thus, RT/pQ? = 0.21 moR*/Q — 0.09. Hence, the siren
torque acting at any fluid density p, flow rate Q and rotation rate © is given by
the equation T = ( pQ* /R ) (0.21 mwR*/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.

4 R Torque pF 4 R Tarque pO*

012
GPM (low) 2 GPM (low)
0.10 . i3 I .
GPM imedium) I GPM (medium)
N GPM (hagh) A GPM (hogeh)
0.05
aRT/Q R/ (
0.00 » +
10 1.0
-0.05

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 @ = 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 ®; and ©,. 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 (ReTorque)/(pQ”) = a (wR*/Q) + B where o and B are constant
dimensionless slope and intercept values. Thus, Torque = (p/R)(BQ* + awR>Q).
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 9.7a. Stationery “ball in cage” in straight flow.
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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.



252 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

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), drilibit 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 ou/ox = 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, o is the rotation frequency, ¢
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 wx/c and cos wx/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

P1(%,t) = — {p,/(2 tan wL/c)} [sin mx/c + (tan wL/c) cos wx/c] e’
on—L<x<0 (3-A-14)

p2(%,t) = — {p,/(2 tan wL/c)} [sin mx/c — (tan wL/c) cos mx/c] e™"
onQ<x<+L (3-A-15)
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Figure 9.8. Different propagation modes (identical to Figure 3-A-1).

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
pr=0at x=—1Land p, = 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 p, representing “delta-p” in “p, — p; = ps & directly. This is
repeated for different values of ®. 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 = (” 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 p; and p;
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
casily 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 = — %2 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, p, 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 Speaker

i = [ —
Open | A 4'_.|)II.

: Y .
Closed L < N ] .
- - W

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 . Test frequencies should be less
than 100 Hz. Then, the wavelength A, 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 p, = py(®).
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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 o, L, ¢ and the measured pressure p,(— L/2,t), it is a straightforward to
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calculate the source strength p; 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 p, 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 p, 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 = — V2 L ahead of the stator.

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.

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).

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 p; using the differential transducer; this p, is the one in Ap = p, '
= ps cos ot in Chapter 3. Second, perform single transducer measurements.
Set x = — %2 L in Equation 3-A-14 and introduce L, & and ¢. The result is
pi(—L/2,t) = — {ps/(2 tan wL/c)} |- sin oL/2c + (tan ol/c) cos wl/2c] cos wt.
The transducer signal is p;(— L/2,t). Its measured peak-to-peak value equals
—{p /(2 tan ®L/c)} [— sin wL/2¢ + (tan ®lL/c) cos wl/2c] which can be
solved for p;. Do the differential and single transducer p; values agree?

For the same frequency, repeat the above with different values of Q. Is the
dependence on Q linear, quadratic or something else?

Repeat the test for different frequencies, and then, different Q’s for each
frequency. What is the dependence of p, on frequency, or better, as a
function psy(Q,®) of both frequency ® and volume flow rate Q?

Actual signals will be additionally dependent on the mud density puug-
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?

Our analytical model assumes that ps is a constant and that the transient
delta-p takes the form Ap = p, €. With the rotor turning at a constant
frequency o, we wish to determine experimentally if p; 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 ®, 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 o, 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.

Low Flow Rate Siren { t f
| High Flow Rate Siren

Amphtude
Amplitude

Fr'.':rq]lﬁ-n-f v . ‘ Frequency
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 drilipipe 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 p, = ps(Q,®) for a given siren, is very
challenging. Some researchers have assumed, following Bernoulli’s equation,
that p, must vary like Q% 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 ®. 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, ¢.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 p, = 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, ¢ is sound speed and
V is the instantaneous piston speed. If we consider water, with p = 1.935 Ibf
sec’/ft' and ¢ = 5,000 ft/sec, and assume a flow rate of 500 gpm in a 6 inch
diameter pipe, we find that p, = 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 p; is linearly proportional to Q (and also to p and ¢) as opposed to
Q°. 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 .

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 pU”AR is the only product that can be
formed with dimensions of torque. Thus, the ratio T/( pU*AR) can only depend
on the remaining dimensionless parameter, namely, the shape of the turbine.
This idea is expressed by the equation T/( pU’AR) = C; where Cy is a
dimensionless torque coefficient associated with the geometry being considered.
Now suppose that measurements are made in both air and mud. Since Cy is
invariant, one must have Tair/(pairUairzAairRa,-I) = Tiud /(Pmed Umud 2Aud Rinwd)-
For full-scale testing, we have A,; = A ., and Ry = Ryug- Hence, we find that
the equation Ty = (pmud/pah.)(Umud/Uah.)zTmr 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 vy — Zu,=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 u,(x,t) where B is the bulk
modulus. Then, P(x,t) = (B/c) f’ (t — x/c) or, since ¢* = 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 P/ (P.isCois Vair) = Prnd/(PmudCinudVimud)
OF Prud/Paic = (Prnud/Paic Conud/Cair) (Vinud/Vair).  For example, a heavy mud might
have puud/Pair = 1,500 and ¢,/ = 3. If the wind tunnel test is carried out at
300 gpm and the desired downhole volume flow rate is 1,200 gpm, then Py,4/Py;
=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
Pair = PauCain Vair G for air flow and Pryg = pmudCimudVmedG 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 pU? is the only quantity with dimensions of pressure. Thus, the
ratio P/(pU?) 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 Pu/(PairU”) = Prud/(PmudUmud’ ) = H, from which it follows
that P, = piU” H and Ppuq = prwaUmaa- 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
+ BV in a way determined experimentally. From a modeling perspective, one
hopes that a simpler relation can be found, so that “oV” or “BV?” alone holds.
The dependence on the sound speed ¢ 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 answeting
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.
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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 9.16¢. Sirens in series (Ieft) 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.
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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.

FUMPS
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Figure 9.19. Halliburton 11,000 feet flow loop.

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
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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 liitle 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 u,(x,t) = f’(x — ct), whose
transducer value is u,(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 u(x,t) = f ’(x — ct) + f ’(—x — ct), thus yielding u(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.
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Figure 9.20. Simple “one hundred feet hose” analogue signal amplifier.




272 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

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 u, = 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
drilibit 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.
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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 9.23. 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, €.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
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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.

9.56.6 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.
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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—-60-0-60-0—-60-0
— 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 f at the source will lead to an identical surface
frequency f 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
f» and f;. Then, the pulser can be instructed to operate with the frequency
sequence “ f, — fi—fu— fi—f,— fi— 7 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 1’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).
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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 er 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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Reasurement While Drilling

Modem oil and gas wells are far more sophisticated than a simple
vestical bore. In arder to maximize recovery from the oil bearing
strata, the drill head is acnvely steered to follow the geologic
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been used to detect gamma rays, iemperature, soil resistivity,
pressure, drill angle, and so forth. The technical challenge is to
obtain these measurements in real time and transmit them to the
surface for analysis. This is called measurement while drilling
{MWD).

Mud Pulse Telemetry

The image below depicts the basic components of the MWD
system. The heart of the rig is the drill stem - 3 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 steel
pipe as being mechanically stiff, consider a 25,000 foot deep well.
The drill stem for such a well has the same aspect ratic as a3 piece of
#30 wire wrap wire that is 40 feet long. Imagine trying to transfer
torque and vertical load from the end of 2 wire wrap wire to a tiny
cutter located forty fest below!

l's not practical to run electrical or optical cable down to
the measurement package near the cutter. The dill -
stem is made up of 40 to 60 foot segments of pipe that
get screwed together as the well progresses. As each
new pipe segment is added, the communication path
needs to get extended too. About 40 years ago, MWD
loped the pt of mud pulse
tel fry. Thelr [ ication “channel” is based on
the mud slurry {ften bentonite clay suspended in water)
which is pumped down the center of the drill stem to the
cutter head. This slurry cools the cutter head and clears
drilling debris away, carrying it to the surface through the j
outer annulus of the bore hole. Maintaining positive
pressure in the bore hole also helps prevent collapse of
the walls. The drilling slurry is typically supplied by a Measurement
triplex pump which operates at a few heriz, developing a j While Drilling

p—— [l Bore

pressure of several thousand PSI.

The pressurized mud slurry provides a low frequency
acoustic channel which can be used to send signals
from the down-hole measurement package back to the j
surface. Just behind the cutter head, a mud turbine
steals a bit of energy from the slurry stream to power the
and L Data
transmission is by means of a valve which periodically
constricts the mud flow, sending a pressure pulse back
up the mud column to the top. A pressure sensor acts
as the signal receiver for the top side data Ioggmg
quipment. Early mud telemet
below the two Hz fundamental frequency of the slurry
pumps, fypically p ga ication rate of 0.1
to 0.5 baud.

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 world's 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 signali hanism 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 PSY. Pulses from
the down hole package are typically less than 1 PSI so it is difficuit to discem 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 te recover the signals of interest. Our client used a 16 bit A/D converter installed in
their comiputer chassis to menitor 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 freq. ion, high signal to noise
ratio, and a bad operating emvironment. 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 was supplied ffom a sep: “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 io suppress injection of low frequency components due to beating of the
intemal in the . plies and layout were also chesen to minimize stray capacitance to

suppress noise coupling.

Each of the primary channels was passed through a resistor programmable anti-aliasing filier before being sent
to the A/D card inside the DSP chassis. Filters were of the Bessel (constant time delay) type to preserve
waveform shape for the benefit of p based The low comer frequency {4
Hz) and four pole configuration provided the required ion of d high freq

including any residual feed-through of the modulator requency from the isolation amps. Connecnon o the A/D
card was made by flat cable with a full coverage shield and metal connector shells for EMI resistance.

