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ABSTRACT 

   Recent experiments at the Colorado School of Mines focused on visualization of water-oil 

displacements in microfluidic channels to understand the underlying flow principle and to 

decipher the associated dynamics. In this PhD thesis, I conducted continuum-scale water-oil 

numerical simulations and modeled four microfluidic experiments. The four experiments 

included water-oil and surfactant-oil displacements in homogenous and vuggy heterogeneous 

geometries. I used a single-phase lattice Boltzmann method to determine absolute permeability 

of the microfluidic channels as input for several water-oil simulations. The ultimate purpose of 

my modeling was to determine how reliable conventional relative permeability equations are 

when they were varied to match the experimental data. I used, specifically a Modified-Brooks-

Corey equation and the analytical solution for two-phase displacements in a single capillary tube. 

I systematically evaluated oil recovery factors, breakthrough times, and distributions of the 

invading and resident fluids. The results showed that experimental results can be matched by a 

Modified-Brooks-Corey relative permeability equation after their parameters are adjusted.  

The result of sensitivity analyses were applied to one of the microfluidic devices to evaluate the 

effects of capillary pressure on oil viscosity, was consistent with expected trends. While I 

achieved match between experiments and numerical models, the flow physics used in the 

continuum-scale numerical models needs further improvement. For instance, there is a need to 

better quantify relative permeability and capillary pressure functions for use in continuum-scale 

formulations. 

   In this research, an original and interesting observation is that relative permeability curves, 

derived from the analytical solution of an oil-wet single capillary tube, intercept at a water 

saturation above 50%, which is usually associated with water-wet media. Thus, the Modified-
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Brooks-Corey relative permeability curves used in modeling were forced to retain this feature in 

order to obtain best match with experimental data.  Other known criteria for the oil-wet media 

include (1) connate water saturation should be generally less than 15%, and (2) water relative 

permeability endpoint should be greater than 50%.  In this thesis, I adhered to these criteria. 
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                           �P    Time, T (sec) in reservoir simulation and (lattice time) in LBM  

                 ���F, BT    Breakthrough time, T (sec)  

                         �6�ë    Transmissivity coefficient in �T-direction, ���7 (�ä�•�7) 

                         �6�ì     Transmissivity coefficient in �U-direction, ���7 (�ä�•�7) 

                          �Q    Microscopic velocity in LBM, L / T (lattice / lattice time) 

                               �R�&    Fluid velocity vector in Navier-Stokes equation, L / T (�äm / sec) 

                          �R    Darcy's velocity for a capillary tube, L / T (m / sec) 

                   �R�â, �R�ê   Oil and water velocities, L / T (�äm / sec) 

                         �8�Ë    Node's volume, ���7 (�ä�•�7) 

              �R�Ì�â,  �R�Ì�ê     Water and oil superficial velocities in capillary tube, L / T (m / sec) 

                         �R�ç�,�,�,�&    Darcy's total velocity, L / T (�äm / sec) 

                         W    Number of domain nodes in �U- direction, (unitless) 

                          w    Channel width microfluidic device, L (�äm) 

                      �T, �U    Dimensions in LBM, L (lattice) 
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                          X    Total length of the microfluidic device, L (�äm) 

                          Y    Total width of the microfluidic device, L (�äm) 

                          Z    Height (depth) of the microfluidic device, L (�äm) 
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                          �à    Oil-water contact angle within the microfluidic device, (degrees) 
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CHAPTER ONE 

INTRODUCTION 

    IOR (Improved Oil Recovery) and EOR (Enhanced Oil Recovery) are currently the most 

important methods to increase oil recovery from petroleum reservoirs that have started to suffer 

from lowered reservoir pressure and declined oil production rate from primary production. To 

obtain more understanding of these processes and to facilitate modeling, direct visualization of 

two-phase flows that underlie many IOR/EOR processes is now routinely carried out using 

transparent porous media micromodels, some of which are made using microfluidic technology. 

Such micromodels usually simulate one or several features of actual sedimentary rocks, such as 

throat size, porosity, and permeability with or without fractures. The main purpose is to visualize 

pores and fluid saturations within to identify the effect of a certain process on the recovery factor 

of oil and distributions of remaining oil saturation.  

