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*

lc TAh+ Z DiO.f; *(Huang et al. 2015a)

1 K<@6

3i7 Z20-vO¥ )x -O{C$daAe5,XuC (=BUETF', Ag3"ele¢i’, c¢K%
W9-vO¥ R"IECS$d,X3i’". "leil/B, E4©"1@ i, X TA" (Jeia i, 1T/A 3]«
Ci)A#GEAS*IA4Ex Zr{ E6L5ar X-!ASAT CG¥SLS _YR. Wa™ C
0S b"leC$d-vO ¥<E>/R,XT 1R, 5aeib &AA R" 2J2-0{C$d,X-vOY¥,
1 71uF'0SCM A )x/¥ :Je vl YRFN K YGj?U,XrL & . U"leiYR , iRluA &A
85 X9it K(*1), ?-{ 20, 2UUAJAA+1uA A# A©1u A A*6 {1u A ZE24A
1u A7|6"1ul, Jo:> Ua, \L’¢ 08 ,X0:-*A5 .EYR 1( , ™NO4§ UrL ,X
1/R4z 35 EE > ¢K¥-80J (P~ <y 2006, 2018). i- 4z 3 0*i iR1uA o: X Bu(MU, E-
3 iRluAo:)UAZ a45KS U A)UAZ X ?2U y @.

iRluAo:0% AENS$f 20 é4~h H -Lubinski (1950) G b,Ei J* A AEKANI,X
-€0J. 7%!8 &, AE1:50J\ ("¢ iR @201u A o:KANIO)Z 0GE£-20Jd, J6 4z 020
EAAU"© { T .E-0-€0J1007EUA: iRluA Aaa AUAZAiRIuA=L A
-%NX# )UAZ AiBlu A]<017ULS$)UAZ A iF¥Je K4~ U (bottomhole assembly, BHA) o :(M
OA iluAo:A#A"1uAo:1, 121 hXYRA'Au{ «"©. PEA-80J<Q' I\ @/
(Mno:KANIO),X, WA6 av430,X)UAZI.. 18, 085U 1b43KS U A)UAZ, | D Z «
i-4z31u A X ) /RAG>5¢/R (=)U /B, TOYZiRIUA-6{ «/RB(P-<y 1994,
1995b), ¢5a @/i(M nlu A o :KANI-€0J 4 n Z)UAZ1., 5aiRluAo0:-€0J+ 3U" 30",



622 oAAA:AAAETAAA) H 1

UOn/Rzb U« iRluA o:)UAZ '2i,X 10Y.
0e5U O i E"leiluAo:aBEMP-~<y 2006) O: UT. 3 Ag"leilulo:,
U4 U h*uD:A(=UA0:1 1.7¥: XT )UAZ " +"©, G>*ii cK¥,X rP” 1%, J4§ U),
G>L§,XDBC m, 4D U-e0J «i- (EiAn&iA" Giza!/lil)4z31uA Xo:>
ViuAX £> A|OMOGA , zZ«o =61, "1@giluAaypRXiéAAu’
07{ no/¥:qB . iBRluAo:OM6KY.rX)UAZT., ©O «M6?U & /R rCE Y
48 U, 6N o#A 9 A/ iRIUAX4& o:> a0 )U, t6Y —E,IGURAAuU{
YUAZ > «"©,X T, ¥).
Lc-"e1@i20 _+ ?2°.X,EiAndi¥) " GiAaVIiATU i1 & 48 X,
rL i- X V#A ™" Glia. ,A,), AFN ECYE> Z12 km (P~ <yl 2019), iB1lu A X
o> Eta, [4EL1uAo:)UAZ"©0nlZ, 41 ,A!, iRluAo0:-€0J!7 @ b+
30U 3U07,X,L %, to04»4A#A & @20 iR1u A o :KANIX i ,-0J.
33K0 1;6, , 17 7 2NRiBluAo:x THX-€0J¥)Z/R, 7 ZE
Q ?-f"leilR C_& ,XiRluAo:KANI. [Oj Y4iZiRluAXM-0:-6
{ /B, " aEY2ZiRluAo: X pGij?UKANI, UAiRIuA AAiRIuA=L.%3A
iBRIUA]<OTULS iFX%Je KA " Uo:MGzJIhXYBAAu{ «"©, Uy Y4zl
G-e0JE)A D -e0Japtz,u,XOoKANI1, JuOn/RzPE™> Z,iG 484a)i.

2 EA1x'° ~“YII0A
00 ,XT «/BUA ) RAG>5¢R" Xe/B, "? 00:KANILX ™?2UT]
iRluA 0 O/j(MIM48 XB6(S,X 0", JT «/BUA ) /BA|GE(-%) «/B X
/B. ") /REEAZiRIUANh-4a-6 KE,XNGE?" _, ET G>*iiEuler xBernoulli U A’ é
5U Timoshenko U A’. |G £ (-%) /B £EA Z i R1u AEr | 4 0*ii 0,X G21, 0 OKANI i1T &
G>5¢/B, £EEAZiRIUAPY04a80,XG>5G2l. X< RE£EAZiRluAPhoah-
KE,XG2l, UJa )+/RE>48U, “Ak iBluAYoa-6 KEXnGE G2I.
TbiRIuA O XT R, JG*iZiRIuAAA KS1 A'5E, |PZiR1uAX
~-6{ /R, ¢5a10YZiR1uA-6AEn| «oUdX)UAZI. (P-<yl 1994, 2006).
ulsl. b, N+9<¢/B X|0726, Ak M-o5ERIBIUA-6{ «/RVR

J, i RB1u A I5B,X-1GE, m; i B1u A X OKS, m; i Rlu A -6 &4 X £), m"
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iBluAPEH &0, N; i Rlu AP A-%, N m; i B1u A pM6 P, X Y 0-1G£, N;
)IKS ziR1u A P, X & 0-1GE, N/m; )IKS ziR1u A b,X & 0--1G£, N.

UPEA-6{ «/R,X|PE>R ,"uY5x<%rL 0715E,X4z3, '5aKYBEOG. J\I
K ' XiR1lu AKANI5a?0, LO?U ¢CiRIuA-6{ «/RT¥ €9,1hX A5E E¥ @)U
'O, |DIEO*i b K'KANILX-6{ B, aE>"?-"nGE Ud.