Digital control signals fom the computer were received by RS-422 receivers and latched inside a special digital
section of the card. Conrol slgnals were then filiered upon entering the analeg section of the circuit to further
reduce the chance of EMI from the While these design techniques might appear

y , oUr tons were during final acceptance testing by achieving 2 SNR of
106 dB in an end-to-end test.

Increasing MWD Bandwidth

Qur 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 |ntroduced to
the preblem, Presco's initial resp was to ask for i ing the idth and
characteristics of the acoustic channel. To our great surprise, there was no hard data about the mud channel,
just a ot of folklore about how the mud was mpossnhly Iossy and how the frequency response rolled off
“forever" starting below one heriz. It was also ™ dge” that Manch coding was the only
secure signaling method for the mud channe! and that data compresslon would preduce unacceptably high
eror 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 factars 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 muiti-path
phenemena similar to those which cause ghosting in TV images. Alse, cur examination of the data indicated
the presence of higher frequency bands {up to 100 Hz) which had low attenuatlon rates and were thus suitable
for communication. This insight was confirmed just the next year by an indi lab y {PhD
dissertation) and it has since provided the basis for greatiy increased MWD throughput.

Since our client's mud valve didn't 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 ahandonmg the practice of Manchester ceding. This coding
scheme is ly used for ic tapes b it insures at least one signal transition in each coding
cell. Because of the guaranteed transitions, it's easy to phase Iock to a Manchester data stream and retrieve
the bits, but this coding methed uses twice the mini There are ive coding such
as the 4B/58 scheme used in FDDI fiber optic links and the various run-length-limited codes used for disk
recording which provide good clock recavery without wasting so much i Also, we di d that
good data integrity could be maintained while using data pression to remaove 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 |mpr<we data link integrity. In total, these changes
permitted an increase of 8:1 in data rate without ch the ¥ Hence an

investment in down hele equipment was given a major end-of-life ian before b |

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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Internal MWD upgoing (psi) signal available as

P(x,t) =+ 5.000 {H(x- 150.000-ct) - H(x- 400.000-ct)}
+ 10.000 {H(x- 600.000-ct) - H(x- 1000.000-ct)}
+ 15.000 {H(x- 1400.000-ct) - H(x- 1700.000-ct)}

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 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 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 propagating noise (psi) assumed as

N(x,t) = Amplitude * cos {2 £ (t + x/c)}
o Enter noise freqg "f" (hz): 15

o Type noise amplitude (psi): 20

o Enter sound speed c (ft/s): 5000

o Mean transducer x-val (ft): 1710

o Transducer separation (ft): 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.

SUrE P
y
i
1

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.

Downward propagating noise (psi) assumed as

N(x,t) = Amplitude * cos {2 £ (t + x/c)} ...
o Enter noise freg "f" (hz): 5
o Type noise amplitude (psi): 200
o Enter sound speed ¢ (ft/s): 5000
o Mean transducer x-val (ft): 1700
o Transducer separation (ft) 30
-t 1+
L - i
<t 100 200 L- | i 500
Thme

Figure 10.6b. Recovery of three step pulses from very noisy environment.



ADVANCED SYSTEM SUMMARY AND MODERN MWD DEVELOPMENTS 291

10.1.6 Attenuation, distance 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, ¢ the sound speed, D the drillpipe inner diameter
and L the transmission distance along the pipe. If P, is the source signal
strength and P,q, is surface transducer sensitivity (the smallest detectable
pressure after successful noise removal), then one can show that a “critical
carrier frequency” (in Hertz) satisfies f. = pc’D? (loge Po/Pyaer)’ /(4mnl?) 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.;;;, 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 (~ D?).

Interestingly, a dimensionless pressure Py/Py., 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 Py, 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,
(¢) applying downhole reverberation algorithms as in Chapter 5, or perhaps, all
of the foregoing. And second, increase P, 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.

e =100
Telemetiy Properties
Specific gravity |
Viscosity [ep]. -~ ;
Sound spesd [it/s]. . ..
Drillpipe diametet [in) -
" Transmizzion distance (ft) m

MWD source pressune [psi)
Transducet sensitivity (psi]

Crtical hequency [Hz] . :l
Help l Exit

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 Py (145 psi),
Pyaer (0.4 psi), specific gravity (1.7, for 14 1b/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 to f.;; = 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 DIa L PO P Fcrit
A 1.7 50 3000 4 25000 145 0.4 13.8
B 1.7 50 3000 4 35000 145 0.4 7.0
c 1.7 20 3000 4 35000 145 0.4 17.6
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 Py/Py4., 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 Py = 145 psi used previously is replaced

by Py = 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, f; increases to a remarkable 31.4 Hz. In Run H, we
decrease the mud viscosity to 20 ¢p, 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 Py, to 0.2 psi and demonstrate that the critical frequency increases to
419, 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 Ferit
A 1.7 50 3000 4 25000 145.0 0.4 13.8
E 1.7 50 3000 4 25000 246.5 0.4 16.4
F 1.7 50 3000 4 25000 493.0 0.4 20.1
G 1.7 50 3000 5 25000 493.0 0.4 31.4
H 1.7 20 3000 5 25000 493.0 0.4 78.5
I 1.7 20 3000 5 35000 493.0 0.4 40.1
J 2.0 40 4000 S5 35000 246.5 0.4 34.1
K 2.0 40 4000 5 35000 246.5 0.2 41.9

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 signals 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
drilistring, 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 Sirens, Turbines and Batteries.

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 Siren 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-alternator system.

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 muitiple 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. Py
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. P4, 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, u and ¢ 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, ¢.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.



298 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

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™?

o If multiple sirens, will all operate at one frequency from a single shaft, or at
different frequencies built on a more complicated design?

e Single-stage turbine, or multiple stages?

e  Turbine versus batteries?

e Turbine, alternator, rechargeable battery option?

e  Brushless DC or hydraulic motor drive for siren(s)?
e  Self-spinning plus mechanical brake for modulation?

e Self-spinning plus magneto-rheological brake for modulation and motor
assist?

e FSK versus PSK?

e  Top versus bottom mounted siren(s)?

e  Collar versus probe-based design?

e Sensor types used, power demands, data density and logging speed?
e 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

Propagation of Measurement-While-Drilling Mud Pulse during
High Temperature Deep Well Drilling Operations

Hongtao L1,' Yingfeng Meng," Gao Li,' Na Wei,' Jiajie Lin,' Xiao Ma,' Mubai Duan,’
Siman Gu,' Kuanliang Zhu,” and Xiaofeng Xu®
! State Key Laboratory of Oif and Gas Reservoir Geology and Exp ion, School of . Engineering,

Southwest Petroleum University, Chengdu 610500, China -
2 Drilling and Production Technology Institute, PetraChina lidong Oilfield Company, Tangshan 663600, China

Figure 11.1. High temperature environmental effects.
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Figure 11.2. Signal processing, PSK methods (CNPC).
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Figure 11.3. Downlink strategies for rotary steerable systems.
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Numerical modeling of DPSK pressure signals and
their transmission characteristics in mud channels

Shen Yue', Su Yinao™, Li Gensheng’, Li Lin® and Tian Shouceng®
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CNIC Difling Riscarch Institute, Weijing 100087, Clins
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ABSIFREI: A mumerecnl modkl T HIRETSon characlerslic snalyss of LPSK (dilferests) prase sl
ks i o chasoets i mroduced. With the control logic analysis of the mtary valve
il tclometry, o boghol controd shgnal bs bull fom o Cate fusciios soquence soconding W the binary
symbals of transmitted data and a plase-shiil funciion is obtained by istegratmg Ihe bogical control signsl

A mathematical modil of the DPSE pressire signal 1 bailt baeed on principles of conmmandestions by
madulatieg carricr phase with the phase-shifl function aid n numerical simulation of the pressure wave is
implamaerted with the mathomatical model iy MATT AR programming, ©onsidenng dnlippe pressune and
drihing fuid bemperatore profile aloag drilipipes, the drillpipe of o vertical well is divided o s number
of sectiops. With witer-based drilling Muids, the unpics of imvel dstance. carmier frequency, drillpipe
stee, aned drilling Musds on the signal traemission were studied by signal transmission charcieristic
unalysis for all the sections. Numerical caleulation resulis indicate that the influences of the viscosity
of drilling Muids and volome fraction of ges in drilling fnids on the DPSK sigral mnsnession are more
notable than the others and the ignal will diston in wavefom with diferential attenuations of the sigral
frequem componen

Figure 11.4. Signal processing (CNPC).

Delay pressure detection method to eliminate pump pressure
interference on the downhole mud pressure signals

Yue Shen,® Ling-Tan Zhang.® Shi-Li Cui,;* Li-Min Sheng.? Lin Li? and
Yi-Nao Su?

t School of Seience, China University of Petroleum, Qingdao 266580, China

2 Drilling Technology Research Institute, CNPC, Beijing 100195, China

Correspondence should be addressed to Yue Shen; shenyig61 @aliyun.com

The feasibility of applving delay pressure detection method to eliminate mud pump pressure
interference on the downhole mud pressure signals is studied. Two pressure sensors
mounted on the nmd 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 betwean the two sensors. A mathematical modsl 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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Research on Mechanism of Continuous Wave Signal Generator Controlled by DSP and the
Wind Tunnel Simulation Test

Poumd on Aonl §. 2010 by Ciena Fagers

Abstract: MWD is a new logging technology which is developed in recent years, it can improve large displacement
wells, hiorizontal wells in difficult engineering control and formation evaluation capabilities, improve the rate of
ail 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 explare the use of theoretical
analysis, system design, computer simulation and wind tunnel simulation method of combining. At the basis of
research on telemetry signal tr. ission 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 mnd 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).

