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Signal attenuates while Measurement-While-Drilling (MWD) mud pulse is transmited in drill string during high temperature deep
well drilling. In this work, an analytical model for the propagation of mud pulse was presented. The model consists of continuity,
momentum, and state equations with analytical solutions based on the linear perturbation analysis. The model can predict the wave
speed and attenuation coeflicient of mud pulse. The calculated results were compared with the experimental data showing a good
agreement. Effects of the angular frequency, static velocity, mud viscosity, and mud density behavior on speed and attenuation
coefficients were included in this paper. Simulated results indicate that the effects of angular frequency, static velocity, and mud
viscosity are important, and lower frequency, viscosity, and static velocity benefit the transmission of mud pulse. Influenced by
density behavior, the speed and attenuation coeflicients in drill string are seen to have different values with respect to well depth. For
different circulation times, the profiles of speed and attenuation coefficients behave distinctly different especially in lower section.

In general, the effects of variables above on speed are seen to be small in comparison.

1. Introduction

The oil industry trend to deep formation exploration has
increased technological challenges to drill. An important
problem in deep drilling is the propagation of Measurement-
While-Drilling (MWD) mud pulse, transmitting real-time
various data from sensors (accelerometers, magnetometers,
Gamma Ray sensor, etc.) located downhole near the drill bit
[1]. MWD systems can provide important information [2, 3],
such as inclination and azimuth of the wellbore, tool face,
formation properties, rotating speed of the drill string, torque
and weight on bit, and mud flow volume, which is critical and
indispensable to deep well drilling. Mud pulse telemetry is the
most common method of data transmission used by MWD.
In deep formation environments, where the temperature
and pressure are prevalently high, dynamic of mud and its
density behavior in drill string are very different from those in
normal conditions [4]. This aggravates the attenuation of mud

pulse, eventually reduces the signal strength at the surface,
and makes detection of the signal more difficult. This paper
considered the propagation behavior of MWD mud pulse in
drill string during high temperature deep drilling operations.

Understanding the propagation and attenuation charac-
teristics of mud pulse in drill string still needs strong theories
to be formulated together with reliable smart experiments.
The prime factor which opposes any pressure wave propaga-
tion is the irreversibility of the process associated with fric-
tion [5]. Therefore, wall shear stresses and molecular inter-
actions between adjacent flow layers have to be accurately
quantified. In addition, the mud density behavior during high
temperature and high pressure drilling operations has to be
considered, which directly affects the propagation of mud
pulse. A simple theoretical model simulating the propagation
of mud pulse was first proposed by Chen and Aumann [6],
with a numerical solution. In the proposed model, only
wall shear stresses were considered. Liu et al. [7] proposed



a mathematical model to simulate the dynamic transmission
behavior of mud pulse. Essentially, what was proposed is still a
single phase model, despite the fact that a multiphase formula
in the paper is used to calculate mud solids and free gas
content change. Besides, the authors merely considered the
effects of wall shear stresses and inclination. A real multiphase
flow model simulating the propagation of mud pulse in
aerated drilling was derived by Li et al. [8]. It is thought
that the effects of the momentum and energy exchange
at phase interface, gravity of each phase, and wall shear
stresses on mud pulse propagation were taken into account.
However, the model cannot be used in high temperature
deep well drilling, where primary circulating fluids are single
phase, and the density behavior of mud and friction between
adjacent flow layers cannot be neglected. Up to date, no
complete mathematical model of mud pulse propagation in
drill string during high temperature deep drilling operations
has been derived.

