AEel ek s HAL
Jigu-Mulli-wa-Mulli-Tamsa
Vol. 16, No. 2, 2013, p. 97~105

Ju
[=)
R
ol

http://dx.doi.org/10.7582/GGE.2013.16.2.097

H|

Hhst - T >

e LR EE e

A Review on Nuclear Magnetic Resonance Logging: Simulation Schemes

Jae Hwa Jang and Myung Jin Nam™

Sejong University, Department of Energy and Mineral Resource Engineering
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g 2EAS WY T shiolth S 4 AT F, ol SAAY W] Fae] Dol tig Frst fAlo] FRel
S i JEE Tt 3o, olf HiEe R 358, FARd 8% 52 A58 ¢ Aok 195090 =
g A aE Aplere] ol E AlEHeldd As AlFe R ApleHuteel tid A7 §43 WENH. o
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Abstract: Nuclear magnetic resonance (NMR) logging has become an important technique for formation evaluation,
detecting interaction signals between H protons and applied magnetic fields. Measured decay signals called relaxation,
contain important information about density of H protons and different decay rate due to its fluid type in the sensitive
area. Thus, petrophysical information such as porosity, permeability and wettability can be estimated through the
interpretation of the decay signals. Many researches on random walk simulation have been published, since a simulation
method based on random walk for solving exponential decays was adapted in the early of 1950. This study first makes
a review on NMR simulation researches, explains two most important methods: simulation with or without considering
magnetic field gradient. Lastly, the study makes a comparison between NMR simulation responses with and without
magnetic field gradient to show the importance to consider magnetic gradient to analyze the effects of magnetic gradients

on NMR responses.
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A}718-% (magnetic resonance)?l] 7]1%3%F 27| FHAEL A
Z ¥ 7}(formation evalutation) ¥ A FZF 54 3}(reservoir
characterization)s 93l ©l-%- TRl 733
olth, AT BATE o188k AFRTS el
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ShRN BB e 4 Qg Wk ohje B3 ) A 5
A% Slebg 4 913 Bk BaHel A ES olgsha £

I Th(Jang and Nam, 2013). 224}
A% el vlal vlgol
= ozt Agekgt a4 7
o] IN7] wiol de] o]&HA st g, gl e] W
I e aiX7Is B3k g4 wEdtel uet e ok
g Gl FR sl 2§53 THClennell
et al., 2010, Gillen et al., 2004, Sigal and Odusina, 2010; Yao
et al., 2010a, b).
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7?6}111”4 A7) ke wel wdse, A1 gE A
A2QAES Yo HIAH R Hsl= EAHS 7R 2
l*‘%‘@—o—ﬂ]*it St A7) WEES ulel W Elis A
24 el JEE FEsRE Ak 573, Hﬂm =49 2}
7]%‘%“& = ‘”*HH 5\_-4 ‘QEOﬂ sk
EEH

Ze] ApleEnedge 1 Tﬁglﬂ 1950L4 F 1kl x%—ﬂ
2 F5o|g JFolgolA e AstE AN F U= 7E
A2l B2 X2 (Bloch, 1946)0] R EHA 27| FH
JEgo]A ATLZ 93 7)ulo] mfAEEYL) AR o w
Hadhes 4] AskE 3ol S (spin echo) @/l 7]x3ko]
=7 713t A (Hahn, 1950)01 7]1%3}], Carr and Purcell
Al 2o EE WY = 3= CMPG XS
Makste] =40 213} 5L AP Aoz dA)
o] A7) F g Rke-2] 7152 whdsIGATh At Ak(free diffusion)
7oA A b ES AE T EHN Torrey (1956)=
E2x] WAAS HAANA EZXEE W42 (Bloch-Torrey
equationyS AA|5F9.2™, Douglass and McCall (1958)7} &
22X & WA2o] A AFsHAICIA Hanh (1950)2] Ak}
s AL Hoj EZXER] WA {84 St
S92, Wayne and Cotts (1966)2} Robertson (1966)= 2zt
EZXER] W2l 71Z8to] Ak ik(restricted diffu-
Sion)oﬂ/\ﬂJ‘ 0] LS xR o7 Akglo 2 e o
& WRTh Swiet and Sen (1994)> M+ At} Ak 3
AllA SRR ED WA 0R F40] SMkS ALk 9l
< SHsHA ERAED WA o E 2] FERke-S ALk
= o] A&st=E A
2A7)8 ‘io Algd ol AT T2 IA oAU