2030 & Cortte on Computing, Contrat and Industral fngresreg

The Variable Frequency Data Transmission Technology Based on
ml Neural Network Applying in Measurement while Drilling

Figure 11.7. Neural network approaches (CNPC).
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Continuous-wave mud telemetry digital communication
system design and the simulation test
Xinping Lin® Xiwen Xuve.a*
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Abstract

This paper resasrched or the corrimows wave mmud relemesry MWD system based o the fraguency moduilstion (FM)
tmnsmission mods The diginl compmricanon system based on the contimious wave mud telamery was designed.
The system archarecrure desizn includes the mvound sEnal wamscerver devices, the bomom siznal tanscemver devices,
25 well 25 the third parr of dan mansmission charmel In the toitial smge of the system design. the wind tumsl
sorilanion tests could be smpioved The srucrurs of the wind fmns st mode] was dasimad according 1o the
sanilarery principle. and 8 senies of wind monel simulsnon tesrs were camied our for dam mansmession. Test resuln
showed that the coonmons wave mud relsmery MWD system bazed on the FM sanmmssion mode could achiave
hugher dam yamsfer . mrprove job relmbility, and enhance the adaprabilmy to the environment

Figure 11.8. Wind tunnel simulation methods for signal processing.

{(Journal of Chins University of Petroleum(Edition of Natural Science)} 201104
Continuous-wave drilling fluid telemetry measurement
while drilling system design and wind tunnel simulation

test
LIU Xin-ping XTUE Xi-wen (College of Computer and Communication Ensineering in Chins University of
Petroleum, Dongving 257061 Ching)

The mam problems of the cument measurement while dnllmg(MWD) syst=ms wr= low daty tansmsuon rae md the diff
cult fests m desizn process The contomous wave dilling fwmd telemetry MWD syiten basad ou the frequsncy modulagon(F
M) trapmmiznon mods was designad end the wind tmne! somnilsnon tests wers camiad ow, The dipml commumeanon system b
ased on the contmogs wave drlling fiuid telemewy was designed Multiple frequency shift keying mods was selacted 10 modu
late the down-hole infonmanion and send 10 the pround The system arhirecrure desien incindes the ground siamal mansceiver d
o the botom siznal gumscever devices and dem trmemssion chennal Two types of fan-theped md romnd-shaped vahve p
ort sTucnmes wese desizned The smucmre of the wind nmmel 125t modsl was desizned sccordme to the somilanry principle. smd
5 sanes of wind tumel smmlsnion tess were camed ot for e camsmmssion The test resuls show thst the contomous weve dr
iiing fiud telemsay MWD system based oo the FM ramsnussion mode can aciieve high dees manmmssion rete mprove job e
linbility and enbance e sdapeability to the enromment

[Eey Words] | measurement while drilling continuous-wave drilling fimid telemetry frequency modulation data

Figure 11.9. Wind tunnel analysis.
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Figure 11.10. Nonlinear signal processing approach (CNPC).

Figure 11.11. Signal processing.
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Eliminating Noise of Mud Pressure Phase Shift Keying
Signals with A Self-Adaptive Filter

Yue Shen*', Lingtan Zhang®, Heng Zhang®, Yinao Su®, Limin Sheng’, Lin Li®
**school of Science, China University of Petroleum, Qingdao, 266580, P. R. China
45%Dyilling Technology Research Institute, CNPC, Beiﬁng* 100195, P R. China
*Comesponding author, e-mail: sheny1961@yahoo.com.cn®’, zhangn@upc.edu.a'l’,
zhangb6n@163.com’, suyinac@petrochina.com.cn®, simdri@cnpe.com en’, liin550703@yahoo.com.cn®

Abstract

The feasibility of applying a self-adaptive fifter to eliminate noise in the downhole mud pressure
phase shift keying (PSK) signals is studied. The self-adaptive filter with camer wave as the filter input
signal and mud pressure PSK signal including noise as the filter expecied input signal in structure was
adopted to process the mud pressure PSK signals with the broadband signal charactenistic in
communication. Mathematical model of the filter was built fo reconstruct the mud pressure PSK signals
based on the evaluation criterion of least mean square emror (LMS) and the mathematical mode! of mud
pressure PSK signals. According fo the filter mathematical model, a special seif-adaptive control algorithm
was adopted o realize the filter by adjusting the filter weight coefficients self-adaptively and the impacts of

Figure 11.12. Signal processing, adaptive filtering methods (CNPC).
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Design of downhole turbine alternator for measurement
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Figure 11.13. Downbhole turbine design (CNPC).
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CST: Compressive Sensing Transmission for Real Time
M/LWD Communication

Yu Zhang*®, Ke Xiong™ *, Dandan Li**, Zhengding Qm*®, Shenghw Wang™*
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Figure 11.15. Signal processing, modern “compressive sensing.”
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Figure 11.16. Computational siren torque analysis (CNPC).
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Coherent demodulation of the mud pressure DPSK signal and analysis
of noise impact on the signal demodulation
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Figure 11.17. Signal processing (CNPC).
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Research on mud pulse signal data
processing in MWD

Bing Tu'", Dé Sheng LI, En Hual Lin” and Miso Miso )

Abstract

Wireless maaaire whils driling (MWDY transmits dat by using mod pulce gignal | the ground decoding sysem
colliects the miid pulte ugnal and then decodes and ditplays the paminetert undst the down-hole according to
the designed encoding rules and the commect derection and recognition of the ground dezoding sysiem owards
the racsived mud pulse signal is one kind of the key rechnology of MWD This paper introduces dight of
Mancheszer enchiding that tarsmits Sats and the format of the wirsless ransmitsian of tats under the down-hole
angt develops 3 121 of ground decoding systermt. The ground decoding alganthm wzes FIR (Finke impulse responsa)
digital filtzfing 1o maka c2nolting on the mud puke signal, then adopts the related bate value madulating
algoiithm to diminate the pump pulse base valle of the dencised mud pulse signal finally analyzes the mud pulse
shynal wavaform chape of the talecrad Manchestae sncoding In thize bies cpcles and appilies the panam smilanty
recognition algarithm to the mud puks signal recognition. The fidd axperiment results show that the devaloped
dévice can make comectly sdraction and recoardtion B the mud pules signal with dmpde and practical decoding
[rocess and mest the requiements of anginasting application

Keywords: MWD, Mugt pulse signal, FIR, Mode simitanty

Figure 11.18. Signal processing.
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Figure 11.19. Downlink design.
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A high-precision guidance method of wellbore trajectory based on the
rotary magnetic dipole

Figure 11.20. Magnetic dipole analysis.

IEEE Xplore" $IEEE

Bonwss » Coodereccesr Massureg Technslogy and Mechas
MWD D hole Signal T ission Boundary Condltion Analysis anid Wave Deconvolution

Hallong Bian) Vinse Sui U Ll Lsis Sheng:
Drilling Eng. Technol. Tz, Chans Nat. Pet. Corp., BeiFng, Chns

This paper appears ind | Technalogy and Mach : 2013 Third | Canf an
Isaue Dute: §-7 Jan, 2011
On page(si: 667 - 670

Shangzhal

w.wmmm}mmu—u&—-_m-——mmuﬁﬂmm

an  wianve will ravel uphole. st the same time. 3 complementary wave will travel down hola, reflect at
h““ﬂ-w#hﬂ\ﬁh_mmﬂhhww“mmm or destructively, wvan
mmunmmﬂgmmmmuu*mmmhmmmmn
ollar 25 2 standing wave. with toms leakage into the drill pipe. The wave that ultimately leaves the MWD diill collar to travel uphole to the surface is
wuh——nmmmmmnmmd—q—ummmmhm
seuance of down hale binary i 15 very difficuls, daety st high whan ths aew short. Becsuse i is the
mmmmmmmmmwmwmwmm;mmaﬁmm

4 devote thempe bﬂh"lwﬂmﬂ-ﬂl—-lm-dn-h-_

detal, and beaches how to medel dy travels up the drill pipe. ﬂnl&&-hhmhmdpﬁww
ﬂhm“hwnh“mﬁ“thmm“m
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Design of Measurement While Drilling System Based on Inertial Sensors
Hua Song', Huapu Wu’, Di Qu® and Junxiang Zhang*
ABSTRACT

With the development of urban infrastructure, the frenchless technelogy has been
widely applied in many applications, especially in the field of pipeline or subway
consfruction. In these applications, the attitude and position information of the bit is
mndispensable in the process of drilling. Currenily, Measurement While Drilling
Systems (MWD systems) are generally based on radiolocation or single

Figure 11.22. Inertial sensing.
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Research and Application of PDM Borehole Technology for
HDD

Yongzhe Zhao *, Zhijun Shi, Zhenyang Hu, Qingxin Liu
Xi'an Researck Institute of China Coal Technology & Engineering Group Corp, Xi'an, 716077, China

Figure 11.23. PDM borehole technology.



312 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

Available online at www.sciencedirect.com

* . SciVerse ScienceDirect W

S Earth and Planetary Science

ELSEVIER Procedia Enrth and Planetary Science 3 (2011) 446 — 454

2011 Xi’an Interpational Conference on Fine Geological Exploration and Groundwater
& Gas Hazards Control in Coal Mines

Research and Application of Drilling Technology of
Extended-reach Horizontally-intersected Well Used to Extract
Coalbed Methane

Zhijun Shi*, Yongzhe Zhao, Hongjun Qi, Jianlin Lin, Zhenyang Hu

Xi'an Research Institite of China Coal Technology & Exgineering Group Corp. Xi'an 710077, China

Figure 11.24. Horizontal wells.
Progress In Eleciromagnetics Research M, Vol. 32, 95-113, 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 Seience and Engineering, Shandong University,
Jinan, China

Abstract—This paper proposes a new logging while drilling (IWD})
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 resclution and signal intensity.

