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ABSTRACT

Orienter working pressure for coiled tubing drilling (CTD) is associated with the randomness of torque. Thus, a
new method for orienter pressure design was built based on uncertainty analysis theory. The Monte-Carlo method was
applied to simulate the distribution of torque parameters. The distribution types and functions of torque were obtained.
Based on the functional relationship between the hydraulic cylinder working pressure and the friction torque, the
probability distribution of working pressure was obtained with the probability theory. The control variable method was
adopted to analyze the range of the hydraulic cylinder working pressure. Results show that working pressure is not
a single value but an interval with cumulative probability change. The higher the confidence level, the narrower the
pressure range, conversely, the wider the pressure range. The larger the mean square deviation, the wider the pressure
range. With this new method, working pressure range of the orienter is obtained from 3.93 to 11.71 MPa, Uncertainty
analysis method can overcome the disadvantages of traditional method and provide more accurate references for
hydraulic cylinder design of orienter in CTD.
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INTRODUCTION

In recent years, coiled tubing drilling (CTD) technology has been greatly improved with continuous innovation
and continuous improvement of the equipment and downhole tools for CTD. CTD is suitable for old well drilling
deeper, slimhole drilling, directional well drilling, and sidetrack drilling. However, as the coiled tubing (CT) is not
rotatable, it is necessary to use the orienter to adjust the tool face to control the trajectory of the well (Liu et al., 2011;
Lietal., 2015).

Therefore, the orienter is the core tool for the trajectory control of CTD. The orienter consists of two types,
mechanical orienter and electro-hydraulic driven orienter (EHO), and the latter is the most widely used; it is because
the directional precision of the latter is higher and the output torque is higher (Li et al., 2015). To adjust the tool
face, the Electro-hydraulic orienter should overcome the friction torque between the downhole tool and the well
wall through the work of the hydraulic cylinder. Thus, the precondition of controlling trajectory for CTD is that the
orienter must overcome the downhole friction torque. The scholars have done some research on the friction torque
of the downhole pipe. Gao et al. (2003) carried out the force analysis of the pipe column unit for the 3D well and
established a general model and algorithm for calculating the downhole friction torque. Based on the three-moment
equation, the method of numerical iteration is used to establish the model of solving the friction torque at each point
of the pipe column (Ciccola 2007). The influence of viscous force, inertia force, and static shear force on the force
of pipe column are considered, and the friction torque model of the downhole pipe column is established (Samuel et
al., 2009). Liu (2017) analyzed the friction torque of each section of the pipe under the positive rotation and reversal
working conditions, and then established the basic calculation equation of the frictional force model of the downhole
whole pipe. However, the randomness of the model parameters is not taken into account in all these models.

In fact, the downhole environment is complex during CTD. There are various factors affecting the friction
torque, like weight on bit, mud property, tool structure, formation friction factor, etc., and all these factors have
some randomness. The structures and performance parameters of the pipes are measured and the distribution states
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of these parameters are obtained (Adams et al., 1993). Cunha et al. (2005) carried out a lot of experiments on weight
on bit and fluid parameters during drilling, and found that all the parameters were in the form of some certain
distributions. Deo et al. (2009) obtained the probability distribution of the parameters of the underground rock
mechanics by using the probability statistics. Li et al. (2017) pointed out that, due to the complexity of oil and gas
geology and the accuracy deviation of mathematical models, the true value of frictional torque model parameters
can not be obtained, and its error exists objectively, and the parameters of the obtained model have different degrees
of dispersion or uncertainty.

