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Here we provide a comprehensive study of the fundamental physics both numerically and analytically, of
the combined influence of heterogeneity, viscous forces, gravity, and capillarity on multiphase flow of
CO,, and brine. Specifically, steady-state 3D coreflood displacements in heterogeneous cores over a range
of relevant conditions are simulated to study the impact of sub-core heterogeneity on CO,/brine displace-
ments over a wide range of flowrates. Various degrees of heterogeneity are generated based on the
normal random distribution as well as for real models of cores based on 3D X-Ray tomography. A 2D

ﬁ‘z :}r(:)rdes;leit semi-analytical model considering gravity and permeability heterogeneity is developed for predicting
Capillagity v brine displacement efficiency over a wide range of capillary numbers that provides good agreement with

Immiscible flow the simulated 3D results. The analytical derivation is general and the provided solution can estimate the

CO, sequestration

flow regimes for horizontal core floods efficiently.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Rock heterogeneity is ubiquitous in geological formation and
exists at every scale: pore-scale (~pm), grain scale (~mm), core-
scale (~0.1 to 10 cm), and field-scale (~10 cm and larger). These
different scales of heterogeneity result in complexity when solving
multiphase flow problems. For example, a typical experimental
CO, saturation distribution inside a Berea Sandstone rock sample
is shown in Fig. 1. This saturation distribution was measured while
a mixture of CO, (95%) and brine (5%) were injected into the core
and after the saturation distribution was no longer changing [27].
It is shown that the sub-core scale heterogeneity can affect the
saturation significantly. One interesting and important feature of
the experiment is that capillary barrier results in a large portion
of the core near the outlet end that is almost completely bypassed
by the CO,, which indicates capillary barriers within the rock can
affect flow behavior significantly. If the orientation of a capillary
barrier is perpendicular to the flow direction, the non-wetting
phase fluid in a water-wet system may be trapped inside high per-
meability zones surrounded by low permeability ones [9,11,29]. It
has also been suggested that capillary heterogeneity provides a
new trapping mechanism in carbon sequestration [35] in addition
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to structural trapping, residual trapping, dissolution trapping and
mineral trapping. Therefore, in this work, we are focused on under-
standing the influence of spatial heterogeneity at the sub-core
scale (~1 mm?) on multiphase flow of CO, and brine.

The effect of capillary heterogeneity on immiscible flow in por-
ous medium has been studied extensively in oil/water and oil/gas
systems [5,6,24,33,39,41].In addition, capillary heterogeneity is also
known to be an important parameter affecting multiphase flow of
CO, and brine, affecting properties such as saturation profile, capil-
lary pressure and relative permeability [4,16,17,20,28,30,36].

The analytical study of the capillary heterogeneity has been
very limited due to the complexity it introduces to the multiphase
flow problem. Most analytical studies of capillary heterogeneity
are limited to 1D or 2D analyses (e.g. [6,7,8,12,37,39]). The major
conclusion from the 1D studies is that capillary heterogeneity leads
to variable saturation distributions. In general, for very low flow
rates, the saturation distribution mimics the heterogeneity varia-
tion. For higher flow rates the situation is more complex: viscous
forces compete with capillary forces to control the saturation dis-
tribution at the interfaces between different regions in the rock.

Yortsos and Chang [39] studied the one-dimensional
steady-state saturation response to different heterogeneity both
analytically and numerically. Permeability variations are used to
describe the heterogeneity of the core, the Leverett scaling
relationship is used to characterize capillary heterogeneity, and
relative permeability is assumed to be uniform. The 1D analytical
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Nomenclature

A cross section area of the core [m?]

Ciq fitting parameter of analytical solutions for homoge-
neous cores

Ca traditional capillary number, ugu;/o

H height of the core [m]

] Leverett’s ] function

L length of the core [m]

M mobility ratio, Ay/Ag

Ng Bond number, ApgH/p;

Ney inverse capillary number, kgLp; JH? Ugllt

Ng, gravity number, Apgkesl[Hpigu;

R aspect ratio, L/H

S average saturation

SG steady-state CO, saturation

a/b functions depending on water or CO, saturation

di122 fitting parameters of analytical solutions for homoge-
neous cores

f fractional flow, 1/(1 + M)

g acceleration [m/s?]

hq total degree of saturation heterogeneity, Eq. (12b)

k average permeability [md]

k. relative permeability

n functional exponent of CO, relative permeability

p pressure [Pa]

Di characteristic capillary pressure [Pa]

t time

u Darcy velocity [N/m]

x|z x- and z-coordinates

Greeks

o proportional factor of second critical gravity number,
12.79737

P12 the degrees of heterogeneity in the x- and z-directions,
respectively, Eq. (A-37)

& fitting parameter of analytical solutions for heteroge-
neous cores

1.2 J-function fitting parameter

) relative mobility, k./u

u viscosity [cp]

@ porosity

AP pressure difference between the average inlet and the
outlet slice values

Ap density difference between CO, and brine [kg/m’]

g CO,-brine interfacial tension [N/m] or standard devia-
tion

0 contact angle, 0°

T total degree of permeability heterogeneity in the porous
medium

%) fitting parameter of analytical solutions for heteroge-

neous cores

Subscripts

c capillary

cl/c2 critical number of transition 1/transition 2
g gas (displacing fluid)
j phase

t total

w water (displaced fluid)
wr residual

BL Buckley-Leverett

CO, CO; (displacing fluid)
D dimensionless

model is accurate for large capillary numbers (a\/k*(p/L,qu[). In

addition, they also study the effect of permeability heterogeneity
on viscous dominated Buckley-Leverett type displacements [6]
based on asimilar 1D analysis. Three permeability distribution mod-
els are studied: random step, sinusoidal, and correlated models.
They conclude that the effect of capillary heterogeneity on the
saturation profile of a Buckley-Leverett displacement (relatively
high flow rates, small capillary number N,) is non-negligible once
the amplitude of permeability variation is high enough and the spa-
tial correlation is small.

Studying the influence of capillary heterogeneity effect in two-
dimensions analytically is even more complex. Simple layered
heterogeneous porous media considering anisotropic perme-
ability has been investigated [41,45]. Both of these works study
incompressible flow in an anisotropic system, and identify flow

«— . A f <— 95% CO,
- 5% Brine
Average SCO,

| [ [ .
SG:0 0.5 1

Fig. 1. The experimental steady state three-dimensional views of CO, saturation in
the core for a given fractional flow of CO, at a given flow rate. The fluids were
injected from right to left [27].

regions dominated by different forces in the vertical direction.
Zhou et al. [45] simplified the corresponding equations in differ-
ent flow regimes and conditions based on dimensionless groups.
However, its application is limited to miscible displacements and
immiscible displacements without gravity effects. Yortsos [41]
takes another approach to identify these flow regimes by using
asymptotic analysis. Although both of these models are include
gravity and capillarity, they only characterize different flow
regions without solving the simplified equations and only trans-
port in the transverse direction is considered. Existing studies
either solve the mass conservation equation by assuming the flow
regime is dominated by a certain force, or generalize the mass
conservation equation without providing the explicit form of
solutions [10].

Dimensional analysis has been shown to be very useful to ana-
lyze the multiphase flow in porous medium [14,19,34,38]. In a
recent study [21], the combined effect of viscous, gravitational,
and capillary forces at the core-scale has been studied numerically
and analytically for homogeneous cores. The major points can be
seen in Fig. 2, where a series of calculated average CO, saturations
for three different permeability cores are plotted as a function of
gravity number Ng, and Bond number Ng. Gravity number Ng, mea-
sures the balance between gravity and viscous forces while Bond
number Np is a ratio of gravity to capillary force. Typically, the
Bond number is based on microscale quantities: B= Apgk/c. Here
we use a modified version, which is roughly equal to the Bond

number multiplied by the length scale ratio H/vk, namely
Ng ~ BH/Vk.
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Fig. 2. Average CO, saturation as a function of gravity number N,, for the
homogeneous cores with three different values of effective permeability (k = 4300,
430, and 43 md) and their corresponding Bond numbers (N = 0.2, 0.06, 0.02) (from
[21]. The interfacial tension ¢ is kept as a constant, 22.47 mN/m.

Through these dimensionless numbers we can compare the
relative magnitude between the three physical forces. Fig. 2 illus-
trates that the flow regimes dominated by a certain physical force
can be identified by introducing two transition points Ny, and
Ngv,c2. For gravity numbers smaller than the first critical number
Ngy,c1 multiphase flow behavior is dominated by the viscous force,
and the average CO, saturation Sp; can be estimated based on the
Buckley and Leverett [1] without considering gravity and capil-
larity. On the other hand, for gravity number larger than the sec-
ond critical number Ng, ., (e.g. where flow rates are very low),
the flow regime is dominated by capillary forces. The impact of
gravity is significant between the two transition points. A 2D ana-
lytical solution was developed to predict the average saturation in
homogeneous cores during steady state core flood experiments
over a wide range of relevant conditions. The analytical predictions
show excellent agreement with 3-D numerical simulations of core
floods affected by viscous, gravity and capillary forces.

