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Theoretical Mechanism and Application of Sphere—Cylinder
Model in NMR for Oil-Water Porous Media

Liv TANGYAN,I Jun YAN,2’5 JIE YAN,3 Xu FENG,4 and MA ZAITIAN

Abstract—NMR is a unique logging tool that measures
porosity, permeability, fluid components and wettability. It also
shows different responses from rocks due to different pore-sizes in
reservoirs; this gives opportunities to carry out a further study for
pore structures and pore sharps in complicated reservoirs. The
theoretical mechanism in NMR used for pore structure study cur-
rently is based on the Brownstein and Tarr theory (Phys Rev
19:2446-2453, 1979), but it shows that the pore structures are not
sensitive to the connectivity of pores. In order to overcome this, we
are proposing a theoretical approach called the Sphere—Cylinder
Model to conduct NMR relaxation theories. In addition, a proce-
dure for different pores has been discussed for porous media that is
saturated by an oil-water phase. Consequently, considerations for
the NMR relaxations for the water and oil phase have been taken
into account in our model. The Sphere—Cylinder model has been
used based on an NMR log in one of the gas fields in southwest
China and shows satisfactory results.

Key words: NMR logging, T2 distribution, relaxation,
sphere—cylinder model, oil-water phase, pore structure.

1. Introduction

Hydrocarbon-bearing zones in continental depos-
its are characterized by complex pore structures in
shape, size and throat (Liu, 2002, Liu and JiN, 2002).
Various technologies have being adopted in order to
deal with such complex issues. However, numerous
methods currently used are based on statistical tech-
nologies. These methods have shown satisfying
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results for reservoir evaluation; however, if the pore
structures are too complicated to be illustrated on the
constructing graphs, the statistical methods are too
limited to provide enough useful physical information
for the investigation of pore structures (WESTPHAL and
SurnoLT, 2005).

NMR (Nuclear Magnetic Resonance) is a modern
wire-line logging (or M/LWD) tool that has been
used to measure the pore-size distributions in reser-
voirs. The pore-size distributions are calculated via
NMR relaxation times, and therefore, might yield
information about the relative rock properties such as
porosity, bound/free fluids, wettability and perme-
ability.. (YAN et al., 2007, PapE et al., 2009). The
descriptions of pore size and structural distribution in
terms of NMR become one of the most discussed
topics in reservoir evaluation in recent years.
BrownsTEIN and TARrR (1979) in their studies have
regarded cells as sphere, cylinder and slab, and a
diffusion relaxation was applied to investigate the
relaxation rules of protons based on these geometric
structures; this method is called the Brownstein &
Tarr theory (B-T method). Numerous researchers in
recent years (NGUYEN and MARDON, 1995, CALLAGHAN
et al., 2003, WENG et al., 2003), especially in the oil
and gas industry, utilized this theory to perform the
evaluations of pore structures and regard cells as
spherical pores with isolated and regular sphere.
Consequently, depicting pores as a sphere would be
simplified to result in pore sizes that are not sensitive
to connectivity because pore structure differs greatly
from one to another when considering a reservoir
under complicated conditions.

The oil fields in southwest China are generally
distributed structurally and lithologically with a
source-reservoir-cap rock background. These become
the main factors to control production of oil, water
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and wells. In this study, a forward model (Sphere—
Cylinder) for NMR is proposed to investigate pore
structure based on the mechanism of proton relaxa-
tion in specialized spaces (Liu et al., 2004, 20006).
This model also considered the connection for dif-
ferent pores in two-phase porous rocks which are
saturated by oil and water.

2. Methodology

The first NMR logging was run down-hole by
Schlumberger in the 1960s, which provided an
improved reservoir quantitative estimation for
porosity, fluid types and permeability on a foot-by-
foot basis. The acquired NMR data from oil fields
have displayed useful log-curve images with a very
important concept of T, distributions, which can
occur in the following three ways: (1) bulk relaxation
(2) surface relaxation and (3) molecular diffusion
relaxation.