Because of the uncertainty of the parameters affecting the friction torque in CTD, the uncertainty of friction
torque is unavoidable. According to the principle of uncertainty propagation (Goldsworthy et al., 2007), there are
some uncertainties in the designed working pressure of the hydraulic cylinder obtained from the friction torque. Many
scholars have done some similar studies. Maeda et al. (2003) considered the uncertainty of the load and used the
Latin hypercube sampling to simulate the distribution probability of the key parameters of the working pressure of the
hydraulic cylinder of the crane. Yoon et al. (2009) considered the uncertainty of the load and material performance
of the component; the safety factor of the working pressure of the hydraulic cylinder of the excavator is corrected.
Considering the three uncertain variables of lifting dynamic load coefficient, wire rope deflection angle, and plate
thickness, a probabilistic and non-probabilistic mixed uncertainty design method is proposed, and the uncertainty
of crane hydraulic cylinder working pressure is designed (Edwards et al., 2010). But at present, there is no special
uncertainty design for the working pressure of the hydraulic cylinder of the CTD orienter.

Therefore, in this study, based on the uncertainty theory, the working pressure of the hydraulic cylinder is designed
and calculated by using the Monte-Carlo method. The aim is to make up for the shortcomings of the traditional single
value design method. The traditional single value design method may cause the lower design working pressure of the
hydraulic cylinder, which would cause the orienter not to move the tool face. Traditional single value design method
may also cause higher design working pressure of hydraulic cylinder, which would require higher requirements for
hydraulic cylinder design, including sealing design, and may cause unnecessary waste. The uncertainty design method
will provide a more reliable theoretical basis for the design of the hydraulic cylinder of the CTD orienter.

TORQUE DISTRIBUTION

1.1 TORQUE PREDICTION MODEL

1-Coiled tubing 2-Connector 3-Power and Communication sub 4-Electrical Disconnect and Circulating Sub
5 - Connector 6 - Drilling performance sub 7 - MWD 8 - EHO 9 - Mud motor 10 - Bit
Figure 1. Configuration of BHA for CTD.

Assumptions of the model:
(1) Bend motor is simplified to the equivalent drill collar.
(2) The wall of well is stiff; the contact way between elbow point of bend motor and wall of well is point contact.

(3) Bit center is on the center line of the borehole.

(4) The vibration of BHA (bottom hole assembly) is ignored.
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Model Foundation:

The BHA of CTD is shown in Fig. 1. The end of EHO is the output shaft. The end of the output shaft connects the
motor with thread. There are n contact points between the borehole wall and BHA of CTD. Thus, BHA is divided into
n+1 vertical and horizontal bend beams. To determine the contact points number under the output shaft of EHO, the
location of the 1% upper tangent point in 3D well should be determined. The force analysis of bending motor-BHA is
shown in Fig. 2. Note that plane P is inclination plane; plane Q is azimuth plane.
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Figure 2. Force analysis of bending motor-BHA.
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Figure 3. The location of the 1st upper tangent point.
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Based on three-moment equation of BHA (Su et al., 1991), the location of the 1st upper tangent point was obtained
by using dichotomy and numerical iteration method, shown in Fig. 3. Generally, the length of bend motor used in CTD
is less than 6 m (Guan et al., 2005). Thus, the location of the 1st upper tangent point is upper than the location of the
output shaft of EHO. Therefore, there is only one contact point below the EHO (in addition to the point of the bit), and
the point is the elbow of bend motor.

Thus, based on continuous beam-column theory (Pessier et al., 1992; Eric et al., 2004), three-moment equation of
bend motor and EHO in planes P and Q was established:
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Note that g, = g, =0 in plane Q.
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Therefore, the total torque for adjusting the tool face is

T= “4)

D, 1
HpN, TOi'gzuPBDo

Note that “+’ represents the output shaft rotation and bit rotation is in the opposite direction; ‘—’ represents the rotation
is in the same direction.

1.2 THE TORQUE DISTRIBUTION ANALYSIS WITH MONTE-CARLO METHOD

The torque model between the downhole tool and borehole wall is a function of multiple parameters. There is some
randomness for each parameter and the randomness follows a certain distribution (Long et al., 2013; Liu et al., 2010;
Di et al., 2003). A large number of statistical tests (Blount et al., 1998; Leising et al., 1996) indicate that most of the
parameters follow a normal distribution, such as mud density, weight on bit. Some parameters follow a lognormal
distribution, like friction factor in the well. Some parameters follow a uniform distribution, like borehole curvature.

