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Fig. 1. The schematic diagram of azimuth electromagnetic wave resistivity while drilling tools in borehole:

(a) Instrument structure; (b) inclined borehole model and cylindrical coordinates.
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Fig. 2. The definition of vector potential on cylindrical discrete grids: (a) Grid Vj ;x; (b) surface S,;

(c) surface Sy; (d) surface S..
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+ ggbp(i 405, ], k)} } (23¢)

T (23) 7 b R TE A LB — 3 %
3 A, AL FURAESEHN 5 E 10— AR 3
B, ST SR (R Ak B B L 2 40 A ST L
SR B,

T (21) i1 (22) 2% 45 38 500 5 B0 B R S
UL, R AL R T T IS A L TE A2 R I
iR N

ero(r —rr)

:%@m—pﬂaw—@ﬂaz—mﬁ

(p=p,p,2). (24)
M H Dirac &£ 714 5
/382 5o — 21)da = 1, z; € (x1,22),
1 0, ZT; ¢ (.Q?l,l'g),

ﬁU“ﬁMwme&“mmMﬁ&@nE%%

><

iwp
WI/Y €0 5=

6z+0 5,i740. 563 jTék kT
Vz+0.5,] k
1

(a7p:p)7

éi,i’p 6j+0.5,jT+0.56k,kT (a’ p= SD)’

iwi Vijt0.5.k
1

Vijk+0.5

0 (other),

(25)

&t §dsdr §k+0.5,kr+0.5 (a,p — z),

Horp, ot = b
0, ©#11,
BLE (pr, oo, 2r) BILHIEREECT g5 2.
BEAh, R — B S Haa
%6(1} —Zi)
Oz +h/2 —m;y)

7;:ila

(i, jT, k) /&5 KSR

—0(x —h/2 —x;)
h )
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LR AT AR AR 2R TR A3, X7 RE (22) A AR
IrEATRERE 15

_ 1(AUT V- (é,5(r —rr)) AV =
‘/imjvk ‘/i,j,k

6’i,iT—1 _ 6i,iT+1

L oJr ohokr (pzp),
iT
1 6j1jT71 _6.77.7T+1 o
oMk (p=),  (26)
‘/7:7.j7k h;oT
o o 6k7kT*1_6k7k‘T+1
o §7,JT = (p:z).
kT

24 HE¥RAYTHWNESERKEEFNY
BESRITE

XF TP AR B SR 508 o, Moy % 1)
SR, FLAE M AR AR 2 A H 5 3R] T B
XNAKE G = diag(oy, of, 05) Row, =R BUF
BRAFIEWA OB (WL 1 (b)), & 5 50 E, HAEFAL
RS A S 8

* * *

. Op Tpp Tpz
oF = * * *
Opp Tpp Tz

* * *

Ozp Ozp T2z

op 00
00 o

Hr

cosf 0 —sinf cosp —sinp 0
R(0,¢) = 01 0 sinp cosp 0
sinf 0 cos6 0 0 1

T ML AR 28 B AR BT 28 R Jie e

T 32 AR B (B 5 A IR RN LA
LA 3 R R ), (A5 LA s vV
A AR R, R AR E AR
MO T, F—AMEHBThRuEE 2 A
Al F R D, A SOR bR e X AL 7
(standard homogenization) **%°) #f 5z JE 35 5 ¥ G
HH RS RR LS R DRAUEAE S TH] A F) FE 37 5 52 1) 1)
55 AR BV A ) B DR IR R,

2.5 BHUHESKERZE

TR RS R AT R, BRI T EAIER
KRR I R AP (v, ro,) FIFRH P (v, rr,) T
FRAH:

FXp:bp (p:pagp)z)a (28)

F 32 2 K R R X Bk 00 6 g 52 0 B, R 0 X 2
=ANBALIEAL A E €P(p = p, o, 2) KA IR A1
RN 5B AR+ 1/2,5,k), AD(i,j + 1/2,k),
AP(i, 5,k +1/2) AR kRS ¢P (i, 5, k), A5t IR bP (p =
Py, 2) N HUIR T, 7 F2 (28) 3K AR 3 2R A
SE A TAL 4 AR 5 A LB, i vk (50391,

3 KEHER

e, B X AR R R F = 4R PR AR
(FVFD) 51k 5 STk [26) o 1) = 4E i 3806 R 2 5
(FDTD) 53 B BUE 45 R AT X b, B0E AR SRk
A R, FESLIEA b K i E R AR BT & A
PEHLZE BB ARG 5L, B 50 % 205 (o B Al e G
FEfyme SRFAE. CERUE B, 2 B R KRR R 4y
SN Ly = 0.762 m Al L; = 0.6096 m, &i#t 125
i A} £ Bl R - 422 29 0l 2 pyn = 0.1016 m Fl pp =
0.1143 m, TAESIZE f = 2 MHz, FR¥4E R 0.127
m. (EEANEAEBAUA, p, o LUK 2 J7 17 EEEEN
B BURECN (n), ng, n,) = (48, 82, 600), JFH
TEEREEPIE I p 7 1) B, A5 9K JE 8 0.003175 m
S5 () FE Y AN, T AN R HA Y AU AR HE Lebedev
& 3 0 0N, BT 5 1A R A5 L 4 i, HL B Ah 2
FR X R T8 25 R 0.12 my o JF [ N 3 5] RS T 7E 2
T 1A, RSk BB S R i £ Bl (R i e R
0.003175 m <5 [A] #h X %, #EHT s AN 400 400, 1%
P/ E] PR H 2 R T Re B 5 AR (8) A1 (9) BfA
RO (RORE B2, T 2 77 1) b ) LA T A4 5 L g1l 348 o
H B KA AR FE 0.12 m.