The mud pulse discussed in this paper can be interpreted
as pressure wave in the fluid down the drill string, a kind
of typical hard walled rigid pipe, which propagates with
the speed of sound through fluid flow [9]; the speed of
sound depends on the type and temperature of the fluids
for a given pipe [10]. In transient analysis of the pipe flow,
the transmitting of pressure wave can be looked on as a
forced oscillatory motion process [11]. There is a large body
of literature on the propagation of pressure wave in rigid
pipe with hard walls. Binder [12] studied fluid vibrations
in a tube with friction. He gave an expression for total
excess pressure at any point in a straight rigid tube of
constant cross-sectional area filled with a compressible fluid.
Lighthill [13] discussed the dissipation of acoustic energy
and the mechanisms modifying the linear theory of sound.
Brown [14] studied the dispersive mechanism in transmission
systems and gave a prediction of dispersion in fluid lines
with laminar flow. Iberall [15] and Nichols [16] analyzed,
respectively, the behavior of unsteady laminar flow in a long
rigid pipe used the method of characteristics. Based on the
Iberall model of fluid transients, Jayasinghe et al. [17] derived
a frequency-dependent friction coefficient for laminar pipe
flow of compressible fluids. Zielke [18] has indicated that the
method of characteristics can handle frequency-dependent
absorption. He related the wall viscosity to the weighted
past velocity change and the instant mean flow velocity.
Suzuki et al. [19] have proposed an improved method of
characteristics without losing the accuracy, but it seems to be
complicated. Brunelli [20] reported recently a computational
method to calculate two-dimensional velocity profiles under
the compressible fluid condition. The frequency-dependent
absorption was taken into account in his method. A nonlinear
wave equation was reported by Kuznetsov [21], similar to
Blackstock [22] formulation. A higher order formulation of
nonlinear wave equation was investigated by Chester [23].
Acoustic wave propagation in circular ducts with hard walls
containing shear flow has been studied by a number of
researchers (see, e.g., references [24-32]). In most cases the
mean velocity profile of shear flow has been taken as that
of fully developed laminar flow or as a uniform core flow
with a thin boundary layer at the wall. Agarwal and Bull
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[33] presented theoretical results for sound propagation in a
hard walled pipe with a fully developed turbulent flow profile.
Auslander [34] predicted the frequency response of fluid lines
with turbulent flow. Experimental tests were conducted to
inspect the contributions of unsteady friction on pressure
wave [35]. Brunone et al. [36] matched the test results to
a classical one-dimensional elastic water hammer model
coupled with an unsteady friction model, known as Brunone’s
corrected unsteady friction model. Semiempirical analytical
and experimental studies of the acoustic frequency response
of circular tubes with mean turbulent flow have been made by
Brown et al. [37]. They discussed the behavior of amplitude
disturbances superimposed on a gross turbulent flow and
proposed an equation for calculating the wave attenuation
factor. Numerical solutions based on the method of charac-
teristics were applicable to the modified wave attenuation,
as shown by Wylie and Streeter [11]. Mitra and Rouleau
[38] developed a numerical method for fluid transients in
rigid pipes, based on implicit factorization. Stuckenbruck et
al. [39] gave numerical results of an improved analysis of
wave speed. Pressure wave transmission attenuation in a pipe
flow was investigated both theoretically and experimentally
by Wang et al. [5]. Sato and Kanki [40, 41] obtained the
analytical solutions for the compression wave and steady
state oscillating flow in a pipe with a circular cross-section.
However, previous researches have not provided a simple and
reliable analytical model for calculating the mud pulse speed
and attenuation in a viscous fluid pipe flow, where the effect of
density behavior in high temperature deep well environments
on mud pulse transmission cannot be neglected.

The objective of the present work is to study the propaga-
tion and attenuation of mud pulse in high temperature deep
well drilling. In this paper, besides, and the wall shear stresses,
gravitational effects, the molecular interactions between adja-
cent flow layers were also deeply analyzed, in addition to
the effect of mud density behavior on the propagation and
attenuation of mud pulse. By performing linear perturbation
analysis to solve nonlinear differential governing equations,
newly analytical formulas of speed and attenuation factor
have been developed.

2. Mathematical Model and Solutions

A one-dimensional analytical model for mud pulse propaga-
tion and attenuation in drill string during high temperature
deep well drilling is developed, and by performing a linear
perturbation analysis, we derived the mud pulse speed and
attenuation factor formulas.

Some basic assumptions for the formulation of the model
are as follows: the mud liquid constitutes a continuum. Oscil-
latory motion process aroused by mud pulse transmission is
of momentum conservation. Besides, the motion process is
isentropic.