The randomness of the parameters determines the uncertainty of the torque. Based on the formula method, a state
function of torque model is established.

T:g(;uF’pr’E’Bi’Da’ ) (5)
where P is mud density, g/cm’; K is borehole curvature, °/30m.

Assuming the probability density function of each parameter is f;(X;,), the corresponding cumulative probability
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function is F(x;). All parameters are made from random sampling tests with Monte-Carlo method (De et al., 2006;
O’Coonor et al., 2000). After n=10000 times of simulation, the statistical distribution results of parameters are
obtained, shown in Fig. 4 (a) ~ Fig. 4 (e), and the n order state matrix of parameters is

xll le xln
T x21 x22 x2n

X:(xlsxzs ’xm) = (6)
xml me ‘xmn

By applying the n order state matrix of parameters into the torque state function 7 = g(xl,xz, ,xm), and the
result is

g(xll’xzw "xml)

T
Tz _ g(xu’xzza ’xm2) (7)

T;' g(xln’XZrl’ ’xmn)

m

. (T, - ;) - Through
i1 n—>1i,
the numerical fitting, the torque distribution curve is got, shown in Fig. 4, where x, are the parameters of torque, i =1,2,3,

m; X, is the random value ofafter simulation, j =1,2,3, n.
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Figure 4. Distribution types of friction torque.
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Fig. 4 (f) illustrates that normal and lognormal distribution fitting

Uncertainty analysis for hydraulic cylinder pressure calculation of orienter in coil

ed tubing drilling

curves are more consistent with histogram

distribution law of torque than Weibull distribution curve. The corresponding probability density functions are

(Wonneberger et al.,1994; Sun et al., 2003):

Normal distribution:

A 72(7-7”)
h(T)= e (®)
() oNm/2
where [A, 1, O'] = [9.18, 562.36,1 18.78] .
Lognormal distribution:
_(lnTju)Z
h(T)= 4 ©9)

G@T

where [A, Ly o-] = [9.2 1,6.33,0.1 1] .

After correlation tests for fitting function and the frequency distribution of torque, the normal and lognormal

standard deviations are 60.04 and 54.83, respectively. The results indicate

that lognormal distribution for the uncertainty

of the torque is more accurate. Parameters distribution and the torque distribution are given in Table 1.

Table 1. Distribution types of torque and parameters.

distribution reference distribution reference
parameters parameters
type n o type n o
friction Log-normal wellbore normal
. 0.55  0.08 . 118 5.9
coefficient In-N(y, 6?) diameter N(u, o)
equivalent
. . normal normal
bit weight 15002 746.8 | collar external 104.8 1.0
N(l"l” 62) : N(}l, 62)
diameter
| Equivalent 1
norma norma
mud density 1.1 0.01 collar inner 88.9 0.8
N(u, 6?) . N(y, 6%)
diameter
the location
. normal normal
steel density 7.8 0.008 | of the upper 11.5 0.23
N(u, 62) . N(, 6%
tangent point
tool length 1 1
001 feng norma 15 0015 | bend angle norma 15 0015
below elbow N(u, 6?) N(p, 62)
if lasti dul 1
curvature uniform 145 |55 |€lastic modulus norma 209 5
U(a,b) of BHA N(p, 62)
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1.3 THE EFFECT OF PARAMETERS’ VARIATION ON THE UNCERTAINTY OF TORQUE

In engineering application, the effect of different parameters on the uncertainty of torque is different. The variation
coefficients are the indicators of uncertainty. Thus, this article analyzes the influence of the variation coefficients of
parameters on the variation coefficient of torque. The variation coefficient is defined as follows (De et al., 2006):

_ Mean
Standard deviation

cov (10)

where COV is variation coefficient.
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3 04 —s—tool face
0.12 —e—bending angle
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Fig5. The effect of parameters randomness on the torque uncertainty

As Fig. 5 shows, the uncertainty of the torque increases linearly with the variation coefficient of parameters
varying from 0 to 0.1. Among these parameters, the randomness of formation friction factor and weight on bit imposes
a greater influence on the uncertainty of the torque, whereas the randomness of the other parameters, such as tool-face
angle, well curvature, plays a smaller influence on the uncertainty of friction torque.