_V, ibpEi- XluA, "iRluA@g0AXEH& oE On & 1uAE4SO-
ka0 n5aE 9 A(SO. n A(SORIuAaisE24Ay?°, N+91u A OKS 4 i- EH4“KS z
XAO, JeUoi5es$U2IE@6 " il&EH4“ X UA$ U021, A|DTiRIUA AE{ R
V R (P- <y 2006)

J, 1uAui- Y,X?! i, rad; 1WwAXX&a1 bi- ,X?8 X, m; "“j- EH

4“ XKS z, E¥ 1 blu A GKS, G . 1u A X4“Gj, N/m;  ip?!, rad; J2-G£4a ab.
"iBluAli- YEo |E, 1uAaieX,IfO*UD7E GluA P {*6 =L ~A-%. (iR

1uA=L A% XAulkUd , El nluAaie<E24Ay?°, ¢1luA -6 AE4*ai- EH4" OTE.

I5U A’+AeZiR1uAaie 1fy?0X, A*iy?°0,X0 4 «&£EAJy?°G2l; asUu

i BnZiRluAX-6 /&4, UL "Z"? aAulkL’'z, | Dk iR1luA =L A-%,XAulk

BV R (P~ <yl 1994)

J, WAPpP %, Nm;, ° YIKSzIluAdiey?°0iii- EH4" "©4“« & C
"©4"« & P, X UGE, N/m; 1u A4“Gj Ui i- EH4" U4“ « 4 b,X UGE, N/m; , > Uy
)IKSzIluAP,X=°00ii-EH4" U4“« 4 A "©4“« & C"©4“» & b,X UGE, N/m;

)IKS zIuAP A%, X3, ?U + =L B7E,X, N; ) g p KE-GE, N/m; Ja-
GEa ab.

iFY4Je K4~ U 2U+ Je AJeJ A0 n<1F¥% U4 4, W i-E<EI{ XGK 1. iF%
JeK4"UUi-4z3AGjoA#Bo AEH 401 0*iB, OpL ,XY4EUAKANIL Tbii$
02i, JiluAP@oAEHA&01E>1Té, A|PTiF%JeK4& UXM-0:-6{ «/BVR
(P- <y 2006)
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>
>
>
>
p=2
>
m
>
p>2
>
T
[N
~

J, , > Uy BHA -6 /&4“0ii$ U021, X1/TUGE, m; . luApéodii
i$U2[,XY pUGE, Nlm; , ° Y pM24“ 0GE, b & - 6KANIAN+9 LE; J2-GE
a4 ab.

rL,X"ele i YR#] 2, XE 204 1, El LO?U ), Y. XiRIuA-6{ «RT
. PE™> ™?2U,X A7, YE?U4D Uy*iip{ +/R!6NE™>" 7.

3 EAlx'~(DD~(>p

iRluA &£ UluAPEHA& oF o0 + E, 1uA-6+ O/ijX OU-E 9°é
O/i X X 40 nOKANI. iBluA AETECKJIE «& -AiRBR=L.%3tGjAiRluK
"Y%< AiRIUAOTAL*7C3JO!0 "1 AITKANI, i]<P- 0TE6 &4 06.. O)iR1lu
A AEKANI-e0J, A/1uA £ aa A> , SBNX#1uA £ +EQI9K, A iR1uAié
A'Aua]<P- 07ao0)UAZ qB.

dibae_ AE53?0, iRIUA AUYZi-42z3AGioA=°01AIT"20,XE
i, Jo:> Eta . Bi- ")6(S,XU20, iRluA AKANIAU&a«V,Ei- Ap
Ei- (UA" Gi-)'2z A£i-1 aai-4z3,X1uA AKANI. iR1luA AEKANI X-&
0J «"© U A)JUAZ'"© AD "© rP"©, JUAZ'OUYVUARA A, U-+R 6NGE"©1 (Gao &
Huang 2015).

20 é4~50 H -, Lubinski)[ -€0J ZV,Ei- 1uA 4Ep & A (Lubinski 1950)  Y4E
=ZY AEKANI (Lubinski & Althouse 1962), 48 p>< &, Lc-Je _(EH & _0),XrQ, iRluAq
04£ ZE4(SOA 4Ep& ASOETC=2Y £SO, J|Dz=2Y ASOR=Z2Y-64
EH& 0,XG2l.'5a, Lubinski'u YA/ iBluAV )¢ 4Ep& EBE#b6 =2VY /[E. a4dA,
Wu (1992)-e0J U1, Le-Je _,XrQ, V,Ei- 1uhAqo4£zi7u £ =2Y A O, J|
Dzali £80,X +EQIK.

0esU ! Zt0,X1. b, -e0JZV,Ei- 1uA £ 6 OE@ 6,X <E>/R (Huang & Gao
2016). Lc- iRIUAIOAPEH A& o,XrQ, iRIuAqo4£2ZE4(SOA 4EPE AEA
YAEp & /E AE24Ay?° £ =2Y AhpS O(*2a), Uy|DZIEp A(SOE@ 6,X

+ 5E. 4Ep& A& UIuAUV,EGM6BY ¥*6 4E /£ - 6( *2(a2), Y4Epa A&

O1lu AEH4* O 5 Y4EONKE /E4“( *2(al3), (a4)), E24Ay?° £ UluAaie« KE& y?°0

YE@ 6 E24Ay?°( *2(ab)), =2Y A UluA ais+ XE24A y?°KS zE' O p=ZC +( *2(ab)).
V,Ei- 1luAGjoe-&ai-EH4“1fG>, V,Ebi- EH4“X1u AGj o UGE LE; p.E
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Ah30 <00 t f;* (@ ® AhYOl t, ()" YAhYON t (Huang & Gao
2016)

i- YIuAGijoaEUYG> b V,Ebi-EH4“ X g p UGE, ‘5ap,Ei- 1uA £>
daabV,Ei-. TuAPEH&0 *0é5UEWA&X_0E, 1uA« V,Ebi- EH4Gjo UGE
X 0*i5aDZ U i- i0A, ¢+ O,E4“(SD; 'luAEHA& ora o + E, 1uAOY7/e
i- i0A5a ),<>6(S O, G¥*6!7u A (*2(bl); Lc-EH A& _oE 0O!9raQ, 1uA -6 A£4
E@6 =Z VY4, G¥*6=2Y /A (?* *2(b2)).

