5556 % 45 8 1 OB Y M ¥ R Vol. 56. No. 8
2013 4F 8 A CHINESE JOURNAL OF GEOPHYSICS Aug. +2013

2R, M or AR B B AEL B B AZ G L AR DU T Y b 2 BT M N RR AT Hb R ) B 4% 4R, 2013, 56 (8) 1 2862-2869, doi: 10. 6038/
cjg20130834.

Li X, Xiao L. Z, Huang K, et al. Nuclear Magnetic Resonance LLogging-While-Drilling response at formation boundary. Chinese
J. Geophys. (in Chinese) . 2013, 56(8):2862-2869,doi:10. 6038/cjg20130834.

P i A% T 1 9w U S B i = 57 TED ) Rz 5 AE

FOFULHIS . E OB AR, R R
L B IR 5 PR el 58 S B R T Al R 2 BT 102249

2w A b A B A B R DR R B SBE PSRBT ST . LRt 100101
3 il 4 B IR A BRAS Wl A PG B % 710021

W OE B REE R I A SR S 0 SRR O X 5 1 R JRUIR )2 T 0 A R S (R I B B A AR
P o NRHIE B 2 R R A AR BB B4 ot — 2 50R 0k 5. A SOR IR (308 7R L )2 9 1932 8
A 57T T R DX SR BT WY B B A G S 0 H e o, R R S A T R O v 5 B AR R T A Y B AR
PLAFGE T8 USRS 2R JZ S TR AR BB R e A B2 N s 3t U2 )58 88 4 2% 1 T Y I B A i I I 0 S o
ISR AIE o X S B 5 SR A H T RS AR R R S A O AR B A W S R DM R A AR BEHR B T 20 A LB R 5 L R
2250 WL s TR A O L J2 R B )2 S T A T 0 A1 R LI i 2 B 5 BB I L T, AT i R AR oz
B O AN BEH T SR A 0 R A 2 PR S R I IR AR AR AN 2 O OG5 52 R e A T L B
A2 £ 0 e g 45 AL TR ER B IR B T AT A5 R 0 BB A 1 G IR 0 S BRI

KEEWR  FER AL IEIRIN )2 ST L R SRR AL L R AR BE K

doi:10. 6038/¢jg20130834 hESES P63l %5 H A 2012-09-26.2013-03-21 W& EH

Nuclear Magnetic Resonance Logging-While-Drilling response at formation boundary

LI Xin"*, XIAO Li-Zhi'*, HUANG Ke’, LIU Hua-Bing', ZONG Fang-Rong'
1 State Key Laboratory of Petroleum Resource and Prospecting , China University of Petroleum ,
Beijing 102249, China
2 SINOPEC Research Institute of Petroleum Engineering , Beijing 100101, China
3 Reservoir Evaluation Center , CNPC Logging Ltd. . Xi'an 710021, China

Abstract It is of significance to identify properties and boundaries of formation for NMR
geosteering and in-situ reservoir evaluation. In this paper, a discretization method and NMR
LWD response function are proposed based on drilling trajectory and sensitive-volume-unit
contribution concept. Forward numerical modeling and inversion are employed to simulate NMR
LWD logging response in different formation cases and factors, such as well deviation angles,
formation boundary types. antenna apertures and target formation thicknesses. Quantitative
relationships of these factors in certain condition are given here. Significant differences of T,
distributions and porosities can be found in comparison of NMR logging response between vertical
wells and deviated wells. It shows that the bigger the deviated angle, the longer the apparent

formation thickness and the longer the transitional interval in NMR response of formation
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boundary. Therefore, the depth of formation boundary cannot be extracted from initial point of

transitional part of T, distribution anymore.

Vertical resolution is related to the length of

antenna, borehole and tool’s parameters. Besides that, an abnormal ‘sandwich’ may be reflected

in thin target formation of logging response because of the existence of surroundings effects.

These results provide suggestion to NMR LWD applications to improve real time formation identification.