3.1 BEZXWIE

FRATT 8 Jok ) — by 2 B Y 7 e BHL Y 2R NG BH U
WAEDL R, HARR =4 FVFD LS =4 FDTD
LT EUE RIS, BT, BAEAR L FVED ¥A7E
77t il EE R O HE BB A SO PR A 1

B 3 2 F R U 2 R0t 2 55 8 g 3 59 4% 1o R 42
B SR AN AN 10 710.1 S /m i, =ANAS [E A
[ R S 26 P8 0 = 0°,20°, 45° ZEAS [F481 £ ()2 I 2%
Bl 7 A R SR H ) B R 0 R L 5 AR T 22 (R 0T B
THOL. MEI3TTELE H, HAkbr R =4 FVFDEL
4 FDTDEM G RFARAERE L. B4 2 RV
S E R 43 50 0.0005 A1 1 S/m i, FVFD 5
55 FDTD Hk 3 s 1, W R E/A.
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15
14T ¢y =45>——FVFD® FDTD
13t 6r=20°---- FVFDA FDTD
3\/ 12} 0r=0°— — FVFDe FDTD
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g 11}
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5 10t
Q
2 oot
%
gl
Tr _ A
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A oA
5 F - e — o —0 00— 06— & —0 4
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(a) WREZLE; (b) AL Z

Fig. 3. The comparison of the results obtained by FVFD method and FDTD method in low resistivity mud:

(a) Amplitude radio; (b) phase difference.

2.7

fp =45°: —— FVFD m FDTD
26F 0r=20°---- FVFD A FDTD
95 0r=0% — — FVFD e FDTD

2.4‘
2.3
2.2

2.1}

Amplitude ratio

2.0+
1.9t

1.8 F

1.7 (a)
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Kl4  mPHIRHK FHEALSR R FVFD 25 FDTD VAR5 145 RIS L

34} = FDTD

32
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Phase difference/(°)

26

24 +

A 0r=0% — — FVFD
o 9

’

22

o —90— o o—0 0 0

(b)
0 5 10 15 20 25 30 35 40 45
O/ (%)

(a) WRFELE; (b) AL ZE

Fig. 4. The comparison of the results obtained by FVFD method and FDTD method in high resistivity

mud: (a) Amplitude radio; (b) phase difference.

3.2 J3 i B A FH N 35 R 17 98 E =S E)
A

ol 3ot N e N e N R T TR
AR 24 P = 2 ) S L7 RS2 ), X LA A L
FEIR DY B AR L Z A G LT (35) % n) [ 14
HZ B A)E1a SEEE  SUZ R DL K = JE AR
N HIATE o = 0, 7 (EVEERT B RXS b, fRe R 9
LR A O = 45° B FF oppug = 1.0 S/m
DL FEIR 425 0.127 miX =4S HE & A4,

KI5 (a) & H S FN0.5 S/m % ) [ 74 5]

M J r KON H 37 90 2 (] A, 25 R, g
10 2% 18] 9375 0 T R e Pl b AT Ao AR, 18
AR I 22 8 BT AE B0~ 1T PR BN, R B o, AETE L
TR A S 2 Bl 2 PO F 7 B 5, HLANBE R I
LSRN E. ANE A 5 R S 2k S PRI K,
Wy 58IB B TR

N T BT R ) YRR 37 20 A B R,
K5 (b) AEREIN A TR 758 1/2HM11/10 S/m
2% 1) SR R B B R IERES R, A I
ATRFAE 5 5 (a) A, 5L ER T 1 2 A7 A2 & 1) 57 4,
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2 77 1) L S5 AR/, ST AR R ST 2 P v i 2k
BT 55 L3 X ek [ ST 2 Bl Ak AR B RS, R
WA 2 77 ) 32 AT S 18

Vo 7 IS uR i Da P IR LA
B 5 (c) & WUZ AR5 &) 4 1n) S 1 1 = b %R H 3
23 18) o0 A O, BRI BT b2 A ) E S 2R )
N1/2H11/30 S/m, TR S 255 50 24 1/10 A
1/50 S/m. TP 0 IELF AL F 2 S b ASHE
i, R AR AR T ARE A B BN, K
S 42 Ll 2 P 55 HL 3 DX 335 o A B R A%, 155
37 DXIRAE b BB A BELJE Hh ) S0 = 7m0 w2, T
15 T B A2 i & 2 Sy . k4, b

lg(abs(E))/V-m~!