O

) n[o _IX,OL

O
-

O

A A}7172] T8l (magnetic field gradient; GY& Z# 3= 7%
of A 2 A¢E vm g Ak A1Ee] g 2y
s Bt AAA gl T AAA R Alte]l E3gEA] 7]

wjizol], th-te] AelAe A1 FES A3} aHA
U 2EslA] 24t Hidajat ef al., 2003; Ramakrishnan ef al.,
1999; Talabi, 2008; Vivek and Hirasaki, 2007). 221} 2
E0] o A7uliERt ofdg} tEo] W 2717l
A g AlEEelAd A7t FAEE S UTHAmSs er al,
2011; Mohnke et al., 2011; Toumelin, 2002; Toumelin et al.,
2004a, b, 2006, 2007).

ol e A71EH ol& B AR Aol tigk 7so] B
IEAS B 1}71 d%— AlEdoldel g A= A3
7150l el ZheFaiAl A
glolde] 7] g2l BERXE
ol H, Ap71E AlEH oA

-

A7 E g 7dg-oF sk ek S 39l thE
3221 A ARl Toumelin (2002)3 Talabi (2008)2] Al
Edlo]d WS A st HwFo =M AR AlEE ol
el thgk olslE FazA} g

A7) HAZ M= CPMG E20)| 93k S Fo]| =M (52
A ZEZ Q] (echo train))yS FZ SHTIEZ tFE 2] AlEF o]
£ S JROILIE BRI, oI 5 oIS
do7e olAUES FAH R ALteA €t 3
¢k 2 ol AYZ sl 7heks] Avlekarat EJ‘:}(EE]’ ~F
AMg A2 Jang and Nam (2012) 3=2).

£m0

olgt ¥ o2t L&
A7 EBASS R A7 3t 40 ArE T o)k
3 = Wit o BA717HB,)
310 2 ARFF3= A, Al
331, resonance frequency;
o]} RF)¢] B)S AR 90° BFak(—x
Weho 2 7hshd, Bl o8l 54 vae dUAE 55
7 FAlol Alxk-Fo] F9%do] Eo] nEHO R o]Fsh=t],
o|& ApZlFrolet staL ojmje] 48] Ash= v
oluf 90°RF B;E AAsH, Fie A FEE Zol7i=|
o] & o|¢tolg} &, o] ]_—3— J217174 Wk R 3 &=
TEolg xyHHolN FGE Ao WS Sl
gko 2 oA Z42he] o] kA 7HE FEOIAINT), B
O IAZH(Ty)ol 8} St}
olgfgt ojgks dol= HAYFANE Aol H(bulk
relaxation; 7,), 3™Ho]¢(surface relaxation; T;), Eito]t
(diffusion relaxation; )] 37FA] o]¢k WAYZ] Ut} @2
o]k F= W A WF-ollx e o] 3 Faxgtol] Aol
wE o|¢hs, FHo gk I fA9 A FHo] B i
ol ¢] o|ghS, Shrtol ke F7kol| mE HApr1Ae] 27] Wt
(7177 ool EA s olgh mAYFC|th wE At
SHA| (fast diffusion limit; O] > H I 0| oA Zhzfe] o]
gk HAYSE ofgjol 7ol AL 4 3L
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W =0) ¢ 1 _2987y (1)
Ty al
- 1 S) 1 S
et Lop(3) Lon(S z
| 7. P1 7™ P2 % @)
2
gaolgr LD GTE) 3)
T, 12

WHIo| e 25 (7), FAI-FA = (viscosity, 7), T FF(Gtorine

=3, ay = 1.2)°] & o, FEE 0T, ) I



0| (Top)y2 78] KTy = Thy). EHOISS oMol W
FE ol (surface relaxivity; YAF FEHOA o]gke] A7]E
243 REFEIIAE (o), BFEHOIA= (o))t 3]
HAY Fou|(Sp)el] FEFS wom, RkHo R p o= po
o}, gto| e BAbA |4~ (diffusion coefficient, D), A}7]13] & H
(gyromagnetic ratio, ), A+71788](G(gauss/cm)), | FZ7HA
(inter echo time; TE)l 9&-S wh=t}. o|ul], G¢+ TE= A&
ol T,

Al 7EA] oAU Fo] 742t F50)¢k B 5ol A7k
H A= Y v 2k

= =

=

EZX| =8| dHY

Algle] eagixte] sj(=a)e] dekdl @
, 23s] olgh 3 Bhre] L mElste] A
18 p

= ) - LUME MMy pymsvovm (6)
2

]
A71A 2 A713)AH], M AR M + Mj + MK]o]AL
BE 71zl A71HBA + B,j + BK], (Mi+Mj) T B0,
Me-M)K/T & £Z0]¢, DV’M +V-VM < kol T3k 7k
ot} 2] (6y& Zt W] Aiel tisl Azlshd thasd ).