Keywords

Tl

1 5l

O 0% A N A B TR 1 A T i R
HEHE LA B 4l 0 3 (Logging While Drilling, LWD) 2l
A0 1) b S 1) AR 4ROk DL Halliburton 24
A) ) MRIL-WD, Schlumberger 2\ &) Y proVISION
(Plus) f1 Baker Hughes 22 ] ) MagTrak H{CFE
Fifi 4 4% 0 2o 4R (Nuclear Magnetic Resonance, NMR) i
HHEARIEZ SN AT ERS . T %
NMR -, Fifi gl NMR i 3 58 % 52 i 4 At J50fR b 2
TR AR A B,

Bifi & NMR U S [l J2 530 18 i 1o 45 F 6 1)
BEHE NMR I A BRI 6 2 850 Ve e B i B
HE B AP J2 DL R i A v B B 2 . HAT
NS AT 2075 % NMR I - by J= 5 T o 1 45
AESEAT T AFSE AH B AL th A K7 M 2 b i o 5
Gk Akkurt 58T KF 2R M) A g 1 B s
Sl e 45 NMR U H: w7 (4 52 - 5 Edwards 78 8
45 Akkurt TAERY LA EAESE T R&B I T,
T R 5 2008 AR X1 RHL AR 43 )2 4 2 ST R
) AR 5T 1 R4 NMR S 1% b J2 5 T vie) iy 5 i
A S SN ) M S

Bl NMR U S 55 22 b g T R A4 BE 3l 7K
SR M 2 BT e AR AR e 2 I R LR A R ]

(a)

NMR LWD, Formation boundary, Response, Horizontal and high-deviated well

(45 5% S AN T At A R b )2 A 45 1R Y AL T )
B FEAE H AT AN+ 23 W T A f) 3 B A A oF
FEITESOFANE FI. A SCHR ) — A BB NMR
2% 5T 0 R — S B4 BF 5T 5 i T S R R UL AT
FEAN (AR A0 LSS 4R D00 R A R 2= 4 A AR AR
(1 2% 55 v W oz A

2 AXAR iz BB S v T R

Bl NMR A% 8 2% 2 IS & B 415 (BHA)
() — 0 43 BERS DU VRl A i oy o A2 B2 138 17 Bk
5B MR 08 AR [ B B A I I8 S B VL T
] 55 IR D7 1n 2 8 G, W) ¢ Ik 220480 Ak i Ak ) i 2 R
ER Zyy = VeV 5 H J) &0 & MR IER A
AT AR IR R A N K S R ) 43
T A B B LT B (A <T307) v S R E IR
(30°<TA<T607) KA J (60°<TA<T80°) Fll /K F JF
(A>>80°). M I Ity 28 85 1 445 o0, AR 40 O IR L5
FERIIASTA] B A NMR 0 H- 15 J i UK X 5 i )2
ST 22 RS [ 1 1 BE DG &R (A 1a).

Bl B NMR U A 4 4% [ i 78 e 5% iz 2l i AR
AT X PR T BURER I X8 6 F I e
A B R A S DR o R R O FF IR
Bl bk A e B D) R Z8 g ST A Ak AR R
oK 25 PSS W 7 7] 0K B 4 (] 1b).

an

A\
b g
E E55

%K

/21 A

(b)

HV|

TVD

Bl 1 RS NMR AL () #1155 (b) sk X R =2
Fig. 1 NMR LWD sensor trajectory (a) and sensitive volume (b)



2864 H Bk ¥ B % R (Chinese J. Geophys. ) 56

Fifi%h NMR %848 5 1 2 52— M AR5
pul SREOF: =R T PU s R I S ERI BN = 2 N
NMR 1 B {55 Fl BB S 2N B T, 5 F
JIT AT 1 b 2 P CFL B 8 ) 900 4 4 Jo O 1) 5t 742
(A $EAT SR B (AR 3. 1 F9) . AN 2R AL 2R 7E 3 — I &
TREE Zn A0 BT A5 B 15 55k BH0URR X3 0 X 35 N o
A M2 AH RS 4 B 25 DR
M(Zy) = JZM”“‘Zﬁ’ﬁ"M(z,r,@)rdedrdz, (D

o, r T v 43 50 R B R 52 1 P9 AR 242 s L SRy R
DX B 5 rdOdrdl A U X A AR TR T s M (L, )
AR X i 2 B AR B OC 1 NMR 5 5 5k, & 1
I A LB