Paslay and Bogy (1964) Oj 6 y*u6NGE£"© | D Z p,Ei- 1uAl74 AE,X + EQ9K, ad4A
:5U Chen 1 (1990) AMiska 1 (1996) 3k Z,1a,X48p. +!70 EE#3 =2Y £ Op
M2 & ,XE>/B, E="uY O p)UAZ6N 6 * H £EAAE>/R. ,Al, ?- tAKANL,X 2UACA : O)
1uA A xYrP (Salies 1994, Salies et al. 1994, Fe4v " 2002), ?—31u A = 6(M&* J# G£,1 G D
B, U dE>#B8E>/R 1u AEH &0 AEH & 4y !/l KE,X G2i, o IE>#6E>/R,X A’5E, 10Y o
8 _JE>"?.

Chen 1 (1990) N+9 Z!7 G /L !%0,X 4y /i, & A'+170 AE@6 =2Y /& XER

,EH& 4y!/i-8éEW0, 5aEH& o0+ 04-, |DPk =Z2VY &£ +EQ9K 70 £ +
EQ9K,X &; Wu (1992) A+ AVYI7u AE@6 =2Y A£BEJ/R , iBIUAEHA& oa 4y

I/l KE 4“0 G2i, k 48p &, Miska 1 (1996) A'¢AY £SO =2Y £
XHPER , iRITUAEH& o4& 4y !/l KE 4“0 G2i, k 48p 4. Cunha (1995)
-e0JAXx tEQE 9=7ZY /£ LEQEOI=ZY A&£&,X + EQ9K 4,1 a,X.

0e5UTb63rP-20J, e1ZO/Et HXIuA AS OE@6E>R A’ (*3): 170
/BB EH& o4 4y!/l KE 4°0G2i, 170 A483 =2V A OYER EH& o
+ 04 - (P-<y 2006, Gao &Huang 2015), JG>*i6NGE£"© |PZ /£ + EQ9K. TbiR1uA
E{ R, y*iluAaiey?°g«5E, 3|DZ1ulA=2Y /£ + EQ9K (Gao et al. 1998),
J48 p A6NGE"©OM2 yE¥, 4z 170G A + EQ9K,X1.38 4, +9" bChen1 (1990),X4§ p, P°
Ae ZAulk @ a,X U)U Q.
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IDODOG/7 YD =C :D =y/'+°s@é Y2'(Gao & Huang 2015)

8 3 rP>< a(McCann & Suryanarayana 1994), i- A Ar0luA &£ + EQ9K, ©P-lu

A X0 n 0. He ° Kyllingstad (1995) U A i- 1uA AKANI1 p,Ei- KANI, 0Aulk

UV,Ebi- EH4“X1luAGioUGEO6 /Ei- 1luhAaieXy?o0. 44A0o0:5U, U

AWu ° Juvkam-Wold (1995a) AKyllingstad (1995) AQui 1 (1998) AMitchell (1999)1, G>*ii
daX A’°5E ™" ?.«"0, |DZEbdpi- 'L!pi- 1uAl70 £ =2Y £EX +EQ
9K. E- 048 p ?UEO*ib ™ Yip-&Xi-, 53,6ri-,X«!3 -8&,X, "18LO?U-0Ji

p elaE-éXi- 1uA AEKANI 085U Bip !, X=-éUyn ipGM6 -

I GM6, Ulu A - 6KANIU?- E-gp GM6 YE > -80J, ' aaE>4"U, Oak ZY4E £

i- 1uA &£ + EQI9K,XE¥ Aulk @ & (Huang & Gao 2019).

iRluA /E-20J ET nluA 1 X,X45KS , é4ai-E24Ay?°. rL b, i- Y,X
HpluA + AE1%1uA) (&) 1u$)NNCcE2y4™4,X, ) KEEIE>y E2y, 1uly
X X& IET 0bluA "X,EX, P7TEy LE¥,X1IuA 'aie ay?°X. 0 9AfT,
E24A y?°,X A’5E 400 UrL ™ %. Lubinski (1977), Paslay * Cernocky (1991)-€0JZ A i
- Gy 1uA«e+ «_E,XhoL$ KANI; Mitchell (2003, 2005)-80J Z i" Gi- UGy
wA7a Er70V,Ei- X=ZY AKANI; Gao 1 (2011) ADaily 1 (2013) AHajian-
maleki * Daily (2014)-€0JZ" Gi- Uy 1luA+ 4E-6E@6 Y4E-6,X + 5E."
53, E-0-€0J10% 6.&0boOpé p(MAX1uA AZKANI, p6N<M6 A/ iRay 1uA
Xa FHAEo:>
J\IATKANI, 0&5U4D UG>*iG U A /R A /£, U /B 6NGE"© O )-20J, Oj6 A/ ZiR U

y IluA-6(SOXE@ 6 G2, J4- Z,1 O(*4). iRIuA "aieXy??(SOUA" Yy
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Ah30 «0f +°t iN?,$ *(Huang & Gao et al. 2018a)