Assuming M, is the protons’ magnetization, an
external magnetic field H is applied clockwise along
direction Z, causing the protons’ spin to align along
direction Z (Fig. 1). As shown in Fig. 1, when a radio
frequency magnetic field (H;) is placed along the
Y-axis, it will cause My to tilt towards the Y-axis.
When the pulse is turned off, the magnetization, My,
processes back towards the Z-axis, and gradually
returns to the same direction as the Z-axis. The
returning process of My to the Z-axis direction is
called relaxation. The projection of My on the xy
plane is M, and M, (DunG and BErGmAN, 2002).

On the basis of the proton relaxation mechanism,
the T, distributions give the description of pore size,
and can divide fluids in pores into CBW (clay bound
water), BVI (bulk volume of irreducible fluid) and
BVM (bulk volume of moveable fluid). Figure 2
illustrates the T2 distributions with defined typical
cut-off values for a sandstone reservoir.

2.1. Theoretical Background from NMR Relaxation
Laws

Brownstein & Tarr regarded biologic cells as
sphere, cylinder and slab, separately; they conducted
further research in NMR relaxations based on the
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Figure 1
Transverse relaxation in magnetic field H
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T2 spectrum with fluid distributions in NMR

biologic cells. The forward model and NMR relax-
ation processes developed by Brownstein and Tarr
are called BT theory. In proton relaxation simula-
tions, the cell-wall in biologic tissue and the pore-
wall in rock are equivalent in the proton relaxations.
Therefore, the same theory has been adopted into
NMR relaxations in porous media (BROWNSTEIN and
TARR, 1979; NGUYEN and MARDON, 1995; CALLAGHAN,
2003; WENG et al., 2003) as below:

1 1 om(7, 1)
2 o o o — b
DVm(E0) ~ (gt g i) = 0 (1)
- vm(?a t) + p20m(77 t)‘?eS: 0, (2)
M,
m(F,0) = my = —, (3)
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where S is the interface dividing pore-wall and water
or the interface dividing oil and water; 7 is the unit
vector along the outer normal direction of S; my is the
specific bulk magnetic intensity of oil or water at
initial time; m(r, f) is the magnetization per unit
volume in location r, at time #; My is the total mag-
netic intensity of oil & water at initial time; V is the
pore volume; D is the diffusion coefficient of fluid in
solution area; T, is the fluid’s bulk transverse
relaxation time; 7T,p is the fluid diffusion relaxation
time and the term of 1/T,p is omitted in our research.
P20 1s the transverse relaxation of the oil-water
interface and p,, ~ 0 when bulk relaxations existed
in oil. Equation 2 shows the NMR relaxations that
limited by the pore-wall (cell wall), and Eq.3
describes the initial condition of NMR relaxations.

To find the solutions for oil relaxation, the volume
integral is performed in Eq. 1 for the entire oil volume.
Q is defined as the space occupied by oil. We obtain

DZ/ Vim(7, 1)dV (TZB sz) /// m(7,1)d
zgﬂ/m(?7 ndv
Q (4)

According to the first Green law, the directional
derivative and the boundary condition in Eq. 2, we

have
// V(7 1)dV = / a";(:l ) as
//m Vm(¥,1)dS =0 (5)
/// m(F, 1)dV = Mo (1),

where M,(f) is the magnetization induced by oil, and
substituting Eq. 5 in Eq. 4, we obtain

M (1) = —TLZBM(;() (6)
Mol(t) = Mo(0) exp (- é) — Somo exp (— T—ZB) :
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where S, “ is the ratio of oil volume to the total
volume, namely, oil saturation; M,(¢) is the relative
magnetization of oil phase at time ¢ without unit; m,
is the initial relative magnetization of oil phase
without unit; 7 is the relaxation time in ms. Equation 7
indicates that in the pore model saturated by oil &
water, oil relaxation follows the law of bulk

relaxation.