TE S B A B50(E S 000 R o T A 5 U X
TN 2 Ry JE 0 /0N 1 PR R T, 4 2K (L) v 11 3 52 o
B 10) FUI A oy B R R RN R AT I AT RS ) 4
B A s S g 0 O 1)) 4y Ky o UK IX @& Ly
35 M Ay R Gry —r) #1530 N 5y 4 310 43 B 40
. VT B VR S A0 30 ) R SR A A3k T
i KX MX N AR FE T AR 8 55 A R BT h o
Al bR B A M JZE AR AL £ B CT VD) FxE
JBT s TR 2 B AN SRR X1 A 5 TR AT B A R R T
D NOR AV @I ST ) BT B DO e - R N ADTE? T
P w2 M BGE i 2 8 B0 7 AR OE AR B K
CPMG [ Jiié a1 H3 3 3ol £ 507 ARS8 NMR il
RS

P ~
Echoi,, (i) = D p(To)pmme o +e
i=1

(k=1,2,Ksm=1,2,M;n=1,2,-+,N)
(2)
by p(To ) HIZEBICHTEHZ T, 43 A b
P A2 43 R8RS 5 A58 (T ;) X8 ) DX ] FL B EE 5
i AR AR S 8 AR TE P E] R s ¢
Bl FLIGE P
W 2D B EE S 245 I Bk b2 — ) & IR
(Zap ) REAS A 1 181 30 45 5 Wi b7 2y
EK] > \ Echoy.,., (1)

Echo(Zyp i) = == ”:SV ,

SV R HU X AR B T A R 2315 5 R B2 03— 1k
XFH.

AR S B 1 S T 8 R A R 5 4 R
Z AR B T B R I iR AR ) CPMG a1l
AR5 AT RO AR BAR B A T, A pa(Te))
AL JZ LB ¢, (K (4)) .

3

,
g = > p(To)). 4)
=1

BERE NMR 0 H: 3t 22 55w 07 A7 22 Fh 82 e [
R (DALARAA S A R < Az 3l J7 1o A B2 SRR X
TR CRZRJE AR ER ) 25 5 (2) M )2 4 A+ N
R H bR S L M2 2 20 P OO T BCS A AR D 5
()M Z PR R - FLIBBE RN T, o3 A 45 O %8 H B
B NMR 0 H- 19 47 0K 1] A0 B A AT 58 AN (7] )= A28 Joi
(19 B UM JZ J 1T A5 AF T S AR a2 3 5 ) AL BRI TR
JE r REKE L AHMZEEE H X ) i R 4
Ik 9 5 T

3 ML)z B i R R AR AU 0 A

T I T8 AN SO AR 45 G B E B LR AR R« (D
A N7 M2 2 A BT TR R b )2 T T S R A
ST AN )2 R BE T, 3 A FALBREE 5 (2) & 37 AR
A IR DN AR PR L 3 o A5 R A FRIE S 80 AL XA
i5 ) 7R 5 1) R B AR I TR B (3) B AL
NMR & &% 28 5 H 19 )28 CPMG A Jig [ #2155
KA R 5 (4D W DN i R B S 9 [ 35 R 0 4 15 3
Ty 335 F0AL L B RE e 107 il 2. EAARCSH - 1 JE AR 4l
A HiJZ JE R A T M )2 A A R e R X
iz 7 ] (A T 5% B A% B 2 A2 5 iR A AR R
A 1) Py A5 21 YRR A B 1 T At Za, LR R IR
3 [T BT A W A 6 Za 5 A RS BRI A A AR A
TR DX I, B 1) B A M R AR AR T 4 B X (D) Y SR AR RN
3 I B B T 25X 1m0 38 15 5 A D ik, Ak A
F A b 2 A RAEALE B IE T CPMG [ (5 5 5
FHHE P A7 [ 5 £ 3 ok 22 48 H50IE Lk S i A5 3 B D
HAOLE Zu B T, o3 A AR 48 2 (O 5L B
bas B T, S0 A0 ¢, T DN & R FE B,
3.1 MEER SRR

