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Abstract. To study the mechanism and control of well deviation in air drilling, a mechanical
model of bottom hole assembly (BHA) with double stabilizer is established by using the
beam-column method. The mathematical model related to side force of BHA and deviating force
of strata are derived by analyzing the characteristics of gravel strata in the practical engineering.
The effects of weight on bit (WOB), expansion ratio of borehole diameter (ERBD), angle of well
inclination, diameter of drill collar and strata bending moment on side force of BHA are explored.
Then, the superposition of bit side force and deviating force of strata is obtained. The results
display that side force of BHA is obviously influenced by ERBD, angle of well inclination,
diameter of drill collar and strata bending moment; and the deviation force and azimuth force of
gravel strata are significantly affected by comprehensive cutting anisotropy index, angle of well
inclination and dip angle of strata. Finally, the variation tendency of inclination angle and azimuth
angle in field measurement is consistent with the theoretical and numerical researches. The present
work can provide theoretical guidance to control the well deviation in the practical air drilling.

Keywords: well deviation, air drilling, gravel strata, BHA.
1. Introduction

Air drilling is an excellent technology for improving rate of penetration, which has been widely
used in petroleum exploration and development [1]. However, many studies focused on the
mechanism of well deviation by analyzing the mechanical behavior of drill string in mud drilling,
but neglected the mechanism of well deviation in air drilling. A series of problems, such as the
structure of bottom hole assembly (BHA), strata, expansion ratio of borehole diameter (ERBD)
and wellbore instability, etc., are encountered in the process of practical drilling, which lead to
more serious well deviation in air drilling than the conventional mud drilling. Therefore, it is
essential to investigate the principle and control of well deviation in the air drilling [2-5]. Due to
the mechanism of well deviation in the air drilling is less publicly reported, more findings of
mechanism of well deviation focus on the mud drilling. In the early stage, the influences of drill
collar and stabilizer on well deviation were studied based on the static analysis of drill string, and
the mechanical model of drill string is simplified as Euler-Bernoulli beam [6, 7]. Hence, the drill
string is considered as slender beams or variable cross-section beam in the mechanical analysis
[8, 9]. Many scholars deemed that the main cause of well deviation is side force of BHA, then a
thorough understanding of mechanical behavior of BHA is significant for controlling well
deviation. For example, Millheim et al. [10] analyzed the static mechanics of BHA by the finite
element method, and the well trajectory affected by dynamic behavior of BHA is also concerned;
the finite element method is high accuracy to solve problems with irregular shapes and complex
constraints of beam, but the computation efficiency is restricted by the complexity of finite
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element model of BHA. In addition, a mechanical model of prebent BHA with positive
displacement motor was proposed, and side force of BHA affected by bend angle and rotational
speed of drill-string is revealed [11]. To better investigate the mechanical behavior of BHA, the
downhole string bucking behavior was analyzed [12-14]. Besides, the weighted margin method is
given to analyze the three-dimensional mechanical characteristics of BHA with small deflection.
Zhang and Di et al. [15] applied the weighted margin method to determine the upper tangent point
through a nonlinear static model of BHA. The methods above are applied widely to explore the
mechanical properties of BHA in mud drilling, which may provide research ideas and schemes
for exploring the mechanism of well deviation in the air drilling.

On the other hand, well deviation is significantly influenced by strata situation, such as
stratigraphic anisotropy index, rock characteristics, wellbore instability and the interaction
between bit and rock, etc. [16, 17]. The concept of stratigraphic anisotropy index was firstly
proposed by Lubinski and Woods, who analyzed the rock properties affecting on well deviation
[6]. Based on Lubinski’s theory, Merphey et al. [18] proposed deviating force of strata, and the
relationship between deviating force of strata and WOB was determined; however, the model is
unsuitable for gravel strata. With the development of drilling technology, a simple equation for
calculating deviating force of strata was obtained according to the filed experience, but the effect
of drill bit on deviating force of strata was neglected [19]. Su et al. [20] considered the cutting
anisotropic index of bit in a new model of deviating force of strata, and the influences of strata dip
and rock anisotropic index on deviating force of strata were discussed. To further investigate the
bit affecting on deviating force of strata, Dai et al. [21] presented a model of deviating force of
strata considering the anisotropy and tilt angle of bit, which can properly apply to evaluate drifting
characteristics of strata in practice. However, the above models of deviating force of strata are
established in mud drilling, and the models in air drilling and gravel strata are rarely considered;
different with mud drilling and general strata, the deviating force of strata affected by the
parameters related to BHA and gravel strata will be revealed in this paper.

In this article, mechanical models of BHA and gravel strata are proposed to predict the
inclination and azimuth of borehole trajectory in air drilling. The mechanical model of BHA is
established by utilizing the beam-column method in Section 2. To better predict the borehole
trajectory, the deviating force model of gravel strata is considered in Section 3. The side force of
BHA and deviating force of gravel strata is numerically computed in Section 4. Experimental
verification is compared with the theoretical analysis. Finally, the conclusions are briefly
summarized in Section 6.

2. Mechanical model of BHA with double stabilizer
2.1. Basic assumptions

In order to establish the mechanical model of BHA, the following hypotheses are adopted.
(1) The BHA composed of bit, drill collars and stabilizers is a small elastic system. (2) WOB,
acting in axis of the borehole, is constant. (3) The borehole wall is rigid body. (4) The contact
between borehole wall and stabilizer is point contact. (5) The drill string on the upper tangent
point lies on the lower borehole wall. (6) The cross section of drill string remains circle in every
span. (7) The influences of rotation and vibration are ignored.