720 A& y?° AE24Ay?° " “<y?° 1uAX £6OUA" EAp& EATG E =ZY
. Uy2SOa ASOE>4"U, EY16/iluhA-6(SO; 4P Uy?*>(SOE@65E" A&
(SOE@65E, EVY20/j + 5E. Uy"?2.9«kZ@Bp(SORIUA-6 F£4“Alud Fvu -1 A
luAaiey?°0148p, |DPZ 3/ + 5E,XAulk><E’ & (Huang & Gao 2014a, 2014b, 2015;
Huang et al. 2017, 2018a).
U*4 ,I,LL,SSHUYy><AY(SOAp& A£A74 A =ZY A, N, P,W, FUYy
>< 7 y?0 A&e y?° AE24A y?° " " <y?° C ->< + 5E.
i R1u AOAFY4,XEe+ 5E3 EjlulA /E> ,XGj?U 26. 6HH$mo: U A0AFY4z
3,XU20 0§, ,A!lu AOAFYE«+ 5E 2UU AJA 4z3 1 4z3. U0AFY%4z 3R, iR1uA
/E -6 UABE#8!%0 "< /[E!%0, E>#6!%0 ce A1 U €0N!% "E24A y?°1%.. O o :5U-&0J ZE>
#01% P1u A = 6?2 1 ZE>#6!%KS z1 KAN | (Mitchell 1982, Sorenson & Cheatham 1986, i, {
‘P-<y 1999, Gao & Miska 2009). -€0J>< &, E>#8!%0,XKS z&ab=2Y A,X O p=Z2C+. 0&5U-20J
¥),,JA "1 4z23% @20(MI",XEe+ ™6, alZ /i, XiRluAE«+ 5E,XU20 U3
(Huang et al. 2015b, 2015c), J-€0J ZOAFY4z 3 1luA=Z2Y -6(SO0 nO,XE j?° . J2j
RluA EKANI, UA=°0Alul Y é&#t _ oM% «> 2011)1 26 i1luA £> XEj,
32k z O 0-80JE ), E-G & aC,EA.
H'5a?0, GbiRluA £> ,X-e0J0OFN 2bM-0 /E8x+H.'5a, U YE@JE E>/R
iRluAET @ bEa|(SO,18EiRIUA A{ «/R UyluAI5B-&AA 0 0l1NM, 2
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blo: AKANI ,AlluA|o: AE-0J\4 ™ L$b p(M"KANI (Dunayevsky et al.
1993, Gao & Miska 2010a). 63rP48p><a, |o: A +EQ9KabM-0: A + EQ9IK
(6 S#U1 2001), 1p6N¢)UAZP A/ Jo: )U. "18, ROI9LO?Ut iR YE@1u A
|o: AEKANILXT ,-0J.

4 E Alx 'VYLqg £. No#e*<Ad DAOAX Y | i#

iBRluA=L "A-%, Uy UiRluAili- YEH &En | E {*6,XEH &L o  YE@E® |
E{*6,XA-%3 . Ib" GiAa!lil &4 48 Xi5a?0, 0luA b ,X=L A-% O*iKANI!"
EWOUT, EjYROT]<,XGj?U 26 O. aE, iRluA =L A-%EQ9KAulk i- E<F'A’
Au AJe Aié AS5&NX# ALLY£AZJe EY _1AAu{ X)UAZIT.. 18, O)iRIuA=
L A-%ANX# a{ -e0JKYrL & .

20 84~80 H -, Johancsik 1 (1984) TOY Z4£ L, XiR1luA=L A-% 8 (GEC4C& ), Al
68 _UiRluA1T & "k 17z,X4C26. Ho (1988) A4EC4C 6 _ N+91u A1 z,X5 &e,
UluA?8 048, ToYZz1 & . Ja:500!81. P.ZOGE,X " X! 0(Sheppard et al.
1987, Maidla & Wojtanowicz 1987, Lesage et al. 1988, Brett et al. 1989, "$ ~ (u 1 1993, K¢ Je
1 2011). 085U TbiRIUAXM-0:-6{ /R, |DZiR1luA=L A-%2Aulkd X O8
><E’a, JI\NIO4EA 4E Y4Ei-4z35EQ0)ZiRBRIUAH "«oU d(P-<yl 1994).
UPEA® TOYE>R , niBluAais-E24Ay?°elul -6 A4"ai- EH4" OTE, At A
S5EUQL!"Z"? aAulk,XL’z, 3E{jZd _,X2'z EO*U8xE. _V, aliidpz
JEER 1uhAec¥o £, luAy D7EIUA 'ai+*E24Ay?°5E 1, E- oKANICY
TZ4E L1uA =L A-%. 8 XEO*i8x E.

Wu (1995) UluA £ +EQ9K 17 A éCKXL ty?°0é9 4£L 6 _ , 10Y Z5x<%

A hXiBluA =L A-%4NX# 6 _; McSpadden ° Newman (2002) AMenand 1 (2006) A

Mitchell 1 (2015)-e0J Z Gy 1u A X =L A-%KANI, UluAy tZ2y KE,X & 0 1u
A aieX%0 iiy?°&. PEA-€0J 1uAy h > £ h ,If(A0OY,X, p5a UCK9. Qo
5U,E yG>*ii YL$ X «"©" ?-iR1u A =L A-% (1Y% + 2003, Aslaksen et al. 2006, Tikhonov
et al. 2014, /1 "1 2019), 3,uD &3Aulk )["A /0 A1l KANL.

E¥HO9, 085UUIRIUA F0:6_&4ELH'«0od _(G=L A-%d )48UCK9, 1
OYZiRIuA FuiH'504Uo0:6 _(*5). U FYao:8_ -e0JZi- ")Alulhy A
1wA A£1 261 FuluhRo:> XEi?" _, UbSx<%ZluAy h> & hX50U
(Huang et al. 2018a, Huang & Gao 2019), aU F¥% &6 ,X48pé9 H'«o6 _ Al7,1G -
D, 10Y Z,1h,Xx50 U 0:6 _(Huang et al. 2018c, Huang & Gao 2020). 54 U0 : 6 _ 5x<% Z
@i F¥'206,X0*1, =)Z6 ,XEO*i8x E, A E +As ZAulk,XP- Q. y*UiA!'6 _, asA/
Z +#K a"e+ QTIJeEE>/R 2 _0OL 5X0:)U, JelzZA’Au{ +"©, 5a ?° 0
"'©?- tE- pKANI.
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A700 IFi 5R4C'M-. (@) <«0i ,IFOl +°Y2', (b) IFi s5R4C’'M-
@I0A r * (Huang & Gao 2020)

JoAUi- YKSEKEYE@OTE&«%3+1uYe, Sk+lukY_ z kég zY
L!'", $17C D7E +1u.%40S _ (° 6 2002). +1u {*6 UG|.%43 E, *cAA¥K N5Js Ail&"
HO 1iRJO_, UGjEjZiROT]< i,XS*uiOQ.