Figure 11.25. MWD analysis.
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MWD Mud Pulse Signal Waveform Recognition Method Based on
Local Feature and Correlation Coefficient

TU Bing1.LI De-sheng1.LIN En-huai2 JI Miao-miao1.ZHANG Juan+<uani(1.Coliege of Mechanical Engineering
and Applied Electronics Technology.Beijing University of Technology.Beijing 100124,China; 2.Beijing Pulimen
El 5 & Technology Co.,LTD.,Beijing 100041,China)
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Figure 11.26. Mud pulse signal processing.
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A New Analytical Model on Lateral Vibration
and Impact of Drill string

Wei Liu, Yingeao Zhou, Qing Zhao
Drilling Ast Research Department, CNPC Dnlling Research Institute
Beijing, China

Figure 11.27. Drillstring vibrations.
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Abstract

Wirsless messure while dnlline (MWD) mansmits dats by usne mmd pulse sizmal ; the
gromd decodimg system collects the omd pulse signal and then decodes and displays the
perameters undsr the down-hole sccording to the designed encoding rules snd the correct
detecuon snd recogmnon of the ground decodmg system towards the recerved mmd pulse
signal 15 one kind of the key technology of MWD. This paper introduces digit of Manchester
encoding that ansimts dam and the format of the wireless wansmission of data under the
down-hole and develops a set of ound decoding systems. The ground decoding algontim
uses FIR. (Finite impulse response) dizital filtering to make de-poizing on the nmd pulze
sgnal then sdopts the related base value modulatng algorithm to eliminate the pump pulse
base value of the dencised mud pulse siznal finally analyzes the mud pulse signal waveform
shape of the selected Manchester encoding in three bits cycles, and spplies the partem
similsrity recognition algonthm to the mud pulse signa! recogminon The field experiment
results show that the developed device can make comectly extraction and recognition for the
mmd pulse signal with simple and pracocal decodings process and meet the requirements of

Figure 11.28. Signal processing.
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Parameter Response Numerical Simulation of Resistivity
LWD Instrument Based on Hp-FEM

LI Hui’. LTU De-Jun®*. MA Zhong-hua®. GAO Xin-sheng®
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Abstract

Numencal sinmlation of electrical logging is important to the electnical logging instrument design and logging data
mterpretation and application. In this paper, we combine the hp finite element method (hp-FEM) analysis software
HERMES and VC+— development platform as a tool to direct reflect the instmment drilling detection and distnbution
of mduced electnc field i the formaton and 1t's boundary, and the mstument parameter response by changing
spacing, transmutting frequency and exctation current mtensity have been studied based on self-adaptive Ap-FEM
algonthm. Because the performance of resistvity LWD instrument have decided by design parameters. thus study the
electromagnenc response charactenstics of resistvaty LWD mnstrument has important significance to gmde the ugh
precision ressstivity LWD instrument develop and improve the secunity of logging operation

Figure 11.31. Electromagnetic design.

CHINESE JOURNAL OF GEOPHYSICS Vol.52, No.S, 2009, pp: 1083~1091

COMPUTING ELECTROMAGNETIC WAVE RESISTIVITY MWD
TOOL’S RESPONSE USING ACCELERATED ITERATION
ALGORITHM FOR INTEGRAL EQUATIONS

ZHANG Xu, WEI Bao-Jun*, LIU Kun, TIAN Kun
College of Physics Science and Technology in Chine University of Petroleum, Dongying 257061, China

Abstract The 2D integral equations are computed by an integrated iteration algorithm of modified successive
approximation method (MSAM) and Aitken acceleration techni 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 resclution are also different. The bed boundary can be accurately located by the crossover point of
the compensated amplitude attenvation and phase shift resistivities.

Figure 11.32. Electromagnetic design.



MWD Si1GNAL PROCESSING IN CHINA 317
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Media With Dip
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Figure 11.33. Electromagnetic design.
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PHYSICS OF DIRECTIONAL ELECTROMAGNETIC PROPAGATION
MEASUREMENTS-WHILE-DRILLING AND ITS APPLICATION TO
FORECASTING FORMATION BOUNDARIES

WEI Boo-Jun, TIAN Kun, ZHANC Xu, LIU Kun
College of Physical Sesence und Technology, China U v of Patroleum, Dongying 257061, China

while-drilling are computed vis the mogueticcurrent-source dvadic Groen's I'um'tluun for boreoutally stratified
anisatropic medis. The detection range and the sensitivity to formation bonndaries of directional electromagmetic
measurements are analveed  The influence of anbsotropy, formation dip angle, and recefver antenna's tilting
ungle on directionnl messurements is stodied. The resulty show thot U diveetiona] detection range will increase
with decreasing frequency, increasing coll spacing and incrensing reslstivity contrast. hotween the targed bed and
shonlder hed The change of directional amplitude sttenuation will beeome more obwions with Increasing recetver
antenua’s tilting angle when the tool is approaching the I fary, and thus the sensitivity to formation
bonmnidaries will tnereass. The introduetion of symmetrieal antenna conflpuration can remove the dependoncs of
lireetionnl signal ou mllautl'up) and formstion ||I|-l un;lr ul Jowntions fur away from formation bounduries, and
thus the f ! ean be

Abstract  The mplitude-attenuntlon and phsse-shift of direetional el fe prog lom S

Figure 11.34. Electromagnetic design.



Measurement While Drilling (MWD) Signal Analysis,
Optimization, and Design, 2nd Edition. Wilson C. Chin.
© 2018 Scrivener Publishing LLC. Published 2018 by John Wiley & Sons, Inc.

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 Geosteering Drilling System.
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
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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.
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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.
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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 12.1-7. Near-bit measurement sub.
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12.1.3 Functions 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 12.1-14¢. Dr. Yinao Su, co-author, introducing
CNPC’s DRGDS geosteering and ElLog surface systems.

Figure 12.1-14d. EllLog surface system and sample CFDE screen.
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Figure 12.1-15b. Near-bit geosteering.
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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 Natural Azi-Gamma Ray Measurement.
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Figure 12.2-1a. DRGRT configuration (English).
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Figure 12.2-1b. DRGRT 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 12.2-3b. Data measurement overview (Chinese).

Figure 12.2-4. Field test and tool preparation for downhole operation.
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12.3 DRNBLog Geological Log.
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Figure 12.2-5a. DRNBLog tool configuration (English).
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Figure 12.2-5b. DRNBLog tool configuration (Chinese).
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12.4 DRMPR Electromagnetic Wave Resistivity.

Figure 12.4-1. Resistivity tool (note antenna slots).
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12.5 DRNP Neutron Porosity.

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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12.6 DRMWD Positive Mud Pulser.

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 Electromagnetic MWD.

Figure 12.7-1. DREMWD system transmission path.
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Figure 12.7-2. Drill collar and surface electric field.
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Figure 12.7-3a. Hardware display.
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Figure 12.7-3b. Hardware display.
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Figure 12.7-3c. Hardware display.

12.8 DRPWD Pressure While Drilling.

=LA TR
u. insxss Positive mud pulser
Drilling
e 1 seans €quipment sub
Wellbore 5 s B CGMWD
| .‘::'3 = g Downhole System
| ;
' [
Latue o
l Directional equipment sub
Annulﬁg , weassss - Data connection assembly
Z PMS Pressure
amireamog
Batterv and control Measurement System
circuits assembly

arssasn ;
Pressure sensor device

Figure 12.8-1a. DRPWD system configuration (English).
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Figure 12.8-1b. DRPWD system configuration (Chinese).
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Figure 12.8-3. 6.75 in (left) and 4.75 in (right) downhole
annular pressure measurement sub.

Figure 12.8-4. Product announcement.



350 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

12.9 Automatic Vertical Drilling System — 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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Vibration test
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Control
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Figure 12.9-3c. Test fixtures.
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Figure 12.9-4. Field testing.
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12.10 Automatic Vertical Drilling System — 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
Qil 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 Engineering and Design 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 13.5b. Sinopec MWD wind tunnel.
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Figure 13.5¢. Sinopec MWD wind tunnel.
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Figure 13.5d. Sinopec MWD wind tunnel.
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e

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).

MY

Figure 13.7. Disassembled turbosiren prototype
(rotor reflective tape for optical tachometer measurememts).

——
' _ |

Figure 13.8. Turbosiren in motion (right).
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13.2 Credits.

e

r Az

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 Qilfield 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 2016 YFC0302801).
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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 Short and Long Wind Tunnel Facilities.

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 14.4¢. Plastic test prototype.
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Figure 14.5b. Wind tunnel test section with test prototype.

Figure 14.5¢. 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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Bubble flow past rotating

B o« P -
&

Figure 14.9. Computerized flow loop control (top), real-time remote
monitoring and sharing (middle), automatic movie creation (bottom).



372 MWD SIGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

Figure 14.10. Streamline enhancement by digitally “stacking”
multiple stored video frames to enhance physical understanding.

¥ windows Media Player _ﬂ_[g_I‘KJ

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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Windows Media Player

Figure 14.12. Summary screen events recorded to movie.
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Figure 14.13. Desirable features found experimentally
are automatically captured in CAD update files.
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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.