B 1 )2 R 7K T2 AR TC R AE A 22 P B4 5T
J2 RV T 28 AR . Hl )25 A A B B SRAE S50k A
B2 R OREFE 1 mm) (M2 T, 50 A AFLERJE .
o, Bl b )2 Sy B0 43 A o LB BE A X 8/ 50
AT, ST o3 45 % BF- 42 93 A T 0. 3~3000 ms,
F B AL T 28 ms; H )2 S R 53 A L b )2 LR
JEAIXS B S Rl AE A 50 A4S T, 5t 5 2H 3 #2 xd B0F- 1
53T 0.3~3000 ms, E KI5 53 5] 10 ms Fl
260 ms, W & 2 Fr s, H i 9k A 7 (Incremental
porosity) Xt [ T, 43 A DX [a] FL B RE 50z 6. R
VA )Z A ih B BT 5 ] JoBRZE i, Hb )2



8 4] PRI A < B A T S R D0 1% 2 AL TR L

2865

0.8F

0.61

0.4}

Incremental porosity/(%)

0.2f

[ AT B T -
10° 10' 10 10°
T,/ms

2.5 T T T T
(b)

Incremental porosity/(%)

O P aaaul L -unn.l7 Al
10° 10! 10 10°
T,/ms

B2 EAEMBERZEN T /i
Ca) [ FLBREE 826 Bl s (b) H (¥ )2, FLBREE 3020y .

Fig. 2 T, distribution of surrounding (a) and target formations (b)

B 2R A 0T b 23 5 T W 1, TG 52

R HE B B NMR S (1 56 B ) 0 F0 28 0 4
PECO BB NMR U (LA B — AR 5 2% A [ A
FERURIX. SR AR I DR Sk v A A B 3 300 %
S DN I 7 1) W Bl T ) L T A R A
BARENARTZRESEN, —E B E Lfgk T
15 W L 1 T . TR O o R S50 A 2 5 SR A T b )2
S8 AL DA 7% B [ 7 R A ] B i 4T CPMG [
@ 15T I8 50 HH R 46 [T g £ A 5 A 5 — o s U Al 22 1Y
SRR
3.2 NBEHAEERMNEENZMRE

b A5 el JC R AE i (i 34 50 [ 5 R H 1928
PR R A A HWZIEE H=0.30 m, fLEE
30%0 s FEIH R 0. 30 m, fLIE 8%0. R&KE L=
15. 24 em (L proVISION ) MR r=17. 78 cm
(proVISION) ,TE=0. 6 ms, X4 [FH 2 cm, [[]jJF
A NE=1000, 5 Mt 4 100. Ry 2% K [A AL 4% iz
Sl 1 G R D 5% 0 B80T AS [R) A B2 T 1Y H
J2 BT e R PR TR L SCH s T 0730 F
60° =Fh ML RUAE B0 T A4 R 0 T, s g R an &l 3
R ARALBBE 45 R An &) 4 FfR.

MIE 3 R 4 25 807 LLE H, H R X 2
ST P 00 o) 7 5 e 5 K T R R B AR AR L AR
PRZE i 2 AT oL B R, CPMG SR RE SR Bl 3 2 A
JEE (R 36 TS, A T, A L 1 M 2 B T ) R gk
P U ARG b 2 ST A3 SO T MR AR T A
8 2F A Hb 2 S A D VR B = LA ER B/ cosA.
A=0"Ca B B R AE 228 30 A4S A g 400 2
BBl S 5 MR IS P 0 2 VR O 0. 22 miy A= 30° I i R K
JUR 34 A ALER RN 20 T [ 2 5 e A ) 0 TR R R
0. 18 m; A=60°Mf RAE &Ny 59 A ALEFERI 2 F [
RS A B R B R 0. 22 m.

b2 T FLBR EE e R 45 SR 5 AL A k.

A=0"CTRELH) I, £L B JEE il 28 76 A A4 800 2 T [l
R AL B BT IR AR AL R3S AT 4 AR A A X
IR A =307, FLBRE th LA AL AR O L
P AR s H R O A= 60" , LI e i Lo
A A [ I S [ o 28 T R A T A S Bl Y 2
PEAEE KA.