2.1. Governing Equations. In drilling, we consider the mud
pulse travelling along drill string through single phase mud
fluid, which is shown in Figure 1. Mud pulse transmits in
—x direction, reversing the mud flow, and the pipe wall is
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Direction of pulse travel

Flow direction

FIGURE 1: Mud pulse propagation in drilling.

arigid body. It is assumed to be laminar flow. In addition, it is
assumed that p and v are independent of the circumferential
angle around the pipe axis. The mud flow behavior in drill
string can be described using the one-dimensional nonlinear
differential equation of continuity and motion as follows:
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where p is the density of mud, ¢ is the time, p is the pressure,
v is the velocity, g is the acceleration of gravity, 0 is the
deviation angle, d is the inner diameter of drill string, and A
is the traction coefficient. An empirical formula was derived
by Blasius:

A =03164Re %, (3)

where Re is the Reynolds number for mud flow in drill string.
In momentum equation (2), external forces affecting mud
flow behavior were restricted to gravity and wall shear stresses
only.
It is assumed that the effects of thermal conductivity of
the fluid are negligible; this allows the pressure and density
fluctuations to be isentropic related so that

2Z-t(2,,2)

p\ ot  ox

ot ox p )

where € denotes the bulk modulus of mud.

So far we have described the governing equations of mud
flow. These equations are nonlinear. Linear perturbation anal-
ysis was applied to derive governing equations of oscillatory
motion aroused by incident mud pulse. We assume that the
state variables v, p, and p are perturbed from their state
values by some small amount. The motion of the particle
due to its oscillation in the mud pulse may be completely
decoupled from its gross motion. Hence, our state variables
can be denoted collectively by

f=fot fh ®)

where subscript “0” and prime “” denote the time-averaged
state and the oscillating state.

The linearized perturbation equations are (to first order
in the perturbed variables)
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We obtained governing equations of oscillating motion as
the above. Essentially, these linearized equations constitute
the mathematical model of mud pulse propagation in drill
string. However, in the momentum equation (7), molecular
interactions between adjacent flow layers were neglected. It is
out of character to use such simplification for mud, a typical
viscous medium. Inevitably, viscous dissipation generated by
oscillatory motion between adjacent layers in mud a viscous
system gives rise to the attenuation of mud pulse. In a
standard text, the momentum conservation equation for the
oscillatory motion of fluid particle between adjacent layers
was given in the following manner:

o/ o' a2
Poar At =~ = gy, ()

where w is the angular frequency of mud pulse.
Combination of (7) and (9) yields the complete momen-
tum equation for mud pulse propagation in drill string:
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A complete set of linearized equations has now been
developed, and their limits of validity have clearly been
investigated. Continuity is imposed by (6), with the equation
of state (8), allowing for the compressibility of mud fluid. Lin-
earized momentum is conserved by (10), which describes the
momentum interactions associated with wall shear stresses,
gravity, and oscillatory motion between adjacent layers. In
the following, these equations are analytically solved, and
travelling mud pulse solutions are presented in terms of wave
speed and attenuation coefficients.

2.2. Solving Linearized Equations. We seek wave-like solu-
tions to these equations of the form

fl _ foei(wt—kx), (11)
where
k=%+m (12)

where k is wave number of mud pulse in drill string, ¢
is the wave speed, and # is the attenuation coefficient.



Substituting the perturbed variable into the full equations
and omitting minute terms, the following equations were
obtained, respectively:
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The above equations can be regarded as a system of
linear homogeneous first-order equations in three unknowns:
p', p', and v'. Under low Mach number, we have the
approximation w — kv = w. Hence these equations have a
nontrivial solution if and only if
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which in turn implies that
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The wave speed and attenuation coeflicients of mud pulse
in drilling are given, respectively, by
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where R(k) is the real part of wave number k and Im(k) is the
imaginary part.

Hereunto, we have derived formulas used to compute
the wave speed and attenuation coeflicients of mud pulse in
drilling. The static state density of mud p; is a key sensitive
parameter in the authors’ formulas. In general, the static state
density p, is deemed to be invariable [7, 8]. For the conditions
of interest, where the temperature and pressure of mud flow
behave in an extremely high mode, mud density cannot be
regarded as numeric constant. Hence, the density behavior of
mud in high temperature high pressure environments has to
be discussed in this paper.