US 2016020143841

an United States
a2 Patent Application Publication (0 Pub. No.: US 2016/0201438 Al
Chin et al. 1) Pub, Date: Jul. 14, 2016
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Figure 15.2a. MWD “sandwich” siren patent application.
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Patent Application Pablication  Jul. 14,2006 Sheet 1 of 2 US 2016/0241438 Al

/12}

0 JF ’ Jf ;
3 1

Wl

4

— 100 g - ,

| f ""‘"/ g ; s

He M 7 _.../
- 134 ; ;

us :m i | ———124
116 - ; | g
108 ; 1
— }

Ha — ‘_../ m,___?u A [ __._.—-——— 128

f £ 130
12 : A ]
e H.i'—"lf:' |].‘|. '[ ; b—l' 2

1) — Z g
106 .}/ [ll - e

s —t | ’ 126

-.ﬂ.’?

FIG. 1
FIG. 2

Figure 15.2b. MWD “sandwich” siren patent application.
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Figure 15.2¢c. MWD “sandwich” siren patent application.
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Figure 15.2d. MWD “sandwich” siren patent application.
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Figure 15.2e. MWD “sandwich” siren patent application.
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15, "Ihe distiing sysiees of clibm 14, wheseis e ineaure-
et il drilling Tool compriss

i ot and

o sl ooesnecied i e e sl b 1 fetik

18, The dnlling sysiem of chum 14, wherein the mtor is
positcand berwoen the fing soior ied the socand s,

17, The drilling syvive ol cluim | 6, wherain the fird s
Imzlugbes o plumlity of suce vases sl whereln dae soocoed
sabier walindas & plislity of stator viases,

I8, Thedrillung spsiess of claim 17, wherein the firs sanar
s 0kt bes sl B L sooend stator stich that the st
st o e Firsd staor e oot aligined with (he stinor vanmoa
b seoced st

1Y, The chifliog sanbum of glabe B8 wherekn the mior
inludes & plumlity of oo vimes,

201, Thhe et imgs iy st oof e hainn 19, wiorsio O rodor vanes
ane prichsd

L

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.

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.

[O1

e

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 B1, 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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1
IIGH SPEED TELEMETRY SIGNAL
PROCESSING

FIELLY OF THE INVENTION

This jnvention relutes geoerally 1o the feld of wlemetry
sywlems, nacl more particularty, but not by way of Innnnunu.

In another embodinent, the present bvention includes a
rovetver sysiem for ue In receivimg mid decoding a primary
prossure pulse shgnal generated by o messuroment-while
drilling (MWT) wool, The MWID 1ol can be used in o
drilling system that inclises a paod pamp than is & source of
prossure pulse signal poise. The receiver system lnchudes o
primary tramsducer, @ trmvsducer and & signal

10 signal processing systems for use in
acoistic signal gonembon deployed i wellhore m]lhu
operations.

BACKURUIND

Wells are often drified for the production of perkeam
s fron subtermnean reservoirs. ln many cases. wdrill bit
b cunnected 10 o deill siring mind rotated by o surface-haved
drilling rig. Drifling msd |s cicalated through the deill siring
it cool the it ae il cuts through the sublerrncan nwk
fonmations md o cary cumings ot nl‘lhu w]lbnm

As dniling s have

The primory producss an eloctrnc sig:
ulmmmtkmlolhpmwm
" pdleu'ulmdlkpmpull:lqﬂdmlw T!ulvfnr
tothe
mmpnnmlynnkmwmben I natse.
The signal processor I:hl.ln an lt||lwr ﬁltrmlilluw
pass fiber. The adapei
slgnal from Ihceh:h'l: dpnll[wdndby

Tibered-cloctric signal. The second-lilierad cloctric ssgnal
represents the recoversd primary signal
Iuwmnnpm e present invention inludes a metbiod

while drilling” wdnwhwbemﬂmﬂulnlhwlbu
driller 10 sccurmely identify the location of the drill string
el it ared the conditions m the wellbore, MWD equipment
often inchudes ot ar nore sensors that detoet an envinn-
merital conadit ol reday that bk ek

o primary pressure pulse signal by
-mmm:-wﬂb—duﬂlmn (MWL) ool thad in ised i o
drilting system, The method begins with the steps of pro-
ducing o relerence clectnic signal in response 10 the mes-

n mlmm!yorlhmnpdudwl ok und

1o thie drifler s ﬂluuﬂhur This lnformation can be relayed
o the wrfsce inling sooustic signals il corry encodad data
ubout the mensured condition.

Systems for eminting these seoustic signabi make wse of
warve generators that create rapid changes In the pressure of
the drilling mud. The rapid chianges in pressore creste pulses
are carried through e deilling mud 1o receivers. located st
or near the surdace. Prewsune palse generaiors inchade the use
of rotery “mind sicens™ and Nnearly-acting valves it inter-
rupe the fow of pusd trough the polse genentor The
emporary flow disrption can be usad 10 creste & patter of
pressure pulses thut can be reoonded, (nterpreted  mind
docoddod ot the surface.

The MWD signal is typically roceived by one or mare
trmssidoeers bocated on a siandpipe on the surface, The MWD
signals contuin nxulliphe froguencies wd Bewe signals may
overlap with other sources of nois in the wellbore. Mud
g and other drilling equipmen ouy produce porse that
frustrates the process of extmeting the MW signal, Addi-
tionally, ms the MWD traveln through the wellbore and
wiandpipe, the MWD signal moy reflect off of tuhing und
equipmeent (such ms the ool pamp). Depending ou the signal
strengih, frequency end locithon of the secording transdue-
er, the reflocted signal may partially or entirely cancel the
primeary MWD signal. There s, therefore, a neod for an
wnproved method and syshem for reconding MW skgnals
that allevipes 1he delicionches experienced in the praor wn.

SUMMARY

In varions embodiments, the present invention includes o
dnlling system that inclades a sensor, an emeoder operahly
mmﬂuhmwm-mpulum

Turther lnchades o prinury transducer, & reference

and a signal processor connected 1w the primary imnshicer
und the reforence transdocer. The signal processor includes
o two-stage filter that is configured to extract the primuey

u primary electric signal in response 1o fhe
mmmullhmumwwlwﬁmd wnd ihe
peessiere pailse shipnal pokse, The methed continues with the
siep of applying an adaptive flher 10 the refercice electric
signal and the primary cléctric signal 10 produce = first-
filered electric sigoal. Next, the methiod includes the step o
-ppblu:;- Tow patns filler 1o the fint-filtered eloctric sigual

1 produce 3 second-fillered eleetne signal. The method
continues with the swep of decoding the prinury electric
signal from the seoond-liliend elocine signal

BRIEF DESCRIFTION OF THE DRAWINGS

W

"

VIE 1 s an elevational view of a dnlling system con-
wiructed [ sccordaoce with oo embodiment of the present
I

venithon.

FIG 2 v 8 disgrmmatic depiction of the MWD signal
processor of the present invention.

FIL Y bs o peocess low e depicting 4 method of
procesaiing the MWD signal,

WRITTEN DESCRIMTION

an

In wecondance with an crmbodiment of the prescal inven-
fion, FIGL 1 aborwn @ drilling eystern 10 in o wellbors 102,
Tha dritfing systemn 100 includes o drill stinng 104, o drill hiy
106 sid 0 MWD (roessurement while drilling) wol 108 |y
will be approcsated that the drilfing systom 100 will mclide
sddditional vomponents, including drilling rigs, mus pumps
anst peher serfioe-haved fucilities and downbole aquipment.
Although e embodiments of the present invention an
dinclowed in with o chile-drilll
(MWD tool 108, i will be apprecistad thit the
invention will sl find wiifity in logging-while-dnlling
lI'WDIIsdnnqms - references b MWD should

mderstoosd o hivadly ml«mm} applications or tech-
uqmlhl invalve the use of pressure pulse signal iclemetry
from the wellbore 102,

The MWD ool 108 includes one or mose sensors 110, an
w4 encoder module 112 and o pressure pabse geoerstor 114. I

will be appreciused that ﬂl‘ MWD ool 108 may elide

“w

signal from noise observed ol the primnry

Figure 15.5e. Advanced MWD signal processing patent award.
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3
are conligured o measire a condition o the deilling sz
lllwhwuﬂhuull!m“dw:umdw
signal for the messrement. Such memurements may
mchude, for example, temperature, prooure, vibnstion,
torque, Inclination, magnetic direction and position. The
signals from the sensors 110 are encodad by the ecoder
madide 112 late conmand sigaals delivered o the pressure

ruhu el 114
drillisag sl is provided 1o the drilling e
lalhynmdpu Illlhwﬂuﬂmdphu 118 The

stapedpipe 11K and mod pump 116 may be kocated on the
sarfsce of below the platform of o dnllieg Ag. Based an the
command signals frm the encoder module 112, the pressure
pulse generator 104 controliably adjusts the flow of drilling
il o odher Mubd through the pressure pd-rmmlld
1hnpdwmmnmm-lnduun»mw
pressune pulse genertor 14 Increases and decresses the
pressure of drilling mud Bowlog throogh the MWL 100 108,
Thée vasrhimbon by pressure cooates acoustic polaes that include
the encoded signals from the semors 118

1hmdwﬂ-wa¢l;wmdhylhrmmpuhm
erator 114 js referned 1o herein s the
rmmmmmueummwmlpmm
i refernad 10 beroin e “nodse Noise nchales pressing
pubses genoruted by equiposent other thun the presaire pulse
genemor L, environmentally-produced pulses and reflec-
tions from the prinsary signal. The primary signols mnd poise
e trmnnitbed through drifling mod, equipment sid wubing
s 1 wellbore 102 and standpipe 118,