2.2. Mechanical model

The borehole trajectory in the actual drilling engineering is a three-dimensional space curve.
Therefore, the forces of BHA in well bottom are affected by the inclination and azimuth angle of
borehole trajectory. For analyzing the mechanical characteristics of BHA in the three-dimensional
borehole, the mechanical model of BHA in three-dimensional space can be transformed to force
analysis of BHA in the two planes. One of plane represents the deviation plane, and the other

2 MATHEMATICAL MODELS IN ENGINEERING. MARCH 2023, VOLUME 9, ISSUE 1



MECHANICAL CHARACTERIZATION OF BOTTOM HOLE ASSEMBLY IN AIR DRILLING ENGINEERING.
YUTIAN HAN, BIN TANG, TAO ZHANG, JINLONG LIU, YANMING WANG, L1 YANG, KANG YANG

represents the azimuth plane. Hence, the side force of BHA can be decomposed into deviation
force and azimuth force. To establish the mechanical model of BHA with double stabilizer, the
contacts among bit, stabilizer and borehole wall can be regarded as hinge support. Furthermore,
the center line of BHA is assumed to be a smooth curvature with small deflection in
three-dimensional space. In addition, the axis line of drill collar is overlapped with the borehole
trajectory. Finally, the BHA in the mechanical model is separated three span beams in the places
of the bit, stabilizers and upper tangent point, in this case, the beams are subjected to the
longitudinal and lateral loads.

Borehole Wall

Stabilizer

Drill bit

a) The deviation plane b) The azimuth plane
Fig. 1. Mechanical model of BHA with double stabilizer

Fig. 1(a) shows the forces of BHA with double stabilizer in the well deviation plane. M;p and
M, p represent the additional internal bending moment of the two stabilizers, respectively. Mp is
the bending moment at the bit. Mrp is the bending moment of BHA at the upper tangent point,
ie.

Mrp = EI3Kp, (1)

where, Kp expresses the curvature of borehole trajectory in the well deviation plane, El3
represents the bending stiffness of the third span of drill collar.

Transverse uniform load q; (i =1, 2, 3), generated by gravity of drill collar, is constant in
every span, i.e.:

q; = w;sin(a)m, (2)
with:
R? —r? % i KplL;
w; =<P1%+sz)ng. (ai)mzao_KleLi+ > :,
i=

where, w; (i =1, 2, 3) represents the line weight of the i-th span drill collar, and (&;),, (i =1, 2,
3) expresses well inclination angle in the midpoint of the i-th span drill collar. In addition, p; and
p,, depict the density of drill collar and compressed air, respectively. R; (i =1,2,3)and r; (i =1,
2, 3) represent the outer and inner diameters of the i-th span drill collar, respectively. Besides, L;
(i =1, 2, 3) represents the length of the i-th span of drill collar.

Py is the weight of drill string on bit, the axial force P;p (i =1, 2, 3) of each span is denoted
as:
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w iLicos(a;)m

P;p = Pg — Z w;L; cos(a]) — 3)

According to the moment balance of the first span of drill collar, the deviation force P, can be
given as:

Pgyip  qily  Mip— Mop)
P, =— .
e ( L + > + L 4)

Based on the superposition principle of supported beam, the rotation angle at both ends of the
drill collar is obtained by:

( CI1L1 M;p Myp P — Yop
05 = 24—EI X(uip) + o5 E Y( p) t—0 E Z( 1P)+L—1:
9L p—Yip
9Ly = X 2y L g (uyp) — 222218
2P 24-EI (u 2P)+ 3EI (u 2P)+ 6EI (uzp) L
q.L3 M;p M;p Yop — Y1P
5 = 24EI = X(uzp) + 5 3ET, Y(uzp)+ 6ET, Z( 2P)+L—2: ®)
qsL 3 P — Y2p
0zp = X Y Z —7,
3 = 24E1, (u 3P)+ 3E1 (u 3P)+ 6EI (usp) I
qsL3 Msp Mzp V2P
§P=24E1 X(uzp) + o 3ET, Y( 3p) +——— 6E T Z( 3P)+L—3,
with:
e = D, ; Db, Yop = ZO'LZ {X( ) 3 ‘ )
L2 u;) = — (tanu; — u,),
o — Dy, — Dsy YiP =5 T e Yoy ‘ ‘
1= ’ 3 1 1
2 2
{ Kp(Ly +1L Yy z_(__ )
. Dy, — Dy, Yap —% e, () 2u; \2u;  tan2uy;
2 ]
2 3 1 1
Kp(Ly + Ly + Ls)? Z.:_( _ )
. Dy = D3 Yop =t 2 BT o \ () u; \sin2u;  2u;/’
3 2 ) 2

where, u; represents the stability factor of beam, u; = / P;L;*/4EI;. X(u;), Y (u;) and Z(u;)
represent amplification factors of the beam. y;p (i =0, 1, 2, 3) represents the ordinate at the end
of beam. e, e, e, and e represent the radial clearance from bit, the first stabilizer, the second
stabilizer and the third drill collar to well wall, respectively. D,,, D;,, Dg;, Dg, and D5 represent
the diameters of the borehole, the bit, the first stabilizer, the second stabilizer and the third drill
collar, respectively.