M, M.\ vy

at T2 i

oM, M, 2

—L=—-2+DV' M 7
ot T, 7 D
oM, _ MM, by,

SHE, Azle] kS FAE = IS g PAs] Akl 7t
A, 27} x, y, z=ollA19] Ak8ke] Z7](scaled magnetization)
= o3

M,
m,=—

M,

M,

=2 8

my MO ( )

M,—M,
m,=

ol s 2 vl 99

28 A (7l s,

Ome — M i VP,
ot T, ’

my_ My s DV, ©
a T

Om: 1 ¢ DV,
a T, :

2] AellA xob el A& B ASASKmr = md + myj)
7b =9, 2 Aske S5Askel
Pz oMy DVm,

ot T, (10)

s 1= Om, _m 2
F=x} i=—2+4+DV'm,
o 5]’ EY T1

W W SRS M)l 2715 AE W 740 ol HlEE]
w0l (Abragam, 1986), FALslE 7Hds] Fud 39| 74,

o
& 2GS (p)R Belste] ol& X|ghshA =W, ofgf e} 7ol
7hks] Aeld 4= JTk(Edmund, 2007).
%:—ap+DV2p (11)

A7 e UNEE 1TOlA, po &9 a9 2318
(T-pm™ = M1 3L, D& BRI ms™)olth. 2] (1) %
71273 AR FAAH FREH e AP HS
ol g3l & F AUk AR dHe] MY g LS o
of a17] wiizol Alzke] Qe AA|NE, WHAAH-S vl

Pt F=718tl = A A8 = g Wyt oflEt A
s} 517] wiitoll At AlZEE W AEIHS AR
= Zo] #2lslth(Hidajat er al., 2003; Kim et al., 2000;
Mendelson, 1990; Talabi, 2008). F=3F HHITH S o] &3S
e el 9 WA oL Fhlshs (YA &5

o

S Algdoldd 5 vks Aol Ak

fi mlo o
wor

O

A7 158ekSel AlEg0d

A7) RES AlEgolAolM = BHatolgke] 9§
= FFo|¢e T2 £ B st} ol Al o)A A
T lo|ghs dod)= 2209 Byl ¥3H A7AEsH A
A7, G) A ool mEl A F FRE EEnh o] &
oME WA A 1galE AL 7P ste] A7 1Tl E
32238 Toumelin (2002)2] AlE#] o)A ol ths)] Lol H,
27147 E 8] o 2H A4S ©eslel Talabi
(2008)2] AlEE o)A Wel tisl AWt AlEdeld A}
o] HluEA 3l aA) gt} o] 5 Al EYold WHES 25 ¢

G A7)k Bl F=o] EAlcte v wiEddA e 4

o 31E}E]
Eia\;}o}
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(110l 71Zz8}o] 2t =0l 9] o]k ARt § v 7o)

A A5 ujdeAe] FFo|gk2 Wk3-S A4 (Kenyon,
1997).
M) = M2 a, exp(— —T’—) (12)
2i

I NE B A1 a B 1] RO Mo (=
0% ) EAse] =27, o2
(12)9] BFo]ghe Wlo|gh, Shatolsk, 3

XY My(1), My(1), MA£))2) W3}l 1&6}
3} 7,

L= &=

tot
T Toa Do

M) = M=) s exp- L) = MIMOMOMO] (13)

X} | &S 12{sk A|28|0|M: Toumelin i

A7)l ’\}—’FE
ARYeliTt. AlE oS Ad U%A %woﬂb z}g 23
3 g A7) T TR Hellew, AL &
I F F=o] QA= ATkaL 7Pt

Mzro|gtol o] @ Ash(M()) A
MIo|ghe ThE ol A A7k T8 Jake
W) 37] W] 4 (1)9] 7)25te] ofehs} o] 7hets] A4t

f=4
& & 9k,

A7 Ty daclrzt, T dulex, ne 4=, o
A E7l W T (Atrine = 3, don = 1.2)°15

Bhitol et o]k xFsl (ML) ALk
TS X el Ikl wet Wale A1 7hst

W, A= =5 FAIS] A (susceptibility) 2Fo] = Q18] 9F
% 17

Pl i A7z sk, Ab71ge] e el '
sk FXIAZItH(Kenyon, 1992).