—1.5

st
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1.5
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1.5
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HARBHZ e B L BE 2 e r ) B B, F S
TF1] 3 A (R R B AL

B5 (d) & = 2B F H R S 2618 47 T Hh 1) 1
JZH U B BN FL 3 I 2 () o A, R )2 RN
1 m, 7K-FHI2E B oS5 5502 1/30 #11/50 S/m,
N EE SR, KCE R B SR R
1/2F11/10 S/m, F a2 S E. AR H, 25
B F s R o A 5 1 5 (a) ¥ 502 R L o
MGG R R 2R, BT R LB N T =
EHh, IR, HIA oA K, R AR
Pl il 2 7 1) B 37 i R A 55 3 4 R 7 L A A
B 5 %

lg(abs(E))/V-m~!

o) ) Sk
0 \

(b)

=1.0 —-0.5 0 0.5

z/m
Ig(abs(E))/V-m~!
SRR S
(d)
=1.0 -0.5 0 0.5
x/m

5 (RIFIR ) BRI 2 B i 7E T LM (a) 03 % I RIPERLIE (b) 040 & R SMEI0Z; (c) —

FE& R, (d) 22 & ez

Fig. 5. (color online) The electric field distributions on the plumb surface induced by the tilted transmit-

ter coils: (a) Uniform isotropic formation; (b) uniform anisotropic formation; (c) two layers anisotropic

formation; (d) three layers anisotropic formation.
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ARAE (O = 0°,0r = 0°), (67 = 0°,05 = 45°),
(Or = 45°,0r = 0°) LA (O = 45°,0r = 45°), JF
AR L2 B LA % 30° 1 60° i £ (R

K672 B AR O, DY PR AS [R] 2k Bl 4 f 2 5
19 J7 A7 B8 B H R I I 0 R BE LL 5 AR A 2 ot 2k,
A DLE H, AT 2 M B LL O 2 M A7 22 i 2%, 1A
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TEAS T A, IX F 22 2 5 AR 2 T H A 1 2
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6 (TIR) B3 PR FU 07 GBS RIS IRE L () DRREEE; (b) HIRE2
Fig. 6. (color online) The logging response of logging while drilling (LWD) with different angles coil tilted

angles in vertical borehole: (a) Amplitude ratio; (b) phase difference.
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Fig. 7. (color online) The logging response of LWD with different angles coil tilted angles in 30° inclined

borehole: (a) Amplitude ratio; (b) phase difference.
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Fig. 8. (color online) The logging response of LWD with different angles coil tilted angles in 60° inclined

borehole: (a) Amplitude ratio; (b) phase difference.
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Abstract

The azimuth electromagnetic wave resistivity while drilling is a new type of well logging technique. It can real-
time detect the formation boundary, realize geosteering and borehole imaging in order to keep the tool always drilling
in the some meaning reservoir. For effectively optimizing tool parameters, proper explanation and evaluation of the
data obtained by azimuth electromagnetic wave resistivity while drilling, the efficient numerical simulation algorithm is
required. In this paper, we use the finite volume algorithm in the cylindrical coordinate to establish the corresponding
numerical method so that we can effectively simulate the response of the tool in various complex environments and
investigate the influences of the change in formation and tool parameters on the tool response. Therefore, according
to the typical coil architecture of the instrument of azimuth electromagnetic wave resistivity while drilling, we first
introduce the electrical and magnetic dyadic Green’s functions in inhomogeneous anisotropic formation by the electrical
current source in the cylindrical coordinate. Through superposition principle, we derive the integral formula to compute
the electric field intensity excited by tilted transmitter coils and the induction electrical potential on tilted receiving
coils both mounded on the drill collar. Then, we use the coupled electrical potentials of the dyadic Green’s functions to
overcome the low induction number problem during modeling the electrical fields in inhomogeneous anisotropic formation.
Furthermore, we use Lebedev grid in both p and z directions to reduce the number of grid nodes, and the standard
method to compute the equivalent conductivity in heterogeneous units for enhancing the discrete precision. On the
basis, by the three-dimensional finite volume method, we discrete the equations about the coupled electrical potentials
in the cylindrical coordinates and obtain the large sparse algebraic equation sets about the coupled electrical potentials
field on the Lebedev grid. A combination of incomplete LU decomposition with the bi-conjugate gradient stabilization
is used to solve the numerical solution. Finally, we validate the algorithm by comparing the numerical results obtained
by two different methods, study the effects of the drill collar, anisotropy, the tilted angles of both coil, and borehole
on the instrument response in inhomogeneous anisotropic formation. The numerical results show that the tool response
obtained by the three-dimensional finite volume algorithm in the cylindrical coordinate system in anisotropic formation
accord with that those obtained by other algorithms. The drill collar, inhomogeneous anisotropic n the formation will
lead to both the smaller amplitude ratio and the smaller phase difference. In addition, when the coils of both transmitting
and receiving coils are tilted, the amplitude ratio and phase difference of the tool are more sensitive to the change in

formation parameter.

Keywords: finite volume method, inhomogeneous anisotropic media, Lebedev grid, azimuth electromag-

netic wave resistivity while drilling
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