2.2. The Weakness of Relaxation Laws

When porous media is saturated by oil and water,
two interfaces exist in the pores, including the oil—
water interface and water—pore-wall interface. Given
that no bulk water exists in the Sphere—Cylinder
model, no bulk relaxation appears in the water phase
either. Therefore, T, in water can be defined as
infinite and the governing equations in the water
phase can be defined as below

om(7, 1)
or ®)

D,V’m(#, 1) =
Dyii - Nm(F, t)+pa,m(F, 1)];cs,= 0 )
7= NVm(7,1)|ze5,= 0 ’

(10)

where p,,, is the transverse relaxation of the pore
surface; D, is the diffusivity of water; S, and S, are
the interfaces between water and pore-wall, and
between water and oil, respectively.

The solutions of m (7, t). in spherical, cylindrical
and planar cell, namely, the relaxation procedures of
protons among the three cells, were obtained respec-
tively by Brownstein & Tarr theory. Assuming cells
are replaced by rock pores, the BT model can be used
to conduct evaluations of pore structures to establish
a forward model in terms of NMR data (NGUYEN and
MaRrDON, 1995; WENG et al., 2003). BROWNSTEIN and
TARR (1979) presented a general solution as below

= A (T, (11)
n=0
where A, is a coefficient determined by the initial

conditions; F,(7) is the Eigen-function of orthogo-
nal space, and the general solutions of F,(7’) can be
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found by using Eq. 8. The coefficients in the general
solutions can be determined in the boundary condi-
tions in Eq. 9 and the special solutions of F,(7) can
then be obtained (CALLAGHAN et al., 2003; NGUYEN
and MarpoNn, 1995). Since pores are still treated as
isolated pores, this approach is only valid for isolated
spherical pores, cylindrical pores and planar pores
separately (L et al., 2004).

3. Model Improvements and Relaxation Mechanism

3.1. Sphere—Cylinder Model

Asdescribed, the pores structures can be divided into
spherical pore, cylindrical pore and planar pore, based
on their shapes, which have been saturated by oil and
water (Fig. 3a). The planar pore can be simulated by
cylindrical pores lined in side-by-side. As a result, we
can only define two kinds of pores in rocks (spherical
pore and cylindrical pore). The Sphere—Cylinder model
is the combination of two kinds of pores. The pore
structures can be simulated by the ratio of cylindrical
pore radius and sphere radius, and the connections of
spherical pore are related to the cylindrical pore
(Fig. 3b). When the Sphere—Cylinder model is saturated
by oil and water, Egs. 7 and 11 control the relaxations of
oil and water. However, the relaxations of water can be
simulated after coefficients and Eigen-functions are
determined from Eq. 11.

3.2. Validation of Eigen-Function

Since the Sphere—Cylinder model includes a
spherical pore and a cylindrical pore, we ought to
validate the spherical Eigen-function and cylindrical
Eigen-function, respectively. Substituting Eq. 11 into
the relaxation equation (Eq. 8) with boundary condi-
tion, we can get the equation that validates the Eigen-
function in a spherical pore in a spherical coordinate
frame as below:

1

2
F(r) Jr;Ff((r) +—TkD

Fy(r) =0, (12)

The general solution of Eq. 12 can be presented as

Fk(r)clcos(\/ﬁ>+cr‘2sin(\/T:Tw) (13)
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Utilizing the boundary condition of water phase
(Eq. 9), we acquire the coefficient from Eq. 13.
Assuming C, = 1 without loss of generality as
presented in Eq. 11, we come to

S(l)/3 ék — tan (S(l)/3 ik)

- 1+ S(1)/3€k tan (S(l)/3ék)

C defined as Cy, (14)

&= J%’ and & is the positive root of the tran-
scendental equation, and the transcendental equation
is expressed as follows:

Dwék - Ck(DW —p Rs)
Dwékck + (Dw —p Rs)