In this work, 3-D numerical simulations and 2-D theoretical ana-
lysis of heterogeneous rocks are performed to study the issues
described above. First, we perform 3D high resolution simulations
to match the experimental data qualitatively and quantitatively.
Second, we do sensitivity studies including a wide range of rock
types with different types of heterogeneity to investigate the poten-
tial effects on the CO,/brine multiphase flow system. Based on what
was learned from a series of numerical experiments, a two-dimen-
sional theoretical model incorporating gravity, capillary pressure,
and sub-core heterogeneity is then developed to predict the average
saturation of a core as a function of all these variables. The theoreti-
cal model flows the same approach as Kuo and Benson [21].

Table 1 compares the similarity and the difference between the-
se two different approaches. In summary, this comprehensive
study presents numerical and theoretical research efforts that pro-
vide new understanding of CO, migration in heterogeneous
reservoirs.

2. Methodology

A detailed description of the methodology for numerical
simulations performed in this study can be found in Kuo and

Table 1

Table 2
Simulation summary.

Temperature Fluid properties Core Simulation grid
and pressure geometry data

Tres = 50 °C Hco, =0.046 cp L=14.73 cm 25 x 25 x 31 grids
Pres = 12.4 MPa Hw=0.558 cp H=4.69 cm Total 19375 grids

Pco, = 608 kg/m?
pw=1005 kg/m>

5.08 mm grid length
1.874 mm grid width

Benson [21] and Kuo et al. [20]. Here we briefly highlight some
important features. First, TOUGH2-MP/ECO2N [31,32,43,44] is
used for the numerical simulations. Grid refinement studies were
carried to ensure that grid resolution was sufficiently small to
avoid numerical artifacts. In addition, to avoid numerical artifacts
caused by the time-step size, the initial time step is chosen to have
a small CFL number (u,At/Ax < 1) for every flow rate, for example,
0.04-0.3. For subsequent time steps, it is automatically adjusted by
TOUGHS2 to higher or lower values during a simulation run depen-
dent on the convergence rate. After breakthrough, the time step
size will increase up to the maximum time step size Atqx set up
at the beginning.

A comparison of simulation results between TOUGH2-MP/
ECO2N and the in-house simulator GPRS (Stanford’s General
Purpose Reservoir Simulator, [2,13,23], which has been optimized
for simulating capillary heterogeneity [23], shows nearly perfect
agreement. Note that it requires significant computational effort
to simulate highly heterogeneous cores. Although convergence
usually takes 3-4 iterations, the time step size At is reduced if
the convergence cannot be achieved after 8 iterations (default).
To achieve steady-state saturation distributions using TOUGH2-
MP/ECO2N for typical core flooding experiments in heterogeneous
rocks requires about 24-48 h on a cluster with 4-8 processors.

Second, the capillary pressure gradient between the last slice of
the core and the outlet slice is set to zero to minimize end effects,
as has been shown to provide the boundary condition that most
closely reproduces saturation distributions in the core-flood
experiments [20]. Every simulation is performed at the reservoir
condition 50 °C and 12.4 MPa, with the same initial and boundary
conditions, same fluid properties, core geometry and the same grid
sizes (Table 2). The input curves and the fitting parameters for the
capillary pressure and relative permeability implemented in all the
simulations are the same. We also focus on 95% fractional flow of
CO, and 5% brine injected simultaneously into a simulated core
at a wide range of flow rates. We select this value for comparison
to the experimental data from Perrin and Benson [28]. In addition,
this fractional flow typically occurs between the average saturation
at the “front” and the average saturation in the plume. For a given
flow rate, simulations of co-injection of CO, and brine are run until
the pressure drop and core-averaged saturation stabilize. The
externally applied pressure difference is across the horizontal
direction (scale L), while H refers to the lateral length scale. All of
the simulations have been confirmed to run long enough (more
than at least 10 pore volumes injected) to reach steady-state.
Important output parameters include grid cell CO, saturation,
CO, pressures and capillary pressures.

Third, to provide a direct comparison to the results for homoge-
neous rocks and therefore to determine the effect of heterogeneity
on brine displacement efficiency, the only parameters changed

Comparison of the differences and similarities between the three-dimensional numerical simulations and two-dimensional theoretical derivation.

Miscible Diffusion Compressible Isotropic Gravity Capillarity Heterogeneity
3D numerical simulation NO NO YES YES YES YES YES
2D theoretical derivation NO NO NO YES YES YES YES
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Fig. 3. A typical range of capillary pressure curves in the simulations, illustrating
the mean capillary pressure curve (Pcmeqn) and the bounds in the heterogeneous
core.

between homogeneous and heterogeneous cores are rock proper-
ties of porous media such as the porosity and permeability values.
The corresponding capillary pressure curves of each grid cell P; are
then scaled by the Leverett J-function:

Pci(Sw) = g cos 9\/%](5@ (1)

We use the same modified J-function and the same fitting para-
meters of the J-function as in the previous paper [21]. The core is
assumed to be strongly water wet, hence the contact angle 6=0
is used in the simulation. Note that the entry capillary pressure
is zero in this work. Based on the Leverett scaling, constant poros-
ity and permeability values for the homogeneous cores result in a
uniform capillary pressure (Pgmeqn) assigned to each grid cell while
a unique pair of porosity and permeability values for the heteroge-
neous cores results in a range of capillary pressure curves within
the boundary between P, and P, (Fig. 3). These capillary
pressure curves are a function of core heterogeneity. A higher
degree of heterogeneity will result in a wider range of saturations
[16,20,30].

A unique capillary pressure curve assigned to each grid is need-
ed to replicate experimental core flood saturation distributions.
Table 3 shows that even when the permeability and porosity vary
within the core, a uniform capillary pressure curve across the core
leads in all cases to a uniform saturation distribution. The last col-
umn demonstrates that the heterogeneity observed in CO, distri-
bution is introduced only when assigning a unique capillary
pressure curve to each grid cell. Therefore, to replicate the kind
of spatial variations in CO, saturation observed in the experiments,
the capillary pressure characteristic curve must be different in each
grid element. The finding on Table 3, that it is capillary pressure

Table 3

heterogeneity that results in saturation heterogeneity, is important
and validates previous approaches in this area [42].

3. 3D numerical studies for the heterogeneous cores
3.1. Heterogeneous rock properties

The first part of this section will present results of 3D numerical
simulations to illustrate the influence of sub-core scale hetero-
geneities on saturation distributions. To generate different hetero-
geneity distributions, two methods are used. The first method for
assigning heterogeneity uses a constant porosity distribution
(¢ =0.202) and the four different degrees of permeability hetero-
geneity are generated based on a random log-normal distribution
with a standard deviation of .

The other type of heterogeneity distribution is generated using
a porosity-based approach, which is commonly used in the litera-
ture [16,25,26]. We have two permeability fields generated from
porosity—-permeability models (Kozeny-Carman model and High
Contrast model) based on the measured porosity values of Berea
Sandstone [28]. Kozeny-Carman model generates three-dimen-
sional permeability maps based on the Kozeny-Carman equation
[3,15], ki o @3 /(1 — ¢;)>, where o; is a pixel value in the porosity
map, and k; is the corresponding calculated permeability value.
To increase the contrast in permeability and hence increase the
degree of heterogeneity, an alternative empirical rock property
model (called High Contrast model) is created as follows:
k; o< exp (64¢} — 6). Both methods are implemented with isotropic
permeability (k. =k, = k,) for every grid cell and the mean perme-
ability ranges from about 250 to 430 md. The standard deviations
and their permeability distributions are listed in Table 4.

Although the permeability is assigned randomly, there is some
degree of anisotropy apparent for the Random 3 and Random 4
cores due to the rectangular shape of the grid cells. Since all the
grid size used in the simulation is 5.08 x 1.87 x 1.87 mm, it results
in some spatial correlation of properties in the flow direction. The
effective permeability is not strictly isotropic even though we
assign ky = ky, = k, for every grid cell. However, the effect of aniso-
tropy caused by the shape of grids would not affect our results sig-
nificantly; hence “Random” distribution cores are used in this
work to refer these quasi-random distribution models.