84~ Ax H- 18£6( 5bN:500] O)Z+1u.% 3,X)UAZ “rP-€0J10, a

4A-20J 4n ZGj?2U .. ,A1-€0JAx , +1u.¥%3 )U 2UU 77i6 a(-E2~ 2012): 2I- .Y
3A0 Vi3AY2fY% 3 0 3. 2-.%3 +luYe FUIRPDTE$S M3 , %% ;X(
(S; U %3 iRluAy .@Bi& I+1uY X ,0 , . Yu% 435(S; .va2f.% 3 .Vu2f [ +
wyYeX,0, %% 2]y(S; o %3 4SNK2f i +1uY « X "Y4, V4% 432]y(S. UrL
JeiBE>IR , E-7j.%3> A6NAaE,u, ET Lv%2f%3

Ei+1u¥%3,X 20\1, 2UUAI- («7SzAJe AYE@EG z AJe A" +1u><M62k2- z A
Je i#tt 06N Z y?° 0 0 &1 Al 1726. Bradley ~ Fontenot (1975) AWhite ° Dawson (1987) -
0J>< &, +1u.% 3 ?U+ bl AYE@ DP7E,X, J* ACK RJ+,X E ;| A N+9 4Au. White ~ Dawson
(1987) U +1u.% 3GE£ " =°6N6(2IiCK 9, T0Y Z4“ 0, X +1u.% 3 )[8 _. UA'S6 _ +1u.% 3
'JAa=0°6N4al7!", a+lu.@zai!. Hall 1 (1994)1TéZ +1u.%43 )[6 _, Ax .% 32i
D Ay?°0 'Eo |[CA/R Aulk +1u.% 3,X ?2U—-D, J .% 321 DLO?UEIE> x Y rP" é5U),
# GE£ D B j$& !6N.B n. Schoenmakers (1987) Ax +1u.%436(S ) U(- 6 ( *6(a)), Th4“Q
Y43 ), X A’, 10Y Z +1u.% 3M6/A "% 3#A z XNX# @ &a. NY, k "1 (2004)A/1 "
1 (2015), EA-YJ2:5U03.Z200,G,XVY,220.

+1u¥%3rP><a, .u32iDa Op D, 5a Lc- +1uva3#A z Xrt5a£a, Oac_
b0 n. Hall ° Malloy (2005)-20J Z +1u.¥% 3 '/A & = °6N,XM24“ 0 G2i, o 1ZK¥ y?° o
XV E. J\IAtKANI, 085UAx Je A a+1u,Xy?° o Ej+1u.% 3E/R,X GK "26, 10Y Z
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98+° f0l. <M;. (@ *4'.... <M, (b) 5.094. <M ;

K YM24“ 0,X +1u.%43 h & _(Gao et al. 2010, Gao & Sun 2012, Sun et al. 2012). UA!d _
+1u.% 321 DLc- .% 3#A z, X rt5a £ 8, <M6 £EA Z +1u.% U.% 3°0 n.¥% 3 g pL %, eAu
1k48 pa+1lu.¥%3rP° USCQ. Je A A AJ A#u|A+1u Uzl 263 4a+1u.¥ 3E/R
30,1 G, E5al0Y Z5x<%E- 0 26 0*U R,X +1u.¥4 3NX# 6 _ (B LE +1 2018; Tan & Gao et al.
2018a, 2018b, 2018).
), 177-# iDB /, iR+1uXrL.%36(SYE& )U(-, G20il%,X+1u b,
UTp.v%3 3 CYT1z 276 _XEO*i8x E. 0e5Un 1z +1uaU.% 36 a( *6(b), UAU
(- KEXGj Axe Ule. da+luv%306a{*6,Xs  4aaxX: Gj Xs .Yu3eéXxX¥
*6Z -8, xeoXs  v315Ba z#/i, UleXs . Y4315B0O#6+ 1b+1lu%3
E>/R,X EKE/s 7 & *.¥4 3 pM6,XONKE/s 7 &, 10YZ O/jaU 6 &R +1u.¥a 3NX# & _.
AVEYAETYR{ «"©09L!"=L %3, JNUAZT jYYb X. *i,X{ «
"© U A (Aston et al. 1998, Schamp et al. 2006): i- E<F'i éA’Au " rJei- E<EI2’.B{ A=n
P-Je i#T#z$¥ 0 AJe KA U186 A]>™ML Yu£ALKL ~*. 18i-E<F' —D, oP-arlei-
E<EI,X $¥z, AY LI"JeAaieXy?°0 =L; y*i"s1Jei#tt O 6" 13« i#t, S*i
#z$¥ AL .Ya A#z$¥)1#(t , AL!"iR=L2ID % 32ID; UV,Ei'% " &ipil%o
G>*lIP-4“GjJe Kt aP=Y R 9Gjo, U0p zil%G>*i"4“Gjlu A é5U$0#B1u A 9L! " =L ;
LY%UEATK ?2UO6HH +1uJ!7<] «"©9E > ] !5Bi éA’Au (Juvkam-Wold & Wu
1992), Js)U ETE>FS!1uA 'aieXy?°9L!"=L "% 3.
065U TbiRIuA FuiH50U0:8 _, TOYZIiREL *K] 5B pD,X1éA
Aud _(Sun & Gao 2012, Huang et al. 2018c), 6 5x<% Z £ & =°L o AL! "L 5N¢L=1 1Gj
AU, Aulk4g p><a, 'i- (S%!"EWQE, TAG*iiREL *KILI"=L; "i- (S %!"EW
AE, AalAG*iiREL *tKL {*6 O ,X ,L o, E-a), rCEAxASs,1 U.
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AILXIuA=L A% 6 ni- )JUCHU"OX, "}%~,0.'5a, ndlei }%
AX,U L'FS X, aJud!/liAKS" Gl%" GJei }% “KANIE tOUT. i- 1u
Aayw~,ua XI1fo*u, luAEe |TE |} %Eon/l, } %Ea/I37E jluA «o, @5U
Af500,X. ), Y. X =L A-% 8 _p6N5x<%lu A a} %,X,1f0o*i, D7TEL’ LA/ } %L 5
*9,X4 o: )U. 18, ROI9LO?2UUIUA &} %,ROOpH"', O)e5U,if0*i,Xo:
YU "N¢L=(M U-20J. U +1u.¥%a3 M6, Al +lu=- z8 _ ?2U5x<% Z) U(-.% 3 6(S, ad4A
hO)a .%36(SR+1lu=- z-20J.

