Downloaded via UNIV OF NORTH DAKOTA on October 29, 2019 at 02:57:36 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

energy:fuels

@ Cite This: Energy Fuels 2019, 33, 5135-5146 pubs.acs.org/EF

Experimental and Numerical Studies of Spontaneous Imbibition
with Different Boundary Conditions: Case Studies of Middle Bakken
and Berea Cores

Shaojie Zhang,.‘- Hui Pu,*® and Julia Xiaojun Zhao*

"Department of Petroleum Engineering and *Department of Chemistry, University of North Dakota, Grand Forks, North Dakota
58202, United States

ABSTRACT: Tight oil and gas are becoming increasingly important energy sources in North America. Spontaneous imbibition
is an important mechanism in oil and gas recovery from tight reservoirs. In this study, countercurrent spontaneous imbibition
experiments and nuclear magnetic resonance (NMR) were combined to study the imbibition and the fluid distribution in eight
core samples. NMR is able to detect fluid distribution in different sizes of pores ranging from micropores to fractures. Before the
experiments, Middle Bakken and Berea cores were saturated with air. Then imbibition experiments with one end open (OEO)
and two ends closed (TEC) boundary conditions were carried out. The numerical solutions of spontaneous imbibition models
were matched with experimental results by choosing reasonable parameters. The capillary pressure and relative permeability
were obtained from the matching. Moreover, the gravity effect on the spontaneous imbibition was analyzed. It was found that
the gravity can be neglected for tight rocks. However, it has significant impacts on high-permeability rocks. The recovery factor
of OEO imbibition exhibits a linear relationship with Jt. However, the TEC imbibition shows a poor linear relationship with
Jt at the late stage. This research provides new methods to obtain capillary pressure and relative permeability from
spontaneous imbibition experiments with OEO and TEC boundary conditions and advances crucial mechanisms for the
development of tight reservoirs.

1. INTRODUCTION

In fractured reservoirs, imbibition is an important process to
. . 12

improve oil and gas recovery from the matrix.”” The
spontaneous imbibition mechanisms in rock and coal are key

s No-flow boundary

. . . — Water

issues that need to be focused upon to improve recovery in the

development of the tight 0il,>* shale and tight gas,” =7 and — Oil/Gas

coalbed methane.*” Spontaneous imbibition is the process of a

wetting phase displacing a non-wetting phase in a porous media

in the presence of capillary pressure. Depending upon the flow

directions of wetting and non-wetting phases, spontaneous

imbibition can be divided into cocurrent imbibition and Figure 1. Schematic of four boundary conditions: (a) all faces open
countercurrent imbibition. Assuming that a rock sample is (AFO); (b) two ends closed (TEC); (c) two ends open (TEO); (d)

water-wet, cocurrent imbibition occurs when the water and oil one end open (OEO).
flow in the same direction through the inlet, whereas
countercurrent imbibition occurs as the water and oil flow in
opposite directions.'”'' Some experiments and numerical
studies show that the recovery rate and displacement efficiency

of cocurrent imbibition are much higher than those of ‘ IS : -
countercurrent imbibition. >'> However, countercurrent spon- inlets.”” Therefore, the established mathematical models cannot
. )

taneous imbibition is normally regarded as the dominant l'ae applied to AFO imbibition.”” Boundary conditions will
imbibition mechanism in fractured reservoirs. =16 impact the contact surface between the core and waztler and have

For countercurrent spontaneous imbibition, a presaturated mgglﬁcant effects on the recovery rate. (;}1.e-r1g etal” and Lyu et
core plug is submerged in water. Depending upon boundary al.”” demonstrated that the AFO imbibition has the highest
conditions of the core plug, there are several kinds of recovery rate 31}4 TEO has the lqwest recovery rate. However,
countercurrent spontaneous imbibition: (1) all faces open boundary condltlgnzszhave a ngg}lglble impact on the ultimate
(AFO), (2) two ends closed (TEC), (3) two ends open (TEO), recovery 'factor. ' In addl'tlvon, ot}'ler factors, suc.h. as
and (4) one end open (OEO). The schematic of four kinds of permeability, relative permeability, capillary pressure, initial
spontaneous imbibition is presented in Figure 1. Boundary
conditions have great impacts on imbibition performances.'’