By utilizing the condition of public tangent at the stabilizers, the continuity condition at the
two stabilizers is obtained as:

{ng = _eé‘P’ (6)
9§P = _93LP-

The boundary condition at upper tangent point can be depicted as:
0% = Orp = Kp(Ly + Ly + L3). )
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Considering the continuity condition and the boundary condition, the three-moment equation
of BHA with double stabilizer in the well deviation plane is derived based on three-moment theory
of longitudinal and transverse continuous beams. The three-moment equation can be expressed
as:

L,1
MopZ(usp) + 2Myp [Y(u1p) +— Y( ZP)] + Myp— LI, = Z(uzp)

8
_ _CI1L1 X(wyp) — q.L31 X(yp) — 6E11 J’1P Yop  Yapr — J’1P] ®)
—— A(Uqgp 4,1, 2P L, )
L
M,pZ(uzp) + 2Mzp [Y(uzp) +— Y(u3p)] + M3p— LI, 2 Z(usp)
9
_ QZLz X(uyp) — 93 L31, 95535 vy ) — 6E1, [yzp Yir  Yap _yZP] ©
Yap) =, SR T L, Ly 1’
Q3X(u3p)1f§ + 4[2M3pY (uzp) + MypZ(uzp)L3 (10)
= 24EL[L3(Ly + Ly + L3)Kp + y2p — y3p).

Fig. 1(b) shows the forces of BHA with double stabilizer in the azimuth plane. The gravity
effect of drill string is all acting on the well deviation plane, therefore, lateral loads caused by drill
collar gravity are neglected in the azimuth plane. Furthermore, the axial forces in every span of
drill collar are equal to WOB. The bending moment Mr, at the upper tangent point in the azimuth
plane can be expressed as:

MTQ :E13KQ, (11)

where K|, is the curvature of borehole in the azimuth plane.
On the basis of theoretical analysis, the axial force P, (I =1, 2, 3) of each span can be given
as:

Py = Pg. (12)

In addition, the azimuth force P, at the bit is derived as:

@

(PB + Mo — MOQ). 13)

Ly

Different with the well deviation plane, the rotation angle at both ends of drill collar in the
azimuth plane can be expressed as:

QZLQJg;zLZY(”ZQHIZ?IZz( 20) - 3’2@ Yig.
0 = 3;1L2 V(uze) + 611;212Z( ZQ)+%’ (14)
egQ_Igzlg]gY( 3Q)+ 6E1 Z( w0) 3’30 Yag.
o = zgggng ¥(ugg) + il z( 3Q)+%’

with:
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Yoo = €o,
K,L?
ol1
YVig = 5 + ey,
< Ko(Ly + L,)?
Y20 = - 2 + ey,
Ko(Ly + Ly + L3)?
V3o = 2 — €3.

The continuity condition of rotation angle in the azimuth plane can be indicated as:

15
{e;z fo (4

Il
|
D
w
IS

The boundary condition in the azimuth plane can be depicted as:
The three-moment equation of BHA with double stabilizer in the azimuth plane can be

established by adopting the same principle of the well deviation plane. Therefore, the
three-moment equation in the azimuth plane is represented as:

Lyl Lyl
MooZ(u1g) + 2Myq [Y(ulQ) o Y(uZQ)] + Maq 7 Z(u12)
142 142

1

__ 6E1; [le ~Yoq Y20 — }’1()] a7

Ly Ly L, '

o7 Lsl, Lsl,
10Z(Uzq) + 2Maq [Y (uz) i Y (usg)| + Maq 1 Z(usq)

243 243 (18)

__ 6E1, [yZQ “Yig V3o — yZQ]

L, L, Ly '
[2M50Y (usg) + MagZ(usg)|L3 = 6EL5[Ls(Ly + Ly + L3)Kg + Y20 — ¥3o)- (19)

3. Deviating force of strata

The well deviation is mainly caused by the imbalance of side force of BHA and deviating force
of strata. When the sum of deviating force between BHA and strata is equal to zero, angle of well
inclination is maintained; when the sum is more than zero, angle of well inclination is increased;
when the sum is smaller than zero, angle of well inclination is decreased. Therefore, deviating
force of strata is another key factor to affect the well deviation. According to Bai’s analysis [8],
WOB cannot be considered a plane force during the drilling process, which leads to the variations
of deviation and azimuth angle of well trajectory. Hence, there is an azimuth difference between
the vertical plane where the WOB is located and the strata profile. The deviating force of strata
produced by WOB not only causes the change of well deviation, but also leads to the variation of
azimuth. The WOB can be applied in the vertical plane, and the angle between vertical plane and
strata profile is considered as A¢, as shown in Fig. 2(a). As A¢ is changed in range of [0, 2m]
considering different well azimuth in the drilling process, the WOB is actually an elliptic cone
with deviation angle . The cone angle represents the angle of well inclination, and the bus length
of the elliptic cone is the value of WOB.