5 E Alx'¢ 7' P -LTNO#e*<Ad DAGAX Y | i#

Le-Jei VH#A ™ G/, X &ert, Jo ia"l@it/ROTNCL=4ar(, iRIuA]
<O07TUL$KANI2 oUT. iRIuA]<0TUL$, U« M6 iR @/ v?— 204z 3 R1lu
AA1]1<01,XO0i#A. O)iR1UA]<O0OTULS$)UAZ-20J, A/L$ O0TULS$,X ?2U”°
202JEi?” , A YROIN¢L=UdAiéAAuz]<{ ©0Gj?U/¥:qB.

*7(@) <)xJei07TUL$,X43AuDB, 0!/li,Xé+4~) 2ULS u8A N Wytch
Farm A~ N Sakhalin * 25b N |?S *$R1 , 4 !Yii,X" G /I £ACYE>12 km. NY 0 !/i
iA,) ?U U +#K 0FY, " G I/ICYE>8 km, aé+A,)iYOnXAC+(P-<yl 2019). ib
IEQ -0 !/ié+4~)XIEOGFN '"EJeiT 5E v?-4z35ERNA&JIiE 6NO
E’ Xi#AUL$ , GndJeiE UL$. ibl)0 - i5a?0, u(Mn,X ?2—" v?-4z35E
RIOTi#AFN ,- OpULS , 3/A JeiE UL$. 9/iGbJeiE UL$Xn <Q' Y

AO, JY#% O7EX.

2009 H, 0&5U0j 8 ¢)UAZ P2i43a1Z YE@J+i E UL$,XV E(Gao et al. 2009), UAY p
$VE:>-E ULSA ,E UL$ ™" 0E ULS$, éNZZNY@JiE UL$X: -&
0J. >I- E UL$ U>I-1% a¥*6i- 0 6NJEXO0i#A, " 0 E UL$ U6N 6 +A.

17 XJdeit#t '~)f #U"OS5ERTrIei- XO0UKSz, ,E UL$ UJei2id3a , 0
GNP AL]<IEXOUi#A. (A b, iRIlUA]<0TUL$G ,E UL$, S b, iR
1uA]<0TUL$ U ,A>l- " 0E UL$,X4DU. 8VES ?21zVY4jiRIuA]<
01 UL$,X8t F-20JE ™).

N é&:5U ?UETE> T0Y1T )& _é5U BJe«i4EP'E > /B 01 UL$-20J. Meertens
Kloss (1994) J\ i8A N TA-05 0 !/Ti, ¢ iD*48 XA’Aul 2!z 0 ) ZJ*iN¢L=a07ULS$ U d;
Wu ° Juvkam-Wold (1995b) O)Z V,E™" Gi- 1uA A o:> -20J, Ax V,Ei-
1UAEH& o,ubL$ ," Gi- 1uA=ZY A!% O (0KSz , J =L 2iD, ~
" 0; i-,X?8 X, m; 1uAk 7z, Nm% 1u A, X4“Gj, N/'m; JU1=2Y &
L$ "elu R 9 UL$,X0Oj?U 26. Gao ° Miska (2010b)-€0J Z" Gi- 1uA=ZY A o:> ,
k 1uA=Z2Y /% O 0KS z , @Wu ° Juvkam-Wold ,X48 p Y A O; Rocha 1

(2003a, 2003b) U1, G !/1Jei .>— 0A&)fON 58X aal9-é& 071ULS$, U,XGj
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IcA"d-K|4 @i :@I0A3y E. (a) ")/Ic Ace 34 @I, (b) IcA"d-KIM°"w3y E

2Us”. NY, ">«a FA' $(2008) 10Y Z" 0 E UL$XNX# & _, K¢gJel (2010) oY Z

oE UL$SXNX# 6 _, J2:50¢ AJei>™M(0" 0-D1?2'z20)Z07TUL$ X-20J

(Alfsen et al. 1995, Rodman & Swietlik 1997, Mason & Judzis 1998, Meader et al. 2000, Martins et al.
2004, i14E A 2008, & Z k) "p8A 2008, 1[al 2014).

E¥oH, 0e5UTb ,A>l- ™™ 0E UL$,Xn , 4D U5x<% M6 iR @/j 1% 4z3
5E,XEj, 10YZY20E ULS$XNX# & _("J?1 2016; T"[i 2016; Li et al. 2016a, 2016b,
2016¢, 2017a, 2017b, 2019a, 2019b; Chen & Gao 2018; "J? 2018; Huang et al. 2018b; Li et al. 2020);
Al ZYE@J*iE UL$XH'Ux?" , a<)xJei0TUL$4%Au48pi1 U; Al ZE;

JeiE UL$,X {726, 64ZTbJeiE UL$ XURAAU"© ("J? P~ <y 2017,
Huang et al. 2018c, Li & Gao 2019, Li et al. 2019¢c, T~ [i1 2020); Tb PEA-€0J ap, X1ZJe
i E UL$,X)UAZ '21 (P~ <y 2018, P- <yl 2019), | ?27Jei)UAZ '21,XGj?U ¥)
( *8). PEA-€0Jap U#K"R O !/Ii AL NI}eKS" Gil & "sl¢i/R 9<kZ8C Qh
*Ur .

*7(@) ~ *7(b) X [1"48 p>< & (P-~ <yl 2019), JUAZNX# Aulk E UL$ a rJe43Au

ULSKY,] 27 " GE ULS$Lc-JeiV#A ), T3E™EGTr0i0 nid“ aL!" ", X Y!%o &

27 , Uyih# iA #A i #AieCY#AiY/j ™6,

(1) I b# 52?20, Gpzi-JEE/R JeAec{*6 £, JeA /£ D7EXP-=L aJe
AY RB9Gj04X-,0 42z3na&J-i0TUL$XGj?Us  O. # i,XV#A - & &, KS>I-
1% _0]<Ok-1 4-a)fON _5é6-é&0,X-,03 L$ i- E XGj?Us’'. Z=
P-nd&JeiO0iULS, TAG2YE@ D &JeiAiéi-E<FO0 p?' AL!"=L 2ID AIEYJe
i#T fGEL T ~ .

mp
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IcA"d-K)2@e «2'