highest recovery rate.'®'? However, the flow patterns of the
AFO boundary condition are complicated due to the
coexistence of cocurrent and countercurrent flow through the
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Table 1. Mineralogical Composition of Berea and Bakken Samples

kaolonite chlorite feldspar
samples (wt %) illite (wt %) (wt %) quartz (wt %) calcite (wt %) dolomite (wt % ) (wt %) pyrite (wt %) halite (wt %)
Berea cores S 88 2 S
Bakkenl 9 3 39 10 22 15 1 1
Bakken2
Bakken3 11 4 38 14 15 15 2 1
Bakken4

water saturation, fluid viscosity, interfacial tension, and
wettability, also have effects on the imbibition process.”**~>’

Spontaneous imbibition is usually modeled by a set of
differential equations. The solutions of those equations require
functions of capillary pressure and relative permeability to the
wetting phase and non-wetting phase. Matching of a
mathematical model with the experimental results is a new
method to obtain relative permeability and capillary pressure. Li
et al.”® performed spontaneous imbibition simulation with the
OEO boundary condition. They derived a mathematical model
without considering the gravity effect. Then the brine/air
capillary pressure and relative permeability were obtained by
matching the model with experiments. Schmid et al.”” derived a
set of semianalytical solutions for one-dimensional imbibition.
In order to derive the analytical solutions, the water front
position was obtained experimentally as a function of the square
root of time. Alyafei et al.*® and Schmid et al.*" derived a closed
form of analytical solutions for spontaneous imbibition based on
the fractional flow theory. Mathematical models are important in
order to understand the mechanisms of spontaneous imbibition.
Haugen et al."* proposed models to scale relative permeability
and capillary pressure for imbibition of cores with TEC and
OEO boundary conditions. Alyafei and Blunt'' conducted one-
dimensional water cocurrent imbibition on sandstones and
obtained the relative permeability and capillary pressure. While
there have been various models focusing on linear imbibition,
there are very few research studies about modeling imbibition
with complex boundary conditions such as TEC and AFO.
Besides, the gravity effects on spontaneous imbibition have not
been well studied.

Recently, low-field nuclear magnetic resonance (NMR)
techniques have been introduced to analyze the spontaneous
imbibition to observe fluid distribution and core petrophysical
properties. NMR transverse relaxation time (T,) of the saturated
cores can be converted into pore size distribution, porosity, and
fluid distribution at the pore scale.'””** Liang et al.>* used
NMR T, to monitor the oil saturation changes behind the
spontaneous imbibition front. Their results indicated that the
smaller the average pore size, the more rapid the saturation
changes behind the imbibition front. Cheng et al.*" investigated
the residual oil distribution for oil/water displacement using
spontaneous imbibition combined with NMR and MRI
technologies. Their results demonstrated that oil in micropores
is preferentially expelled by water due to high capillary pressure.
Another important implication of NMR is to detect the movable
fluid distribution. Lyu et al.>® studied the movable water
distribution in tight rocks using the centrifugal method. Their
results show that the movable fluid is controlled by pore size and
the connectivity between pores. Gao and Li*® measured
movable fluid percentages for different cores and concluded
that the movable fluid percentage goes higher as the
permeability increases. NMR provides a fast and nondestructive
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technique and has become a common experimental method in
imbibition interpretation and analysis of core properties.

In this work, we experimentally and numerically explored the
spontaneous imbibition with OEO and TEC boundary
conditions. Accurate experiments of brine imbibing into air-
filled cores were carried out with continuous recording of mass
changes using a high-precision balance. The pore size
distribution and fluid distribution in cores were obtained from
the NMR method. Furthermore, new methods to determine
capillary force and relative permeability were proposed by
matching mathematical models with spontaneous imbibition
experiments with OEO and TEC boundary conditions.

2. EXPERIMENTAL PROCEDURES

2.1. Rocks and Fluids. Eight core plugs were selected to conduct
spontaneous imbibition experiments. Four Bakken cores were obtained
from the Middle Member of the Bakken Formation in North Dakota,
USA. Four Berea cores were cut from outcrops in Cleveland Quarries,
Ohio, USA. All of those core plugs were drilled perpendicular to
bedding. The mineralogical analysis using X-ray diffraction (XRD) was
conducted for the core samples and is shown in Table 1.