FLH A CA=07) 51 R J5E 2 i 17ty 2 T 46 o 3%
TR B L 285 5 1 SO — B0 R b b )2 BT
AP S A TR A6 B+ L 25 A2 2 BN = 4
AHE. B 3 R 4 25135 B R A E I 2] F B A
F I B R R o Y AR 06 ) 5 R A JBE O A E T
KA ML SN 5 3R A IR D 36. 337
P RATAS A PRI 21 5 i P 0 2 R B2 e /N 0. 1654 m,

H T R TR B 5 O R R K i) 2 4 8 LA
5 2 AL TR A T o ASCARS 2 000 380 5L T o ) 00 R EE O

o rtanA—L L R HL LR I R

o B )ZIE RS HD . B e R OC R A 5 TR
3.3 REKENEMR

iy J2 A JC R AE A 245 R LA R E Y
JETE BN BRI A B H 2R B H=0. 40 m.fL
BiBE 30% : b F FIAJEBE 0. 30 m. FLBREE 1024, A
PERME BE r=17. 78 cm (proVISION F1 MRIL-
WD) ,i&53J5 1] A=45",CPMG R4 6] }g 2 cm, TE=
0.6 ms, [ JE A5 NE=1000, {51 [k =100. Jy % 5
AR R LA BE W e L T R EE 3 5 Ly =
60. 96 cm (MRIL-WD) . L, =15. 24 cm (proVISION) Fil
L,=7.62 cm (MagTrak) B} i) 5 i o o 42 fiE . 0 T,
A AR 6 Frn AALBR RS R A 7 R,

KRR A BE 32 2252 e {3k B 9\ 1] 3 % e 7 AR
FH W Z OB X R A A T A R
I3 B e/ R B BEE R 2rsinA + LeosA.

L, =60.96 cm i, T REE K I m 5 P




2866

b BR 97 # 2% R (Chinese J. Geophys. ) 56 %
@ i ) i ()
i r0
= B L0 —0
= 0.1 =
. I = -0.1
S - 0.2 E E
> 248 5 = . E L0.2 £ -0.2
'z 303 5 & [ 3 =
£ 15 1 32 2E =403 8
o 0.4 2 2 e — ]
s 1 A B = 0.4 2
5 Er— = 05 § & [ =R 5 - 0.4
§ 05—+ e '—,E 1= ~ 0.5 é’ £
2 0 T T 0.6 2 L=
= 10° 100 10 10° 5 05— 0.6 5
T,/ms 2 o= -0.6 g
10° 100 10 10° z
T,/ms 28
- 0.8
S
> 2
8 1.5+
2
z
505
€ 0.5
&
2 T P
= 0° 10" 10*> 10°
T,/ms
&3 B ENAS R AR R 1 b 2 ST T 43 A1 T g
Fig. 3 T, distribution response of different deviated angles in single boundary formation
% , 0.65
— 4 0.6}
351 X:0.18 - X:0.22 , ---- A=30°
Y:29.81 Y:29.96 = A=60° 0.551
30 LR
I\ : s O05F
=
~ 25t 2 045}
S 3
E‘ 20l 'qg 041
Z ~ Z o035}
= 151 S = 03}
10} D
. N U2 Cx3633
sl 02 \Yz 0.1654
1 1 1 O 1 1 1 '
0 i i L L L 0 10 20 30 40 50 60 70 80
0 0.2 0.4 0.6 0.8 1 1.2 Well deviation angle/(°)
Measured depth/m

Pl 4 BB TAS R A A 01t S22 A TR Lt o i
Fig. 4 Porosity response of different deviated angles

in single boundary formation

FEXT A 32 Bl o 52 Wi ™ D oo P B I (18] 6a Uy
HED. HAGJEHL T 23 A1 1AL B R i 17l 2% 1 4% R fiE
PRI [ A H AR )2 1 ELSAE B H bR HE
BR AL B B 25,500, 5 M R R Y B SE (A 22
4.5%65 L, =15. 24 cm BN 20 BEFRA BTG5 20
BT EE A 2 B ESE T, A A LB
JEsLy=7.62 cm [ 7> B A 45 i » 32 [ 45 R 0 de /)
W T, A LB 2k B 0. 14 m (PR RED )2

BUS RI0 BT B A AL B S IR I OC R
(H=0.3 m,L=15.24 cm,r=17.78 cm)
Fig. 5 Tool's position in measured depth as a function

of deviated angle when detects surrounding formation

Bl 7T HZHEE L.
3.4 BERHMEEREENZN

i 2 AR [ A el TG R SE R X 2] B R LA
H 1 J2 8 B0 Fr X5 T G H O JE LB
2500 B 5 AL BE 5 6. XA 32 8l 5 1] A=T70°,
WRIE r=16.00 cm (MagTrak), RZLKJE L, =7. 62 cm
(MagTrak) , TE=0. 6 ms, [l J % NE=1000, {5
W 1L =100,CPMG RAE[H] [ 2 cm. Ky 25 £ [a] &