Myt = exp(fTLZb) = exp(fgy%lt) (15)
A7 D= BEolgolA o] itolerzto s 217] 35 H]

(), A7 ﬂ%ﬂﬁ (G), NZA(TE), §a38 *& Al (effective
diffusivity; D)°ll 93-S ¥=rk(Bergman et al., 1995). F-2%
/‘Wﬂ & AgE sl AR o= fA1S] A

S HAISR(Dy; bulk diffusivity of the fluid)9= 2 #te] ti2toh
5115\_15 T T U2 §A9 /A kol AldS

37

W, ol SEBASE A Tt Pk
(1 = Dy _9-3—;,12/@) -2 (16)

2l 16y 3l Algte 3
A5 BHASS] JFL
£ FF(p=E s @ﬂ%
and Sen, 1994).

oil D,,_( 13T)) 107"
298(n

water D},—( 2T 107"
298(n

S A3, TRV E BE AR Mad e
540 BT e A TR A

=] HAY FIR|(S/m)et
= ] ALt H
ATHDullien, 1992; Swiet

(17

ol AsHM)e] AR
CI9E £ Yol 33 Aol Ack (Pl et
S0 39 Aole] A &S BS

—

= Fael I W7o Ayt F8] 1
7%= —,’L‘%"Zé/i]% |3l (first passage time; Torquato
and Kim, 1989; Zheng and Chiew, 1989)2.2 ¥=H]|, o]&= &
PR} AlLte] w2t 27] 29o] F=lol dHEHA
B (x(h), W(2), ()= 0] 3L 2=Fo] Fhatel 28| o)F ArlE
sebal & o, AZHANON A EAtel oa o] Fek AR 1A
((t+AD), Y(t+AD), z(t+AD)E ARSI

x(t+At) =x(t) + s sing cos @
Y(t+Ar) = y(t) + s sing cos @ (18)
z(t+Ar) = z(t) + s cos¢

o71x 9(0<6<27) & p(0<p<nm) = ZFzte] W <Stoa] A
Gl ozl A=, oA ()= ATHANT 3= F
Ao] AR A 4= gtk

s = J6D,At (19)

A, st 35

TE ARl w2

r°*'

Mge] Ael7k 383 71 A FAREY

olE A (sy5 T3t

Pt $) =1+ 257 (-1)" ex p( 9—”—’—’—’—’) (20)
S
olw, =42] 914 H3}H(phase shifty= A7l G-
=th.
H(1) = j; yG-r(t)dt' =yG j; 2(t)dt' ©2))

SRSy A1 B ATING), GEe) el



A7) 5 Al

WEIS] 222ek(n), Sde] 4713170 () Hle it

ASE 547k FF Wol HuA 4% 29E 2 B
2 At 28 B APz oI5 AR
o} wek G vk ool YA Fo} s, 2WsW 2

278 A} THEvans ef al., 1980).

208

o= 2pPs 22
3D, (22)
AEE g2 Ao THo|YE(p)et A A-ERHAIS
(Dp)ll FES WH=TH(Bergman et al., 1995).

X7 | &THEE FAISHA|Z2|0[M: Talabi &

Talabi (2008)= A17|7d-ul 7} EAISIA] ¢k& wl, & Fibo]
o] dojuA] & wle] AT R-S AlEH ol Flen,
AlEH OIS fl8] WA P S BEE xﬂ<>ﬂ o gt
S 3l o] & HRO R dHL Ao R FAE
BE=e] A7) B ke mE A l*&
Talabi *3*8-2 Toumelin *3 2 A 2] FAFSIA] ,XVVH‘LHHE
I 3A] 7] wjel HlwA Alite] ThASIKITHA] (15), ML?)
= exp(0) = 1). =3} Talabi WA EHo S FF4 Alo]2
Aol Adgle] P AR oz AtalH, olu] 23] 91

L nE vsko 2 dYsHA o)Esly] Rl v 7] U

rk&

011
J rl
:10
fd

;
iy

o

A2¥ar]

rE

H EAeke ae] AT 59 AR HeklE 4
o] A(N)2] HIE(P()=M,(1) )& AXFE &= Th
P(1) = _z"v; o)