2.3. Density Behavior of Mud. It has been found experimen-
tally that the density fluctuation in drilling is nonmonotonic
with respect to the depth of interest. As the pressure and
temperature of mud column increase in depth, the mud
experiences two opposing effects. Increase in pressure tends
to increase the mud density due to compressibility, while the
increase in temperature tends to decrease the mud density
due to thermal expansion. Karstad and Aadnoy [43] studied
the density behavior of mud during high pressure high
temperature drilling operations. A more accurate analytical
model for density-pressure-temperature dependence for mud
in drilling was presented in the following manner:

p=pye ™, (18)
where pg is the static state density of mud fluid at surface
conditions, T is the temperature of interest, the coefficient
I'(p,, T) is given by

T (p0:T) = vy (Po = Put) + Vop(Po = Pss)’
+ YT(T - Tsf)2 + VTT(T - Tsf)2 (19)

+ Yp1 (PO - psf) (T - Tsf) >

and T  is the temperature of mud fluid at surface conditions
The values of y,, Vpp» V1> Yrr> and y,p are essentially
unknown and must be (fetermined for different muds from
density measurements at elevated pressures and tempera-
tures. The constants for some different muds have been
measured by Peters et al. [44] and Isambourg et al. [42].
Estimation of temperature of mud down drill string is
also required to ascertain the mud density. Many efforts have
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been made to calculate mud temperature in wellbore [45, 46].
Kabir et al. [46] presented a simple and available analytical
model for calculating circulating mud fluid temperature; the
expression is given by

T (z,t.) = 9e"° + 8¢%* + goz — Agg + T,y (20)

_ qw

B ZﬂrdUd ’ (21)
where z is the wellbore depth of interest, ¢ is the circulation
time, T, is the surface temperature of earth, cq is the heat
capacity of mud fluid, w is the mass flow rate of mud fluid,
r4 is the radius of drill string, U, is the overall heat-transfer
coeficient in drill string, and g, is the geothermal gradient.
The constants ¢, {;, {,, and § are given in the appendix.

3. Experiments

3.1. Experimental Apparatus and Method. The experiments
conducted to measure pulse velocity and attenuation were
performed to verify the mathematic model’s veracity. The
experimental apparatus consists of fluid supply lines, pressure
pulse generator, and a test section, as shown in Figure 2.
Circulating fluid used in our experiments is water. The test
section was made up of a 50 mm diameter stainless steel tube
24 min length, found to be able to sustain a pressure of 2 MPa
without breaking. The flow was circulated by a pumping unit.
The water flow was controlled by a variable speed motor
and measured by a clip ultrasonic flow meter. The discharge
of the piston pumping was limited to 10 m*/h, although it
could deliver a higher capacity to 20 m*/h. A needle valve was
installed at the terminal to control the pressure of test section.
Four pressure transducers were fitted along the tube axis at
intervals of 7 m in Figure 2. The pressure transducers have a
frequency response of 0.1~1000 Hz and a maximum full-scale
output error of 0.75% FSO over the 0 to 70°C compensated
range. Each of them was attached to an oscilloscope and a
data recorder. At the top of the test section there was a water
plenum (box with 1 m radius, 2 m height) which was open to
the atmosphere.

A pressure pulse can be generated in the system by
means of an extra outlet pipe placed behind the flow meter
at the head end of the test section, connected to a fast-
opening magnetic valve. Both the closing and opening times
of the magnetic valve can be controlled in steps of 1ms.
The generated pressure pulse was measured by four pressure
transducers and the signal from which was captured by
oscilloscope and then recorded by a data recorder.

The typical pressure pulses with a step-like form, gen-
erated by fast-opening magnetic valve and recorded by a
digital oscilloscope, were given in Figure 3. It was noted that
the pressure pulses appeared at the upper transducer station
of Figure 2 exhibited some attenuation as they passed the
lower transducer station, with little distortion of pulse shape
observed.