Once &, CI and C2 are determined, Eq. 13 is
then substituted into Eq. 11. We can obtain the
relaxation equation of water phase in spherical pore,
which the coefficients of the Eigen-function are
determined from. S, in Eq. 14 is the oil saturation and
it can be expressed as the equation below
_a

=

(15)

tan & =

So (16)
where a, is the radius of oil drop in spherical pore in pm.
Correspondingly, substituting Eq. 11 into Eq. 8, and
then re-writing the relaxation equation in a cylindrical
coordinate frame, we can obtain a new equation from the
Eigen-function for water in a cylindrical pore.

1

1
F(r) + - Fi(r) +
The general solution for the Eigen-function can be
written as

Fi(r) = C1Jy (ﬁ) + Ny (ﬁ) (18)

where J, is the zero-order Bessel function, and N, is
the zero-order Neumann function. The J and N in the
following text are the same function in Egq. 18.
Similar to the spherical pore, assuming C, = 1, we
can obtain C; in Eq. 19.

b
Nl (7}}(.1

C = —7> = Cx(defined), (19)
()
R
where 1, = \/ﬁ is the positive root of transcen-

dental equation, and the transcendental equation can
be expressed as follows
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(a)
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(b)

Figure 3
a Primary pores in rocks with fluids and b the illustration of the Sphere—Cylinder model
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Substituting the Eigen-function of cylindrical pore
(Eq. 18) into Eq. 11, we can acquire the relaxation
equation of water phase in cylindrical pore. b, in
Eq. 19 is the radius of oil phase in cylindrical pore,
the oil saturation (S,) in cylindrical pore is defined as

(20)

b2

So =% (21)
o Rg

Assuming oil is evenly distributed in the Sphere—

Cylinder model, the oil saturations in a spherical pore

and a cylindrical pore, therefore, should be the same.

2 3
_bh_a

R 22
=R (22)

3.3. Development of Brownstein & Tarr Theory

Once the Eigen-functions for the water phase in a
spherical pore and a cylindrical pore are determined,
the relaxation of water phase in two kinds of pore
then can also be obtained. According to Eq. 11 with
Fi(r) to perform volume integral for water phase, we
have

/// m(F, 1) Fi(F)dV
Q
- g Ay /Q// Fi(7)Fi(F)dV exp( TL,() (23)

Since Eigen-functions are orthonormal set, thus

/// m(F, O Fu(F)dV = Ay /// F2(F)aV | exp (- Tik>
Q Q

(24)

Set + = 0, and combine with the boundary con-
ditions in Eq. 10, we then have
My My Vw M,

m(7,0) = Vo VeV _(I_SO)V_W’ (25)

where V,, is the volume of the water phase, combine
it into Eq. 25 and Eq. 24, Ay can be derived as

M ffs{ Fy(F)dV

0

T T R av
Q

(26)

As a result, the volume integral for Eq. 11 in the
water phase can perform directly as
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/Q//m F,0)dV = Ii;Ak /Q//Fk(?')dv exp(—;k)

(27)

o Feryav]®
STy T

X exp (T%) =(1- MOkZIk exp(Tk> (28)

0

MW():

where M, () is the magnetization induced by water
and [; can be calculated in Eq. 29 as below

o L o Fmav)®
YTV [l FAPaV

(29)

4. Parameters and Functions for Modelling

4.1. Determining Relaxation Time for Oil Samples

Based on the experiments of mercury injections in
the lab, the radii of cylindrical pores in the core were
set as 0.1, 1.0 and 5.0 pm, separately (Fig. 4a). The
relaxation times of oil samples are widely scattered,
and they might range approximately from 500 to
1,500 ms (X1a0, 1998). The experimental results in
our research indicate that the relaxation time is about
1,000 ms according to different measure parameters
(Fig. 4b). With consideration of the general relaxa-
tion time of crude oil, it is set as 800 ms, as below

L. Tangyan et al.
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(S

@—T—ZONT—ZB, (30)

T,, is the bulk relaxation for oil sample, substi-
tuting Eq. 30 into Eq. 7, the relaxation signal of oil
phase can be calculated.