8 1 25T A TR A R IR 0 S ) 2 S TR ) 7 R AE 2867
(@ | £ (b) (c) i DiiEE i D !
H il . 0
e 0.2 0.2 1 0.2
=== - 0.4 % 504
—— £ £ S E
e L 0.6 = L 0.6 = L 0.6 =
= = =" 5
2 3 2
I = el =
feiien g o [ [5]
[ = o8 & o8 & Lo S
> ° = ° =
s = — 1 =+ 1
e = 2 2- S= 224 =
g = 112 B =112 8 112
g = ER g 1 e
§ = § §
5 - 5 g —
5 0 —F — 1.4 5 0 1.4 50 —t 1.4
= 10 100 100 10° = 10 100 100 10° = 10 100 100 10°
T,/ms T,/ms T,/ms
6 XA [A] R 26 4 J3E s A 1 2 S 18T T 49 A W) g
(a)60. 96 cm;(b)15. 24 cm;(c)7. 62 cm.
Fig. 6 T, distribution response of different antenna lengths in double-boundary formation
40 e RIS L 7w A ) B 45 1 R H bR )2 %
——y ’
35 o6 | X078~ L1524 0m ] Ty G A Wi AL B BE T 5 S R B A R R . T
5 — - L,=7.62 cm — \ 3 .
30} v, : L R R ) ASC A I 3] = o J2 TS b 2 B 1) A7

—.n
Y

Porosity/(%)

0.6 0.8 1 1.2

Measured depth/m
7 USRI AS ) R £ I B2 Y 3 J= 5 T L B 32 e )i

Fig. 7 Porosity response of different antenna lengths

0.2 0.4 1.4

in double-boundary formation

ZRAF R AN b b J2 V5 BE 9 5 ) o AR L TR BE 0. 30
m AL S B E 2R H, =0.20 m.H,=0. 40
m Fl H; =0. 60 m B (1% 54 1 0 R RRAE 0 T, 29 A3 45
RANE 8 Frs  ALBEEE S RANE 9 f 7.

EABAER LB 0. 40 m.

H,=0. 20 m [, EARE ] T 9 w1 53 B 6E ) 4L
B R B Ly B AR BB K4S H 3 )2 5555 B
ASCHS T 00 5 R B 1. 34 m AR 4RI 3 M )2 de K LB R
Wi 13 {6 Ry 16. 56 %6, 5 H B4 J2 A58 Y 2L 52 L B A 2
BRI BB P 0 T, 4045 i B (&l 8a) I
LB EE (I 9) 447 W) B e i B AR, B T2 3 A1 20 0
5t 4 AT 1) A ] A% Bl (18] 8a YA Sk &R L KR AE
FARUE AR A7 AE 0. 34 m G 2 % 85 06 {1 I B85 i )2
XAER SR H e BT S5, 3 H AE SRR R LB )2
JELu H H )2 LB /N T A AL B R I S 3 A S
B W Ak A T s 7 5 ) 9 B K Rl O 4 B R
REMTFRR:

H << |L — 2rtanA|cosA, (5

H,=0.40 m Fl H,=0. 60 m ], b J2 0 [ 4 40E A r

u_' By
Fey- 2



2868 H Bk ¥ B % R (Chinese J. Geophys. ) 56 #

@ i5E s = (b3
0
0.5
-1 g
=
5
o=
=
2
Z =
3 =
= -5 = =
S > =
E £ =
2 — 2
o o E
& qd 2 &1
< <
= |
Q Q
£ £
2 2
E 0 20 '
10° 10 10 10° 10° 10’
T,/ms T,/ms

-0
L 0.5 =
1 ———
£ == E
= = L=
15 g —= g
= ] =
& = 2
& === B
i = g
= =
2
S
2z
w
IS
2.5 g
=
=
Q
= 5
o —— —
== 2
10? 10° 10° 10! 10? 10°

T,/ms

K8 XUF A [ H Y2 R A H = BT T A i R
(2)0.2 m;(b)0. 4 m;(c)0. 6 m.