THE WORKING PRESSURE DISTRIBUTION OF ORIENTER
HYDRAULIC CYLINDER

2.1 THE HYDRAULIC CYLINDER PRESSURE MODEL

=

1- micro electric motor 2-miniature hydraulic pump 3 - sealed tank 4 - electromagnetic directional valve
5 - hydraulic cylinder 6 - displacement sensor 7 - sliding nut 8 - screw mandrel 9 - bend motor 10 - bit

Figure 6. Working principle of EHO orienter.

As shown in Fig. 6, the working principle of the electro-hydraulic orienter is as follows: The micro electric motor
drives miniature hydraulic pump operation, then the hydraulic oil is pumped into the hydraulic cylinder through the
electromagnetic directional valve. The motion of the piston in the cylinder will promote sliding nut and screw mandrel
interaction with each other, then tool face of bend motor is rotated. Thus, orientation while drilling will be achieved.
The interaction force analysis between the sliding nut and screw mandrel is shown in Fig. 7.
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SCTew it

(a) The structure of sliding nut and screw mandrel

(b) force analysis

Figure 7. Force analysis of screw mandrel.

The structures of sliding nut and screw mandrel are shown in Fig. 7 (a). To simplify the calculation process, the
screw reference cylinder is chosen for force analysis. A concentrated force replaces all the distributed force on the
splines. As shown in Fig.7 (b), the force component of F, is axial force F, , tangent force F,, radial force F, (units are
N). Due to the screw, axial is center-symmetric, and radial force ', can be offset with each other.

According to the force analysis in Fig. 7, the following equations are listed.

R=F, + f-siny,
F =F,tany,

/=nF, (11)
Pt
" siny, cosa,
T
F = 2

(tan v, — L}l
cosa,
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Hence, the axial thrust is

R 2T (cosa, + u, tany, ) (12)
(tany, -cosa, — u)d

Also, pAdn=R (13)
Therefore, the working pressure of hydraulic cylinder is
2T (cosa, + p1, tany, )

- 14
P n(tany, -cosa, — u, )dAA4 14

A The piston out

where A4 =
A —A, The piston in

Equation (4) is brought into the equation (14) to obtain the equation (15):

2u(cosa, +p tany, D
ﬂ(oan H, n7,) [NI—OJFLWOB'Doj The piston out
| n(tany, -cosa, —u.)4d 23

P 2u(cosa, + u, tany,) (1 (9

D,
—-WOB-D, - N, —Oj The piston in
n(tany, -cosa, —u, )(A4 —4,)d\3 2

where R is the workload of the hydraulic cylinder, and N; 4 is the friction factor between the sliding nut and screw;
here, it is 0.1; d is the diameter of screw, mm; p is working pressure of hydraulic cylinder, Pa; A4 is the effective
working area of piston, mm?; 77 is mechanical efficiency; here, it is 0.95.

2.2 Working pressure distribution form of hydraulic cylinder

Using ¢ as the random value of the friction torque 7, using Y instead of working pressure p, y as the random value
of Y, thus, equation (14) can substitute equation (16):
2t(cosa, +u, tany,)

—= 16
y=s(1) n(tany, -cosa, — i, )dAA (16)

=5 (0)=k(n)=

The derivation of the equation & (y) is

(tany, -cosa, — i, )dAdn

17
2(cosa, + u, tany,) 17

(tany, -cosa, — u, )dAdn
k'(y)= 18
() 2(cosa, +u, tany,) (18)

With the distribution of the torque, the distribution function of working pressure can be obtained based on equation
(19) (Sun, et al., 2003):

Py ()= pr (k(0))k'(¥) (19)

As illustrated in section 1.2, the uncertainty distribution of torque is lognormal distribution. Hence, the distribution
of the working pressure can be derived from equation (19).