As indicated in Table 1, the dominant mineral of Berea cores is
quartz. However, the major minerals of the Middle Bakken samples are
quartz, dolomite, feldspar, and calcite. Middle Bakken cores are light
gray limestone. Berea cores are fine-grained, clay-cemented quartz
sandstone. Core sample preparation includes extracting cores with
toluene and ethanol and drying core samples in an oven at 105 °C. After
the cleaning and drying of core samples, routine analysis such as
measuring mass, diameter length, helium porosity, and helium
permeability was performed. The petrophysical properties of those
samples are presented in Table 2.

Table 2. Summary of the Petrophysical Properties of Core
Plugs

diameter length permeability porosity
samples (cm) (cm) (mD) (%)
Bakkenl 3.78 2.12 0.49 8.4
Bakken2 3.79 3.15 7.80 S.1
Bakken3 3.78 1.86 8.00 3.6
Bakken4 3.77 4.29 0.13 4.9
Bereal 3.94 5.08 99.8 22.1
Berea2 3.90 491 80.4 23.4
Berea3 3.95 4.55 10.7 23.1
Berea4 3.96 4.61 61.2 23.8

As shown in Table 2, Middle Bakken samples are tight rocks and have
lower porosity and permeability than Berea samples. All experiments
were conducted at ambient conditions: 23 °C and atmospheric pressure
(100 KPa). The brine solution consisted of 1 wt % NaCland 1wt % KCl
to prevent the swelling problem. The density of brine was 1.011 g/cm?,
and its viscosity was 0.896 mPa-s.”” The air density was 0.0012 g/cm®,
and its viscosity was 0.018 mPa-s.*®

2.2. Imbibition Experiments. The schematic of the experimental
apparatus is presented in Figure 2. The masses of core samples were
continuously recorded using a high-precision balance with 0.001 g

DOI: 10.1021/acs.energyfuels.9b00909
Energy Fuels 2019, 33, 5135-5146


http://dx.doi.org/10.1021/acs.energyfuels.9b00909

Energy & Fuels

==) Brine == Air

mmm Epoxy resin

]

—Beaker

Figure 2. Schematic of the experimental setup.

accuracy. Archimedes’ principle shows that the magnitude of the
buoyant force in the core plug is equal to the weight of the brine it
displaces, which is a constant. It can be verified that the increase of the
mass equals the mass of the brine that is imbibed into the core minus the
mass of the air displaced out of the core. Two sets of experiments with
different boundary conditions were carried out. In the first set, one end
open (OEO) spontaneous imbibition experiments were conducted on
core plugs Bakkenl, Bakken4, Berea3, and Berea4. In the second set,
two ends closed (TEC) imbibition experiments were performed on
cores Bakken2, Bakken3, Bereal, and Berea2. To ensure that only
countercurrent imbibition occurred, core plugs were sealed with epoxy
resin. For OEO imbibition, the bottom face and cylindrical surface were
sealed with epoxy resin. For TEC imbibition, the top and bottom faces
of cores were sealed with epoxy resin.

2.3. NMR Experiments. The nuclear magnetic resonance (NMR)
tests for cores at fully brine-saturated conditions (or preimbibition) and
after imbibition conditions were carried out. The experiments include
the following steps: (1) A ZYB-II Vacuum Saturation Device was used
to vacuum the cores for 24 h and then saturate cores with brine at 20
MPa for 7 days. Then the masses of the cores were measured. (2) Raw
NMR data of 100% brine-saturated cores were measured. (3) The cores
were dried in an oven at 105 °C. (4) Brine imbibition experiments with
different boundary conditions were performed. (5) NMR T,
distributions of Berea and Bakken samples were measured as imbibition
experiments completed. NMR measurements were carried out with
low-field (2 MHz) NMR equipment (Oxford Instruments Geospec2
Rock Core Analyzer). NMR measurements were conducted with an in-
built Oxford Instruments pre-emphasis testing EDDYCM pulse
sequence.”” The NMR measurement parameters for Bakken samples
were as follows: 150 ms waiting time, 4600 number of echoes, 200 yus
echo time, and 64 number of scans. The NMR measurement
parameters for Berea samples were as follows: 1500 ms waiting time,
66700 number of echoes, 100 us echo time, and 64 number of scans.
The laboratory temperature and magnet temperature of the NMR
spectrometer were 23 and 20 °C, respectively.