   On the other hand, well designed micromodels are porous media the properties of which are 

nearly completely known. They therefore have the potential to rigorously verify continuum-scale 

simulation. Continuum-scale simulation is a critical tool used for predicting the behaviors of 

reservoirs during primary production or IOR/EOR. However, verification of such simulators is 

very difficult in real porous media because it is impossible to characterize every pore of a porous 

medium. The goal of this study is twofold: 1) to fully characterize the properties of selected 

microfluidic devices that were previously used to study water-oil flow using pore-scale 

simulation, and 2) to develop a continuum-scale simulator and apply it to simulate water-oil flow 

in such microfluidic devices to evaluate the usefulness of micromodels as future tools to verify 

continuum-scale simulations.  
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       A study of this kind is commonly referred to as multi-scale in the literature. Many studies of 

oil recovery have been carried out using microfluidic experiments. However, this study is a first 

attempt to use a combination of pore-scale and reservoir scale numerical simulations to simulate 

microfluidic experiments of two-phase flows. A two-dimensional continuum-scale simulation 

code was developed for simulations of water-oil flows. The geometry patterns of microfluidic 

devices were divided and then passed to an existing pore-scale fluid flow simulator, such that the 

permeabilities of the divided patterns were obtained. The continuum-scale simulator developed is 

2D because microfluid pore system is a single layer of pores that only extends in two 

dimensions. But, pore-scale simulations were 3D because the dimensions of the pores in the 

depth directions were considered. 

    In this study, we define three scales of simulations: 

A) Macro-scale    

Macro-scale is the scale of microfluidic device and that of the continuum-scale simulation. The 

size of this scale is 3 cm ×  3 mm. Properties defined on this scale are integral properties of the 

porous medium, including oil recovery factor, net water injection rate, net water production rate, 

and net oil production rate. 

B) Meso-scale  

    Meso-scale is the scale of the grid used in continuum-scale simulations. On this scale, fluids 

and solids are treated as inter-penetrating continua. This scale is also called Darcy scale. The size 

of this scale in this study is 600 �äm ×  600 �äm. Parameters defined on this scale are permeability, 

relative permeability, porosity, water saturation and oil saturation. 
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C) Micro-scale  

    Micro-scale is the resolution of pore-scale simulation that is used to obtain the properties of a 

grid in the LBM. In this study, a meso-scale grid is resolved by 5,400,000 lattices, the size of 

which is 1 �äm ×  1 �äm ×  1 �äm.  

    In this study, finite-difference-based continuum-scale simulation is the bridge between the 

meso-scale and the macro-scale. Lattice Boltzmann pore-scale simulation forms the bridge 

between the micro-scale and the meso-scale. These scales and computational methods are 

schematically shown in Figure 1.1.  

 

 

                            Figure 1.1: Macro, meso, and micro-scale. 
 

    On multi-scale modeling of multiphase flows, only a few researchers have conducted 

investigations that bear some similarities to ours. Tsakiroglou (2012) used multi-scale network 

analysis to study immiscible displacement of a wetting phase by a non-wetting phase in a soil 

column. They studied three scales, pore-scale for the capillarity, an intermediate scale for 

capillary and gravity forces, and a large scale over which a dynamic simulation that uses 

capillary, gravity, and viscous forces was conducted to arrive at relative permeability functions. 

 

Macro-scale 
[3 cm x 3 mm x 14.6 �äm ] 

50 FDG x 5 FGD x 1 FDG simulation grid (X, Y, Z) 
dx = dy= 600 �äm, dz = 14.6 �äm.

Meso-scale
[ 600 �äm x 600 �äm x 15 �äm]

(600 �äm)x (600�äm)x (15 �äm ) = 5,400,000 lattice
(Each 1 FDG has 5,400,000 LB lattice or �äm)

Micro-scale
[1 �äm x 1 �äm x 1 �äm]

Continuum-scale 
simulation

Pore-scale 
simulation
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Sheng and Thompson (2013) studied multi-scale multiphase flows and developed a method to 

connect two models: dynamic pore networks and a continuum-scale simulator of immiscible 

fluids. The relative permeability curves and capillary pressure needed by the continuum-scale 

simulation were predicted by the network model. They tested the method with variable-rate 

immiscible flows. They concluded that there is no direct way to make the saturation that comes 

from the pore-scale simulations equal to that from the continuum-scale model. Tomin and Lunati 