The probability density function of the working pressure is

[(tany,;cosa”,ur)dAAn } ’
In y|-u
( )_ 2 (cosan+/ur tanyr) % exi _ Z(Cosa”+/,lr tan}/r) (20)
Prd)= 2ro (tan 7, -cosa, —,ur)dAAry P 207
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The cumulative probability distribution function is
(tan 7, -cos at, —u, )d Adny 2
1 i | (l - ;1)
F = 2eosa, +aytany,) * _exp| ——2 \dt 21
) : p{ 20° -

Probability density distribution and cumulative probability distribution curves of working pressure are given in
Fig. 8.
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Figure 8. Distribution of working pressure.

As shown in Fig. 8, during orientation for CTD, working pressure is larger in the piston out process than in the
piston retraction process. Therefore, working pressure in the piston out process is taken as the research object for the
hydraulic cylinder design.

CASE STUDY

At present, most of the wells for CTD are shallow wells. Because the coiled tubing is a flexible tube, it is difficult
to apply weight on bit during CTD. The weight on bit is generally less than 15 kN. According to the paper (Blount
et al., 1998), the friction coefficient between BHA and borehole wall is generally between 0.4 and 0.65. The other
parameters for calculating working pressure during CTD are as follows: the outside diameter and equivalent inner
diameter of bend motor are 104.8 mm and 88.9 mm, respectively; the structure corner is 1.5°, the well curvature is
1.5°/30m, the mud density is 1.1 g/cm?®, normal pressure angle of spline is 20°, lead angle of spline is 75°, mechanical
efficiency of hydraulic cylinder is 0.95, piston diameter is 40.6 mm, and the piston rod diameter is 17 mm. Based
on the uncertainty calculation method in this paper, working pressure of orienter’s hydraulic cylinder during CTD
is analyzed. The working pressure curves for the cumulative probability of 5% and 95% with parameters variation
are illustrated in Fig. 9. For a designer, the potential range of HC working pressure is more effective and actual than
a single pressure value. With the pressure range, the designer will provide a more accurate design program for HC
lifetime prediction, HC seal design, and the selection of miniature hydraulic pump.

Based on the probability theory, the equation for a confidence interval of working pressure is (Sun et al., 2003)

_ o _ o
flo,u ,|=|P-——*u_,, P+—*u , (22)
r\ 7 pr>T1-4 \/; 1-4 \/; 1-4
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The derivation of equation (22) is

n n
ﬂ_{_&& 29
ou_, | ~n'\n

Note that P is sample estimation of the mean pressure, MPa; O is the standard deviation of the mean pressure,
. . o
MPa; Y,_« is quantile of confidence level , 1 — >’ 0<.
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Figure 9. Working pressure curves of hydraulic cylinder during orientation.

Fig. 9 illustrates the difference between the uncertainty method and the traditional method. The working pressure
based on the uncertainty method is not a single value but a pressure interval. As the pressure increases, the pressure

interval becomes wider. It is because the mean square deviation of working pressure increases with the working
pressure increasing.

Equation (23) illustrates that the higher the confidence level, the greater the pressure interval. Conversely, the
lower the confidence level, the smaller the pressure interval. Hence, the size of the pressure range is related to the
accuracy of the parameters. Thus, more accurate parameters are usually required. However, it is generally difficult
to obtain sufficiently accurate information for the complexity of downhole conditions. Therefore, it is necessary to
design HC working pressure by using the uncertainty analysis method.

In order to get the HC working pressure range, the working pressure intervals with parameters’ variation during
CTD are obtained by using control variable method. According to equation (15), the traditional single value calculation
method, the traditional working pressure intervals A are obtained (Table 2). According to equations (21) and (22), the
uncertainty calculation method, the working pressure intervals B between the cumulative probability are 5% (the
lower limit of working pressure) and 95% (the upper limit of working pressure) (Table 2).
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Table 2. The hydraulic cylinder working pressure range of orienter.