The pulse speed and attenuation coefficient measure-
ments were made using a time of flight method. The node
where pressure swoops down was chosen as the discrete time

future of each pulse. With the nodes chosen in curve lines,
the time of pressure pulse traveling from upper transducer
station to the lower one can be read out in Figure 3. The digital
oscilloscope in our experiments has two channels, which
means that it can capture simultaneously two pressure pulse
signals measured by upper and lower pressure transducers.
This ensures the reliability of the time measured above. In
order to investigate the instant of time at which the pressure
waves pass through the measurement section, the wavelet
analysis technique proposed by Ferrante et al. [47, 48] was
also used in this paper. Similarly, it is easy to determine
the amplitude of each pressure pulse. With the known
distance between two transducer stations, the pulse speed and
attenuation coeflicients can be given, respectively, as follows:

Al
c=—, (22)

At
where At is the time pressure travelling from upper trans-
ducer station to the lower one and Al is the distance between

two transducer station,

In (Nupper/Nlower) (23)
Al ’
where the nomenclature N is the amplitude of pressure pulse

and subscripts “upper” and “lower” denote, respectively, the
upper transducer and lower transducer.

}1:

3.2. Comparison of Analysis and Experimental Results. The
wave speed of pressure pulse calculated by using the present
model is compared in Figure 4 with the experimental data.
Similarly, a comparison of the attenuation coefficient between
calculated and the tested one is shown in Figure5. Both
comparisons are good, showing that the model has the
capability of predicting the propagation and attenuation
phenomena of pressure pulse. Note that the wave speed
and attenuation coefficients are almost constant regardless
of the static pressure through the pressure range of 0.15-
0.8 MPa. The results agree with the experimental results
reported in the past as well. In our analytical model, the
static pressure plays a role in the value of wave speed and
attenuation by affecting the static state fluid density. The effect
of fluid density behavior due to compression and thermal
expansion on pressure pulse propagation and attenuation is
considered in this paper, and the density fluctuations are too
minute to affect the speed and attenuation profiles in our
experiments with a constant temperature and a very puny
static pressure change for 0.65 MPa. This gives a theoretical
explanation for the experimental phenomena that the wave
speed and attenuation are almost constant with changing
static pressure. For high temperature deep well drilling,
where the circulating mud may reach 450 K in temperature
and 100 MPa in pressure, the effect of density behavior is not
minute any more but large enough to change the speed and
attenuation profiles of mud pulse.

4. Results and Discussion

The model is able to predict the propagation and attenuation
of mud pulse in drilling. It is absolutely essential to discuss
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FIGURE 3: Pressure pulse waveforms from two transducers.

the effects of major sensitive variables on the propagation and
attenuation of mud pulse. Data of a water-base mud from
Isambourg et al. [42] reproduced in Table 1 are used here to
calculate the analytical solution.

4.1. Influences of Angular Frequency. The wave speed and
attenuation coefficients of mud pulse in drill string were
calculated by (16) and (17), respectively. In order to focus on
the effect of the angular frequency, we eliminated the effects
of mud density behavior and mud viscosity by fixing the static
density at 2212 kg-m >, plastic viscosity at 20 mPa-s, and static
velocity at 2m-s”" in the analyses presented in this section.
The deviation angle and inner diameter of tube are assumed
to be O rad and 0.078 m, respectively.

The computed propagation speed is shown in Figure 6
for a range of angular frequencies. This figure clearly shows
that the wave speed increases monotonically with increasing
angular frequency at low frequencies and approaches a
constant value at high frequencies. The demarcation between

O Experimental data

FIGURE 4: Comparison of simulated and experimental wave speed
of pressure pulse for v, = 0.81m-s™', and w = 25 Hz.

the two regimes can be drawn at w ~ 30 in Figure 6. The
high frequency limit for the wave speed as predicted by (16)

is given by
B
Po

which is entirely independent of the frequency other than the
mud static density and compressibility. Equation (24) is also
the traditional phenomenological model for pressure wave
speed. That is, the traditional phenomenological model is
a special case in high frequency of the wave speed model
proposed in this paper. In drilling, the frequency of mud
pulse is usually less than 24 Hz, and the practices indicate
that the wave speed is sensitive to the frequency. In this case,
the phenomenological model which is independent of the
frequency seems to be inapplicable. By contrast, our wave
speed model is more feasible and valuable. The attenuation

lim ¢ =
w — 00

(24)
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TaBLE 1: Empirical constants for the water-base mud (from Isambourg et al. [42]).
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FIGURE 5: Comparison of simulated and experimental attenuation
coefficient of pressure pulse for v, = 0.81 m-s™', and w = 25 Hz.
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FIGURE 6: Theoretical wave speed as a function of angular frequency
for mud.