(2013) developed a hybrid algorithm of two-phase flows by combining pore-scale (Navier�±

Stokes) and continuum-scale simulations and verified their method using reference pore-scale 

solutions. Tomin and Lunati (2016a) later performed another multi-scale study by merging 

continuum-scale and pore-scale flows into a single numerical method. They applied numerical 

averaging of pore-scale flows to feed data into the continuum-scale. A conclusion of theirs is that 

fluid saturations are not the only factor that defines the relative permeability. The actual 

distributions of fluid can play a role. In yet another work, Tomin and Lunati (2016b) simulated 

drainage and imbibition in different flow regimes, with the objective being to identify regions 

where pore-scale simulations are necessary. Khayrat and Jenny (2017) simulated a large-scale 

flow using a multi-scale pore-network approach with sets of smaller sub-networks. Finite volume 

method was used to solve the evolution of global pressure in a dynamic two-phase pore network. 

Results at different capillary numbers and unfavorable viscosity ratios were used to validate the 

multi-scale pore-network. Their model was able to produce the capillary pressure and relative 

permeability curves.  

   The above references showcase recent interests and efforts in using multiscale approach to 

obtain effective properties and using controlled pore-scale simulations to verify multiphase flow 
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simulators. The idea of using microfluidic experiments to verify continuum-scale reservoir 

simulations, however, has not been attempted. 

    Chapter 1 presents the objective of this research, definitions of scales, and a brief review of the 

past multi-scale simulations of two-phase flows in porous media. Chapter 2 describes the method 

for continuum-scale. Chapter 3 presents pore-scale simulations. Chapter 4 discusses the 

microfluidic experiments used in this study. Chapter 5 presents results and discussions. Chapter 

6 presents conclusions and recommendations. 
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CHAPTER TWO 

CONTINUUM-SCALE SIMULATION  

    Continuum-scale simulations of water-oil two-phase flows were conducted using a control 

volume finite difference method. The equations are two-dimensional, the flow is isothermal, 

fluids are slightly compressible and capillary pressure between two phases is included. Equations 

were discretized using a five-point finite difference scheme. In the simulations, a constant 

injection pressure was applied to the injection side and a constant atmospheric pressure was 

applied to the production side. No well bore storage effect was considered on the injection and 

production nodes because of constant injection pressure and small dimensions of microfluidic 

devices. Also, the system considered here is horizontal (no gravity effect).   

    In this study, a new conversion factor 6804.6 was used in the Darcy's law in the pressure and 

saturation equations and in the source terms instead of the usual conversion factor of 0.006328 

when field units are used. This conversion factor is used because the dimension of microfluidic 

devices is very small in micrometers and flow rates are in 
�œ�k�/

�q�c�a
.   

2.1 Governing equations for water-oil flows with capillary pressure 

    In this section, we present the governing equations for water-oil flows. Equation 2.1 is the 

governing equation for pressure (Chen et al. 2006).  

�Ï �® �<��
( �®��[�ã�ç���Ï�L�â 
F ���:���ã�ê���Û�ê 
E ���ã�â���Û�â���;���Ï�& 
F �ã�ê���Ï�2�Ö�ê�â�?�= +  �M�ç
Ý 
L �Î �%�ç��
�!�ã�Ú

�!�ç
                (2.1) 

In Equation 2.1, �Ï is divergence, t is time, �M�ç
Ý �� is total volumetric flow rate of fluids (oil +   water) 

per unit volume, �Î  is porosity, ��
( is absolute tensor permeability in �T and �U directions with 
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components �G�ë and �G�ì , �ã�ê�� is water mobility  
�Ä�Ý�â

�� �â
�á  ���ã�â�� is oil mobility 

�Ä�Ý�Ú

�� �Ú
, ���ã�ç�� is total mobility 

�ã�â��+ �ã�ê���á ���ä�â�� and ���ä�ê�� are viscosities of oil and water, respectively, �-�å�â and �-�å�ê are relative 

permeabilities of oil and water, respectively, �Û�â and �Û�ê��are hydrostatic pressure gradients of oil 

and water, respectively, �L�â and �L�ê are pressures of oil and water, respectively, t is time, D is the 

datum in the vertical direction, and �L�Ö�ê�â is capillary pressure between water and oil (Bear 1972).      