The standard deviation of permeability (g;,) ranges from 0 to
2.65. Even though the statistical mean permeability is chosen to
be 430 md for most of the cases, the absolute permeability of the
core or the so-called effective permeability (k.y) for different
heterogeneous representations is different as shown in Table 4.
Effective permeability is calculated based on the single phase
Darcy’s law: injecting solely brine into a brine-saturated core at a
given flow rate and calculating pressure drop across the core after
steady-state. The effective permeability is around 430 md for the

The results of four simulations performed at the 50% fractional flow of CO, with different input parameters of the rock such as porosity, permeability and capillary pressure
curves. The functions and fitting parameters of relative permeability curves are the same. The flow rate is at the viscous-dominated regime.

Porosity ¢

Permeability k

Capillary pressure P.
Saturation distribution/average saturation Sco,

[

Uniform, Qpean

[

Uniform, Kpean
Uniform, P¢mean

[
[

24.38%

— - — - — -
Measured, ¢; Measured, ¢; Measured, @;
Uniform, Kpyean K-C Model, k; K-C Model, k;
Uniform, P¢mean Uniform, P¢mean

24.38%

24.26%

Various, P.;
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Table 4
Summary of all the 3D permeability distributions used for this study. Random 1-4 cases and the two porosity-based permeability fields.
Permeability realizations Porosity ¢ Effective Standard Heterogeneous
permeability kg (md) deviation o, (md) factor ayu/In (kegy)

Homogeneous 0.202 430 0 0
Random 1 0.202 432 0.0236 0.0039
Random 2 0.202 430 0.2540 0.0419
Berea (Kozeny-Carman) k; < 2 /(1 — ¢;)? Various 430 0.2757 0.0455
Berea (High Contrast) k; oc exp (64¢} — 6) Various 318 0.9602 0.1666
Random 3 0.202 366 1.3679 0.2317
Random 4 0.202 254 2.6542 0.4793

PERM. 1E43 243 A3 4EA3 SEA3 BEA3 TEA3 EEA3

cores with a small degree of heterogeneity. Moreover, the degree of
heterogeneity is represented by the dimensionless parameter o,/
In(keg). A relatively homogeneous medium has a small gn/In(keg)
and its permeability variation approaches to zero, while a highly
heterogeneous porous medium can have large values of o/
In(keg). In this study, ojk/In(keg) ranges from about 0 to 0.5.

Fig. 4 illustrates both the slice-average permeability and the
corresponding steady-state average saturation (at the 6 ml/min
total injection rate where the conventional capillary number
Ca = ufic, /0 is about 1077) along the flow direction for four ran-
dom distributions. Random 1 (G uk/Inkeg = 0.004) has the most uni-
form permeability profile while the Random 4 (& u/Inkeg=0.48)
has the widest range of slice averaged permeability values along
the length of the core. It is observed that large variations over small
length scales result in a relatively large variation in the saturation
profile, similar to published results for 1D systems [5,39]. It is also
consistent with the experimental results showing that relatively

4.9€-13

Permeability Profile
4.7€-13

4.5€-13
EI —e—Random1
4.3E-13
:E: ~#-Random2
41613 —+—Random3
’ —&—Random4

3.9€-13

3.7E-13

0.2 03 0.4 0.5

XD

0.6 0.7

0.8

09 1

homogeneous cores result in the smoothly varying saturation pro-
files, while the saturation distributions of very heterogeneous
cores are variable [18]. Importantly, these graphs also show that
for randomly distributed heterogeneity (and the same fractional
flow), the larger the degree of heterogeneity, the lower average
CO, saturation in the core.

Similarly, Fig. 5 illustrates the slice-averaged porosity profile
and its two corresponding permeability profiles as well as the cor-
responding saturation profiles made at the small inverse capillary
numbers (within the viscous dominated regime). The porosity of
Berea Sandstone varies within a small range. For the small degree
of heterogeneity (Kozeny-Carman permeability model, & ni/In ke -
~ 0.05), the results are nearly indistinguishable from the homoge-
neous case. For the model with a higher degree of heterogeneity
(High Contrast model, o /Ink.gs=0.167), the slice-average satura-
tion varies significantly along the length of the core and the aver-
age saturation is lower. These results are qualitatively consistent
with the results from the random distribution.

Saturation Profile (95% fCO2)

e ey T o e

—+—Randoml

—#-Random2
0.2

0.34

0.32

0.30

0.28

0.26 —+—Random3

0.24 ~@—Random4

0.22

03 0.4 0.5

XD

0.6 0.7 0.8 0.9 1

Fig. 4. Random Permeability Distribution: Four different random permeability profiles and the corresponding average CO, saturations in the viscous-dominated regime.
xp = x/[L is the dimensionless coordinates in the x direction. xp = 0 is the inlet end of the core while xp =1 is the outlet end.
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Fig. 5. (LHS) Porosity-based Permeability Distribution: Average porosity and two permeabilities (RHS) average CO, saturation along the flow direction for three different
heterogeneous cores (homogeneous model, Kozeny-Carman model, and High Contrast model).

Table 5
Summary of sensitivity studies for High Contrast and Random 3 models.

g, ml/min o, mN/m k = ke, md Ng
High Contrast models
Base case (0, k) 0.005-24 2247 318 0.0523
Sensitivity 1 (30, k) 0.1-18 67.41 318 0.0174
Sensitivity 2 (a/3, k) 0.01-6 7.49 318 0.1568
Sensitivity 3 (o, 0.1k) 0.001-6 2247 31.8 0.0165
Sensitivity 4 (g, 10k) 0.01-48 2247 3180 0.1654
Random 3 models
Base case (0, k) 0.005-18 2247 366 0.056
Sensitivity 1 (a/3, k) 0.01-3.6 7.49 366 0.168
Sensitivity 2 (o, 0.1k) 0.005-3.6 22.47 36.6 0.018
Sensitivity 3 (o, 10k) 0.05-48 22.47 3660 0.177

Comparing Figs. 4 and 5, the permeability distributions generat-
ed from the porosity values of a real rock change more smoothly
than the random distributions and have spatially correlated low
permeability features aligned sub-parallel to the axis of the core,
shown in Table 4.

3.2. Sensitivity studies

Similar to the approach used to study homogeneous cores [21],
we investigate the significance of flow rate, interfacial tension, and
core permeability on the CO,/brine flow systems for the heteroge-
neous cores. Flow rate is changed by several orders of magnitude,
from 0.005 ml/min up to 24 ml/min; interfacial tension (o) and
core permeability are again varied by two orders of magnitudes
to study a range of values. The results are for a 95% CO, - 5% brine
mixture and only the High Contrast model and Random 3 model
will be shown. Table 5 shows the summary of sensitivity studies
and their corresponding Bond numbers for the two models.
Based on the Leverett scaling (Eq. (1)), the effect of interfacial ten-
sion changes from ¢ to 3¢ or ¢/3 is similar to the effect of perme-
ability changes from k to 0.1k or 10k. Simulations have confirmed
this conclusion and therefore only results for a wide range of per-
meability values are shown in this study.

The simulation outputs (the average saturation in the core) of
all the sensitivity cases will be analyzed in terms of dimensionless
parameters (Fig. 6) such as traditional capillary number
Ca = utfico, /0, inverse capillary number N, and gravity number
Ny, (see Eq. (2b) for definitions of N, and N, ). These dimensionless
groups arise from the dimensional analysis of the continuum,
macroscopic scale [21]. Each curve shown in Fig. 6 represents a
sensitivity case with a constant Bond number (Table 5); flow rate
is the only variable changing. The top figures are the simulation
outputs analyzed in terms of Ca, while the middle figures are the

same data analyzed in terms of Ng,. The standard capillary number
Ca depends only on the microscale properties of the rock. Noted
that Ca is calculated based on the gas viscosity (o, = 0.046 cp).
All curves would shift forward by about one order of magnitude
if Ca was based on the brine viscosity (u,, = 0.558 cp). The inverse

capillary number is roughly defined as N, ~ Lvk/H? Ca, including
the additional aspect ratio parameter L/H. This should be noted
to avoid confusion with the typical capillary number. For ease of
comparison, sensitivity studies on permeability for the homoge-
neous cores are also illustrated in the same graph. Solid lines rep-
resent the homogeneous saturations while dashed lines represent
the heterogeneous ones.

As discussed extensively in Kuo and Benson [21], plotting the
average saturations for homogeneous cores in terms of gravity
number can distinguish three flow regimes clearly. Similar flow
behavior are observed for the heterogeneous cores (Fig. 6): a vis-
cous-dominated regime where the saturation is nearly constant;
a viscous-capillary transition regime where the average saturation
is strongly dependent on the dimensionless numbers; and a capil-
lary-dominated regime characterized by low saturations with a
small dependence on the dimensionless variables.