The WOB Py is decomposed into P; and Pg. Pj is only considered compaction function on
strata along to strata strike, and other functions are ignored. The component P is located within
strata profile, the angle between Py and center line of the elliptic cone is a'. The deviating force
of strata is generated in the strata profile [8], which can be expressed as:
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Htan(B — a')

F, =
F71—H+tan?2(B — o)

-P'g, (20)

where S is the dip angle of strata, H is the comprehensive cutting anisotropy index; besides, the
comprehensive cutting anisotropy index is determined by well inclination angle, dip angle of
strata, anisotropy of rock and anisotropic cutting property of bit.

a) Theoretical model of WOB cone b) Analysis of deviating force of strata
Fig. 2. Interaction between BHA and strata

The deviating force of strata is shown in Fig. 2(b), which is decomposed into the deviation
force F, in the well deviation plane and the azimuth force F, in the azimuth plane. In addition, the
relationship between P’g and Py can be determined as:

P = cosa p 21
B — COSQ” B» ( )
tana’ = tana - cosA¢. (22)

where « is the angle of well inclination, A¢ denotes the azimuth difference.
A¢' is actually the angle between deviation force F,, and resultant force Fy of strata, which is
indicated as:

cosA@’ = cosA¢cosacosa’ + sinasina’. (23)

The relationship among strata forces Fy, the deviation force of strata and the azimuth force of
strata F, can be established as:

F, = F; - cosA¢’, (24)
F, = —F - sinA¢'". (25)

When F, is greater than and less than zero, the angle of well deviation is increased and
decreased, respectively; when Fy, is greater than and less than zero, the azimuth is drifted right and
left, respectively.

4. Numerical computations
4.1. Side force of BHA

In this section, deviation force and azimuth force of BHA are discussed with different ERBD,
WOB, angle of well inclination, diameter of drill collar and strata bending moment. The used
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BHA consists of ®311.2 mm three-cone bit + ®279.4 mm drill collar + ®305 mm stabilizer +
®228.6 mm drill collar + ®308 mm stabilizer + ®228.6 mm drill collar + ®203.2 mm drill collar
+ ®©149.2 mm heavy weight drill pipe. In addition, some basic parameters of BHA are listed in
Table 1.

Table 1. Drilling parameters of BHA

No. Parameters Unit Value
1 First stabilizer dimension (Dy,) mm 305
2 Second stabilizer dimension (Dy,) mm 308
3 Borehole diameter (D,,) mm 311.2
4 Bit diameter (D},) mm 311.2
5 Young’s modulus (E) GPa 206
6 WOB (Pp) kN 10-40
7 Density of drill collar (p;) kg/m? 6256
8 Air density (p,) kg/m? 50
9 Length of first span (L;) m 19
10 Length of second span (L,) m 9
11 Linear weight of first span (w,) kg/m 355
12 Linear weight of second span (w,) kg/m 277
13 Linear weight of third span (w3) kg/m 277
14 Principal moment of inertia of first span (I;) m* | 2.97x10*
15 | Principal moment of inertia of second span (I,) | m* | 1.32x10*
16 | Principal moment of inertia of third span (I3) m* | 1.32x10*

4.1.1. The effect of ERBD

To clarify the difference of borehole diameter between mud drilling and air drilling, three
adjacent wells in the same geological area are applied with mud drilling and air drilling,
respectively. Due to lack of mud pressure support, the stability of wellbore with air drilling is
weaker than mud drilling.

Liquid drilling stage Air drilling stage

‘ ”w 'fﬂ.' Z‘T"H”MN‘WM n Wil !

) MM{\AM

Well depth (m)

— Well 1
— Well 2
Well 3

250 200 200

Fig. 3. Expansion ratio of borehole diameter by air drilling

As shown in Fig. 3, it can be seen that the ERBD is ranged from 0.02 to 0.045 with mud
drilling; however, the ERBD with air drilling, ranged from 0 to 0.3, is far larger than the mud
drilling. Therefore, to explore the bit side force affected by ERBD, the ERBD is chosen as 0,
10 %, 20 % and 30 % according to the Fig. 3, respectively. The effect of ERBD on bit side force
is discussed in light of numerical computation for Egs. (1-19). When Pz = 20 kN, the deviation
force of BHA is shown in Fig. 4(a); the deviation force of BHA is obviously affected by different
ERBD; and the larger ERBD, the better ability of reducing well deviation of BHA. In Fig. 4(b),
the azimuth force is increased with the ERBD; however, when ERBD is 10 %, the azimuth force
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of BHA is changed to positive from negative in range of inclination angle from 1.5° to 2.5°, and
then returned to negative in range of inclination angle from 2.5° to 4.5°. In this case, the increasing
azimuth and decreasing azimuth of well trajectory are both existed in the drilling process. In
addition, when ERBD is equal to 0 % and 30 %, the increasing azimuth and decreasing azimuth
of well trajectory are appeared, respectively. The symbol of azimuth force represents the drift
direction of azimuth; when azimuth force is negative, the azimuth is drifted to the left; however,
when azimuth force is positive, the azimuth is drifted to the right. Thus, the side force of BHA is
determined by ERBD and angle of well inclination in air drilling.

3 2

1.0 x10 5.0 x10

> -e- 0% - 9= 0% --0--10% —<=-20% —®-30% M
LR N --9--10% y /

] DN N N - €= 20% _ 35 PR BT S .
z L . \.‘:“\\ . -m-30% Z ,,l \.‘ // - %
z T S0l 4 X :
= T e e T~ SOy - o= L

20F T e ] oot < = ?
k- TE_N, el S, % i L W
o NS to. ‘. Py ..~ o\ «4
3 n g, S g 05} AN .
s ot e 5 SN e R e
- -25F b SRR S ual s <« /
£ - e TN = o R i
= AT W 4 S.10Fo----" &« s
8 T e g Lo Y. .. _¥
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35 L L 1 1 1 4.0 L |" 1 1 1
1.5 2.0 25 3.0 35 4.0 4.5 1.5 2.0 25 3.0 35 4.0 4.5
Inclination angle (°) Inclination angle (°)
a) Deviation force of BHA b) Azimuth force of BHA

Fig. 4. Influence of ERBD on bit side force

4.1.2. The effect of WOB

The WOB used in air drilling is usually ranged from 10 kN to 40 kN. In this section, the WOB
affecting on side force of BHA is discussed when the ERBD is 10 %. As shown in Fig. 5, It is
obviously observed that the deviation force and azimuth force of BHA are little affected by the
variation of WOB. However, the deviation force and azimuth force are obviously influenced by

the angle of well inclination. Therefore, the side force of BHA is insensitive to WOB, but sensitive
to angle of well inclination.