A receiver sydem 120 records ihe pressire pulses within
the stnadpipe and lsolistes the primary signal lnom the ootse.
In excmplary cmbodiments, the receiver wystem 120
inchides o primary trunsducer 122, o reference tmnshier
124 and @ signal processor 128, The relerence trensducer
124 is positioned in the mmdpipe 118 o reltive close
proximiry b the mud pamp 116, In this posithon, the wolse
crended by the mad pump 116 dominsies the prossure pulses
recorded by the reference tansducer 124, In this bocation,
the reference transducer 124 ks therofbre configured W
produce an ehectric signal e s largely reflective of the
torise creatod by the oo puiop 116 and nowe reflected off
the mud pump 116,

The primary tansdiocer 132 o postoood within ihe
staiwdpipe i 3 spaced-ppan disiante from ibe saxl puanp 116
o reforonce trnsducer 124, The primary tramsducsr 122 s
pokitioned within the stundpipe 118 st locution which
minimizos the extent of nefloctod shgmals. The primary
ransdlicer 122 18 eonfigured 1o produce an electne signal
that Is responsive W e messarement of he primary signal
and poie within the standpipe 11K

*

W

"

an

4
The wo-stage filer 128 b lncorporaied s @ computer
progrum nndng within the signil processor 126, In the st
wage, the outpul from the primary tansducer 132 and
reference trsaduces 124 are fod im0 an adaptive filer 130,
The adnptive filer 130 procuces » first-lihered electic
signal. L the secoud stage, the outpul from the adaptive filer
130 s provided 1o a low pass filier 132, The low pass filee

s provided by the bow pass her 132 w0 o display 134 oc
other output device for daplying the recovered signal 1o an
opertor of for sending the recovered sigual w0 susomated
controls amacued with the drilling process.

In exemplary embodiments, the sdaptive filier 130 s a
Jeast meas squares (1MS) adaptive filier. The adaptive fhee
b w siep e of from shout L0001 W sbout 0.0000] and
a filier bengih of from about 300 w0 sbout 10,000, These
vishies nre sebectend o provice mapid and reliable convergence
within the sdaptive filer 130, In some embodiments, the
sdaptive fier 130 has = step sine of sbout 0.00003 und =
fibter bemgth of about S000, These settings can bo adjisted by
the operator or autamatically by the -dsu-l pawe--nr 126 in
respotise 1o convergence of divengence results. The sdaptive
Tibier 130 uses the reference signal provided primarily by the
referenoe trmisduicer 124 W remove noise from the signil
peovidad by the primary trnsducer 113

The signal extracted by the sdaptive filier 130 is presenod
b0 the Jow pass liler 132, where high oy o is
reduced, In exemplary embodiments, the kow pass filier 132
e a finite impolse response (FTR ) flter that b configunsd 10
perenil pansage ol anly the lower signals aswci-
sled with the known spectra of the prmary signal generated
by the MWD wol 18, In other embodiments. the low pass
filter bs & Hamming window FIR filter or a Kalser window
FIR filter. The ouipul of the low pass filter 132 represents the
recovered primary slgual, which e be presented w s
docoder module 134, The decoder modube 134 1 conligucd
o chocode the data from the recoversd pimry signal, I will
be appreciased that cdisplays, ooamedl systems of other periphi-
erils can be connected 1) the signal processor 126 for the
prirpone of displaying, storing or uliliring the processed
sigrla

Turming w0 FIG, 3, shown (hereln ks 0 procoss fow
agrain for o method 200 of reducing tobe from o sipial]
wencratod by the MWTY ool 108, The process bigins al sleps
mmm-m;mmpm simuluaneouly or in

At stop 202, & nefierence eluctric signal bs oblained
by the nml pnww 126 lnmwhrymmllmu e
reference eloctric

The -mul- produced by ihe primary

processor 126 com be &
compuler petwnrk seod in conjunction wiil te deilling or
logging process. Cenerally, the signal processor 126 b
configured o extract and solate the primary signal from the
noise i the staodpipe 118 and welThore 102 in real-time with
litthe o o deluy. Hifective md rupid isolation of e primuy
sigmal from the ois entarges the bandw idih of the elem-
etry from the MWID ool 108 to the surfoce und permits the
transmission of a primary signal with incresed spestral
density.

[lgnngmﬂ(' 2 shown thercin is o dingrammatic
drpmmuhmn—ummmlnudmmmmm

w0

“

wtep of obiaining the signal includes the
%o wtaps of powtioning the eeference trunsducer 14 in close
122 and tor the mad p 16 wnd g 1§ the reference

uwmwunthmpmnlohwmwmw
ehectric signal inchides positioning th primary tmansducer
122 ai o wpaced-apant distmee from the releronce tnsdocer
1234 and penerating the primary cloctric shgnal that is rep-

transducer 122, The primary tnnsducer 122 i ploced o o
Jocation within the wellbore 102 or standpipe 118 th
minimixos the mitio of poise 10 the primary signal produced
by the MWD wal 108,

The process contines m siep 206, dunng which the
sdaptive filier 13 b applied by the signal processor 126
ibe owput of the primary trmnshscer 122 and reforenes

signal from the of the peimary signal and noiee.

Figure 15.5f. Advanced MWD signal processing patent award.

dnoer 124 10 produce o firt-filtered ebocinc signol. The
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oduptive filier 130 can be o least meams squarad (LMS)
wckaptive ey The step 208 of spplylng the sdaptive e
130 mary inclode applying an LMS adapirve fiber with a vep
shere of about 800003 for u flher kength of whout $000. The
sep 206 of applying the adaprive filler 130 generslly uses
the relerence signal s a busis for removing noise sssocined
with the mud pursp 116 Do the shgl produced by the
prinsary transducer 122
Next, ut step 208, the output from the sdaptive fler 130
s rovsed through & how pes filier 132 10 prduce 5 second
filered edectric signil, The low pass filver 132 s configunsd
e remove higher frequency wignale thal are pot associated
with the primary signal produced by the MWI 100l 168 The
fow pass filer 132 can be o finite impulse response (VTR
low poss fllier, Fiaally, s step 200, the secvnd-fhersd
clectric signal i senl from the woatage filler 128 10
downstineun procesing where the extracted primery shgnal
b devodal, displayed amd used o s sk for reviewhng the
measnrements made by the MWD wel 108
Thus, i exemplary embodiments, the present invention
provides a systom and method for extracting @ primary
encoded sigal prodiced by the MWD to0l 108 lrom moise
present in the wellbure 102 and standpipe 18 The use of the
mu-m;e filier 128 | n mmhwuw with the nn-wmliy
122 124

presents o significont sdvancesnent over prior an sl
processing FyWers. |I W be \nderwnl thut even though

ges of various covhodi-
ments of the present Invention have been set forth in the
foregoing description, ogether with details ol the structure
s Tunctiom of various esmbodiments of e invention. this
disclosure i illustrative anly, and changes may be mode in
detnil, especinlly in matiers of structure md ermngement of
parts within the prnciples of the present invention 1o the fall
extent indicitod by the broad general mewdng of the forme
b which the sppended clalon e expressed. B will be
upprociated by teome skilled in e an that the teachings of
the present mvention ean be applied 1o other systems with-
witl departing fron e soope aml spidh of the Present
invention

Whint in claimed

LA drilling sysiem incloding o mod pomp comprising:

U e,

un encoder operably connectod o the semsor,

o pressure pibe geoerstor operably conacoted 1o the
amcoder, wherein ihe pressure pulse penerator s cons
figured 10 produce & primary signl in fespoise W igput
from the encoder;

o prmary tmnsdcer conl A prniaty
trapsdiscer signal in response lu w meaneement of the

peimary signal,

W reforence tmsdacer configired W produce @ neferonce
transducer signal in respanse 10 8 refloction of e
erimary sigeal off the el pump; and

# signal processar d 10 the primary
and (e reference wansdocer, whercin the sigaal pro-
covmiF eatiipriees & tav-atige lilter that ke eomfiguned to
extract the primary signal from the primmry inmsducer
sl uind the referonce tunsduicer siginl ohagrved st
the primary transducer

2 The drilling systen of claim 1, wherein the the refor-

ence trunslacer b peditionad o close proximity fo the misd

2 The drilling system of claim 2, whorein the primary
ot is m-wd i w speced-apart relationship with
the reference transhicer.

n

w

;i

6

4. e drilling system of claim X whervin the two-stage
Hhter comprises

it acaptive filer; and

& how pasa filter conthgured t receive the osepul (v the
adaptive filier.

5 The drilling system of claim 4, wherein the susptive
fibier receives the refermoe tmamsducer signal Trom the
relerence imnsducer.

. The drilling systom of chaim 8, wherem the sdaptive:
fibier s @ besnit means square adaptive flier.

7. The drilling sysiem of claim 8, wheretn the adaptive:
1ifer has u step sire of aboar CAKKON mud o filer bength of
abuoit 2000,

B The drilling syssem of clam 4, wheremn the low pass.
filler s selectod from the group conxisting of Humming
window Tiie impalse response [ilters und Ksiser window
linite umpulse reiponse (e

9. The drilling system of claim 4, firther oomprising o
decoder muodule that bs configered io decode the outpul from
el pass filnee,

1 A receiver sywlem fof ine i recerving aad devoding a
peimury pressure pulse signal geneated by o iessungment -
white-dnlling (MWD} ol nsed 1 @ delling systeny that
ineludes m musd pump that is  source of pressire pulse sigial
ke cannasesd by g pellection of the primary pressiane palse
signal off of the mud puanp, the reoerver system comprising:

o prmary tronsdocer, whereln the prieory tronsducer
prostaces an clectric signal in response t the memiine-
menl of the primary pressure pulse signal and The
preseuse pulse signal pokse caused by the seflectbon of
the primary signal olf the mod pump;

i reference trnsducer, wherein e referonoe tmnsdover
produces an electrie signal in response i the mensre-
ment primunly of the pressure pulse signal nobse
wamtine] by the refloction of the primary signesl ofl the
mud pamp; und

n-dmllpnw wherein (he signal processor com-
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Figure 15.5g, Advanced MWD signal processing patent award.
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MWD Turbesiren —
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
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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.