In addition, the transitions from the viscous- to viscous-capil-
lary transition regimes and from the transition to the capillary-
dominated regimes occur earlier for higher degrees of heterogene-
ity. Capillary heterogeneity not only reduces the average saturation
in the viscous-dominated regime but also increases the flowrate
dependency, which implies that higher flow rates are required to
reach the viscous-dominated regime.

Unlike the case for homogeneous cores where the gravity num-
ber can be used to normalize the results, the results suggest that
N, is a better dimensionless number to distinguish the transitions
when considering capillary heterogeneity (the bottom row figures
in Fig. 6). It is even clear for the strong degree of heterogeneity cas-
es (ex. Random 3 model) where three different sensitivity cases are
collapsed together. An important macroscopic limit, namely the
one at large capillary numbers N, or in the limit of extremely slow
displacement, is observed that the overall gas saturation is vanish-
ingly small at breakthrough. At this limit, the viscous force is
almost absent and the saturation distribution obeys Invasion
Percolation rules, as explored in detail by Yortsos et al. [40], where
the permeability heterogeneity is taken into account.

Similar to the approach for the homogeneous results, we can
look at the pressure gradients for the three physical forces. It turns
out that the viscous force is always greater than the buoyancy force
within the flowrate range we are interested in. Therefore, unlike
the homogeneous results described in Kuo and Benson [21], the
point at which gravity and viscous forces are equal cannot define
transition between the first and second flow regimes. However,
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the second transition still roughly occurs when the viscous pres-
sure drop and the capillary pressure drop in the flow direction

are nearly equal.

To solely study the effects of heterogeneity on brine displace-
ment efficiency at reservoir conditions, we simulate different
degrees of heterogeneity, listed in Table 4, with 0.95 fractional flow
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of CO,. All of the cases have the same simulation parameters,
namely, relative permeability curves, capillary pressure curves,
reservoir conditions, and grid size, etc. The only things changed
are the permeability and/or porosity distribution of porous medi-
um. Fig. 7 shows the average saturation for the two types of
heterogeneous cores listed in Table 4 over a wide range of flow
rates, hence capillary numbers N,,. Although they exhibit different
behaviors, it is clear that a higher degree of heterogeneity (higher
omk/Inkey) results in a lower average saturation in the core and
increases the flowrate dependency of brine displacement efficien-
cy. Therefore, the two transitions separating three regimes occur
earlier than the homogeneous results at smaller capillary numbers.
Note that the saturations for the Kozeny-Carman model are lower
than for the Random 2 model even though they have similar
heterogeneity factor (Gmk/Inkes~ 0.05). This is mainly due to the
presence of a capillary barrier close to the outlet end of core that
prevents CO, from entering a portion of the core.

4. Theoretical analysis of multiphase displacement efficiency in
heterogeneous cores

The second part of this paper presents a 2D analytical solution
incorporating the influence of heterogeneity, which provides more
realistic predictions for heterogeneous rocks. Since this analysis is
an extension of the methods developed for homogeneous cores
[21], the solution is provided at the beginning of this section for
the reference. Next, a general form of the solution for the heteroge-
neous cores is derived and the constraints from 3D high-resolution
simulations are applied to obtain the final semi-analytical solution.
Only the concept of derivation is explained generally here while
the detailed derivation provided in Appendix A. The analysis relies
on accepting a macroscopic, continuum flow description, namely
upscaling issues associated with pore-scale effects [22,42] are not
questioned.

4.1. 2D analytical saturations for the homogeneous model

A brief summary of 2D analytical results for the homogeneous
model is shown in Eq. (2). For easier comparison, we use the defini-
tion of Ng, = N,Ng to rewrite the solution in terms of capillary
number N,:

2
R] Ngu.fl

_ _d,NB_ _d
Sco, = Sg. + C1 (e Mooz — 1>e 1 N

o4y —d Neyct
=S +G (e Nevez — 1) 1 ey (2a)
* Apgk L
Ncl/:M’ NEVZM and NBE&:% (Zb)
H ﬂcoz U; Hﬂcoz U ch c

1 feo, R _ 1 R”
Nevet = gy 29 Neves =, %y, 20

Cii di RivRy
C, =1 = d d,= 2d
TN U TRVE T BT =

where Sg; is the traditional Buckley-Leverett solution, determined
solely from the fractional flow curve. Inverse capillary number N,
(Eq. (2b)), gravity number Ng, (Eq. (2b)) and Bond number Ng are
the same definitions as used in Kuo and Benson [21], except k = kg
is defined as the effective permeability. p; is the characteristic cap-
illary pressure, chosen as a so-called displacement capillary pres-
sure in this study. The aspect ratio R;=L/H is controlled the size
of the system. The two critical numbers N, ¢ and N, are defined
in Eq. (2¢). o, Cq1, d11 and dy; are constant parameters determined

Table 6
Summary of constant coefficients in Eq. (2).
di dxn Ci1 o
2.0894 5.57607 56.78 12.79737

by curve matching the semi-analytical solution with the simulation
results for homogeneous cores. The values are provided in Table 6.
The core average saturation depends on two terms: Sg; and a
correctional term that combines the interactions between all three
forces through the dimensionless numbers and the aspect ratio.
Therefore, Eq. (2) is a modified Buckley-Leverett solution; it shows
that gravity and capillarity can have significant impact on the brine
displacement efficiency once the flow rate is small (Fig. 2).

4.2. 2D general solution for heterogeneous rocks

To predict the simulation results observed in the previous sec-
tion, we consider steady-state, two-dimensional flow (x-z direc-
tion) of two immiscible phases. The properties of this 2D porous
medium are heterogeneous and each grid cell has isotropic proper-
ties. Using standard terminology and notation, the mass conserva-
tion equation of gas phase is described by the following [21]:

10 [/u 08p\ Mkig 10 p.\ Mkig
aa[(m o )ToM Tz |\ M85 )M 0 B
The approach used to develop the analytical solution is similar

to the derivation in homogeneous cores, except now the perme-
ability and hence the capillary pressure values vary spatially:

Pe(Sw,X,2) = G cOS 0, /k(%)nsw) (4)

For the analysis in this paper, we consider only permeability
heterogeneity (and consequent capillary heterogeneity) while por-
osity, interfacial tension, and contact angle remain constant.
However, the same approach could also be applied to these differ-
ent types of heterogeneities. To non-dimensionlize the equation,
we define xp = x/L, zp = z[H, and tp = tu,/¢L as well as introducing
a dimensionless variable t(xp, zp) to represent permeability hetero-
geneity [39]:

k(XD7 ZD)

T(Xp,2p) = ke

(5)
Based on the definition of Eq. (4), we can obtain
p. = (0cos 0y/@/keg))/T. In addition, for simplification, we intro-
duce variables defined by Chang and Yortsos [6] as H= —f,kJ
and G = f,,k,¢J. Substituting all the variables into Eq. (3), the dimen-
sionless mass conservation equation at steady-state becomes:

Ney . 0T 0 ot
I:fCOZ . G@T] Ncua {NB(fw rgT ) + 687}
_Ney 0 oSG oSG
= R% % <H ('?XD> + Ney— 9 (H (')_ZD> (6)

where SG is the steady-state CO, saturation dependent on the space
(x-z coordinates), fco, = 1/(1+ M) and f,, = M/(1 + M) are fractional
flows of CO, and water, respectively, and M = Aw/Ag = tekr/ ttwkrg
is the mobility ratio. Important variables are the capillary number
N., Bond number Np, aspect ratio R;=L/H, and the heterogeneity
function 7(xp, zp). Incorporating capillary heterogeneity into the
mass conservation equations results in a high degree of complexity.
The right hand side of Eq. (6) is known as the capillary dispersion
term. Using a similar strategy to that used for development of the
semi-analytical solution for homogeneous cores and assuming all
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the variables are continuous functions (for saturation this will only
be true if all grid cells have a capillary entry pressure of zero); we
can obtain the general form of two-dimensional time-independent
CO,, saturation SG for the heterogeneous cores:

2
lRl

SG = (c’jefeeffNBle + cgeff>e*r~w“"ﬂ + Cletee—Nabz (7a)

The unknown coefficients C!¢, C5*¢, Ct** and C, not only
depend on location but also on the heterogeneity of the rock:

Cgete _ Cze—s(lnr)XxD and

Cl3-1ete _ C3 e—c(lnr)zzD (7b)

C!]-Iete _ Cl e—a(ln 1),2p e—s(ln T)Xp ,

The definitions of two variables, a and b, in the exponent
terms are the same as defined in the homogeneous analysis
(@ xfco,/kg and b oxfc,). Ci, G, C3 and C4 are functions of
coordinate xp and zp. (Int)y and (Int), are the heterogeneity
gradients in the flow direction x and vertical direction z, respec-
tively. The variable ¢ is defined as Jb—1 where J is the
Leverett-] function.