1.0 Pl 0.5 210
-~ - #-10KN ~ @ = 10KN --9--20KN - ¢ = 30KN - &= 40KN
Su --9--20KN /’

>.14F N - <-30KN ~-05}F

é \‘ - 40KN z

= A =

m

—-18F ~ el Il

5] \ s}

5 ©

: :

522 =25

= =

3] g

s E

226} <35

-1.7 .
315 3.17 3.19 321 323 325
3.0 1 1 1 1 L 45 1 1 1 1 1
1.5 2.0 25 3.0 35 4.0 45 1.5 2.0 2.5 3.0 35 4.0 4.5
Inclination angle (°) Inclination angle (°)
a) Deviation force of BHA b) Azimuth force of BHA

Fig. 5. Influence of WOB on bit side force

4.1.3. The effect of diameter of drill collar

Drill collars with different outer diameter in same length are appeared as different bending
stiffness; and the larger outer diameter, the stronger bending stiffness of drill collar. According to
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the mechanical model of BHA, it can be found that the stiffness and mass of drill collar are
important factors affecting on the side force of bit. When the diameters of drill collar are nine and
eleven inches, respectively, the deviation force of BHA is shown in Fig. 6(a). It can be seen that
the deviation force of BHA is significantly influenced by the outer diameter of drill collar; and the
larger diameter of drill collar, the bigger reducing deviation force of BHA. In Fig. 6(b), the
azimuth force of BHA is increased with outer diameter of drill collar when ERBD is assumed as
0 %; however, when ERBD is 10 %, the azimuth force of BHA with nine-inch drill collar is larger
than eleven inch near the inclination angle of 2°. Therefore, the large outer diameter of drill collar
is beneficial to decrease the well deviation, but exacerbates the azimuth drift of well trajectory.

3 2
_0.5 10 : : 20 10
*--. --#--Nine (n%)--é- Nine (40, --#--Nine 0%)_"_ Nine % @
0~m:_~'~.‘ --@--Eleven =-@- Eleven --@--Eleven --@- Eleven /’

>-10F e 10
Z " Tle.. ‘.‘\'::~‘~. N z
< - R o
z - “x‘ SellTel. Z 00
Basp WDl el z
° LS Tel e o
] LT 8-1.0
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Fig. 6. Influence of diameter of drill collar on bit side force

4.1.4. The effect of strata bending moment

If the drilled strata are sophisticated in the drilling process, such as gravel strata in Fig. 2(a),
the reaction force of strata on the BHA may be deviated from drill axis on account of strong
heterogeneity of the gravel stratum, which leads to the existence of strata bend moment in contact
between the bit and rock. Thus, it is essential to explore the effect of strata bending moment on
the side force of bit.
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Fig. 7. Influence of strata bending moment on bit side force

As shown in Fig. 7(a), it can be seen that the deviation force of BHA is decreased with the
increase of strata bending moment. In Fig. 7(b), the azimuth force of BHA is decreased as the
bending moment of strata is increased. In addition, the deviation force and azimuth force of BHA
are obviously affected by direction and value of the bending moment of strata. The positive and
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negative of bending moment represent the anticlockwise and clockwise bending moment,
respectively. Define My = 0 as the dividing line, when M, is positive, the deviation force and
azimuth force of BHA are decreased with the increase of My; however, when M,, is negative, the
deviation force and azimuth force of BHA are increased as M, increased. Therefore, the side force
of BHA is sensitive to the bending moment of strata, in other words, strong heterogeneity of the
gravel strata should lead to well deviation and drifting.

4.2. Deviating force of strata

According to Egs. (20-25), deviating force of strata can be determined by the geologic
parameters, such as dip angle of strata (f), comprehensive cutting anisotropy index (H) and angle
of well inclination («). Therefore, the deviating force of strata is discussed according to the actual
geological information shown in Fig. 8. The profiles of strata in north-south and east-west
directions are depicted in Fig. 8(a) and (b), respectively. In Fig. 8(a), the dip angle of strata is
described, and from the field data, the range of dip angle of strata is 7° to 13°. Besides, some basic
parameters of geology are listed in Table 2. The comprehensive cutting anisotropy index can be
determined by the state of equilibrium of BHA. When the angle of well inclination is unchanged
or no more than 0.5°, the formula for calculating comprehensive cutting anisotropy index is
expressed as:

PRl +tan*(8 —a)]
" P, + P'gtan(B — a’)cosAg”

(26)

By the analysis and calculation above, the maximum of H is approached to 0.5 in air drilling.