main parameters p-arameter pressure intervals | pressure intervals
intervals A(MPa) B(MPa)
WOB (kN) [5.0,17.5] [5.00,9.66] [4.23,11.71]
Friction coefficient [0.4,0.65] [5.81,9.46] [4.58,11.46]
Tool face (°) [0,360] [7.34,9.15] [5.78,11.09]
Bend angle (°) [0.5,2.25] [8.15,9.40] [6.41,11.41]
Well curvature (°/30m) [0.5,2.0] [8.65,8.88] [6.81,10.77]
Mud density (g/cm?) [1.0,1.8] [8.69,8.72] [6.93,10.65]

According to equation (24), the working pressure range of HC during CTD is obtained:

{pmax =max{p, ..} i=123,...m o

Puin =min{p,.} i=123,....m

As shown in Table 2 and equation (24), the working pressure range obtained with the uncertainty analysis
method is [4.23, 11.71] MPa, and the range obtained with the traditional calculation method is [5.00, 9.66] MPa.
The randomness of the parameters can enlarge the working pressure range, but the traditional method considers the
parameters as fixed values. Therefore, the pressure range obtained from the latter is limited. The uncertainty design
method can provide a more accurate theoretical guidance for HC lifetime prediction, seal design, and the selection
of miniature hydraulic pump.

CONCLUSIONS

(1) Based on continuous beam-column theory, the torque model between BHA and well wall during tool face rotation
in CTD under the condition of the 3D well is established.

(2) The parameters of the torque are random, and each parameter follows a certain distribution function. Thus, the
distributed simulation of the parameters is carried out by using Monte-Carlo method, and the result shows that the
distribution of torque is lognormal.

(3) The function for the pressure of HC and torque is established. The distribution of working pressure is lognormal
deduced from probability theory.

(4) Due to the randomness of the parameters, there are some limitations for the traditional fixed value calculation
method. The working pressure range of HC obtained through the uncertainty analysis method is closer to the
practical working pressure value in CTD. The uncertainty analysis method can provide more accurate references
for HC design of orienter in CTD.

Nomenclature

BHA : bottom hole assembly.

COV : variation coefficient.

CT  :coiled tubing.

CTD : coiled tubing drilling.

EHO : electro-hydraulic driven orienter.
HC : hydraulic cylinder.

WOB : weight on bit.
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d :the diameter of screw, mm.

D, : wellbore diameter, mm.

E : elastic modulus of BHA, Pa.

1 : the friction force between the sliding nut and screw, N.
F, : axial force, N.

F, : tangent force, N.

F_ :radial force, N.

I is : inertia moment of the /* BHA, cm*

K :borehole curvature, °/30m.

L, : the length of the i BHA, m.

M, : the bending moment at the i contact point, N.m.

N, : is reaction force, N.

Ny Nyt reaction force in plane P, Q.

P : working pressure of hydraulic cylinder, Pa.

P _: the maximum and minimum values of the working pressure, MPa.

max® = min

PP
i max’ i min

P, : bit weight, N.
P
q

: the maximum value, the minimum value of working pressure with the influence of the i parameter, MPa.

P : sample estimation of the mean pressure, MPa.

. : the uniformly distributed load on the lateral of the i BHA, N/m.

R : the workload of the hydraulic cylinder, N. “i-¢ : quantile of confidence level 1 — % , 0<a<l.

w, : the buoyant weight of the ist BHA in the mud, N/m.

Wip> V1o : y-coordinate values of elbow in plane P, O, m.

Yap» V2o 1 y-coordinate values of upper tangent point in plane P, Q, m.

X (u,), Y (u), Z(u,) : the deformation ratios, the solving processes refer to the paper (Su et al., 1991). a;: the average
deviation angle of the ist #* BHA, ° .

a :pressure angle,’.

r : the bend angle of motor,”.

7. : the lead angle,’.

AA : the effective working area of piston, mm?.

77 : mechanical efficiency, here is 0.95.

H : friction factor between BHA and wellbore.

Hr . is friction factor between BHA and wellbore.

M, : the friction factor between the sliding nut and screw, here is 0.1.

P : mud density, g/cm?.

O, : the standard deviation of the mean pressure, MPa.
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