For the homogeneous cases, k(xp, Zp) = kef, which results in 7 =1
and Int = 0. The general solution (Eq. (7)) can therefore reduces to
the general solution of the homogeneous model shown in Kuo and
Benson [21]. Consequently, Cy, C;, C3 and C, are the same functions
introduced in the homogeneous derivation. A detailed derivation of
Eq. (7) is provided in Appendix A.1.

4.3. 2D general solution for heterogeneous rocks using simulation
constraints

Since it is difficult to integrate Eq. (7) to calculate the average
core saturation, we solve the equation for the saturation at a par-
ticular point (xop, Zop) that is representative of the core average
saturation Sco, = SG(xop,Z0p). Now CHee, ciere, ¢, ¢, and <
become some single valued functions of xop and zg p. Similarly, to
eliminate some unknown coefficients, we apply several observa-
tions from the simulation results to the general solution. First, in
the viscous-dominated regime (N, < N,¢1), the average saturation
is independent of capillary and Bond numbers (Fig. 6):

agcoz 85‘COZ
8Nw%0 and ONg

Second, in the capillary-dominated regime (No > Ny,2), the
average saturation is independent of the Bond number:

8~§C02 ~
N, =0 ©)

Applying simulation constraints to the general equation and
using the homogeneous solution as a reference, we can eliminate
several unknown coefficients. A detailed derivation is provided in
Appendix A.2.

As mentioned before, the parameter 7 (Eq. (5)) is represented as
permeability heterogeneity and hence is related to the dimension-
less heterogeneity factor, ojn/In(keq). The mathematical represen-
tation of the parameter 7 in terms of the heterogeneity factor is
provided in Eq. (10). See Appendix A.3 for a detailed description
of the derivation.

-0 (8)

lnk_,
T(Xop,20p) = k(XOﬁi’ZO‘D) _ ewﬁzln(keﬁ)ZO.D 10)
eff
B1Xop
= s 11
Bazop 11

7 illustrates the total degree of permeability heterogeneity in
the porous medium. ; and B, defined in Appendix A.3 (Eq. (A-
37)), measure the degrees of heterogeneity in the x and z direc-
tions, respectively. The large value of f; or f, represents the large
degree of heterogeneity in that direction. w is an isotropic para-
meter, which can indicate the anisotropic of the permeability field
(Eq. (11)). More investigation and discussion about t and w will be
provided later.

Applying all the simulation constraints to the general solution
(Eq. (7)), we can predict the average CO, saturation for heteroge-
neous cores in terms of several dimensionless numbers:

) S R2NHete

< _ cHete Hete NHete BL —d; et

SCOZ = SBL + C] <e 2 — SHete) e New (] 23)
BL

1
—&frtk 7o p
e l“‘keﬂ)

S = hi(t)Se. where  hy(1) = e #In?:0 — (12b)
wee 1 foo,Ri Hete _ 1 ﬂ
cvcl T N5 krg <7ngte) and chz = Np fxsgfte (12¢)
1C d RVR
CHete:7l _ 11 d d = 1 12d
1 = Np’ 1 RVER an 2 dy ( )

Similar to the homogeneous solution (Eq. (2)), Eq. (12a) is a gen-
eralized Buckley-Leverett solution, which contains two terms:

Sco, = Shete _ AS. First, the core average saturation depends on

Skee, the average CO, saturation of the heterogeneous core in the

viscous-dominated regime (No < Nec1): Sh? is the Buckley-
Leverett solution that takes into account heterogeneity (Eq.
(12b)). Second, the core average saturation also depends on a cor-
rectional term AS that not only depends on the viscous, capillary,
and gravity forces as well as the size of multiphase flow system
but also depends on the rock heterogeneity.

Eq. (12b) shows that the capillary heterogeneity has a sig-
nificant effect on the average saturation of a BL displacement, or
from a different perspective, has a significant impact on the rela-
tive permeability of the core. The effect is important even for large
flow rates within the viscous-dominated regime if the degree of
heterogeneity is large (Fig. 7). This is because the capillary hetero-
geneity terms GN.(97/dxp)/R? and GN,,(9t/dzp) in the mass conser-
vation equation (Eq. (6)) are not negligible even for small values of
N, once we have large variations of heterogeneity (large ot/oxp
and 0t/0zp).

The factor h; is a measure of the degree of heterogeneity of the
BL saturation. When the system is very heterogeneous, the value of
hy is small. It is dependent on the heterogeneity gradient in the
vertical direction (Int), as well as the parameter ¢ (Eq. (12b)).
Since h; < 1, the average saturation for the heterogeneous cores
is always lower than the Buckley-Leverett solution, which is rea-
sonable and consistent with the simulation results (Fig. 7). Based
on the definitions of 7 (Eq. (10)) and h, (Eq. (12b)), we can rewrite
the total degree of heterogeneity factor 7 in terms of h; and the two
parameters w and é&:

g
T— e(u (ﬁzm.aniZ’,‘p) _ h]—w/a (13)

Therefore, the two critical capillary numbers for the heteroge-
neous cores, N* and N and coefficients C** can be related

C cv,c2?
to the homogeneous studies as follows:

Hete 1 w/e—n
N = _ch,cl = h1 Ncu‘cl

co,cl h" (14&)
1
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where the relative permeability function for CO, used in this paper
is kyo(S) =[S/(1 — Swr)I™. In this case, n=3. dy and d are the same
functions used in the homogeneous solution. Ciq, o, dyy, and da;
are constant parameters, which have already been shown in
Table 6.

For a specific core permeability distribution, smaller ¢ or larger
w leads to the larger degree of heterogeneity 7, and the two critical
numbers N, and Ng, will occur at the smaller capillary num-
bers, and vice versa. Since only w controls the slope of the satura-
tion curve (Eq. (14c)), the increase of  results in the smaller AS
and hence larger values of the average CO, saturation, Scoz.
Therefore, when @ increases/decreases at a constant ¢, the latter
part of the curve will shift upward/downward. At a given w, the
whole curve will shift to the left/right if ¢ decreases/increases.

In summary, the only unknown parameters introduced in Eq.
(12) for the heterogeneous cores are hq, @ and ¢ while all the other
parameters reduce to those of the homogeneous solution. The
heterogeneous solution, Eq. (12a-d), can naturally reduces to the
homogeneous solution (Eq. (2)) when t =1, which provides the
consistency. For example, for the homogeneous porous medium,
7=1, hence Int =0 and h; = 1; we can obtain Si™® = Sy, therefore

vl and NHete

Hete _ =
N 2

cvcl — NCV,CZ'
4.4. Approximate semi-analytical solution

Traditionally the mass conservation equation is solved by sim-
plifying the conservation equations into different flow regimes
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[41,45] or by generalizing the traditional mass conservation equa-
tions without providing the explicit form of solutions [10]. Here we
provide a solution that is more general and can predict the solution
of the CO, saturation explicitly.

To accomplish this we reduce the three unknown coefficients
(h1, @ and &) to two based on the simulation results shown in
Fig. 7. Plotting the modified Buckley-Leverett solutions Si™ as a
function of normalized standard deviation factor Giu/In(key) for
random permeability cores can obtain a near-perfect linear corre-
lation (LHS of Fig. 8):

O ink Oink
ll‘l(keff) n ll'l(keff)

For cores with structured heterogeneities a reasonably good
correlation is also observed (RHS of Fig. 8). Therefore, h; can be
evaluated according to the definition shown in Eq. (12b):

H
S ete

Hete 0324 - 0.1788

(1 ~0.55185 )sBL (15)

SBL

Note that the larger degree of heterogeneity will result in the
smaller h, or smaller Buckley-Leverett saturation and hence small-
er critical numbers. The slope of the curve is also decrease based on
Eq. (14c) and can be seen from Fig. 7.

In conclusion, the only unknown variables w and ¢ will be con-
sidered as fitting parameters to match the simulation results. By
adjusting these two values, the semi-analytical predictions agree
with the simulation results quite well, with the exception of the
capillary dominated regime for the random permeability core.
Fig. 9 shows good agreement between the simulated results and
the theoretical predictions for the average CO, saturations of base
cases for the High Contrast model (LHS) and the Random 3 model
(RHS), respectively.
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4.5. Verification of the analytical model

The validation of analytical model for heterogeneous cores
based on Eq. (12) is presented in this section. The values of two fit-
ting parameters ¢ and w are different for different sensitivity cases
and are provided in Appendix B with other relevant dimensionless
numbers.