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 Qil before its transfer to Schlumberger and
had been adopted commercially until the late 1980s.
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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. 4,785,300 awarded to Chin and Trevino (1988), 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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Figure 16.4a. “Rotor downstream, stable open” mud siren.
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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. 4,785,300, a second important siren invention, described in
United States Patent No. 5,586,083, was awarded to Chin and Ritter (1996).
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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Figure 16.5b. MWD “turbosiren” pulser.
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Figure 16.5c. MWD “turbosiren,” “sirens in series”
very high signal strength pulser.
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U.5. Patent Dee. 17, 1996 Sheet 6 of T 5,586,083

FIG. 7A FIG. 7B
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

e U.S. Patent No. 5,969,638, “Multiple Transducer MWD Surface Signal
Processing,” awarded to W.C. Chin, Oct. 19, 1999.

e 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.

e U.S. Patent No. 5,787,052, “Snap Action Rotary Pulser,” awarded to W.C.
Chin, with W. Gardner, July 28, 1998.

e 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.

e 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.

e 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,

e 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?

e 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?

e  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?

e 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?

e 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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16.2.2 Basic meaaurements.

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-stage turbosiren.

Figure 16.12. Two-stage turbosiren with flow straighteners and torque wheel.
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16.2.4 Three-stage turbosiren.

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.

Figure 16.14. Reference power turbine.
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16.2.6 Turbosiren assemblies.

Figure 16.15. Turbine assemblies with pressure compensation module.
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Figure 16.15. Two-stage turbosiren with pressure compensation module.

Figure 16.16. CAD rotation animations for design validation.
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16.2.7 Turbosiren fabrication.
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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 “U™ 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 Uy, Ciesr and pyey; 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) Prest- On the other hand: for “slow”
hydraulicapplications, e.g., situations when the poppet does not suddenly or
fully obstruct the flow, one has pyug = (pmud/ptext)(Umud/Utest)zptest. 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 = ©wR where o 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” pU? and the auxiliary powUR head appear, so that a
second test parameter must be considered — the ratio of the two speeds is ®R/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 ®R/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 ®R/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/ptest)((Umud/Utest)(Cmud/ctest) Prest
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 paud/Prest ® 800 and Cpua/Crest ® 5. Thus
for the same flow rate (that is, Umua/Uks = 1), the signal strength in water
follows pmug = 4,000 pyes; S0 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.

Wind Tunnel Data - Single Turbosiren

Flow ; Spead Flow fate | RPM Freg, [ Signal AP Signnl Tangent | Toergue
Description | {k/min) |GPM) (rot/min) (Hz} {psh) SPL(Db) Foree (g [inch-oz)
sLow | 928 140 1956 (33 | 0.103 151 2 074

. MEDIUN [ 1269 465 | 3450 115 0.184 156 4 | 1.20
FAST | 1722 632 5250 175 | 0325 180 55 1.90

Wind Tunnel Data - Dual Turbosiren

Flaw | Sp«.d Flow Aete NPM‘ Frog. Signal AP Signal Tangent Torgue
Description | {ft/min) (GPM) [rat/min) [Hz) {psl) SPLDB) Foree [g) | (inch-oz]
sLow i EE 233 1999 67 0.107 151 15 053
MEDIUM | 984 361 2778 93 0192 156 30 1.06
FAST [1208 | a76 4932 164 | 0330 161 a5 159

Wind Tunnel Data - Triple Turbosiren

Flow | Speed Flow Rate |  APM Frog, Signal AP Sagnal i Tangant Torgue
Description | (fmin) | {GPM) | [rot/min) |  (Hz) (sl SPUDb) | Force fg) | (inch-oz)
sLow s 137 | | 0.09 150
MEDIUM | 552 202 | 0176 155
FAST 175 284 | | 0.315 160

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.
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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.

[:II |I:"|I .\\ '. GPM | HZ . AP-PSI | SPL-dB
MMM 00s | 179 | 0360 ‘ 161.9
LI | 826 | 157 |0316 ‘ 160.7
‘ 464 | 83 | 0192 | 156.4
GPM | Hz ‘.'.\P—PSi SPL-dB
921 | 223 | 0.340 | 1614
683 | 137 ‘0,186 156.1
a06 | 77 | 0097 | 1505
|\'|I|,I'\‘]|;\"'|I . GPM ‘ HZ | AP-PSI _hSPL-dB.
— | as ‘ 77 | 0345 | 1615
|y s | 58 | 01s0 | 156.3
‘ ‘ 388 27 | 0102 | 1509
arat GPM | HZ | AP-PSI | SPL-dB
PR
~— | 48 | 93 | 0302 | 1603
.
-'I—* 531 | 76 | 0.172 | 1555
432 | 33 0.089 | 149.7
0 '-:-l'\“". GPM | Hz | AP-PSI ‘SPL-dE
L“\‘f 709 | 93 | 0300 | 1603
\
L 538 | 88 | 0.160 | 154.8
_J 165 61 | 0086 | 149.4

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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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 16.26. Signal strength and frequency versus GPM.



428 MWD SiGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

QQQ GPM HZ AP-PS| | SPL-dB
709 93 0.300 | 180.3
D 538 88 0.160 | 154.8

165 61 0.086 | 14%.4

X Microsoft Excel - Book1 - H_IQ_L![
%) Hle Edt View Insert Format Tools Data Window Help =18(x|
DEHERY I RBT - @@ = £ 4% 0@

[ arial 0 - BrUEEEEHS % _-d-A-

H25 -| =/

ST [ I | ) ] oy U 2
B 165 61 =
2 538 88 100
3| 709 B | F g e

4 =

Ex & 60— .

=2 s —e+— Seriesi
6 s 40

ia g 20

8 | “ o0 -

9 | 0 500 1000

— Volume Flow Rate (GPM)

12|

14

15 165 0.086 =

16 538 016 | &

14— — =)

18

19, 3

20 0 .

21 0 500 1000

% Volume Flow Rate (GPM)

o4 -

[l4] 4[> pi\Sheet1 ( Sheetd [ Sheets / || MJE

| ETTE e EIE N

£

\

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 16.28b. 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-Ibf range. A typical stall torque might be 0.25
in-Ibf at 500 GPM. This value applies to air — in water, the corresponding
torque is approximately 200 in-1bf, 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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Descripton Speed Flow Rate Ho Load Stall Stall Stall
{ftimin} GPM RPM Foree Torqge Torqge
LBF {in-bf} {in-0z}
Slow 1,170 429 FAM) 0.13 LBF 013 21
2107
Medum 1432 526 10,150 0.26 LBF 0.26 4.2
4207
Fast 1,916 T03 14,200 0.50 LBF 0.50 3.0
8.007

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.

5 rurbime Desi MM =IEY

Geomelry
Innet radius (in) l:'
Duter radius (in)
Wind Tunnel Data y
No-load rpm
Stall tarque fin-bf)
Specific gravity
Flowrate (gpm) 703
i Field Predictions

Mud specific gravity I:l |
Mud flowrate (gpm]

Install Giaphics|  Simulate |

Defaults | Summaiy |
Clear | Contact |
Units | Ext |

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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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 fi-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 Tunnel Data — Single Turbosiren

Flow Spead Flows Rate RPM Freq. Signel AP Signal Tangent Torque
Description | {#t/min} {GFM) {rot/min} {Hz} {psi) SPLOb) Force g] | (inch-oz)
HOW 92 Eacd 1956 (] 0,103 151 21 0.74
MEDIUM 1269 465 3350 115 0.184 156 3 120
FAST e 632 5250 175 0.325 160 s§ 190

Wind Tunnel Data - Reference Axial Turbine

Description | Speed | Fiow Rate | Mo Load Stall stall stall
itming GPM RPM Force Torge | Torque
LBF {in-Bh {in-oz)
Stow 1,170 429 7400 | 0131BF 013 24
2102
Medmm 1432 526 10,150 | 0.26 LBF 0.26 42
420z
Fast 1,916 703 14,200 | 0.50 LBF 0.50 8.0
800zZ

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.
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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 Apyug = 4,000 Apg 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
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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, €.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 ‘em and test ‘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 17.3. Mini-siren, about one inch across, with low friction
bearings (the quarter is about the size of a Chinese yuan).



DESIGN OF MINIATURE SIRENS 443

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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Windows Media Player A = ]E{_’SJ

Hair-Dryer-5

Figure 17.9. Hair dryer test of mini-siren, high speed
rotation at bottom (sound video available on request).
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L

Figure 17.10. Modeling drilibit 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 al/ 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, ¢.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 rtheology of the fluid is only second-order in importance in comparison with
inertial forces. So long as the test model, in this case /arger 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 17.12, Cardboard siren with paper clip shaft.

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.
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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

451



452 MWD SiGNAL ANALYSIS, OPTIMIZATION, AND DESIGN 2ND EDITION

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 ¢ 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 x, and x; denote any two transducer
locations on the standpipe. At location “b” we have

p(xp,t) = f{t — xp/c) + gt + xp/C) (18.1b)
If we define © = (x, — X,)/c > 0, it follows that

pXp,t — 1) = f{t + (%, — 2%p)/c} + g(t + x,/¢) (18.1¢)
But at location “a” we have

p(Xat) = f(t — x,/¢) + g(t +x,/¢) (18.1d)
Subtraction yields

P(Xart) — p(Xp, t — 7) = f(t — X,/¢) — F{t + (X, — 2xp)/c} (18.1¢)

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

£(t) — £t — 2x1/¢) = p(0,8) — p(Xs, £ — X¢/) (18.19)
or

f(t) — f(t — 27) = p(0.t) — p(xp, t — T) (18.1g)

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 27). 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)
p=f+¢g (18.2b)
px=—c' P+c’g (18.2¢)
cpx= - +¢g (18.2d)
pi—cpx = 2 (18.2¢)
£ =Y (P - cpy) (18.2)

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 455

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/Ox 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 Op/0t 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,

2XDCRO7D.FOR).