coeflicient predicted by (17), plotted in Figure 7, exhibits a
different change trend in slope from that of wave speed.
The attenuation coeflicient profile does not show a constant
value at high frequencies but rather increases monotonically
with increasing frequency. Besides, the effect of frequency
on attenuation coeflicient is seen to be large compared with
the speed. This figure also suggests that at low frequencies,
good penetration can readily be achieved with mud fluid in

FIGURE 7: Theoretical attenuation coefficient as a function of angular
frequency for mud.
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FIGURE 8: Theoretical wave speed as a function of v, at w =1Hz, and
u =20mPa-s.

drilling, which may contribute to enlightening the design of
new MWD core components.

4.2. Influences of Static Velocity and Mud Viscosity. Two
primary variables in our solutions are ¢ and v, representing
the influences of mud viscous and inertia on wave speed and
attenuation coefficients, separately. The speed and attenua-
tion coeflicients against v, for mud pulse are plotted, respec-
tively, in Figures 8 and 9 as the curve A. In the computations,
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FIGURE 9: Theoretical attenuation coefficient as a function of v, at
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we fixed the angular frequency at 1Hz, deviation angle at
Orad, and some parameters of mud as shown in Table 1.
In order to investigate the influence of viscous oscillatory
motion between adjacent layers, the simulated results of
mud pulse neglecting this effect are also plotted in Figures
8 and 9 as the curve B. As shown in the graphs, the wave
speed decreases with the increase of v,, but the attenuation
coeficient takes on an inverse tendency. Compared with the
speed, the attenuation coefficient curve takes on an obvious
variation in magnitude with respect to the static velocity. In
general, the influence of viscous oscillation between adjacent
layers on propagation speed is seen to be small in comparison
with attenuation coefficient, especially in low static velocity.
In this paper, the viscous dissipation between adjacent layers
in the system which has not been studied before is involved.
In drilling operations, a better efficiency of receiving mud
pulse signal can be acquired by stopping the mud pumps or
lowering circulation velocity. The validity of the operations
can be demonstrated theoretically in Figures 8 and 9, which is
also a convincing illustration of the valid analytical approach
developed here.

The influences of mud viscosity on wave speed and
attenuation coefficients of mud pulse are illustrated by Fig-
ures 10 and 11, respectively. The figures clearly show that
the viscous effect restricts the propagation of mud pulse,
while aggravating the pulse attenuation. Consequently, on the
premise of satistying the requirements of carrying cuttings,
maintaining the rheology property of mud and other drilling
engineering needs to reduce the viscosity of mud benefits
alleviating the attenuation of mud pulse and improving the
propagation of the measurement signals.

4.3. Wave Speed and Attenuation Coefficient Profiles Affected
by Density Behavior. In high temperature deep formation,
the mud density influenced by high temperature and high

Mathematical Problems in Engineering

1230 -
<& o .
Co

7

£ 1200

-

3

2

2

2 1170 -

1140 —— -
1 10 100

Plastic viscosity (mPa-s)
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pressure becomes critical, which has inevitable effects on the
mud pulse transmission along the wellbore. In this section,
we focus on the influences of density behavior on mud
pulse wave speed and attenuation coeflicient profiles for
different circulation time. Table 2 presents the data used for
the calculation. In addition, some data for mud has been
shown in Table 1.