Fig. 8 T, distribution response of different target formation thicknesses in double-boundary formation

40 -
H=02m
35t ---- H=04m|
— - H=0.6m
30t X136 X:1.56 - 1
Y: 25 Y: 25 X Bl
o 25¢ - -— -} Y: 25
< A ) 3
220 X1 CoX 134
S Y:16.55 - Y: 16.56 N
S ] | ] & N
= 15} - = S
\\ \\
10t NS
!
] | SRS SRR SRR S SRS S S —- |
0 i i i i i i
0 0.5 1 15 2 2.5 3 35

Measured depth/m

B9 XA AN A B J2 R BE A 2 5 T L B EE e i
Fg. 9 Porosity response of different target formation

thicknesses in double-boundary formation

Wt BT S A 1L BRI 0 3 B 4 W
BEE AR IR I S, H, =0. 40 m B 354 12 Bt
(0.2 m PR W2 e T H 192 5055 To 43 A
LB E . H, = 0. 60 m B KB H (0. 78 m) N1+

5] H 9 J2 205215 K0 0
4 gEig 5

Bt Aty NIVIR {00 - 103 114 52 23 A e S HL 3 22 D ¢
TE V149 W 7 -5 2 L H A A AN (] HL o 7 AR A 2
AR E A E A & R RS A SR, £ R
Z B AR HL R B e 2 g — B UKL AR
SCAR R 0 A T R DR 0 1 7 i 3 TR IO
AR AR L A ) 4SO 4 0 T A 3 J= 4 A Y SR
T M RO AR P R I BT 3 B XU B RS
W JZ A B T SRS T TR R s Bl U5
M) RN TR B R A B R A 4t )2 B B 4511 3t
JZ W AL B IR T T B IE A 1R A R e IO AR
JLRINR

(BB NMR I H- il 52w i J2= 5 1 o) 7 e
fik. AT EOF Bt = S AE L T, o0 A i o B
IR K. BRI RER S S HNER T,



8 4]

PRI A < B A T S R D0 1% 2 AL TR L

2869

i Ao U )07 B A TR R B U

MR K

SR IR TR JEE RN H R A BE 5 1 . 3t )2 5 i o
U Benty FLB R it £ 78 B B MU A 2o T £ T
TE R B Sy O 1 Y 2 5 ih 245

R T XA fiE

ORI B AL e m AN 2 HER A4S TR
I3 B /) 3R LT R

FE AR BB NMR I I 3 AR . A7 7GR IE 15 1 b
9 RT3 5 4 K 4K R DR e v = PR o

w8 B 2
e AL Y45 W) 6 5
FIFE (R (5)) « 32 YA 8 o o A 59 7

W7 AR 1 5
— 2 TAER 5 1.

(3 RBHEH B W2 AL T 73 A FIALFL Bt
WM E R Z B T, 70 A
dﬂ%ﬁi%#?lﬂ%?ﬁﬁﬁ
() K JE Rl i NMR ?ﬂﬂ#%ﬁaﬂﬁﬁ%ﬂﬂ%’*ﬁ
TRE R H B )R B LS B

5 % 3Lk (References

2

[1] HanS Y, Kok J C L, Tollefsen E M, et al. Shale gas
reservoir characterization using LWD in real time. Canadian
Unconventional Resources & International Petroleum

(2]

(3]

[4]

(5]

(7]

(8]

Conference held in Calgary, Alberta, 19-24 October, 2010
(CSUG/SPE 137607).

Prammer M G, Akkurt R, Cherry R, et al.
in wireline and LWD NMR. SPWLA 43rd Annual Logging
Symposium held in Oiso, Japan, 2-5 June, 2002 (SPWLA
2002_DDD).

A new direction

Horkowitz J, Crary S, Ganesan K. et al. Applications of a
new magnetic resonance logging-while-drilling tool in a Gulf
of Mexico deepwater development project. SPWLA 43rd
Annual Logging Symposium held in Oiso, Japan, 2-5 June,
2002(SPWLA 2002_EEE).

Borghi M, Porrera F, Lyne A, et al. Magnetic resonance
while drilling streamlines reservoir evaluation. SPWLA 46th
Annual Logging Symposium held in New Orleans, Louisiana,
26-29 June, 2005(SPWLA 2005_HHH).
Akkurt R, Seifert D, Al-Harbi A, et al.
of tar in carbonates using LWD triple combo, NMR and

SPWLA 49th

Real-time detection

formation tester in highly-deviated wells.
Annual Logging Symposium held in Edinburgh, Scotland, 25-
28 May., 2008(SPWLA 2008_XXX).