C

C
C

CASE A. FSK MODULATION WITH SINUSOIDS
IF(T.LT.0.20) THEN

AMP = 0.25

FRQ = 20.

SIGNAL = AMP*SIN(2.*PI*FRQ*T)
ENDIF
IF(T.GE.0.20.AND.T.LT.0.35) THEN
AMP = 0.5

FRQ = 40.

SIGNAL = AMP*SIN(2.*PI*FRQ*T)
ENDIF
IF(T.GE.0.35.AND.T.LT.0.50) THEN
AMP = 0.25

FRQ = 20.

SIGNAL = AMP*SIN(2.*PI*FRQ*T)
ENDIF

IF(T.GE.0.50) THEN

AMP = 0.5

FRQ = 40.

SIGNAL = AMP*SIN(2.*PI*FRQ*T)
ENDIF

CASE B. NARROW PULSE WIDTH

A =10.0

R = 100.0

IF(T.LT.0.1) THEN

SIGNAL = A* (TANH(R*(T-0.100))-TANH(R*(T-0.101)))/2.
ENDIF

IF(T.GE.0.1) THEN

SIGNAL = 0.

ENDIF

FUNCTION XNOISE(T)
Mud pump noise function may also include reflected MWD

signal, but

(o]
noise
o]
(o]

it is not necessary to add the wave reflection to the total

to demonstrate directional filtering.
FRQPMP = Hertz freq of pump noise, propagates downward.
PI = 3.14159

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.
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Figure 18.1a - Method 4-3, A-002 (8 feet).
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Figure 18.1b - Method 4-3, A-003 (12 feet).
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Figure 18.1c - Method 4-3, A-004 (16 feet).
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Figure 18.1e - Method 4-3, B-002 (8 feet).
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Signal Deconvolution
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Figure 18.1f - Method 4-3, B-004 (16 feet).

18.3.2 Method 4-3, Difference  equation (Software  reference,
2XDCRO7E.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 = 10.0

R = 100.0

SIGNAL = A* (TANH(R* (T-0.100))-TANH(R* (T-0.101)))/2.

1 +1.5%A* (TANH (R* (T-0.200) ) -TANH (R* (T-0.201)))/2.
2 +2.0*A* (TANH (R* (T-0.300) ) -TANH (R* (T-0.301))) /2.
3 +3.0*A* (TANH (R* (T-0.400) ) -TANH (R* (T-0.401))) /2.
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Figure 18.1g - Method 4-3, A-002 (8 feet).
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Figure 18.1h - Method 4-3, A-003 (12 feet).
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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, 2XDCRO7F.FOR).

Finally, we consider a noise function that is nof sinusoidal in our
calculations. In fact, the downward propagating sine wave defined previously in
FUNCTION XNOISE(T)is replaced by a single isosceles triangle, noting that
multiple triangles are easily constructed, as follows —
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FUNCTION XNOISE(T)

C TYPE 3: NOISE MODEL IS A TRIANGLE
A =T.
B =20.2
XNOISE = TRIANGLE(T,A,B)
RETURN
END
FUNCTION TRIANGLE(T,A,B)
IF( T.LE.0.0) TRIANGLE = 0.
IF(T.GT.0.0.AND.T.LE.B ) TRIANGLE = A*T
IF(T.GT.B .AND.T.LE.2*B) TRIANGLE = A* (2.*B-T)
IF(T.GT.2*B )} TRIANGLE = 0.
RETURN
END

Signal Deconvolution
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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).
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Figure 18.10 - Method 4-3, A-006 (24 feet).
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Figure 18.1p - Method 4-3, B-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
Internal MWD upgoing (psi) signal available as
P(x,t) = + 5.000 {H(x- 150.000-ct) - H(x- 400.000-ct)

}
+ 10.000 {H(x- 600.000-ct) - H(x- 1000.000-ct)}
+ 15.000 {H(x- 1400.000-ct) - H(x- 1700.000-ct)}

Units: ft, sec, f/s, psi ...
Assume canned MWD signal? Y/N: Y
Downward propagating noise (psi) assumed as

N(x,t) = Bmplitude * cos {2y £ (t + x/c)}
o Enter noise freqg "f" (hz): 15

o Type noise amplitude (psi): 30

o Enter sound speed ¢ (ft/s): 5000

o Mean transducer x-val (ft): 1750

o Transducer separation (ft): 30

Signal Deconvolution

Senes

'I_ L=~} 1 .. ‘\I\./ - —
200 | |300 | [400
|| Time (sec) '

Figure 18.2a - Method 4-4, Run C-1.
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Run C-2
Internal MWD upgoing (psi) signal available as
P(x,t) = + 5.000 {H(x- 150.000-ct) - H(x- 400.000-ct)

}
+ 10.000 {H(x- 600.000-ct) - H(x- 1000.000-ct)}
+ 15.000 {H(x- 1400.000-ct) - H(x- 1700.000-ct)}

Units: ft, sec, f/s, psi
Assume canned MWD signal? Y/N: Y
Downward propagating noise (psi) assumed as

N(x,t) = Amplitude * cos {2 £ (t + x/c)}
o Enter noise freg "f" (hz): 15

o Type noise amplitude (psi): 30

o FEnter sound speed ¢ (ft/s): 5000

o Mean transducer x-val (ft): 1750

o Transducer separation (ft): 10

=
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w
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Figure 18.2b - Method 4-4, Run C-2.
Run C-3

Internal MWD upgoing (psi) signal available as

P(x,t) = + 5.000 {H{(x- 150.000-ct) - H(x- 400.000-ct)}
+ 10.000 {H{(x- 600.000-ct) - H(x- 1000.000-ct)}
+ 15.000 {H(x- 1400.000-ct) - H(x- 1700.000-ct)}

Units: ft, sec, f/s, psi ...
Assume canned MWD signal? Y/N: Y
Downward propagating noise (psi) assumed as

N(x,t) = Bmplitude * cos {2y £ (t + x/c)}
o Enter noise freq "f" (hz): 15

o Type noise amplitude (psi): 30

o Enter sound speed ¢ (ft/s): 3000

o Mean transducer x-val (ft): 1750

o Transducer separation (ft): 30
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Figure 18.2¢ - Method 4-4, Run C-3.

Run C-4

Internal MWD upgoing (psi) signal available as
P(x,t) = + 5.000 {H{(x- 150.000-ct) - H(x- 400.000-ct)

}
+ 10.000 {H(x- 600.000-ct) - H(x- 1000.000-ct)}
+ 15.000 {H(x- 1400.000-ct) - H(x- 1700.000-ct)}

Units: ft, sec, f/s, psi
Assume canned MWD signal? Y/N: Y
Downward propagating noise (psi) assumed as

N(x,t) = Bmplitude * cos {2y £ (t + x/c)}
o Enter noise freqg "f" (hz): 15

o Type noise amplitude (psi): 30

o Enter sound speed ¢ (ft/s): 3000

o Mean transducer x-val (ft): 1750

o Transducer separation (ft): 10

469
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Figure 18.2d - Method 4-4, Run C-4.

Run C-5
Internal MWD upgoing (psi) signal available as
P(x,t) = + 5.000 {H(x- 150.000-ct) - H(x- 400.000-ct)

}
+ 10.000 {H(x- 600.000-ct) - H(x- 1000.000-ct)}
+ 15.000 {H(x- 1400.000-ct) - H(x- 1700.000-ct)}

Units: ft, sec, f/s, psi
Assume canned MWD signal? Y/N: n
Number of rectangular pulses: 7

o Left "x" cooxrd, Pulse 1: 50
o Right "x" coord, Pulse 1: 100
o Amplitude (psi), Pulse 1: 5

o Left "x" cooxrd, Pulse 2: 150
o Right "x" coord, Pulse 2: 200
o Amplitude (psi), Pulse 2: 10
o Left "x" coord, Pulse 3: 250
o Right "x" coord, Pulse 3: 300
o Amplitude (psi), Pulse 3: 18
o Left "x" coord, Pulse 4: 350
o Right "x" coord, Pulse 4: 400
o Amplitude (psi), Pulse 4: 20
o Left "x" coord, Pulse 5: 450
o Right "x" coord, Pulse 5: 500
o Amplitude (psi), Pulse 5: 5

o Left "x" cooxrd, Pulse 6: 550

o Right "x" coord, Pulse ©6: 600
o Amplitude (psi), Pulse 6: 10
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o Left "x" coord, Pulse 7: 650
o Right "x" coord, Pulse 7: 1700
o Amplitude (psi), Pulse 7: 18

Input waveform summary,
P(x,t) = + 5.000 {H(x- 50.000-ct) - H({ )}
10.000 {H(x- 150.000-ct) - H{ )}
15.000 {H(x- 250.000-ct) - H{ )}
20.000 {H(x- 350.000-ct) - H(x- 400.000-ct)}
5.000 {H(x- 450.000-ct) - H({ )}
10.000 {H(x- 550.000-ct) - H{ )}
15.000 {H(x- 650.000-ct) - H({ )}

+ o+ o+ o+ o+ o+
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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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