The influence of density behavior on wave speed and
attenuation coeflicient profiles is illustrated by Figures 12 and
13, respectively. The mud density is always in a transient
state and varies along the wellbore, strongly sensitive to
the pressure and temperature as shown in Figure 14. In our
simulation, we consider the wellbore heat transfer during
drilling and give the temperature profile for different circula-
tion times illustrated in Figure 15. Accordingly, the pressure
profile along the wellbore is also provided in Figure 16. The
figures clearly indicate that the wave speed and attenuation
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TABLE 2: Parameters for the calculation of temperature profile.
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FIGURE 12: Wave speed profile for different circulation times at w =
1 Hz.
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FIGURE 13: Attenuation coeflicient profile for different circulation
times at w = 1 Hz.

coeficients in drill sting are not invariable but show a distinct
change with the increase in well depth. Affected by the density
behavior, the mud pulse attenuates severer in the upper
section of the wellbore. Besides, Figures 12 and 13 also show
the differences of speed and attenuation coefficient profiles
for different circulation times. With circulating of mud fluid,

FIGURE 14: Mud density profile for different circulation times at w =
1 Hz.
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FIGURE 15: Temperature profile for different circulation times at w =
1 Hz.

the pulse propagates with a lower speed and attenuates more
and more seriously in lower section of the wellbore. We
can explain this phenomenon by inspecting the temperature
profile change in Figure 15. Caused by the cooling effect, the
rate of heat transfer between the wellbore and the formation
diminishes with increasing circulation time. Consequently,
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FIGURE 16: Pressure profile in drill string for different circulation
times at w = 1 Hz.

the temperature in drill string declines with circulating and
engenders eventually the changes of speed and attenuation
coefficient profiles.

5. Conclusion

In this study, an analytical model has been developed for
the study of mud pulse propagation and attenuation through
the drill string in high temperature deep well drilling. The
model formulation takes account of wall shear stresses,
gravitational effects, and momentum interchange between
adjacent layers and assumes transient mud density behavior
to be sensitive to pressure and temperature in drilling string.
In comparison with experiments, testing data measured show
a good agreement with this model. Based on the analytical
solutions, the influences of angular frequency, mud viscosity,
static velocity, and mud density behavior on mud pulse
propagation were discussed and summarized as follows.

(1) The effect of angular frequency on wave speed appears
at low frequency, but the attenuation coefficient
increases monotonically with increasing frequency.

(2) The wave speed decreases with increasing static velo-
city, while the attenuation coefficient takes on an
inverse tendency. Dissipation due to viscous oscilla-
tion plays a prominent role in mud pulse attenuation
at low static velocity.

(3) The viscous effect restricts the propagation of mud
pulse, aggravating the pulse attenuation.

(4) Influenced by mud density behavior as a function of
temperature and pressure, the wave speed and atten-
uation coeflicients change along the wellbore and
differ for different circulation times. The profiles of
speed and attenuation coefficients behave distinctly
different due to the cooling effect with circulating.
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(5) For high temperature deep well drilling operation,
lower angular frequency, viscosity, and circulation
velocity help relieve the attenuation of measurement
signals propagated by mud pulse, and longtime circu-
lation makes against the transmission of pulse signals.

Appendix

Constants of (20), and mud flow down the drill string.
The constants of (20) are given by the following equations:

— _ (Tdi + AgG B Tes) EZeEZH + 96 (A1)
¢= EleEIH — Ezesz ’ '

_ (Tdi + AgG B Tes) Eleng + 96

5= E . (A2)
1 1 rdUd
=—+ —1|1+4(r.UTH +k R A3
El 2B 23\] (rc atD e) chgke ( )
1 1 rdUd
=———\1+4(r.UTpH + k,) ——2%, A4
52 2B ZB\] (rc a*D e) chuke ( )
where
qw [k, + rCUaTD]
B=— | ———|, A.
2 [ r.U,k, (A.5)

where T, is the dimensionless temperature, and the estimat-
ing models used in this work were presented by Hasan and
Kabir [49] as

Tp = (1.1281+/f5) x (1 - 0.3+/5)  if 1070 < ¢, < 15,

0.6
Tp = (0.4063 + 0.5Intp,) x <1 + t—) if tp > 1.5,
D
(A.6)

where T}, is the initial temperature of mud fluid in drill string,
H is the well depth, r, is the radius of casing, U, is the overall
heat-transfer coefficient in annulus, and k, is the conductivity
of earth.
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