�L�â 
L �L�ê+  �L�Ö�ê�â                                                               (2.2)       

Since microfluidic experiments were horizontal, there was no gravity effect and �Ï�& = 0. 

Equation 2.1 is simplified to   

�Ï �® ��
( �®��[�ã�ç���Ï�L�â 
F �ã�ê���Ï�2�Ö�ê�â�? + ���M�ç
Ý 
L �Î �%�ç��
�!�ã�Ú

�!�ç
                                      (2.3)                            

We note that, Darcy's total velocity (�R�ç�,�,�,�&) is 

 �R�ç�,�,�,�& 
L �� ��
( �® [�����ã�ç���Ï�L�â 
F �ã�ê���Ï�2�Ö�ê�â�?                                              (2.4)                                                    

The primary variable in Equation 2.3 is �L�â (Aziz and Settari 1979), and total compressibility. 

�%�ç 
L �%�Î 
E �5�ê�%�ê 
E �5�â�%�â                                                 (2.5) 

where �%�ç�á �%�â�á����and �%�ê�� are total, oil, and water isothermal compressibilities, respectively. 

    Equation 2.6 is used to update water saturation���5�ê in the water-oil system. Again, gravity is 

assumed to be absent. The primary variable in this equation is �5�ê  (Aziz and Settari 1979).     

�Ï �® ��
( �® �>�ã�ê �Ï�L�â 
F �ã�ê�Ï�L�Ö�á�ê�â] +  �M�ê
Þ  
L �Î 
�!�Ì �â
�!�ç

 +  �Î���5�ê�>�%�ê 
E �%�Î �?��
�!�ã�â

�!�ç
                     (2.6)    
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where �M�ê
Þ  is volumetric flow rate of water per unit volume. We note that, Darcy's water velocity  

�R�ê�,�,�,�,�&  is 

 �R�ê�,�,�,�,�&
L ��
( �®��[�ã�ê���Ï�L�â 
F �ã�ê�Ï�L�Ö�ê�â�?                                               (2.7)  

2.2 Discretization of the governing equations and the boundary conditions 

    In this study, water-oil flows were driven by constant injection and production pressures. For 

this reason, along the injection and production sides, term ���M�ç
Þ  and �M�ç are unknowns. For nodes in 

the middle of the domain, ���M�ç
Þ  and �M�ç were set to zero.  

Discretize the pressure Equation 2.3 using the scheme shown in Figure 2.1, and we arrive at 

Equation 2.8, a linear algebraic equation from which �L�â is solved implicitly. 

 

 

Figure 2.1: Five-point directional scheme, and transmissivities in the code. 

 
�%�Ü�ä�Ý��[�L�â�á�Ü�á�Ý�?�5

�á�>�5 ���? +  �&�Ü�ä�Ý [�L�â�á�Ü�?�5�á�Ý
�á�>�5 �? +  �' �Ü�ä�Ý [�L�â�á�Ü�á�Ý

�á�>�5�?��+  �(�Ü�ä�Ý�>���L�â�á�Ü�>�5�á�Ý
�á�>�5 �?��+  �)�Ü�ä�Ý [�L�â�á�Ü�á�Ý�>�5

�á�>�5 �?��+ ���M�ç��
�á�>�5 
L �4�Ü�ä�Ý      (2.8) 
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Here �E and �F are indices to the domain's columns and rows respectively, (�J 
E �s) refers to the next 

time (unknown), and �M�ç��
�á�>�5 is the total flow rate (oil +  water) in the production nodes or water 

rate in the injection nodes. 

    In the injection and production nodes, source term �M�ç��
�á�>�5 is always unknown because of the 

pressure boundary imposed. For this reason, at the injection (first column) and the production 

(last column) nodes, �M�ç��
�á�>�5��should be substituted by injection or production source term equations 

that will be explained in detail in Section 2.3. After substitution, pressure and saturation 

equations should be rearranged.   