4.5.1. Variable permeability

Fig. 10 compares the simulation results and the predicted val-
ues based on Eq. (12) for two models in a wide range of perme-
ability. As shown, we can replicate the simulation results quite
well. The prediction is even better for the random distribution core
(Fig. 10b) for both permeability values. A slight mismatch observed

11

at the High Contrast model (0.1k) is probably due to the small Bond
number (Ng=0.0165) and the lack of information related to the
correlated permeability distribution observed in the cores.

4.5.2. Variable fractional flows of CO, (HC model)

Fig. 11 shows the average CO, saturations of the High Contrast
model as a function of capillary numbers for four different CO,
fractional flows, 0.95, 0.79, 0.51 and 0.34. The heterogeneous factor
T stays constant for four cases since it is the same core. Although
the same input relative permeability curves are used, different
fractional flow of CO, results in different Buckley-Leverett solution
She and hence different k,{(Sh) values. Again, the semi-analytical
model predicts average saturations very well.
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Fig. 11. Sensitivity studies of different fractional flows of CO, for High Contrast models (fo, = 95%, 79%, 51% and 34%).
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Fig. 12. Sensitivity studies of aspect ratio (R, = 6.2890) for High Contrast models.

4.5.3. Variable core dimensions

One sensitivity study on the aspect ratio R, is performed to test
the semi-analytical model. The solution works well for the limited
cases studied (Fig. 12). Since the input relative permeability curves
and the fractional flow of CO, (f¢, = 0.95) for this case are the

same as for the base case of the High Contrast model, we can

expect the modified Buckley-Leverett solution Si' to remain the

Same.

4.5.4. Variable heterogeneity

The final cases to test the semi-analytical solution use different
degrees of heterogeneity, listed in Table 4. Since different degrees
of heterogeneity result in different values of 7, therefore the mod-

ified Buckley-Leverett solution She'®, k.4(She*), the slope coefficient

035
0.3 03 N
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(a) Small degrees of heterogeneous cores (Gin/Inkesr < 0.05)
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7 0}/In(k)=0.0455 7 o1udIn(k)=0.167
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(b) Larger degrees of heterogeneous cores (ojn/Inkegs > 0.05)

Fig. 13. Comparison of average CO, saturation as a function of capillary number N, between theoretical values and simulation results for sensitivity studies of (a) small
degrees of heterogeneous cores and (b) large degrees of heterogeneous cores. Note that for very small amount of heterogeneity (G / Inke; = 0.004), the results are nearly
equal to the homogeneous core.
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ciete as well as the two critical numbers N*% and NP are

expected to be different for each case. Fig. 13 shows the average
CO, saturations as a function of capillary numbers for seven mod-
els. We use the semi-analytical solution for the homogeneous cores
(Eq. (2)) to predict cases with the small degree of heterogeneity
(Fig. 13a) while the heterogeneous semi-analytical solution is used
to predict cases with the large degree of heterogeneity (Fig. 13b).
The values of w and ¢ for each case are listed in Table B.1
(Appendix B).

The results show that the 2D semi-analytical model predicts the
average saturation for different heterogeneous cores very well.
Specifically, the average saturation in the viscous dominated
region is accurately predicted and the transitions between differ-
ent flow regimes occur at the correct capillary number. Even for
different types of permeability distributions, the semi-analytical
solutions still match the simulation results well.

5. Discussion

The results shown in this work were mostly achieved with a
specific core-shaped geometry and a limited number of perme-
ability distribution. The heterogeneous porous medium is either
based on a one specific rock or using a random log-normal distri-
bution. The limitations inherent in the results are discussed in
the following. First, if there are two systems with the same aspect
ratio but the physical dimensions of the porous medium are meters
instead of centimeters, the dimensionless plots which show the
saturations are expected to be still valid. However, this needs to
be confirmed with the large scale simulations. Additionally, the
results of specific distributions of permeability and a specific mea-
sure of heterogeneity should be qualitatively applied to a system,
which is encountered different heterogeneity than what examined
here. Therefore, to quantitatively predict the average saturation
with different heterogeneity distributions, a systematic investiga-
tion on cores with various correlation lengths is needed to gener-
alize and extend the analytical solution to a wider range of rock
types. Although we did not consider the correlation length and ani-
sotropy in the derivation, it is not difficult to extend the derivation
to include these two terms. Nevertheless, the “anisotropy” in the
core is small because the ratio between the grid size in the x and
z directions (which is the origin of the anisotropy) is about 3.
This small amount of anisotropy is unlikely to have a large effect
on the conclusions.

Note that this work cannot be applied to the miscible multi-
phase flow systems since all the simulations and all the theoretical
work consider the capillary pressure. In addition, the results shown
here have only studied the physical behavior of multiphase flow
system, there is no chemical reactions considered in the simulation
or the theoretical analysis. Therefore, the results drawn from here
may not apply to carbonate systems, which have significant chemi-
cal reactions between the fluids and rock.

As mentioned earlier, the only fitting parameters are w and &.
Although we can adjust w and ¢ to fit the simulation results very
well, it is difficult to find a general functional form for « and &
based on the limited sensitivity studies and only two types of per-
meability distributions (Tables B.2 and B.3). However, we know
that the ratio w/e controls the degree of heterogeneity 7 (Eq.
(13)) and hence the two critical numbers, while @ controls the
slope of the saturation curve (Eq. (14)) and hence the saturation
values in the latter part of the flow regime (AS). We are able to find
some correlations between these two parameters and the other
important dimensionless numbers such as the fractional flows of
CO2 (fco,), CO, relative permeability evaluated at the modified

Buckley-Leverett saturation krg(Sg’fte), aspect ratio (R;), normalized

Table 7
Summary of @ and w/¢ for two permeability models in the Bond number range of 0.02
to 0.2.

10} R? wle R?

0.315d;+21.1  0.84
0.323d;+6.75 094

Berea sandstone core
Randomly distributed core

0.6d3 +77.6 0.91
0.352d; +40.3  0.93

standard deviation of permeability (oy,/Inkey), and the Bond num-
ber (Np):

o and /& o ds = feg, kg (SHE)R? / { Oink NB} (17)
2 ln(keff)

Table 7 shows the functional forms of w and w/¢ in terms of d;
and that the corresponding correlation coefficients R? are larger
than 0.8. It shows that different heterogeneous cores have different
dependency. Since we only have limited sensitivity studies for two
heterogeneous models, further investigation is needed in the
future to generalize solutions by exploring the sensitivity to these
parameters.

Some possibilities may contribute to the mismatch observed in
the results for the low flow rate regimes. First, for example, the
assumptions used in the derivation that the gradients of heterogene-
ity 7y and 1, (Eq. (A-3)) are independent of xp and zp respectively are
useful to simplify the model and also suitable for the random distri-
bution cores, but this could not be true once we have capillary bar-
rier inside the core. The lack of considering the correlation length
in the analytical model could contribute the differences. Second,

the second critical number N{¥',, which is the transition to the cap-
illary-dominated regime, turns out to be the most sensitive input in
the analytical model due to the empirical definition obtained from
the homogeneous results. Although this definition works reasonably
well for most of the sensitivity studies, it is not as accurate as the first
critical number; therefore the errors may propagate from the homo-
geneous cores to the heterogeneous cores.

In summary, even though the homogeneous semi-analytical
solution predicts numerical results very well over a wide range
of aspect ratios, validation of heterogeneous semi-analytical solu-
tion with different core dimensions is important and needed to test
the 2D heterogeneous model. Applying the semi-analytical solu-
tion to the experimental systems for studying multiphase flows
for a wide range of fluid pairs, geometric configurations and rock
properties is another way to test the model. In addition, investiga-
tion of upscaling strategies in the transition between regimes is
very useful for increasing the computational speed of high-resolu-
tion reservoir simulations. The results have relevance for under-
standing reservoir-scale processes, particularly at the sub-grid
scale, where intra-grid block processes may have an influence on
flow and transport parameterizations.

5.1. Procedures for using the analytical solutions

In this section, instructions for how to use the semi-analytical
solutions for predicting average saturations and flow regimes dur-
ing homogeneous and heterogeneous core floods are provided.
First, the following input parameters are required from experimen-
tal data: porosity, permeability, capillary pressure curve, relative
permeability function. If your core is relatively homogeneous
(omi/In ke < 0.05), the average saturation can be predicted quite
well based on the homogeneous analytical solution (Eq. (2)):

o First determine Sp; based on fractional flow curves.

e Calculate all the relevant dimensionless numbers based on Eq.
(2b-d).

e Obtain the average saturation for the homogeneous cores based
on Eq. (2a).
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To predict the average saturation for moderately to highly
heterogeneous cores (0.05 < gjp/Inkey < 0.5):

o First determine the heterogeneous factor o,/In(kegy).
o Calculate Si**® using Eq. (15).
« Once we obtain Si*, we can evaluate hy = S /S,

o Calculate 7 = h;/*, two critical numbers, and C;t¢ based on Eqs.
(13, 14) and Table 7.

e Calculate dimensionless numbers such as R;, N, N

e Finally obtain the average saturation for the heterogeneous
cores based on Eq. (12a).