3. IMBIBITION MODELS

3.1. OEO Spontaneous Imbibition. Countercurrent
imbibition with OEO boundary conditions is a one-dimensional
flow. Although air is compressible, the experiments were
conducted at atmospheric pressure. The air is compressed at
the short initial period of spontaneous imbibition.”® The
pressure change in the air phase is negligible, with little or no
air volume change.”® Thus, incompressible flow in a
homogeneous porous media is assumed. The wetting phase
(water) conservation equation can be written as

o, 25,
==¢ ot

Ox (1)

Considering the experimental setup in this paper, gravity is
regarded as the driving force. The Darcy velocity of the wetting

phase is
kk. ( OP,
= ———— + gpw

H, Ox

v,

w

@)
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The Darcy velocity of the non-wetting phase (air) is

kk
g
g] 3)

oP,
_Bl__& 4
Ox
8
For countercurrent spontaneous imbibition, the total flow
rate of water and air is zero.*

g

v, + 1y =0 (4)
The mobilities of water and gas can be expressed as 4,, = k,,,/
Hy and Ag = kyo/p,, respectively.
Combining eqs 2—4, the water velocity is rewritten as

kA, Ag [apC ( ) ]
= —\|— + —
S alax T TR )
Substituting eq S into eq 1 yields
0| kg op kA A 0s,,
|, — g =
ox /‘Lw + lg 0x j‘w + /Ig § ot (6)

The capillary pressure is P_ = P, — P,, and a function of water
saturation.
Equation 6 can be rewritten as
0 os,,

—|p,—¥
Oox Oox

oS
+ G, (p — —p—
el = PJ8| =~ -

Dy, and G, denote nonlinear coeflicients due to the capillary
pressure and gravity.

kA, dP
D, = s
Ay + 4, dS, (8)
_ kxlw/lg
Ay, + lg 9)

Equation 7 is the governing equation of OEO countercurrent
spontaneous imbibition. If the gravity is negligible, eq 7 is
simplified as

oS oS

i DSW_W — _¢_W

Ox Ox ot (10)
The boundary conditions are given as

Su(x=10,1) =S, s (11)
os,,

w =0

0x x=L (12)
The initial condition is expressed as

Su(x,t=0) =S, (13)

where S, ., is the maximum water saturation, S,; is the initial
water saturation, and L is the length of the core plug.

Both numerical and analytical methods are capable of
obtaining the solutions of eq 10 bz matching model results
with the specific experiments.'”*®*® However, there is no
known exact solution of nonlinear eq 7, which considers the
gravity effect. Thus, the finite difference method was used to
obtain the numerical solutions. The time steps and grid spacing
need to be small in order to minimize the error. In this paper, a
time step of 2 s and a grid spacing of 0.1 mm were used to
accurately capture the water imbibing into cores.
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Figure 3. NMR T, and pore size distribution for Middle Bakken and Berea cores: (a—d) Middle Bakken samples; (e—h) Berea samples.

3.2. TEC Spontaneous Imbibition. Considering the
experimental setup in this paper, the TEC countercurrent
imbibition is a horizontal radial flow. The water conservation

ka2 oP.

v, = ———
Ay + 4y Or

equation is expressed as
10 0
——(rv) = ——(¢S
~ S () = -S(45.)

Water-phase Darcy velocity is
_ kk,, 0P,

7 =
u, Or

w

Gas-phase (air) Darcy velocity is
H, or

Y

Combining eqs 15 and 16 and eq 4, the water velocity is

rewritten as

Substituting eq 17 into eq 14 yields
0S
L2(m, 2]

ror or
D, is a nonlinear coeflicient shown in eq 8.
The boundary conditions are shown as

05,
(14) 0

(15) Sw(r = To t) = Sw,max

(16) The initial condition is written as
Sw(r’ t= 0) = Swi
where r, is the radius of the core plug.
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(17)

(18)

(19)

(20)

(21)
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Figure 4. Pore size distribution of samples. (a) Middle Bakken samples from nitrogen adsorption; (b) Berea samples from mercury intrusion by

Cardoso and Balaban.*’

Equation 18 is the governing equation of TEC countercurrent
spontaneous imbibition. The finite difference method was used
to obtain the numerical solutions. In order to capture the
significant water saturation change at the imbibition front, it is
necessary to define smaller grids at the core plug center. One
method is to use nonuniform grids in that grid spacing increases
exponentially and transforms cylindrical coordinates into
Cartesian coordinates. In this paper, the space size is 0.1 mm
in Cartesian coordinates, and the time step is 2 s.