(2) i b#A 54?0, i- V#A 0 BD7E1u AGj o 0*ii :+, 1u AGj 0o AL 51 26 B7E,XP- &

*EQ9K & M6J» Ngnwa 6N o KE,X-,0 4z3J+i07UL$XGj?Us”  O. #AiJeiE>
IR ET 1JeF T+ , 020434, & ,XOX]<Jei_o00k-a)fON _o"T|

0,X-5,03 L$ i- E XGj?Us’. ZaP-07ULS$, 1A, & Jo 06N Ai&JeK4"UA
G*u{ Jeil T ~*

@) ib #A 53?0, " GE UL$uGpzi-0 p?! EE’ 00, J

=L 2ID. ,Al, ié+A,)XalliaFN #Ai. #AiX" GUII'EWQ, Je AYE@ {*6
XP- A-Y%5 4 M6Je NgnA-Y% KE,X-,0 423n&Jei07UL$XGi?2Us  O. 0 pz'%
J'EE>/R } %L 51 KANIOU T, i- #U"O LO,XP- fGE£ &J+ i"ENqg n s)[ KE,X-,03 L$

i- E ,XGj?U '26. ZuaP-07ULS$, 1A, iéi-E<F'AoP-Js 06N AiéJei—-DA
G>*UE24A ~)f2i431 T ~ .

?27,XJe iA’Au «"©, QO7E Y';i- E<F'A’Au A iD*48 XA’Au AJe K4~ UA’Au AJei—D

A'AutzJ2—_DAAUXNNCQOBE™>. ?7 'O, i@ *M6,X5&: A'AuAU p U5x<%Je
i]<O0TUL$,XEj; H'AAUlT& 1pS$A’Au,X 6(4" U, A’Au pL’E" H'OI.
0e5U toP-i- E UL$ ,AU, 10Y ZJeiiéA'Au+"©, 2UUATDbI- E KS z4z 3,X
Je i#t § 2 fGEOK -A’Au +"© Ai R1u A U!% i EA’Au «"©1 ("J? "P- <y 2017, Huang
et al. 2018¢c, Li & Gao 2019, Li et al. 2019¢c, T~ [i1 2020). OE¥, 0&5U TbJei E UL$)UAZ, 1
0Y ZJe i 0 INCL= NnGEA™ «"©, Al «"© AAulk O - il pi- I1RI!E/j OT1 %, X] <2l

D(*9), ASyTOEL=011% 17 ?2UL$ "206, aE>J\I0,X1éA'Au, ' a4+Gjab
EAE>/R. AL +"©@I\i07]<,XO-ASE> —-Dié, $A’'AuXNNc B'!OEL=X011 %
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98ANf$,"F a7+ pu"2' e

"Ej 20| OAxH, SkH-i,X01]<2iDéa+na , k EtiéXYRA'Audgp, A
Y a4 ?"YBA'Au ,X O o 4Ct.

UJ'EE>/B , Jei—Da+-¢& 1uA0iN¢L=3Lc |O-&é. ,Al, ?2UG>*i D B"OE"
> 0IN¢L=,Xr ENX# (2a'© 2007a, 2007b), J ?2URCA : rE#GE @)UDB, y*uDBé&
|A <:411k"©E> Ud, E5ar),Jei(SO¥# " O ™ %AZs. Al «"O,X ?2U5 &+ :
LO?U 0GE,X), DBE™> Aed—, ""©r),Jei GE~ O T,XNCL=NX#. + bJeiE>/R # GED B
1i20 & ABUGEEW A, gJib ,J+i +5a?0, JeiD B acCt, B7E D B"O,XNX# 2’ zL’ 1E’
2U". 6 _"©, GI1bJeiE UL$XN¢L=A" "©, AY &DB"©,X4aCt, LO?Uy*ir# D
Bido_ GK —DE> |OA!7. 18, R 019LO?UUDB"© "8 _"O,l f48 U, 2KS>9-A, 6
40 +Et3.B 0 nXJeiN¢L=] OA~ "©.

6 EG JA-40>°N oe( ] < /£ DABAX Y | i#

BET, X iF¥%Je K4~ U (BHA) ?U+ Je (drill bit) AJeJ , (drill collar) A0 n < (stabilizer)
148X) 474 A1R0 O piCY%E24AX4% p A UA, iJeKGjoAi-4z3AJe . .b
}-CZzJei# ' _ 01 O*UR, BHA T{*0 & ,X0:> . iF%JeK4"Uo:(M0OUAM-o0
(MO ]o:(M0gF¥%U, M-0:-€03Je X{&do #E@?'*71luhA «0A-6(S01,
201 b U D i- E<EINX# “{ ; |0:-€0JBHA4% & |Ap& |AAE@ |A#u|1z
540 |1 (M@, Al 2U*ibJe AQeK) Uda{ A+t + O QNX# 1, 3#]7i- E<EI
{ KANIL.

iFY%Je K4~ UM- 0 :-€0J ¥ )7C 24z Y70 H, J)UAZ '2i E'EW &'s, @ i Y/B 9<k S
""h*{. 1953 H, Lubinski ~ Woods (1953, 1955)0jdaiz b U& XV E 3Js L p )UAZ, b
U&e 1 b, XJe KDZ i- ,X iEe, b U&s BFY4,XJe K iF¥Je K4~ U, 10Y Z iF¥sJe K4~ U,X “4E
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0:0_Jil9s5x<%z @adbduaXEj, i-E<EI{ 4nZz0p)UAZI.. Walker
(1973) Tb 0 a“6N S)UE™> Z iF¥%Je K4 " Uo:(M0aUd, Juizle ?2,XVE, G Je
@I K - 6 £4“ X 04“ ai- EH4“X ?!, ), i 1>*i bA"E D &t K,XE6 p)[. Bradley

(1975) y*U YL$ AU «"© O ) ZiF¥%Je K4 Uo:(MaUd, Ax J.E +8d4aJs ,Uo-
& O7E. Ho (1986) | D Z iIF¥%JeK4“ U0 62z{ /R, JG*UYL$AU'©E>"?2.. Lca, @
(Ho 1987) a1 O/jJe a ,(1fO0*Uu-fGE 6 _, T0Y Z n &J*E ™« &, XNX# /B. William-
son ° Lubinski (1987) ABirades ° Gazaniol (1989) G>*ii YL$ +"©, Aulk Z iF¥%Je K4~ U,XE®
P)[AeN[, Ud ZBHA vy ii-E<EI{ 6No,XE j?" _.