4.2. Input Parameters for Modelling

In order to obtain the spherical radius and
cylindrical radius, the surface area restriction (Liu,
2002) is also used in our study as below

Se =S¢ + 8

R. = C4Ry '
where S, S. and S; are the surface areas of equivalent
spherical pore, cylindrical pore and spherical pore in
um?, respectively; R. and R, are the radii of cylin-
drical pore and spherical pore in pm?; and Cj is the
ratio of the radius of cylindrical pore to the radius of
spherical pore. Providing that the radii of cylindrical
pores are 0.1, 1.0 and 5.0 pum?, respectively. The radii
of an equivalent spherical pore and spherical pore can
be obtained in the restriction-optimization method
along with Eq. 19 and Table 1. In Table 1, R, is the
radius of equivalent sphere, and has the same surface
area, volume or the same ratio of volume to surface
as the Sphere-Cylinder model. R, R, and L.
respectively are the radii of cylindrical pore, spherical
pore and the cylindrical length shown in Fig. 2b. Oil
saturation is set as O for the water saturated zone; 0.3

(31)

a)12 b) 3000
(a) (b) =
10 r 2500 - t2
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Figure 4

a The distributions of pore size from mercury injection experiments and b the distributions of oil sample relaxation time with relative
amplitude in NMR experiments
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Table 1

Numerical simulation parameters for the Sphere—Cylinder model

Cy 0.3
Fine pore Middle pore Macro pore
R, (um) 0.336 3.36 16.79
D,, (um*/ms) 2.0 2.0 2.0
P2 (Lm/ms) 0.022 0.022 0.022
R, (pm) 0.333 3.33 16.67
R, (um) 0.1 1.0 5.0
L. (um) 0.0178 0.178 0.892

for the oil and water saturated zone and 0.65 for the
oil saturated zone.

4.3. Simulation Functions

After the Eigen-functions are solved in terms of
spherical pore and cylindrical pore, respectively,
substituting the FEigen-functions into Eq. 28 we
obtain the simplified equations of the relaxation
procedure of the water phase.

The first and second items of functions in
Tables 2 and 3 are the relaxations of spherical pores
and cylindrical pores, respectively, in the Sphere—
Cylinder model. In summary, the total relaxation of
mono-phase fluid in the Sphere—Cylinder model is
the composition of the spherical pore and cylindri-
cal pore. According to the equations in Table 2, 3
and Eq. 7, the relaxation signal of the oil and water
phase can be calculated, and the total relaxation

Table 2

Simulation functions for fine pores

So = 0:M,, (1) = 0.992¢™*1**!" + 0.007197¢ 24>
So = 0.3:M,, (1) = 0.6950e%283% 4 (0.005025¢ 06285
So = 0.65:M,, (f) = 0.3475¢ 03652 4 0002513 1-2571

(Rs = 0.333 pm, Rc = 0.1 pm, Lc = 0.0178 pum)

Table 3

Simulation functions for macro pores

So = 0:M,, (1) = 0.9923, 0003817 + 0.007169¢ 00086801
So = 0.3:M(1) = 0.6949¢~ 9347 1 0.005018¢ 47"
So = 0.65:M,,(t) = 0.34756_0'0“22’ + 0‘0025096—0.025051

(Rs = 16.67 pum, Rc = 5.0 pm, Lc = 0.892 pm)
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signal is the summation of oil and water. As an
example, combining Eq. 7 with the first equation in
the Table 2, the total relaxation of the water-
bearing Sphere—Cylinder model can be expressed as
follows:

M (1) = My (t) + My (1)

t
800
+0.007197 exp(—0.4399)

M,(1) = Somo exp(— =) + 0.9928 exp(—0.19817)

(32)

where S, = 0; M,, is the total relative relaxation
amplitude including water and oil. The total relaxa-
tion equations in other cases can be derived also in
the same way.