3.3. Capillary Pressure and Relative Permeability. In
this paper, a power law was used for the relative permeability
curve. Other models such as Brooks—Corey and van Genuchten
models could also be used.*”*' However, the power law is a
simple and most commonly used model in the modeling of
spontaneous imbibition.””° The power law could be written as

N,
S, — S,
krw = W, max = -
1 =8, -8 (22)
Ni
1-8,—-S,] ®
ke, = —
rg rgmax| S —§
'wi gr (y23)
where k,, is the water relative permeability, k., ... is the

maximum water relative permeability, S,, is the water saturation,
S is the initial water saturation, S, is the residual gas saturation,
N, is the water relative permeability exponent, k,, is the gas

relative permeability, k.. is the maximum gas relative

permeability, and N;_is the gas relative permeability exponent.

A power law can be used to express the capillary pressure as
shown in the following form®'

Np,

©

Sw - Swi
Pc = Pc,entry 1

- Swi - Sgr (24)
where P, is the entry capillary, S,, is the water saturation, S,
is the initial water saturation, S 1s the residual gas saturation,
and Njp_is the capillary pressure exponent.

This power law has an intrinsic flaw for the numerical method.
At the imbibition front, S, goes to S,; and the capillary pressure
goes to infinity. The power law does not make physical sense,
and dP./dS, in eq 8 does not exist. Thus, we assume an
exponential form for capillary pressure
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= e | —————
c ¢, max Xp 1 — Swi _ Sgr

(25)

where P, is the maximum capillary pressure, S, is the water
saturation, S,; is the initial water saturation, S is the residual gas
saturation, and /3 is a capillary pressure exponent.

The water saturation can be obtained by solving eqs 7, 10, and
18 numerically. The imbibed water volume can be calculated by
integrating water saturation within the core. We adjusted the
N, k Niy Pemaw and f to match

between the numerical solutions and experimental results.

parameters ki, ;. g maw

4. RESULTS AND DISCUSSION

4.1.NMR Pore Size and Fluid Distribution. An important
application of NMR T, analysis is to transform NMR T, into
pore size distribution (PSD). NMR T, responses can be
converted to pore sizes using the following equation**~*

1 p(i) _
’1}. V pore R

where p is the surface relaxivity, S/V is the ratio of pore surface
area to pore volume, and R is the pore radius. cis 1, 2, and 3 for
planar, cylindrical, and spherical pores, respectively. In this
paper, pores are assumed to be cylindrical, and thus, ¢ is 2.
Equation 26 shows that the smaller the pore, the shorter the
NMR relaxation time.

The pore size and T, distributions for Middle Bakken and
Berea cores are presented in Figure 3. Two common features can
be seen from the T, distribution. First, the signal of NMR T,
shows a unimodal pattern. Second, the NMR T, signal after
brine imbibition is much lower than when the core is fully brine-
saturated.

In order to calculate NMR pore size distribution, the surface
relaxivity should be calculated by comparing NMR T,
distribution with PSD obtained from nitrogen adsorption or
mercury intrusion. The peak of PSD measured from mercury
intrusion is approximately proportional to the peak of T,
distribution measured from NMR.** The equation is expressed
as

(26)

Rpeak = pCTZ,peak (27)
where R, is the peak of PSD from mercury intrusion or
nitrogen adsorption and T, is the peak of NMR T,
distribution.
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Figure S. Recovery factors of OEO spontaneous imbibition as a function of </f: (a) Bakkenl; (b) Bakken4; (c) Berea3; (d) Berea4.

Table 3. Parameters for Imbibition History Matching and Linear Fitting

samples § k N, k

wymax rw,max - rgmax
Bakkenl 0.79 0.80 4 1
Bakken4 0.80 0.40 8 1
Berea3 0.45 0.70 6 1
Berea4 0.47 0.68 8 1
Bakken2 0.84 0.80 2 1
Bakken3 0.78 0.40 8 1
Bereal 0.47 0.70 2 1
Berea2 0.47 0.67 2 1

Ni, P, nax (KPa) B C (s%) R’
5 338 8.0 0.0081 0.989
5 460 2.5 0.0038 0.991
4 10 2.1 0.0032 0.994
4 14 43 0.0046 0.996
5 120 2.0 0.0131 0.895
s 370 24 0.0121 0.955
4 20.5 2.0 0.0197 0.960
4 19.5 2.0 0.0175 0.962