In Equation 2.8, �4�Ü�ä�Ý is calculated as 

�4�Ü�ä�Ý
L���6�ì �á�:�Ü�á�Ý�?
�-
�.
�;  �ã�ê�á�:�Ü�á�Ý�?

�-
�.
�;

�á [���L�Ö�ê�â�á�Ü�á�Ý�?�5
�á ���? + ���6�ë�á�:�Ü�?

�-
�.
�á�Ý�;  �ã�ê�á�:�Ü�?

�-
�.
�á�Ý�;

�á [���L�Ö�ê�â�á�Ü�?�5�á�Ý
�á ���? 
F {�6�ì �á�:�Ü�á�Ý�?

�-
�.
�; �ã�ê�á�:�Ü�á�Ý�?��

�-
�.
�;

�á    

+  �6�ë�á�:�Ü�?
�-
�.
�á�Ý�; �ã�ê�á�:�Ü�?

�-
�.
�á�Ý�;

�á  +  �6�ë�á�:�Ü�>
�-
�.
�á�Ý�; �ã�ê�á�:�Ü�>

�-
�.
�á�Ý�;

�á +  �6�ì �á�:�Ü�á�Ý�>
�-
�.
�; �ã�ê�á�:�Ü�á�Ý�>

�-
�.
�;

�á �=�>���L�Ö�ê�â�á�Ü�á�Ý
�á ���?��+  �6�ë�á�:�Ü�>

�-
�.
�á�Ý�; �ã�ê�á�:�Ü�>

�-
�.
�á�Ý�;

�á  

[���L�Ö�ê�â�á�Ü�>�5�á�Ý
�á ���?  + �6�ì �á�:�Ü�á�Ý�>

�-
�.
�; �ã�ê�á�:�Ü�á�Ý�>

�-
�.
�;

�á  [���L�Ö�ê�â�á�Ü�á�Ý�>�5
�á ���? 
F ���8�Ë

�:�Î���¼�ß�;�Ô
�Ù������

�¿�ç
�� �>�2�â�á�Ü�á�Ý

�á ]                                  (2.9) 

where �J represents the current time, and �8�Ë is the node's volume (dx ×  dy × dz). The four 

transmissivities, �%�Ü�ä�Ý, �&�Ü�ä�Ý�á �(�Ü�ä�Ý�á and �)�Ü�ä�Ý are as follows:   

   �%�Ü�á�Ý
L �6�ì �á�:�Ü�á�Ý�?
�-
�.
�;  �ã�ç�á�:�Ü�á�Ý�?

�-
�.
�;

�á                                                 (2.10)  

�&�Ü�á�Ý  
L �6�ë�á�:�Ü�?
�-
�.
�á�Ý�;  �ã�ç�á�:�Ü�?

�-
�.
�á�Ý�;

�á                                           (2.11) 

�(�Ü�á�Ý  
L �6�ë�á�:�Ü�>�-
�.
�á�Ý�;  �ã�ç�á�:�Ü�>

�-
�.
�á�Ý�;

�á                                                      (2.12) 

�)�Ü�á�Ý 
L �6�ì �á�:�Ü�á�Ý�>
�-
�.
�; ���ã�ç�á�:�Ü�á�Ý�>

�-
�.
�;

�á                                             (2.13) 
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�' �Ü�á�Ý
L 
F{ �6�ì �á�:�Ü�á�Ý�?
�-
�.
�; �ã

�ç�á�:�Ü�á�Ý�?
�-
�.
�;

�á ��+  �6�ë�á�:�Ü�?
�-
�.
�á�Ý�;�����ã�ç�á�:�Ü�?

�-
�.
�á�Ý�;

�á + �����6�ë�á�:�Ü�>
�-
�.
�á�Ý�; �ã

�ç�á�:�Ü�>
�-
�.
�á�Ý�;

�á ��+ ���6�ì �á�:�Ü�á�Ý�>
�-
�.
�; �ã

�ç�á�:�Ü�á�Ý�>
�-
�.
�;

�á 
E    

�:�Î���¼�ß�;�Ô
�Ù�������Ï�Ã

�¿�ç
}                                                                                                                                 (2.14) 