5. Numerical Simulations and Result Analysis

5.1. Simulation Analysis

The theoretical studies indicate that the relaxation
procedures for spherical pores and cylindrical pores
composed the special solutions of transcendental
equations in the Sphere—Cylinder model. Therefore,
in a single spherical-cylinder model, the range of
special solutions is restricted by the solution of
special equations. Since the solutions of Eq. 1 can be
added up for different compositions, the relaxation
procedure of Sphere—Cylinder can be regarded as the
compound relaxation procedure that is produced by
spherical pores and cylindrical pores. As presented in
Egs. 13 and 18, the special solutions of the spherical
pore and cylindrical pore are combined with trigo-
nometric functions and Bessel functions. After both
trigonometric functions and Bessel functions are
simplified, the two types of functions can be
expressed in the multi-exponential functions in
Tables 2 and 3. In addition, only one exponential
function during the procedure constitutes the main
part of relaxation can be named as a main relaxation
procedure. Our mathematical calculations demon-
strate that the main relaxations of spherical pore and
cylindrical pore are all just one-exponential function,
and the rest of the parts can be overlooked. Hence,
the relaxation of the Sphere—Cylinder model is a dual
exponential attenuation procedure.
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5.2. Modelling Results

Considering the impacts of pore structures under
water-wetting conditions, we come to the conclusion
that the signal of oil relaxation is the interference.
Furthermore, in a given pore condition, the level of
abnormality of the signal fluctuates with the level of
the oil saturations in proportional ratio. As a result,
the illustration of relaxation will alter the reflection of
pore structures if interpreting the relaxation signal of
oil-bearing without removing the oil first.

The amplitudes of relaxation in Fig. 5a have been
normalized; therefore, the unavailability of oil relax-
ation signal, total relaxation signal and brine
relaxation signal will be combined into one relaxation
signal. This indicates that the relaxation signal mainly
responds to the pore boundary condition without
interference of oil. The relaxation signal of brine-
bearing core reported to be mostly fitted for pore
structure evaluation (YUE et al., 2002; Liu et al.,

.,
|

Time(ms)

%
01 1 10 100 110° 1-10*
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2004), whose essences have been presented in our
theoretical research.

Regardless what shape and size the pore have, the
total relaxation signal in oil-bearing rock, along with
the measured relaxation signal, is the superposition
signal of the water relaxation signal and the oil
relaxation signal (Fig. 5b). Comparing the total
relaxation signal of small pores in Fig. 5a with the
one in Fig. 5b, we soon discover that the total
relaxation signal of oil-bearing pores becomes abnor-
mal due to the signal superposition of oil relaxation.

Evidently, only the relaxation of water surface
defines different pore sizes on the relaxation process
in special Sphere—Cylinder model with the same oil
saturation, as presented in Fig. 6a, b. In terms of
small pores, as the relaxation of water surface is
restricted by pore surface, the relaxation process
appears to accelerate plus the relaxation signal shifted
to shorter relaxation time.

[ T T T -
o =
w “-.‘ Water
1 Total Relax

0s - s .
0 gl L 1
01 1 10 100 110° 1-10*
Time(ms)

Figure 5
a Relaxations in both pores for water-bearing. b The fine pore filled by water and oil

M, " Samll pore

N
N,
0

1 T T T T ! ' 4 !

Water

Water & oil

Time(ms)

05 Water
Water & oil

Time(ms)

Figure 6
a The comparison of relaxations in small pores and b the big pores for water and water & oil-bearing (So = 0.65)
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For oil-bearing pores, due to the superposition of
the oil relaxation signal, the measured relaxation
signals shifted to longer relaxation times which