=

a) North-south b) 7Eaist—west
Fig. 8. The profile of gravel strata in the experiment well

Table 2. Parameter values of geology

No. Parameters Unit | Value
1 Dip angle of strata () ©) 7-13
2 Azimuth difference (Ag) ) 40
3 Well inclination angle (@) ©) 0-5
4 | Comprehensive cutting anisotropy index (H) 0.2-0.5

4.2.1. The effect of comprehensive cutting anisotropy index

The comprehensive cutting anisotropy index is determined by angle of well inclination, dip
angle of strata, anisotropy of rock and anisotropic cutting property of the bit. Thus, the
comprehensive cutting anisotropy index in the gravel stratum is complex during the drilling
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process. According to the characteristics of strata and the bit type, the value of comprehensive
cutting anisotropy index H ranges from 0.2 to 0.5 in air drilling. In this part, when § = 10°,
A¢ = 40° and Pz = 20 kN, the deviating force of strata influenced by parameter H is shown in
Fig. 9. It is clearly indicated that the deviation and azimuth forces of gravel strata are significantly
affected by the comprehensive cutting anisotropy index H, and the deviation and azimuth forces
of strata are increased with the rising of H. Meanwhile, the bigger value of H is, the faster
deviating force of strata changes. Besides, when the angle of well inclination is smaller, the effect
of H on deviating force of strata is more sensitive. The symbol of azimuth force represents the
drift direction of azimuth; when azimuth force is negative, the azimuth is drifted to the left;
however, when azimuth force is positive, the azimuth is drifted to the right.

27510 02518
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a) Deviation force of strata b) Azimuth force of strata

Fig. 9. Influence of H on deviating force of strata
4.2.2. The effect of WOB

The angle of well inclination is unfixed in practical drilling process. Moreover, according to
theoretical research, the angle of well inclination and WOB have great influence on strata
deviating force. The deviation force and azimuth force of strata in different value of parameter «
and WOB are discussed in Fig. 10. When angle of well inclination is unchanged, values of
deviation force and azimuth force are increased with the rising of WOB; When WOB is unaltered,
values of deviation force and azimuth force are decreased with the angle of well inclination.
Therefore, large WOB in the bit leads to the improvement of deviating force of strata. In this case,
when suffering from serious well deviation, low WOB is in favor of the decrease of well deviation;
and low WOB is beneficial to reduce the left drift of well trajectory in the drilling process.

3 3
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Fig. 10. Influence of WOB on deviating force of strata
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4.2.3. The effect of dip angle of strata

According to theoretical analysis, the dip angle of strata is a significant factor affecting on the
deviating force of strata, thus it is necessary to investigate the influence of dip angle 8 on deviating
force of strata. The deviation and azimuth forces of strata with different dip angles of strata are
shown in Fig. 11. In the same of inclination angle, the deviation force and azimuth force of strata
are increased with the rising of dip angle. In addition, the lines of deviation force and azimuth
force under different angles of well inclination are mutually paralleled with the increase of dip
angle of strata, respectively. Therefore, the bigger dip angle of strata is, the larger deviation force
of strata is, and the larger azimuth force of strata is.
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a) Deviation force of strata b) Azimuth force of strata

Fig. 11. Deviating force of strata in different dip angle of strata

5. Experimental verification

To further demonstrate the reliability of theoretical analysis and numerical computation, a well
in gravel strata with air drilling is adopted when the well depth is drilled in 3000-4500 m, and the
type of BHA is in agreement with the section 4 in the actual drilling. Besides, inclination and
azimuth angle of the well are shown in Fig. 12, and it is obviously seen that the inflection points
of inclination and azimuth angle of the well are in vicinity of depth 4250 m as the minimum WOB
is applied. In the upward inflection point, the inclination angle and azimuth angle is overall
increased and decreased with the rising of well depth, respectively. However, in the downward
inflection point, the inclination angle and azimuth angle is decreased and increased as the well
depth is increased, respectively.

Inclination angle (°) Azimuth angle (°)
1 2 3 4 5 220 230 240 250 260
3.0 T T T 1 3.0 T T T 1
’g 35F '§3_5 -
2 2
= =
] 1)
3 3
=40 F Z 40
4s5L 45k
a) Inclination angle b) Azimuth angle

Fig. 12. Measured inclination and azimuth angle in different well depth
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The side force of BHA and deviating force of strata in different well depth are listed in Table 3.
Moreover, the superposition of side force of BHA and deviating force of strata is given in Table 4.
It can be seen that the superposition of deviation force between BHA and strata is positive, in this
case, the inclination angle is increased in theoretical computation, which is agreement with the
measured inclination angle. In addition, the superposition of azimuth force between BHA and
strata is negative, in this case, the azimuth is left drifted in theoretical computation, which is
consistent with the measured azimuth angle. Therefore, according to the results of theoretical
analysis, numerical computation and field measurement, it can be found that the mechanical
model of BHA and deviating force model of gravel strata in this paper can predict the borehole
trajectory in air drilling engineering.