Substitute Equations 2.10, 2.11, 2.12, and 2.13 into Equation 2.14, and we have, 

�' �Ü�á�Ý
L 
F { �%�Ü�á�Ý��+  �&�Ü�á�Ý +  �(�Ü�á�Ý +  �)�Ü�á�Ý +  
�:�Î���¼�ß�;�Ô

�Ù���Ï�Ã
�¿�ç

 }                            (2.15)         

The transmissivity coefficients in �T and���U directions are given by:  

�6�ë 
L �x�z�r�v�ä�x���G�ë

$
$
$ ��

�¿�ì�¿�í

�¿�ë
           (in �T-direction)                                 (2.16) 

�6�ì  
L �x�z�r�v�ä�x���G�ì

$
$
$ ��

�¿�ë���¿�í

�¿�ì
           (in �U-direction)                                 (2.17)  

where, �¿�T, �¿�U, and  �¿�V are in �äm and �G�ë
$
$
$ ��and �G�ì
$
$
$ are in md. The transmissivity is defined as the 

product between the transmissivity coefficients and total / oil / water mobility. �G�ë
$
$
$ and �G�ì
$
$
$ are 

determined on the shared edge between two nodes using the harmonic average of �G�ë and �G�ì  of 

the two nodes.                          

    Saturation Equation 2.6 was then discretized and solved explicitly for water saturation �5�ê. The 

equation for updating water saturation is: 

 �5�ê�á�Ü�á�Ý
�á�>�5 
L �5�ê�á�Ü�á�Ý

�á   +   

�¿�ç

�Ï �Ã���Î
 { �6�ì �á�:�Ü�á�Ý�?

�-
�.
�;  �ã�ê�á�:�Ü�á�Ý�?

�-
�.
�;

�á  [���L�â�á�Ü�á�Ý�?�5
�á�>�5 ���? +  �6�ë�á�:�Ü�?

�-
�.
�á�Ý�; �ã�ê�á�:�Ü�?

�-
�.
�á�Ý�;

�á  [���L�â�á�Ü�?�5�á�Ý
�á�>�5 ���? 
F { �6�ì �á�:�Ü�á�Ý�?

�-
�.
�; �ã�ê�á�:�Ü�á�Ý�?

�-
�.
�;

�á  +   

�6�ë�á�:�Ü�?
�-
�.
�á�Ý�; �ã�ê�á�:�Ü�?

�-
�.
�á�Ý�;

�á  +   �6�ë�á�:�Ü�>
�-
�.
�á�Ý�; �ã�ê�á�:�Ü�>

�-
�.
�á�Ý�;

�á  +  �6�ì �á�:�Ü�á�Ý�>
�-
�.
�; �ã�ê�á�:�Ü�á�Ý�>

�-
�.
�;

�á }  [���L�â�á�Ü�á�Ý
�á�>�5���? 
F���>

�Ì�â�á�Ô�á�Ö
�Ù �����Ï�Ã���Î��
c�¼�â ���>�����¼�Î 
g��

�¿�ç
] 

[���L�ê�á�Ü�á�Ý
�á�>�5���? +  �6�ë�á�:�Ü�>

�-
�.
�á�Ý�;  �ã�ê�á�:�Ü�>

�-
�.
�á�Ý�;

�á [���L�â�á�Ü�>�5�á�Ý
�á�>�5 ���? +  �6�ì �á�:�Ü�á�Ý�>

�-
�.
�; �ã�ê�á�:�Ü�á�Ý�>

�-
�.
�;

�á [���L�â�á�Ü�á�Ý�>�5
�á�>�5 ���?
F  

�6�ì �á�:�Ü�á�Ý�?
�-
�.
�;�ã�ê�á�:�Ü�á�Ý�?

�-
�.
�;

�á ��[���L�Ö�ê�â�á�Ü�á�Ý�?�5
�á ���? 
F �6�ë�á�:�Ü�?

�-
�.
�á�Ý�;  �ã�ê�á�:�Ü�?

�-
�.
�á�Ý�;

�á  [���L�Ö�ê�â�á�Ü�?�5�á�Þ
�á ���?��+  
\���6�ì �á�:�Ü�á�Ý�?

�-
�.
�;�����ã�ê�á�:�Ü�á�Ý�?