Nitrogen gas adsorption is able to detect micro- (<2 nm) to
mesopores (2—50 nm), while mercury intrusion is capable of
characterizing meso- to macropores (>50 nm).45’46 The PSD of
Berea outcrop samples is shown in Figure 4b reported by
Cardoso and Balaban.*’ R, of the pore diameter distribution is
18 um. The surface relaxivity of Berea samples calculated from
eq 27 is 23.7 um/s. However, the Middle Bakken is tight
formation, and most of its pores are mesopores. Nitrogen
adsorption is a common method to analyze tight formation
PSD.*7%° The PSD obtained from the nitrogen adsorption
method can be used to calculate NMR surface relaxivity of tight
rocks.*”*! The PSDs of Bakken samples were measured using
the nitrogen adsorption method (Figure 4a). Bakkenl and
Bakken2 were obtained from the same depth and, Bakken3 and
Bakken4 were obtained from another depth. The surface
relaxivities of Bakken samples were calculated by matching
R,k from N, adsorption with T, . from NMR. The surface
relaxivity is 3.4 ym/s for Bakken3 and Bakken4. The surface
relaxivity is 1.8 um/s for Bakken1l and Bakken2. After the surface
relaxivities were obtained, NMR transformed pore size was
calculated using eq 27. Surface relaxivities of Berea and Middle
Bakken cores are strikingly different. This significant difference
can be attributed to NMR measurement parameters. NMR
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settings such as spectrometer frequency, waiting time, and
temperature have significant impacts on surface relaxivity.’>*>
The surface relaxivity differences between Middle Bakken
samples are due to their mineralogical composition. The types
and contents of paramagnetic minerals such as Fe-bearing
chlorite, pyrite, and siderite have impacts on surface relaxivity.”*
Samples Bakken3 and Bakken4 have larger surface relaxivities
than Bakkenl and Bakken2 due to their high contents of
paramagnetic minerals, namely, chlorite and pyrite, as shown in
Table 1.

As presented in Figure 3, NMR pore diameters of Bakken
cores range from 0.3 to 200 nm. Bakken samples are dominated
by mesopores with only a small percentage of micropores and
macropores. In addition, the pore diameter differences between
Bakken samples are small. Those results are close to the Middle
Bakken PSD from the mercury injection method by using
unimodal PSD.>* However, PSDs from transformed NMR show
that Bakken samples exhibit a common feature in that a small
content of water is present in fractures with width ranging from
0.6 to 2 um. This is because the Middle Bakken formation is
naturally fractured. The nitrogen adsorption method is probably
not capable of detecting those fractures because the samples
used for nitrogen adsorption were crushed into 60—100 mesh
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fragments. The crushing process probably destroyed the large
fractures. For Bakken samples, NMR T, after imbibition
indicates that water is capable of entering into the pores (1—
200 nm) and fractures (0.6—2 um). Both Bakken and Berea
samples show a common feature in that PSD curves are
unimodal. The main difference is that Berea cores are dominated
by macropores with diameters ranging from 0.1—60 ym, which
are much larger than the pores sizes of Bakken samples.

4.2. OEO Imbibition. The OEO imbibition is a linear
imbibition. Considering the experimental setup, the gravity was
considered in the mathematical model (eq 7). The recovery
factor F can be calculated from the following equation

m

F=—"
(b, — )V,

(28)

where m is the mass change of the core, p,, is brine density, p, is
air density, and V/, is pore volume

Experimental results, numerical solutions, and linear fittings
are shown in Figure 5. By adjusting relative permeability and
capillary pressure, the numerical model results were matched
with the experimental data using the approaching method. The
parameters for history matching, the slopes (C) and correlation
coefficients (R?) of linear fitting are presented in Table 3.
Experimental results of all samples show a similar pattern. In all
OEO experiments, imbibition curves have two stages: (1) At the
early stage, the recovery factor increases rapidly and shows a
linear relationship with the square root of time. However,
samples Bakkenl and Bakken2 show a delay effect compared
with numerical solutions; this phenomenon was possibly caused
by the resistance of Bakken samples’ oil—wet surface to
wettability alteration by brine. (2) At the late stage, the recovery
factor shows a sharp inflection point and quickly reaches the
maximum value because the imbibition front reaches the bottom
end of the core plug. The linear fitting of the recovery factor of
OEO imbibition indicates a good linear relationship between the
recovery factor and /.