Toumelin ¥'H 7} Talabi HHH-& A7) WE 40 YAt A&
de 352 dgYa= 74]4‘}5} = 35HE 7L JA T

0|4} S| (two-phase fluid)0llA TX| o|2HHIF{LZ

2] (13)el] 71z3ke] A o|dAVF(M())yS Helsha ok
<3 2t

M(t) = My[My(YMAOM ()] = Mo[M,()MA1)P(£)] 24

o]’ (two phase)?] FrA1S1 75 ZHzte] fAlo EAjske 23
& WPl fA o5 AL FASN, ThEe] fAl% £
Al Atole] ZAlo] YIS W] Wl ©Fe] fA Btk AL
| o Badaitk 4] (13)8 S4) Z7e] A9 U@ Aske

O

M(1) = M, o[M, (M, L)P(1)]
M(0) = M, o[M, ()M, ()P ()] (25

A sl B 101

4 Zd g 20] 7 HT)‘% TS}
=5 Agsto %—Z}i}%k(My(t))_i %jxﬂ o] &l 7 F(M(P)

= Su.M(0) + H,S,M,(0)
SW + HOSO

(26)

o714 S, S,= 272t L3t B9 ES|E(saturation), H,= L
o ¢ /\017\} P Y 9] H|F(specific gravity; Smolen,
1996)°]tHToumelin, 2007).

H,=126xp, 27

AlZZo|ME flet 2 74

W A FRAYTIS TFG A5 TR} A
o A AIBIUE A RIS A5 7122 ol D

LI
of A7 FHHES AlE

AE7} 2 Holdd & AUt =, =
7] g HES- Al EYe V < fgk Bdojgt A B4, AT 1=
2 T U FA B FolA ATl 9F¢S T #
58 AR Zlolgta & & e, olejgh ghe B} AA
ol 7PAA FAEFE o] Qe AlEH 00| 7FsE Aot
A7) FHEES AlEEolAS 918 2y A Wl oy 7t

A7t e = YA RO o) FRE T H, o
YT oA A RES AR,

LAMTE 7. ST T H 339 dEE
HAFE THE 93 IvH o R S 3Ak oS}
(3D image construction) &k “4%, T WS Bl olnA
=

2RY =3 fFEAATT 2 o] =9 A
number)ol] gt YHE FZ(network extraction)ste] 4] <]
T2E A Ams et al., 2005, 2006, 2007; Hidajat et al.,
2002; Idowu, 2009). WA hale] F= F25 331 WA 2
rdgstes g Yol sl Golid, kel sk CT
Y on|A 7Zst] RS A 8= W (experimental
method; Ams et al., 2004; Hazlett, 1995), 23} Ao =R
B 2dS A FA 5= W (statistical/image reconstruction
procedure; Adler er al., 1990; Liang et al., 1998; Okabe and
Blunt, 2004)7} A|5-o] A== 8-S A+ S 9 (process
based method; Bakke and Qren, 1997; Bryant et al., 1993; Jin
et al., 2003; Oren and Bakke, 2003) 5°| Ut} o] 5 7 3
ek WS CTHEYOE 2 720 7|23 2dE Wol
A gk v]go] HM7] wfFof At o= 2xe] Ao 2 RE
sk ol wol ARS-Hrt

THE WA ZHE] T Abele] JAE S UEHAE F
sk 7t WS Al Sk (thinning) ¥ 2] 52 ©]
3= " (medial axis based algorithm, Liang et al., 2000;

7 % (coordination

ofp
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Lindquist ef al., 1996; Sheppard et al., 2005), =% 44
TS 99 fFaAdTIeE Yol = W (maximal
ball algorithm, Al-Kharusi and Blunt, 2007; Dong et al.,
2007; Silin et al., 2003; Silin and Patzek, 2006) & 221 A
Moz F5E RYZHE onA & Fx38ste= W (voronoi
diagram based algorithm3} stochastic network generation
algorithm, Ioannidis et al., 1997) 5°] Ut} o|gA] +2& &

9gsts 7 2 gAe AF O dael 339 78
(geometryyd .ok FZHAR] 54 & o vk Aot

= [S) jR =
A% fA19) $EE 2T BL glo] 19E A} FIE
wol| That o) gk A BT, T A FF olgel
AL M B AL RE W FRue] BE 132 vl

of gttt AAZ S8} (water saturation)”} ol -4 <]
¥l weh A7lFrgRkse] vEn ARSH fAlel BEs
ol= A2 44 9‘7] el AlEd o] e] ﬂf"":% S84
e RS Fdsle] Ao £xE 24
al., 2007; Valvatne, 2004).