In brief, we provide an analytical solution to predict the brine
displacement efficiency for heterogeneous cores based on the cal-
culated dimensionless group. For relatively homogeneous core
(omk/Inker< 0.05), the average saturation can be predicted quite
well based on the homogeneous analytical solution. For moderate-
ly to highly heterogeneous cores (on/Inkes> 0.05), the theoretical
solution is provided and can be estimated qualitatively.

6. Conclusions

This paper addressed fundamental studies of multiphase flow of
CO, and brine in heterogeneous porous media at the core-scale
both numerically and analytically. The combined influence of grav-
ity, flow rate and small scale heterogeneity on core-scale multi-
phase flow of CO, and brine is an active and important research
area needed to predict CO, storage efficiency in deep saline
aquifers.

In this work, we developed and investigated new analytical
techniques to study the balance of three forces as well as the
sub-core heterogeneity in multiphase flow system. All the impor-
tant parameters such as the degree of heterogeneity, gravity, size
of the porous medium etc. are considered in the model. The solu-
tion has been compared with 3D high-resolution simulations to
study the effects of viscous force, buoyancy force, capillary force
as well as capillary heterogeneity on two-phase immiscible flow.
The proposed 2D semi-analytical technique predicts the brine dis-
placement efficiency for 3D two-phase flow simulations very well
when the Bond number ranges from 0.02 to 0.2 and the degree of
heterogeneity on/Inkey smaller than 0.5. Theoretical predictions
match the corresponding simulation results very well for all the
sensitivity cases performed in this study.

The following conclusions are drawn from this study of the 3D
numerical results and the semi-analytical models:

1. Capillary number N, is a better dimensionless number to distin-
guish the transitions when considering capillary heterogeneity.

2. Capillary heterogeneity not only reduces the average saturation
in the viscous-dominated regime but also increases the flowrate
dependency, which implies that higher flow rates are required
to reach the viscous-dominated regime. In addition, a higher
degree of heterogeneity (higher ojn/Ink.g) results in smaller
critical numbers, a lower average saturation in the core and
larger flowrate dependency of brine displacement efficiency.

3. A new semi-analytical solution has been developed and pro-
vides a quick and easy way to estimate the flow regimes for
horizontal core floods even if the porous medium is heteroge-
neous. A general solution and a specific solution at core-scale
were provided for further development and investigation.

4, Having a semi-analytical solution provides a useful tool for
investigating multiphase fluid displacement efficiency over a
wide parameter space of practical interest. The new semi-ana-
lytical solution can be used to estimate the average saturation
over a wide range of conditions in terms of several important

dimensionless numbers such as mobility ratio, average satura-

tions in the viscous-dominated regime (Si), relative perme-

ability to gas evaluated at S, normalized standard deviation

(omk/Inkeg), aspect ratio R, Bond number N and capillary num-
ber Ng.

5. A summary of how to use analytical solution was provided. The
semi-analytical solution for the homogeneous cores can be used
to predict displacements in cores with small degrees of hetero-
geneity. For cores with a greater degree of heterogeneity, a
modification of the solution is provided that is capable of pre-
dicting average saturations even with a high degree of
heterogeneity.

6. Similar to the homogeneous solution, practical applications
include helping to design core flood experiments, including
assuring that relative permeability measurements for the
heterogeneous cores are made in the viscous dominated regime,
evaluating potential flow rate dependence, influence of core-di-
mension on a multiphase flow experiments, influence of fluid
properties on the experiments, and most importantly, influence
of sub-core scale heterogeneity.
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Appendix A. 2D analytical derivation for the heterogeneous
model

A.1. General solution
Substituting xp =x/L, zp =z[H, tp=tu/®L, ©(xp, zp) = sqrt(k/kes)

and p{(Sw) = p;J(Sw)/7 into Eq. (3), the dimensionless mass conser-
vation equation at steady-state becomes

fco2 +Ngv (fwkrgT )
7ch 0 20/ 261/77 _
= R,Z B <fwkrgr % >+NC,, <fwkrgr o2y (A-1)

Assuming that all the variables are continuously differentiable.
Differentiate the capillary terms

A/t GJ] ] ot

oxp  Oxp T T2 0xp o7y 0zp T

where J' = dJ/dS,, = —dJ/dSG. Substituting Eq. (A-2) into (A-1) and
using the definition of M=f.k, H=-fukJ =-MJ and
G = fwkre] = M{, then we can rewrite the steady-state mass balance
as follows, which is already shown in Eq. (6)):

(A-2)

81 0 ot
{fcoz E)x + N‘”E)TD {NB(fWkTgTZ) + Ga—zD}
N, @ 9SG ] e
R} Oxp <HT axD> +New 0zp (H 8ZD> (6)

The gradients of heterogeneity are defined as follows:

g:r and ﬂ:t
(9XD_ x 8ZD_ z

Substituting back into Eq. (6), and the left hand side becomes

(A-3)
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NpM,1% + Gt

aSG d Ney 3SG
LHS = Axp dSG [fcoz R’ GT*} +N”a dSG[

(A-4)

Apply the definition of F;, F, and F; used in Kuo and Benson

[21]: F; = dfco,/dSG, F, = dM;/dSG, and F; = J'f, ks = —H, then
_0SG Nw d oSG ) d
LHS = o {Fl <dSGG> +NCU% {NBFZT + (RG)L'Z}
(A-5)
Differentiate the function G
d d , B
RG = R(M&]) =-M{J +JF, =H+]JF, (A-6)

Combine LHS and RHS of Eq. (6) into x-dependent and z-depen-

dent terms:
Ne, [0SG | R? 9] 9SG
R {axD N, o IR } K (”a)}
9SG 2 9] OSG\ | _
+ NC”{E)—ZD [NgF21* + (H + JF,)T,] — 7 (HTE)—ZD> } =0 (A-7)
Define
RZ
G = N1 Fi+(H+JF,)ty and G, = NpFo1> + (H+JF,))T, (A-8)
cv
We can rewrite Eq. (A-7) into a simpler form:
Ney oSG 1 9 9SG
R (o c o6 (")
oSG 1 9 0SG
+ N”'Gz{azp G (Hra—zD) } =0 (A-9)

Since
10 (,05G\ _ 0 (HTISG\ (0 1)(, 056
G] OXD aXD 76)([) G] 8XD 8XD G] aXD

1 0 oSG 0 (Ht 05G 0 1 dSG
——|Ht— ) =— (=) - |=— = | [Ht— A-10
Gz aZD < t aZD> 82D (Gz aZD> (82[) Gz) ( t 8ZD> ( )
To simplify, we assume that the heterogeneity factor t(xp, zp) is
the first order of magnitude of xp and zp, therefore the gradients of
heterogeneity 1 and 7, are independent of xp and zp respectively.

In addition, J function, F;, F, and H are only dependent on the
saturation SG, therefore

01 106 Bt o R o5
0xp Gy B G% OXp B G? 0Xp n G% 0Xp
01 106G ME? Fmo
0zp Gy - Gg 0Zp - Gg 0Zp G% 0Zp
:_ZTTZI;]BF2+F2-CZZ] % (A-11)
G, G, 9z

Eq. (A-11) is neglected since they are secondary effects, then Eq.
(A-9) becomes

Nep . O
% o <sc
(A-12)

We assume that the dependence of the steady-state solution SG
on xp and zp is separated, that is:

Ht 9SG 0 Ht 9SG
o ) NGy (O ) -

SG(xp,zp) = X(xp)Z(zp) (A-13)
No G1 0 Ht dX NoG, 0 Ht dZ\
Fim G m G0 A1
To satisfy Eq. (A-14), which implies
X - G—X’ =const=cy(zp) = X = A(zD)eHr"D +¢1(2p)
1
Ht
A G_Z =const=cy(Xp) = Z = B(xD)eHrZD + C2(xp) (A-15)
2

where A(zp) and ¢;(zp), B(xp) and cx(xp) are parameters dependent
on zp and xp respectively. Substituting Eq. (A-15) into Eq. (A-13)
yields the steady-state saturation as
Gy Gy
SG(xp, 2p) = {cl (X, Zp)eF® + Cy (xD,zD)]emXD
+ C3(Xp, 20)e™ + Ca(Xp,2p) (A-16)