�-
�.
�;

�á �� 
E
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�6�ë�á�:�Ü�?
�-
�.
�á�Ý�;���ã�ê�á�:�Ü�?

�-
�.
�á�Ý�;

�á 
E ���6�ë�á�:�Ü�>
�-
�.
�á�Ý�;���ã�ê�á�:�Ü�>

�-
�.
�á�Ý�;

�á 
E�6�ì �á�:�Ü�á�Ý�>
�-
�.
�;���ã�ê�á�:�Ü�á�Ý�>

�-
�.
�;

�á
�E�>���L�Ö�ê�â�á�Ü�á�Ý

�á ���? 
F �6�ë�á�:�Ü�>
�-
�.
�á�Ý�;  �ã�ê�á�:�Ü�>

�-
�.
�á�Ý�;

�á   

[���L�Ö�ê�â�á�Ü�>�5�á�Ý
�á ���? 
F �6�ì �á�:�Ü�á�Ý�>

�-
�.
�; �ã�ê�á�:�Ü�á�Ý�>

�-
�.
�;

�á  [���L�Ö�ê�â�á�Ü�á�Ý�>�5
�á ���? +  �M�ê�á�>�5 + ���5�ê�á�Ü�á�Ý

�á   �8�Ë���Î �>�%�ê 
E �� �%�Î �? [
���É�â�á�Ô�á�Õ

�Ù

�¿�ç
 ]}      (2.18) 

For all nodes in the middle of the domain in Equation 2.18,���M�ê�á�>�5 is zero. For nodes on the 

injection/production sides of the domain,���M�ê�á�>�5 should be substituted by water source terms as 

described in Section 2.3.   

    In this study, calculation of harmonic averages only occurred once before starting the main 

calculation. We did not update absolute and harmonically averaged permeabilities during 

running simulations. The example below illustrates the process of harmonic averaging between 

nodes �' �Ü�á�Ý and �&�Ü�?�5�á�Ý in the �T-direction (Figure 2.1).  

                                                  �G
$�ë�á�:�Ü�?
�-
�.
�á�Ý�; 
L

�¿�ë�:�Ô�7�-�á�Õ�;�����>�����¿�ë�:�Ô�á�Õ�;��
�¿�ã�:�Ô�7�-�á�Õ�;
�¼�:�Ô�7�-�á�Õ�;

�����>����
�¿�ã�:�Ô�á�Õ�;��

�¼�:�Ô�á�Õ�;

 

When �¿�T�:�Ü�?�5�á�Ý�;�� 
L �� �¿�T�:�Ü�á�Ý�;  

�G
$�ë�á�:�Ü�?
�-
�.
�á�Ý�; 
L

�6���Ä�:�Ô�7�-�á�Õ�;���Ä�:�Ô�á�Õ�;

�Ä�:�Ô�7�-�á�Õ�;�>�Ä�:�Ô�á�Õ�;
                                                        (2.19) 

    Upstream weighting is a technique to choose the total (water +  oil) or water mobility between 

two adjacent grid nodes based on flow direction or nodes' pressures. In this study, we used the 

method based on nodes' pressures. To choose the right mobility values (�ã�á) for the transmissivity 

calculations, we determined the upstream weighting between two nodes by evaluating the 

pressures (�L�â for �ã�â�á and �L�ê for���ã�ê�á) at the two nodes. The upstream direction was taken to be 

from the lower pressure to the higher pressure. 
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2.3 Discretization of injection and production sides   

    In our simulation of water-oil flows,���M�ç
Ý
L �M�ê
Þ  on the injection side because only water was 

injected; on the production side,���M�ç
Ý no longer equals �M�ê
Þ  because both water and oil were 

produced. The injection and production sides had constant injection and production pressures 

and thus these rates varied with time. 

    The pressure Equation (2.8) contains the source term �M�ç��
�á�>�5 that should be expressed on the 

injection side. For a domain of L ×  W grid nodes (Figure 2.3), the system has W injection nodes 

1 through W. The equations for the injection source term: 

�M�ê�á�>�Ü�á�Ý�ä�á�â�×�Ø���Ý�?��
�á�>�5�ä = �����:�Ý�;�ã�ç���á�>�Ü�á�Ý�ä�����á�â�×�Ø���Ý�?