The ultimate recovery factors of Berea3 and Berea4 are 0.45
and 0.47, respectively (Figure 5). However, recovery factors of
Bakken1 and Bakken4 are much higher, which are 0.79 and 0.8,
respectively. Two factors may cause higher recovery factors in
Bakken samples. First, the Middle Bakken formation is tight and
naturally fractured.*° Pore structures of the Bakken samples are
dominated by extremely small mesopores (Figure 3). The
wetting phase is easy to be imbibed into smaller pores than into
larger pores due to high capillary pressure.*® This phenomenon
can be seen from an interacting capillary model presented by
Dong et al.>” in that the wetting phase was imbibed into the
smallest capillaries first and later into capillaries with increasing
diameters. Based on this model, we presented a schematic
diagram of countercurrent spontaneous imbibition with
interacting capillaries as shown in Figure 6. The left end is the

Closed boundary

Figure 6. Schematic of interacting capillary bundle for countercurrent
imbibition.
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inlet, and the right end is the no flow boundary. Due to the
capillary difference between large and small capillaries, the
wetting phase imbibes into smaller capillaries and the non-
wetting phase flows out of the larger capillaries. A large quantity
of mesopores may cause high recovery factors of the Middle
Bakken samples. Second, the non-wetting phase is much easier
to be trapped in larger pores. Immiscible displacement
experiments of a string of pore doublets conducted by Chatzis
and Dullien®® showed that the entrapment of the non-wetting
phase is easy to occur in large pores, especially the bulge
sandwiched between the two neck pores. This phenomenon can
be explained by spreading and instability of bulk films ahead of
the interface. This typical mechanism of non-wetting phase
entrapment is presented in Figure 7. The flow in smaller pores is

Film

3 Trapping

Figure 7. Illustration of trapping of non-wetting phase.

faster than the flow in larger pores. The non-wetting phase is
much easier to be trapped in bulge than in smaller pores. Thus, a
large quantity of large macropores in Berea samples (Figure 3)
may cause low recovery factors of Berea cores.

Both the capillary and relative permeabilities can be obtained
by matching mathematical models with experimental results.
Considering the experimental setup, the mathematical model
used is eq 7, which considers the gravity effect and is more
accurate than the model in eq 10. The parameters k N,

kigmaw Ni, and P ., were obtained from the matching and are

TW,max/

shown in Table 3. The capillary pressure and relative
permeability curves are shown in Figures 8 and 9. The obtained
maximal capillary pressures of Bakkenl and Bakken4 are
approximately 335 and 460 KPa, respectively. Song and
Yang’ indicated that the maximal gas—liquid capillary pressure
of tight Bakken formation is approximately 240—350 KPa, which
is consistent with our results, whereas the maximal capillary
pressure of Berea samples is much lower at about 10—14 KPa.
This is similar to the result of Li et al.,”® which shows that the
maximum capillary pressure of air—liquid for Berea cores is
around 8 KPa.

4.3. Effect of Gravity on OEO Imbibition. The driving
force of spontaneous imbibition is dominated by capillary forces.
Gravity is usually neglected for spontaneous imbibition
modeling.'"*® In fact, gravity may impact the imbibition process
and is one of the major concerns in the study of spontaneous
imbibition."*" In the experimental setup, brine can be vertically
imbibed into cores through the top face. In such a case, gravity
force contributes to the acceleration of the spontaneous
imbibition process.

The recovery factor profiles of experiments and models
considering and neglecting gravity are shown in Figure 10. In
order to study the recovery in the absence of gravity, the cores
were assumed to have the same capillary pressure and relative
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Figure 9. Relative permeability curves of cores for OEO imbibition: (a) Bakkenl; (b) Bakken4; (c) Berea3; (d) Berea4.