06 o T 1 ]
An |V ___ Sphere-Cylinder Model
o4k \' BT Spheric Model

02
0 — % P I
0 100 200 300
Time(ms)
Figure 7

NMR relaxations in Sphere—Cylinder and BT Spherical Model
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produced false information for bigger pores. Never-
theless, we can review the differences between two
signals based on the proportions of the area sur-
rounded by water-bearing relaxation and oil & water-
bearing relaxation, and the area of water-bearing
relaxation. The calculation indicates that the area of
black points is 105 times more than the area of water-
bearing relaxation. Note that the X-coordinate is on a
logarithmic scale in Fig. 6a, hence, the oil-bearing
relaxation in small pores will cause marked abnor-
mality on the total relaxation signal. Therefore, in
order to conduct pore structure evaluation on small
pores, it is necessary to remove the effects of oil-
bearing relaxation.

We can also obtain the proportion of area circled
by the water-bearing relaxation and oil & water-
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Figure 8
Small pore structures with poor movable oil and high irreducible fluid
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bearing relaxation for big pore in Fig. 6b (black zone
circled by X-coordinate and Y-coordinate). To sum-
marize, the oil-bearing relaxation has much less
impact to the big pores than small pores on the total
relaxation at the same oil saturation, as the relaxation
time of water surface in big pore becomes long
enough to approach the oil ingredient. Therefore, in
terms of NMR logging data, the log data is imprecise
for small pores but high precision for large pores. In
large pores, the influence of oil on relaxation signal is
not significant.

5.3. Case Study from NMR Logging

Combining spherical pores with cylindrical pores as
one model, the NMR relaxations in the Sphere—Cylinder
model are the superimpositions of spherical pore
relaxations and cylindrical pore relaxations. In terms
of BT theory, only one kind of pore exists in their model.
A case study for the comparison of NMR relaxation time
in Fig. 7 shows both BT and our model.

Suppose the water saturation is 0.3 and the
magnetization of a BT spherical pore and the
Sphere-Cylinder model can be calculated. If
the volume of the Sphere—Cylinder model is equal
to the BT spherical model, the relaxation in the
Sphere—Cylinder model declines and the velocity
increases, then the relaxations in the BT spherical
model due to the pore space in the first one is smaller
than the latter one. When the relaxation time is longer
than 260 ms, both the magnetizations (A,,) from the
Sphere—Cylinder model and the BT spherical model
will get down to almost zero.

The simulation results show that if dividing the
total echo signal into water echo and oil echo to
perform inversion, then the spherical pore and
cylindrical pore can be described based on the T2
distributions from the water echo due to only the
relaxation of the water phase relative to pore
structures.

In the case study from a gas field in southwest
China, the core NMR analysis shows that the top
reservoirs have many small pore-throat structures
(cylinder shape mainly) for target intervals, and this
observation has been further confirmed by logging
NMR processing from the Lab. Figure 8 provides an
interpreted CPI plot that shows the mixture of gas and

Pure Appl. Geophys.

oil located at the intervals between 4,550 and
4,664 m; however, the irreducible water (gray colour
in the last panel) shows poor movable oil which were
caused by small pores (cylindrical) that were distrib-
uted at this depth interval.

6. Conclusions

The study of pore structure in NMR is a key
matter for complex reservoirs and it is related to pore
boundary conditions with the assumption that pore
structures are spherical for simplification. The
approach of the Sphere—Cylinder model in oil-water
bearing porous media can be regarded as the super-
position relaxation for both spherical pores and
cylindrical pores.

The study of relaxation mechanism shows that, in
water-wet rocks, the relaxation of oil phase is rele-
vant to oil saturation and it is independent from pore
structure. Since water adheres to the surface of the
pore, the relaxation of water surface is relative to the
pore structure of rock. The pore structure study shows
that oil ingredients may impose abnormal effects in
relaxation signals, especially in these small pores.
Therefore, it is necessary to consider these effects in
order to carry out the complicated reservoir evalua-
tions based on NMR data.