(4, G5, C3 and C,4 are functions of xp and zp. Since H= —F3, a = F;/
F3, and b = F>/F3, and assume ¢ = Jb — 1, then we can obtain

RZ

2
G wh+H+R)L gat(-1+hn Ra 1
Ht —F3T - -1 N, T 7
G, NpFat® + (H+JF,)T, Nsbt? + (-1 +Jb)t, T,
=2 _ = = —Nght —¢=
Ht —F31 -7 T
(A-17)

Use the previous definitions (Eq. (A-3)) and define the two log-
normal heterogeneity terms

7 10t _0dlnz = (In7), and T, 10t dlnt
T Toxp Oxp T Tdzp 02

= (In1), (A-18)

Therefore, we can rewrite the solution Eq. (A-16) as
SG = |:C e &(InT) zDe—s(lnr) Xp e—tNBsz +C e &(InT)xp e T,\I,fvaxp

_,_/
+ Ce nom o= ebn 1 €, (A-19)
or
Z

SG: (CHete 71Nﬂsz +CHete) rN Laxp +CHete —TNgbzp +C (A—ZO)
with coefficients
Cl]-lete _ C e—a(ln r)zzDe—s(lnr)XxD
CHe = Cpeénio and Y = Cye o2 (A-21)

A.2. Analytical solution with simulation constraints

To eliminate some of unknown coefficients, we apply the con-
straints from simulations (Eq. (8) and (9)) to the general equation.
First, the average CO, saturations are independent of capillary
number N, when N, < Neyer:

9Sco,
ON.y

Therefore, in the viscous-dominated regime, N., < Ny, the
core average saturation becomes

Sco2 — Cg’eteeirNBbZU'D +Cy = Cge

R2
1N
— 0= e ™0

(A-22)

e(InT) ZODe’TNBbZOD + C4 (A_23)
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Second, the average saturation in this regime is also indepen-
dent of Bond number, which leads to

oC.
thz,, DC3> #In1);20p o=NsbZop _8N4

B

O5co, _ <8C3 -0 (A24)

ONg ON,
Solving for

C3 = const - e™sb200 — C3 ™50 and  C, = const = C4

(A-25)

Cs and C49 are constants. Therefore, the average saturation in
the viscous-dominated regime (Eq. (A-23)) is simplified to

“nDeon 1 Cyg (A-26)

Sco2 — C3ge7°

For the homogeneous core, T =1, (Int), = (Int), =0, the average
saturation in the viscous-dominated regime is Buckley-Leverett
solution, which results in C5g + C49 = Sg;. For mathematical conve-
nience, assume C40 = 0, then C5 = Sg;. We can obtain the average
CO, saturation for the heterogeneous core in the viscous-dominat-
ed regime:

Shete — hy(t)Sp,  where hy (1) =

e—x(ln 1),20p (A—27)

Since hq(7) <1, the average saturation for the heterogeneous
cores is lower than the Buckley-Leverett solution Sg;, which is con-
sistent with the simulation results. The deviation of saturation from
Buckley-Leverett solution is dependent on the degree of hetero-
geneity, (Int),, mainly the gradient of heterogeneity in the vertical
direction. Eq. (A-27) also implies that strong heterogeneity results
in the lower CO, saturation. Now we can rewrite Eq. (A-20) as

SC02 (CHeteeerBbz[]D + CHete>e ey axOD + SHete (A—ZS)

For the homogeneous cores, Eq. (A-28) can be reduced to

SCOZ (Cle Ngbzyp +C2)€ Nf,, aXo,p + Sy (A—29)

When Bond number equals to zero (g = 0), the average satura-
tions are observed to be a constant Sg; [20], which results in
C, = —C;. Putting this constraint back to the coefficients defined
in Eq. (A-21) yields:

quete C e &(Int) zDe—r(lnr) Xp , Clz-lete _ 7C1 efe(lnr)xxp (A—30)
Define
hy (1) = e~cnDop (A-31)

Substituting hy, hy, and Eq. (A-30) back to Eq. (A-28), then we
can obtain
2
_ ])e IN,, T-—0Xo p +SH€[€

Sco, = C1ha(T)(hy (T)e ™Nsb%n (A-32)

Eq. (A-32) can be reduced to the homogeneous results [21]
when 7=1:

— RZ

Sco, = Ci(e7Mo7o0 — 1)eiﬁax[m + Sp1 (A-33a)

where

=S axp=d N and bz = (A-33b)
N3 B gu,c2

and hence give us the expressions for the coefficients C;, axop and
bzyp. Substituting Eq. (A-33b) into Eq. (A-32), the final equation
for evaluating the average CO, saturation can be written as follows:

2
o cuy [ele) 1] (e
Sco, = w-hahy [e " \Tera) ——fe T TN ) gere
Ng hy

(A-34)

Define
Ci1hy(D)hs (1) N Nep.er (SHe')
Hete _ 11182 1 Hete _ gv,cl _ cv,c1\PBL
(& == N, NG = Ns p and
ote N ) N , Z(SHe[e)
Ny = N, — 1 (A-35)

Finally, a more compact form in terms of critical numbers can
be rearranged:

_ ’:‘2 S R2NHete,
- ete cv.c
Sco, = CH (e Voo — SHiﬁg) e 4 ghete (A-36a)
3/2
e 1 S g e 1Ry A-36b
cvecl T 'L'NB k (SHete) w2 T ‘L'N SHete ( )
BL

A.3. Heterogeneous factor, & u/In(Keg)

In this section, we want to rewrite all the heterogeneous terms
such as 7, hy(7) and hy(7) in terms of the known factor, o k/In(Keg).
Assuming the heterogeneity changed in the x and z direction, (In )y
and (Int), are proportional to the ojn/In(k.g) respectively with pro-
portional factors 8, and f,:

_ _ dlnt Olnk
(In7), = 0z =5 In(keg) *= axp  Mn(key)
(A-37)

Specifically, for random fields, the change rate of heterogeneity
in both x and z direction should be the same, therefore the propor-
tional factor f8; is equal to B,. Since for the homogeneous core,
onk=0, T=1, and (Int)y=(Int),=0, we can solve Int and 7 in
terms of the function oni/In(keg):

Ok Oink

InT =4, k) > P k)

Xp (A-38a)

ﬁz (k) "e[f zD + ﬁl ln XD e(l + ﬁ;ﬁD)ﬁz D Tn knejj) (A-38b)
Both Eq. (A-37) and Eq. (A-38) satisfy the homogeneous
requirement. Substituting Eq. (A-37) into the definitions of hq(7)
and hy(7) yields

T=

S/len X f])ZUD

hy (1) = eénT:200 = and

By (1) = e-lnThou — ¢ PRt (A-39)
Therefore we can rewrite C** in terms of t:
cHete — Ciha (1) (1) _ &T’F (A-40)
1 Np Np
Appendix B
B.1. Parameter tables for heterogeneous cores
See Tables B1-B3
Table B1
Summary of sensitivity studies for different heterogeneous models.
R keff (md) Gt/ In (Kegy) Nevet Neve2 @ &
Homo 3.1445 430 0 886 3621 - -
Random 2 3.1445 430 0.0419 826 3322 - -
K-C 3.1445 430 0.0455 606 2293 - -
H-C 3.1445 318 0.1667 177 664 129 2.8
Random 3 3.1445 366 02317 167 521 51 32
Random 4  3.1445 254 0.4793 133 215 27 26
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Table B2
Summary of sensitivity studies for High Contrast models (HC).
R fco, keyp(md) o (mN/m) ou/in(ky) o &

Base (k,0) 3.1445 095 318 2247 0.1667 129 28
10k 3.1445 095 3180 22.47 0.1191 97 33
0.1k 3.1445 095 318 2247 0.2776 148 3
/3 3.1445 0.95 318 7.49 0.1667 104 29
30 3.1445 095 318 67.41 0.1667 157 3.2
0.79f 3.1445 0.79 318 2247 0.1667 80 3.16
0.51f 3.1445 0.51 318 2247 0.1667 67 3.4
0.34f 3.1445 034 318 2247 0.1667 63 3.5
2L 6.2890 0.95 318 22.47 0.1679 210 2

Table B3

Summary of sensitivity studies for Random 3 models.

R fcoZ ke,(f (md) o (mN/m) om/In(keyy) &

Base (k,0) 3.1445 0.95 366 22.47 0.2317 51 3.2
10k 3.1445 095 3660 2247 0.1667 42 5
0.1k 3.1445 095 36.6 2247 0.3800 58 2.5
a3 3.1445 095 366 7.49 0.2317 45 4
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