Table 3. The side force of BHA and deviating force of strata in different well depth

Well depth (m) Parameter of borehole Side force of BHA Deviating force of strata
Inclination (°) | Azimuth (°) P, (N) P, (N) F, (N) F, (N)
3296.5~3325 1.46~1.61 250.9~248.4 | -1091.6 | —259.0 2255.3 -1891.7
3410.5~3439 1.89~1.99 241.8~240.0 | -1237.9 | —193.8 2185.9 —1833.1
3581.5~3610 2.14~2.2 243.5~241.9 | -1405.3 —86.2 2152.8 —1805.1
3752.5~3781 2.36~2.52 236.8~234.1 | -1523.2 | -362.1 2088.1 -1750.4
3923.5~3952 3.13~3.19 229.2~227.9 | -1911.5 | —147.5 1968.6 -1649.4
Table 4. Superposition results and contrast analysis
Well depth Supef{)p; szon Deviation contrast Azimuth contrast
m Computin Measured Computin Measured
m Rp (N) | Ro (N) trgnd ¢ result trgnd i result
3296.5-3325 | 1163.7 | —1632.7 1 1 — —
3410.5-3439 | 948.0 | -1639.3 i i — —
3581.5-3610 | 747.5 | -1718.9 1 1 — —
3752.5-3781 | 564.9 | —1388.3 1 1 — —
3923.5-3952 | 57.1 -1501.9 1 1 — —

6. Conclusions

In this paper, the well deviation in air drilling is analyzed from statics of BHA and deviating
force of strata through theoretical study, numerical simulation and experimental verification.
Some conclusions are listed as follow:

1) The side force of BHA is sensitive to ERBD, angle of well inclination, bending moment of
strata in air drilling, but insensitive to WOB. Besides, the large outer diameter of drill collar is
beneficial to decrease the well deviation, but exacerbates the azimuth drift of well trajectory.

2) The maximum of comprehensive cutting anisotropy index H is approached to 0.5 in air
drilling. It is clearly indicated that the deviation and azimuth forces of gravel strata are
significantly affected by H, and the deviation and azimuth forces of strata are increased with the
rising of H. Meanwhile, large WOB in the BHA leads to the improvement of deviating force of
strata. In this case, when suffering from serious well deviation, low WOB is in favor of the
decrease of well deviation; and low WOB is beneficial to reduce the left drift of well trajectory.
In addition, the bigger dip angle of strata, the larger deviation force of strata, and the larger azimuth
force of strata.

3) According to the results of theoretical analysis, numerical computation and field
measurement, it can be seen that the mechanical models of BHA and gravel strata in this paper
can accurately predict the borehole trajectory in air drilling.

Acknowledgements

The research leading to these results received funding from the PetroChina Innovation

1 4 MATHEMATICAL MODELS IN ENGINEERING. MARCH 2023, VOLUME 9, ISSUE 1



MECHANICAL CHARACTERIZATION OF BOTTOM HOLE ASSEMBLY IN AIR DRILLING ENGINEERING.
YUTIAN HAN, BIN TANG, TAO ZHANG, JINLONG LIU, YANMING WANG, L1 YANG, KANG YANG

Foundation under Grant Agreement No. 2020D-5007-0312 and the PetroChina-Southwest
Petroleum  University Innovation Consortium  Project under Grant Agreement
No. 2020CX040103.

Data availability

The datasets generated during and/or analyzed during the current study are available from the
corresponding author on reasonable request.

Author contributions

Yutian Han - Conceptualization, Writing — Review and Editing. Bin Tang - Data Curation.
Tao Zhang — Software. Jinlong Liu — Supervision. Yanming Wang — Resources. Li Yang - Formal
Analysis. Kang Yang - Methodology, Writing — Original Draft Preparation

Conflict of interest
The authors declare that they have no conflict of interest.
References

[1] J. Li, Y. Yang, B. Guo, and G. Liu, “New development of air and gas drilling technology,” Drilling,
Vol. 8, pp. 163—182, Oct. 2018, https://doi.org/10.5772/intechopen.75785

[21 D. Gao and D. Zheng, “Study of a mechanism for well deviation in air drilling and its control,”
Petroleum  Science and Technology, Vol. 29, No. 4, pp. 358-365, Jan. 2011,
https://doi.org/10.1080/10916466.2010.493906

[31 B. Guoand D. Gao, “New development of theories in gas drilling,” Petroleum Science, Vol. 10, No. 4,
pp. 507-514, Dec. 2013, https://doi.org/10.1007/s12182-013-0302-5

[4] Z. Li, C. Zhang, and G. Song, “Research advances and debates on tubular mechanics in oil and gas
wells,” Journal of Petroleum Science and Engineering, Vol. 151, pp. 194-212, Mar. 2017,
https://doi.org/10.1016/j.petrol.2016.10.025

[S] W. Wang et al., “The dynamic deviation control mechanism of the prebent pendulum BHA in air
drilling,” Journal of Petroleum Science and Engineering, Vol. 176, pp. 521-531, May 2019,
https://doi.org/10.1016/j.petrol.2019.01.008

[6] A. Lubinski and H. B. Woods, “Factors affecting the angle of inclination and dog-legging in rotary
bore holes,” Drilling and Production Practice, pp. 222-242, 1953.

[71 W.B.Bradley, C. E. Murphey, R. T. Mclamore, and L. L. Dickson, “Advantages of heavy metal collars
in directional drilling and deviation control,” Journal of Petroleum Technology, Vol. 28, No. 5,
pp- 521-530, May 1976, https://doi.org/10.2118/5545-pa

[8] J.Z.Baiand Y. N. Su, Theory and Practice of Well Deviation Control. Beijing: Petroleum Industry
Press, 1990.