Acknowledgments

This research was financially supported by the China
National 863 Program (2006AA06Z214) and the
open fund (PLN1101) of State Key Lab of Oil and
Gas Reservoir Geology and Exploitation (Southwest
Petroleum University).

REFERENCES

BroOwNsTEIN K.R., and Tarr C.E., (1979), Importance of classical
diffusion in NMR studies of water in biological cells, Physical
Review, 19(6), 2446-2453

CaLLacHAN P.T., Goperroy S., and Ryranp, B.N., (2003), Diffu-
sion-relaxation correlation in simple pore structures, Journal of
Magnetic Resonance, 162, 320-327.

Dung K.J., and BErGMAN D. J., (2002), Nuclear Magnetic Reso-
nance Petrophysical and Logging Applications [M], PERGA
MON, OXFORD



Vol. 169, (2012)

L G. D., (2002), Building the Next Great Wall—the Second
Round of Oil & Gas Exploration of China [J], Progress in
Geophysics, 17(2), 185-190.

Lw L.F, and JiN Z.J., (2002), Distribution of Major Hydrocarbon
Source Rocks in China Large and Medium-sized Oil and Gas
Fields, ACTA Petrolei Sinica, 23(5), 6-13.

L T.Y., Xiao L.Z., and Fu R.S., (2004), Applications and Char-
acterization of NMR Relaxation Derived from Sphere—Cylinder
Model, Chinese Journal of Geophysics, 47(4), 663-671.

Lw T.Y., ZHou C.C., and Ma Z.T., (2006), Restricted and Opti-
mized Conditions of Sphere-14 Cylinder Model and its
applications, Journal of Tongji University (Natural Science),
24(11), 464-1469.

NGuyeN S. H., and MarpoN D., (1995), A P-Version Finite-Element
Formulation for Modeling Magnetic Resonance Relaxation in
Porous Media, Computer & Geosciences, 21(1), 51-60.

Sphere—Cylinder Model in NMR 1267

Pare H., ArnoLD L J., PEcHNIG R., (2009), Permeability Prediction
for Low porosity Rocks by Mobile NMR, Pure and Applied
Geophysics, 166 (5-7), 1125-1163;

WENG A.H., L1 Z.B., and WanG X.Q., (2003), Theoretical Study on
Nuclear Magnetic Resonance of Pore Space Saturated with Oil
And Water, Chinese Journal of Geophysics, 46(4), 554-560.

WestpHAL H, and SurnorLT 1., (2005), NMR Measurements in
Carbonate Rocks: Problems and an Approach to a Solution, Pure
and Applied Geophysics, 162, P549-P570.

Xi1ao L.Z., (1998), NMR image Log and application of rock NMR
experiments (Science Press: Beijing, 1998)

Yan, J., Lv T.Y., and Lwv X.J., (2007), Petrophysical evaluation
and its application to AVO based on conventional and CMR-
MDT logs, Applied Geophysics, 5(3), P164-P172.

Yue H.Y., Znao W.J., and Znou C.C., (2002), Research in Rock
Pore Structure with T2 distribution, WLT, 26(01), 18-21.

(Received December 22, 2010, revised June 28, 2011, accepted June 29, 2011, Published online July 31, 2011)



	Theoretical Mechanism and Application of Sphere--Cylinder Model in NMR for Oil--Water Porous Media
	Abstract
	Introduction
	Methodology
	Theoretical Background from NMR Relaxation Laws
	The Weakness of Relaxation Laws

	Model Improvements and Relaxation Mechanism
	Sphere--Cylinder Model
	Validation of Eigen-Function
	Development of Brownstein & Tarr Theory

	Parameters and Functions for Modelling
	Determining Relaxation Time for Oil Samples
	Input Parameters for Modelling
	Simulation Functions

	Numerical Simulations and Result Analysis
	Simulation Analysis
	Modelling Results
	Case Study from NMR Logging

	Conclusions
	Acknowledgments
	References