NY, ,QS/ "8 6&(1990) y*Ud% p A U'©0O)ZiFuIeK4& Uo:(MaUdai-
E<EINX#, GUd 10 n<ABHA aie*y?°& GK 8V&s, , GK8V& @ XY -% p-t
GE, 10Y Z4% b /E «/IR4™JE>"?-; &, At«"©=)h*i G y ,XiF%JeK4 U"
€ CJe K4~ U. 1% +1 (1997, 2002) y*UKELM "© O ) ZiF¥%Je K4 Uo: (MO Ud1. J2
50U E4© iF¥4~ U o :(M G " i- E<EI{ KANI, O)Z 0GE£ /B h*it O (£ C#K1 1994,
Min et al. 2006, &"{1 2008, |& A1 2013).

16, 085U ¢CiRBIUAX -6{ «/BT¥|DZIiFYle K4 UX=-6{ /R, y*ut
-G£"©-80) Z iIFYJe KA" U a6z 006z-6KANI(ia+1 1988; P- <y d/e1 1992,
1995); n zJ» gadaUD” @adalD, Toyzle al7x@ada ,ifo
16 _, alzZY JeoX,VE 17x@&O0Ji)UAZ(P-<y ia=+ 1989, 1990a,
1990b; P- <yl 1989; P- <y 1993, 1994), 10Y Z O pi- E<EINX# a{ )UAZ'21(P-«y1
1994; P- <y 1995a, 1996).

UiF%JeK4& Uo:MaUd ,0 n<A6NTaie-y?°, 3A6Nay?°(*10), V)¢
E6°0 n AulkO n<aisXy?22(SO17ii- ,X15B, O,E pL'Nl. E¥oH, 0&5U 1
bO n<@E24A5E, Al7Zi«i0 n< ejol&dasaXAulk+©, 64z0/j0 n<
Ui- YONKE !5B,XAulk +"©, Jib U&e!5B,X.Bn«"©OE> ZAl7, sP-Z 6 ,XAulk )[
2" z (FA k/IX1 2014, 2019). OE¥, 065U U iF¥Je K4 " Uo:MaUd«"©=)h*iib|M4 &
YE@ D &J+ K4 U, Xo0:Ud-e0J, ai1ZzO +1bLE{&JE6Si,XYE@ D &1 KEbd p)[NX
# ¢"©, J9¢), AOP P A,

iFY%Je K4~ U | 0 :-80J 3I"EW %, AE 1:5U . Z 0G£-0J. Millheim ° Apostal (1981) y
*PYL$ "OUdZiF%Je K4 U X|0o:(MOtZIin8JE E<EI,XE . -20J48 p>< &, iF%
JeK4"UUATiEn |(SO: "E@EGO0 n O, E@EOM20 O, P-E@E6M20 O "P-E@E60 n O, E@EG A
JeKai-KELm1 "26 an &JeE E<EI § U,l G. Jansen (1991, 1992) h*U(E@ $ | 0 :)UAZ Je
J.#u |KANI O )-20J, 48 p>< a: JeJ XEo |8 & U AI7 &#u | A j &#u | A < 6En | “#E™,
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Some research advances in downhole tubular mechanics
and control methods

GAO Deli* HUANG Wenjun

MOE Key Laboratory of Petroleum Engineering, China University of Petroleum, Beijing 102249, China

Abstract Research on down-hole tubular mechanics has been more than 70 years so far. Many break-
through research results have been obtained, and they have been successfully applied in drilling & com-
pletion engineering. However, due to the complexity of wellbore constraints and operating conditions, it
has not been able to fully and accurately reveal the complicated mechanical behaviors of tubular strings
in long and narrow wellbores. These facts also make the current design and control methods difficult to
solve many complex engineering problems. First, this article reviews the overall development context of
down-hole tubular mechanics and introduces the static deformation control equations of down-hole tubu-
lar strings. Next, research progress, the latest results and the existing problems of several important tu-
bular mechanical problems are introduced, including down-hole tubular buckling, down-hole tubular fric-
tion and wear, safe operation limit of down-hole tubular strings, mechanics of bottom hole assembly and
the corresponding design & control methods. Last, a summary and outlook on down-hole tubular mech-
anics are made. It is expected to provide some meaningful enlightenment for the development of down-
hole tubular mechanics and control methods and the improvement of drilling & completion engineering
technology.

Keywords well engineering for oil & gas, drilling and completion, downhole tubular string, downhole
tubular mechanics, downhole control engineering

AAP- <y, +, 1958 H*6 b E 8/+ ¢, "s1@ /R ¢ S. 1982 H9<" 3-C"*
L6 :¢ 1, 1984 HI9<?S +-C"¢:L6.) ¢ : !, 1990 H9< N-C"s ( :
2611992 HO . ¢ a>e#U " (O : T'o:C-\, 2001 H
>e -6TFYATEY 3KS"3:50 * ...Au & (M6, -\, 2013 H'EY  N/¥:
L6L6 ¢. ), T N-C'e0 :(&€)-C'~ay' @B N SGj&e :/¥B6B+
Z A-C" YR -6TFY%Gi& P x TAB: ",71 116. aBKS o6 ¢
_"el@ YRNZ3X-:4a/¥e10, UiBRluAo:a{ YRAnAale
i Ail& "HOA#A" J+iZ21/R 0T ULSL M6 2k ZGj?U-€0J &4 p, ¥>< 6 PAZ [560 1
1>(SCI )160 -15), 1( : ¢:+6FY%; \ ¥acy70 -E, ,OALECE:+0 20 INM; 9
NST ¥a*'1 *INM NS/¥:T E19*°1 *3NM, 6€0/¥:T *O1 *2NM
1. ta : 0 ZX/¥-é K06, Oj M 9EY -61F% i, TKOAu &, & ce 9EY N S7%' /¥ : IG¥
i ,-€0J5x 'Au & J9« g 8 E4AAC }(EAU9 H).

Received: 17 May 2021; accepted: 5 July 2021; online: 20 July 2021
* E-mail: gaodeli Bteam@126.com
<2021 &8#0%'5 +0 '%*#0+%5.



	1 引　言
	2 井下管柱的变形控制方程