permeability obtained from the history matching (Figures 8 and
9). For samples Bakkenl and Bakken4, recovery performances
of the model with gravity are consistent with those of neglecting
gravity. However, the recovery curves of samples Berea3 and
Berea4 show a large deviation as the gravity is neglected. The
deviation is small at the early stage and increases with time. The
neglect of gravity force would cause underestimation of both
recovery rate and ultimate recovery factor. As can be seen from
Figure 10d, recovery of Berea4 reaches the equilibrium point at a
time of 15000 s for the case of neglecting gravity force. However,
the recovery of the case with the gravity force effect reaches the
equilibrium point at a time of approximately 10000 s. In
addition, the ultimate recovery factor in the absence of gravity is
about 0.4, which is lower than the experimental recovery factor
of 0.48. Those results confirm that the spontaneous imbibition
of Berea cores is a capillary—gravity-dominated process.
However, the imbibition processes of Bakken samples are
dominated by capillary force. The capillary force of Bakken
samples is much higher than that of Berea samples (Figure 8). By
comparing capillary pressure and permeability data, it can be
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further concluded that spontaneous imbibitions in tight rocks
are dominated by the capillary force. However, spontaneous
imbibitions in high-permeability rocks are controlled both by
capillary force and gravity force. The gravity effect must be
considered in the analysis of imbibition in high-permeability
rocks.

4.4. TEC Imbibition. For TEC imbibition, the top and
bottom faces of the Bakken2, Bakken3, Bereal, and Berea2 were
sealed with epoxy resin. Thus, the TEC imbibition experiments
for those cores are radial flow. Even though there have been
many experimental studies on the TEC imbibition,'”'*?" there
are very few numerical studies focusing on this radial imbibition.

Experimental imbibition results, numerical solutions, and
linear fittings for TEC imbibition are presented in Figure 11. At
the early stage, the recovery factor increases rapidly and shows a
linear relationship with\/f. In the late stage, the recovery factor
gradually reaches a plateau. The capillary pressure and relative
permeability of Middle Bakken and Berea cores are presented in
Figures 8 and 12, respectively. The Young—Laplace equation
indicates that capillary pressure is proportional to the reciprocal
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Figure 11. Recovery factors of cores for TEC imbibition as a function of /t: (a) Bakkenl; (b) Bakken3; (c) Bereal; (d) Berea2.

of pore radius. The capillary pressures of Bakken samples are
much higher than those of Berea samples. This is because the
Bakken samples are tight rocks and the pore diameters are
smaller than those of Berea samples (Figure 3). The parameters
of numerical solutions and linear fitting are shown in Table 3. It
is observed that correlation coeflicients of TEC imbibition are
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lower than those of OEC imbibition. In addition, experimental
and numerical results indicate that the TEC imbibition has a
poor relationship with +/t at its late stage. Since diameters of
Bakken and Berea samples are approximately the same, the
slopes of linear fitting (Table 3) generally represent the
imbibition rate. The slopes of Berea samples are higher than
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Figure 12. Relative permeability curves of cores for TEC imbibition: (a) Bakken2; (b) Bakken3; (c) Bereal; (d) Berea2.

those of Middle Bakken samples. Even though the capillary
pressures of Berea samples are much lower than those of Bakken
samples, imbibition rates of Berea samples are higher than those
of Middle Bakken samples. Berea samples reach the peak
recovery factor at 900 s, while the Bakken samples reach the peak
at around 5000 s. This is because the permeabilities of the Berea
cores are higher than those of Bakken samples. The imbibition
rate is mainly dominated by the permeability rather than
capillary pressure.

5. CONCLUSIONS

In this study, spontaneous imbibition experiments with OEO
and TEC boundary conditions were performed on Bakken and
Berea rocks and were analyzed by NMR. Mathematical models
for those imbibition experiments were presented. New methods
to obtain capillary pressure and relative permeability were
proposed by matching mathematical models with imbibition
experiments with different boundary conditions. Based on this
study, the following conclusions were drawn:

(1) NMR pore size distributions show that Bakken rocks have
a large percentage of mesopores and a small amount of
micropores, macropores, and fractures. Pore diameters
range from 0.3 to 200 nm. Widths of the fractures range
from 0.6 to 2 ym. However, Berea rocks are dominated by
macropores with diameters ranging from 0.07 to 70 ym.

(2) The recovery factor of OEQ imbibition exhibits a linear

relationship with «/t. However, the recovery factor of

TEC imbibition shows a good relationship with v/ at its

initial stage and a poor linear relationship with«/f at its late

stage.

For OEO and TEC spontaneous imbibition, the

imbibition models are consistent with the experiments.

The capillary and relative permeabilities were obtained

from the matching. Recovery factors and capillary

()
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pressures of Bakken rocks are much higher than those
of Berea rocks.

(4) Gravity has insignificant effects on the recoveries of tight
rocks. However, it has significant impacts on the
recoveries of high-permeability rocks.
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