[9] A. Ghasemloonia, D. Geoff Rideout, and S. D. Butt, “A review of drillstring vibration modeling and
suppression methods,” Journal of Petroleum Science and Engineering, Vol. 131, pp. 150-164, Jul.
2015, https://doi.org/10.1016/j.petrol.2015.04.030

[10] K. K. Millheim and M. C. Apostal, “The Effect of Bottomhole Assembly Dynamics on the Trajectory
of a Bit,” Journal of Petroleum Technology, Vol. 33, No. 12, pp. 2323-2338, Dec. 1981,
https://doi.org/10.2118/9222-pa

[11] H. Liu, T. Ma, P. Chen, X. Wang, and X. Wang, “Mechanical behaviors of bottom hole assembly with
bent-housing positive displacement motor under rotary drilling,” Arabian Journal for Science and
Engineering, Vol. 44, No. 6, pp. 6029-6043, Jun. 2019, https://doi.org/10.1007/s13369-017-2564-5

[12] L. Zifeng and L. Jingyuan, “Mathematical models for 3D analysis of rotary steering BHA under small
deflection,” Journal of Energy Resources Technology, Vol. 130, No. 1, pp. 1-7, Mar. 2008,
https://doi.org/10.1115/1.2824261

[13] D. L. Gao and F. W. Liu, “The post-buckling behavior of a tubular string in an inclined wellbore,”
CMES-Computer Modeling in Engineering and Sciences, Vol. 90, No. 1, pp. 17-36, Jan. 2013.

ISSN PRINT 2351-5279, ISSN ONLINE 2424-4627 15



[14]

[13]

[16]

[17]

[18]
[19]

[20]

[21]

16

MECHANICAL CHARACTERIZATION OF BOTTOM HOLE ASSEMBLY IN AIR DRILLING ENGINEERING.
YUTIAN HAN, BIN TANG, TAO ZHANG, JINLONG LIU, YANMING WANG, L1 YANG, KANG YANG

D.-L. Gao and W.-J. Huang, “A review of down-hole tubular string buckling in well engineering,”
Petroleum Science, Vol. 12, No. 3, pp. 443—457, Aug. 2015, https://doi.org/10.1007/s12182-015-0031-
z

H. Zhang, Q. Di, W. Wang, F. Chen, and W. Chen, “Lateral vibration analysis of pre-bent pendulum
bottom hole assembly used in air drilling,” Journal of Vibration and Control, Vol. 24, No. 22, pp. 5213—
5224, Nov. 2018, https://doi.org/10.1177/1077546317747778

X. Zhu, W. Liu, and Q. Liu, “The mechanism and law of wellbore instability due to drill string impact
in air drilling,” International Journal of Oil, Gas and Coal Technology, Vol. 8, No. 2, p. 153, 2014,
https://doi.org/10.1504/ijogct.2014.064843

F. Chen et al., “Wellbore characteristics of air drilling with hammer in thick conglomerate and its
influence on hole deviation,” in Journal of Physics: Conference Series, Vol. 1986, No. 1, p. 012055,
Aug. 2021, https://doi.org/10.1088/1742-6596/1986/1/012055

C. E. Murphey and J. B. Cheatham, “Hole deviation and drill string behavior,” Society of Petroleum
Engineers Journal, Vol. 6, No. 1, pp. 44—54, Mar. 1966, https://doi.org/10.2118/1259-pa

X. Yang, “An equation of formation deviating force and its application,” in International Meeting on
Petroleum Engineering, p. 14850, 1986, https://doi.org/10.2118/14850-ms

Y. Su and Z. Wang, “Study of vertical drilling technology in high dip and application of BHA with
offset axes sub,” in SPE International Oil and Gas Conference and Exhibition in China, p. 50889,
Nov. 1998, https://doi.org/10.2118/50889-ms

D. L. Dai, Q. F. Pan, and D. L. Gao, “A theoretical model for calculation of formation force,” in
Canadian International Petroleum Conference, 2008, https://doi.org/10.2118/2008-001

Yutian Han graduated from the School of Earth Science and Technology of Southwest
Petroleum University. She currently works in Petrochina Tarim Oilfied Company. Her
current research interests include geology and exploration technology.

Bin Tang graduated from the School of Petroleum Engineering of Southwest Petroleum
University. He received his master’s degree in Oil and Gas Well Engineering from
Southwest Petroleum University in 2014. His current research interests include drilling
scheme design and drilling technology.

Tao Zhang graduated from the School of Petroleum Engineering of Southwest Petroleum
University. He received his master’s degree in Oil and Gas Well Engineering from
Southwest Petroleum University in 2012. His current research interests include drilling
scheme design and drilling production and management.

Jinlong Liu graduated from the School of Petroleum Engineering of Southwest Petroleum
University. He received his master’s degree in Oil and Gas Well Engineering from
Southwest Petroleum University in 2013. His current research interests include drilling
process and production organization and management.

MATHEMATICAL MODELS IN ENGINEERING. MARCH 2023, VOLUME 9, ISSUE 1



MECHANICAL CHARACTERIZATION OF BOTTOM HOLE ASSEMBLY IN AIR DRILLING ENGINEERING.
YUTIAN HAN, BIN TANG, TAO ZHANG, JINLONG LIU, YANMING WANG, L1 YANG, KANG YANG

Yanming Wang graduated from the School of Petroleum Engineering of Southwest
Petroleum University. He received his Ph.D. degree in Oil and Gas Well Engineering from
Southwest Petroleum University in 2009. His current research interests include drilling
scheme design and drilling production and management.

Li Yang graduated from the School of Chonggqing Petroleum College. He currently works
in Xinjiang Branch of China Petroleum Materials Corporation. His current research
interests include drilling process and drilling scheme design.

Kang Yang works for a master’s degree in the school of Mechanical Engineering from
Southwest Petroleum University, Chengdu, China. His current research interest is drill
string mechanics.

ISSN PRINT 2351-5279, ISSN ONLINE 2424-4627 17