Talabi 2 T4 474

Talabi (2008)y= 941 #x F&E FI8l F0ixl o|n|=] FK
2RE 3= FH, =9 W4 2 do] 55 AT T
EQAE FAsIslon, oo} o] g 9hA 2 UjollA
Al & E‘é%é TFejate] A 144 % A EEXE AAs)
Ak F, A
g Th ?@%‘ﬂ S 54 olm X 2XE ¥ 52

s}
A= 2 ol o dAxe Hg BRE FE5] NS T
=z
ol

=

TS T3 A s R E
528 A (wetting phase)2t SZEA] 22 53] (nonwetting
phase)?] HZ7}(contact angle) x}olol] 7]1Z&3le] F= W] F31
Bxs 7231)TH(Talabi, 2008).
X71& 08 {50l [E 2E Xlo| 24
2717l 7E 2713 akgol riAle ¥k &¢71 98, A
717374 E 223 Toumelin <] A E# 014 gurg}, 27
A7E JLelskA] % Talabi el 7
S 24, gtoleh AL o] HA FEAsA “]x]‘:‘ 3
ol thafl A1starat gtk o]& 918 Toulmelin (2002)°114]
o] &g Bl Hl=g RS HA 3 - Talabi HHOE AlE

glojdste] F AR H]JJ_OET'J} st} oju o] &3t wule

By

Table 1. Summary of bulk fluid properties used in the simulation of
temperature effects on the NMR response of carbonate rocks
(Toumelin, 2002).

Brine
Tem (K) 370 430
Viscosity (Pas) 1.00E"* 7.00E™*
Surface relaxivity (um/s) 3.00E°¢ 3.00E°¢
Diffusion coefficient (D, m/s) 2.50E° 4.10E”°
Bulk diffusivity 3.7 6.2

7} GE}A]7] wfiZoll(Table 1), &=l e Zzke] zpo] 4]
S B3 A1 2y ool mE wkge] zfo|E At
St

o

EHo|et540f| chet X7 [Tl el gk

Fig. 1> A9 &=7} Z+7} 370 K, 430 K& ], Toumelin
W o] A} Talabi WOl 7123k o|emb-g- 0= 7}7te] &
EofA A2 Toumelin 2] Aol -2 Talabi %Y
olt}, &7} vk 79370 K; Fig. 1(a)) AH8+e] 60%7HA] 7+
A3l=d dglE A7 Toumeling] Z2#= 2F 0.42%, Talabi
ol 7123 AlEg ol Aol = of 0.48% 25Ut FHH &
=7t &8 79430 K; Fig. 1(b)) Toumeline <F 0.43%,
Talabi= ¢F 0.7% ZAHT =, A7) g 2# S
Toumelin®] A= 7147 E LE8HA] &2 7R} o]
gho] W] Jojupr] RE7t H=S4E o] £ 9] Aol &
3] A A7EFE 2T w EA ] dojdtt

OlRHIFILIZE Xp7 |ZTehe] et
2ol W A7 gulzt Eolste] HAE GG B4
3] 9Isl Erelghao] o3 FZolFH (Fig. 2a), ()E

----- Talabi simulation result =====Talabi simulation result
Toumelin simulation result

Toumelin simulation result

Relaxations at 370K Relaxations at 430K

1 1
‘\
T
-
08 0.8 Sy
“\
\\\ - .
06 N 06 N S
A L
\\\ -
04 \:‘ < 04 \\
\ \
0.2 0.2
0 0
0 200 400 600 800 1000 0 200 400 600 800 1000
Times(ms) Times(ms)

(a) (b)

Fig. 1. Comparison of NMR transverse relaxation curves (S, =
1.00) (a) at 370 K and (b) at 430 K, respectively. Dotted and solid
lines refer to Talabi (2008) and Toumelin (2002) results,
respectively.
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Fig. 2. NMR responses of relaxation mechanism at (left panel) 370
K and (right panel) 430 K, respectively: (top panel) surface-
relaxation and (bottom panel) bulk-and-surface-relaxation results.
Dotted and solid lines refer to Talabi (2008) and Toumelin (2002)
results, respectively.
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