Fletcher J, Eaton G, Greig R. The use of LWD magnetic
resonance and image logs for reservoir characterisation and
geosteering in deepwater west of Shetland. SPWLA 49th
Annual Logging Symposium held in Edinburgh, Scotland, 25-
28 May, 2008 (SPWLA 2008_7).
Thorson A K, Eiane T, Thern H, et al.
in chalk horizontal well logged with LWD. SPE Annual

Magnetic resonance

Technical Conference and Exhibition held in Denver,
Colorado, 21-24 September, 2008 (SPE 115699).
Turco K, Brenneke J. Jebutu S, et al. Permeability and

[9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(191

L20]

turbidite utilizing
logging-while-drilling low-gradient magnetic resonance. SPE
Annual and Exhibition held in
Anaheim, California, 11-14 November, 2007 (SPE 109646).
Akkurt R. Effects of motion in pulsed NMR logging [ Ph. D.

thesis]. Colorado: Colorado School of Mines, 1990.

saturation evaluation in a deepwater

Technical Conference

Edwards C M. Effects of tool design and logging speed on T
NMR log data. SPWLA 38th Annual Logging Symposium
held in Houston, Texas, 15-18 June, 1997 (SPWLA 1997_RR).

XUBCHE, WA, B E AR, R R AR DU T 3t 2 B I e
TEBFTT. HiERYF AR . 2008 51(4): 1262-1269.

Liu S H, Xiao L Z, Hu F L, et al. Studies on NMR logging
responses at formation boundary. Chinese J. Geophys. (in
Chinese) , 2008, 51(4) . 1262-1269.

TR, B, WBERESE. Ry BN IO 2 5 R B CR D).

deat: b Lol ik . 2008 238-240.

Chu Z H, Gao J. Huang L J. Geophysical Well
Logging Method and Principle (in Chinese ).
Petroleum Industry Press, 2008 238-240.

B LA WHRAT, BT AR oI S 2 i A I i )
5 J k. Ut Bl RAL . 2012,

Xiao L Z, Xie R H, Liao G Z. Theory and Method of NMR
(in Chinese).

et al.

Beijing :

Logging in China’ s Complex Reservoirs
Beijing: Science Press, 2012.

XU, SEIRBPUEILATE. JUAT: Al Tl kL, 2006 68-69.
Liu X S. Geometry of Wellbore Trajectory (in Chinese).
Beijing: Petroleum Industry Press, 2006 68-69.

Passey Q R, Yin H, Rendeiro C M, et al. Overview of high-

angle and horizontal well formation evaluation: issues,
SPWLA 46th Annual Logging

26-29 June, 2005

learnings, and future directions.
Symposium held in Orleans, Louisiana,
(SPWLA 2005_A).

W, WAL, HIEVE. AR S IR I I ORI AR P AT 5T
Pitep e, 2011, 28(1): 84-92.

Li X, Xiao L. Z, Hu H T. Characteristics of NMR logging
while drilling tools. Chinese Journal of Magnetic Resonance

(in Chinese) , 2011, 28(1): 84-92.

Carr H Y, Purcell E M. Effects of diffusion on free
precession in nuclear magnetic resonance experiments.
Physical Review, 1954, 94(3): 630-638.

Meiboom S, Gill D. Modified spin-echo method for measuring
nuclear relaxation times. The Review of Scienti fic Instruments .
1958, 29(8): 688-691.

Butler ] P, Reeds ] A, Dawson S V. Estimating solutions of
first kind integral equations with nonnegative constraints and
optimal smoothing. Society for Industrial and Applied
Mathematics ( SIAM ) Journal on
1981, 18(3): 381-397.

AW, ML, XAk, BE R A R 3 IR T I R R R S )
FsEf. AR, 2011, 35(3): 200-205.

Li X, Xiao L. Z, Liu H B. Key issues and application cases of

Numerical Analysis,

NMR logging while drilling. Well Logging Technology (in
Chinese) , 2011, 35(3): 200-205.
(R 4n%E il 3