�á �:���L�>�Ü�á�Ý�ä�����á�â�×�Ø�Ý�?
�á 
F �� �L�ê�á�5�á�Ý

�á�>�5) ..... �:�F 
L �s���–�‘�����;�������������� (2.20)     

�����:�Ý�;
L �:���x�z�r�v�ä�x���G�ë��
�¿�ì���¿�í

�¿�ã
�.

���;�:�5�á�Ý�; ...... �:�F 
L �s���–�‘�����;��������������                          (2.21)                                                

In the above equation, �M�ê�á�>�Ü�á�Ý�ä�����á�â�×�Ø���Ý�?
�á�>�5�ä  is water injection rate at the �Fth injection point in the unit of 

(
�œ�k�/

�q�c�a
),���L�>�Ü�á�Ý�ä�����á�â�×�Ø�Ý�?

�á  is a constant that reflects the injection pressure, �L�ê�á�5�á�Ý
�á�>�5 is water pressure that is 

substituted by (�L�â�á�5�á�Ý
�á�>�5 
F �L�Ö�ê�â), and �F is the injection node index.   

    The pressure Equation (2.8) contains the source term �M�ç����
�á�>�5 that is non-zero on the production 

side. For the same L ×  W domain (Figure 2.3), the system has W production nodes 1 through W.   

The source term in the pressure equation is:            

 �M���ç���á�>�ã�å�â�ä�����á�â�×�Ø���Ý�?
�á�>�5  = �M���â���á�>�ã�å�â�ä�����á�â�×�Ø���Ý�?

�á�>�5  +  �M���ê���á�>�ã�å�â�ä�����á�â�×�Ø���Ý�?
�á�>�5                                (2.22)     

where,  

�M���â���á�>�ã�å�â�ä�����á�â�×�Ø���Ý�?
�á�>�5  = ���� �:�Ý�;���ã�â�á�>�ã�å�â�ä�����á�â�×�Ø���Ý�?

�á �: �L�>�ã�å�â�ä�����â�Ü�ß�����á�â�×�Ø���Ý�?
�á 
F ���L�â�á�Å�á�Ý

�á�>�5��) .....  �:�F 
L �s���–�‘�����;���� (2.23) 
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�M���ê���á�>�ã�å�â�ä�����á�â�×�Ø���Ý�?
�á�>�5  
L ���� �:�Ý�;���ã�ê�á�>�ã�å�â�ä�����á�â�×�Ø���Ý�?

�á �: �L�>�ã�å�â�ä�����ê�Ô�ç�Ø�å���á�â�×�Ø���Ý�?
�á 
F ���L�ê�á�Å�á�Ý

�á�>�5��) .....  �:�F 
L �s���–�‘�����;����������  (2.24)          

���� �:�Ý�; 
L �:�x�z�r�v�ä�x���G�ë��
�¿�ì���¿�í

�¿�ã
�.

���;�:�Å�á�Ý�; ......  �:�F 
L �s���–�‘�����;����                             (2.25)           

In the above equations. �L�>�ã�å�â�ä�����â�Ü�ß�����á�â�×�Ø���Ý�?
�á  is 11.8 psia (Denver's atmospheric pressure), 

�L�>�ã�å�â�ä�����ê�Ô�ç�Ø�å���á�â�×�Ø���Ý�?
�á  is (11.8 
F���L�Ö�ê�â) because of the capillary pressure, and �F is the production 

node index.    

2.4 Summary of unknowns in the discretized equations  

There are [W ×  L + 2 ×  (W+1)] unknowns in the discretized water-oil flow equations driven by 

a constant pressure difference. The following unknowns were solved implicitly from a matrix 

�x (W ×  L) unknown oil-phase pressures (�L�â�á�Å�á�5
�á�>�5......  �L�â�á�Å�á�Ð

�á�>�5).   

�x W water injection rates,  �M�ê�á�:�5�á�5�;
�á�>�5�ä ......, �M�ê�á�:�5�á�Ð�;

�á�>�5�ä     

�x One total water injection rate from W injection nodes, �M�ê�Í
�á�>�5    

�x W total production rates (water +  oil),  �M���ç���á�:�Å�á�5�;
�á�>�5 �á ....... �M���ç���á�:�Å�á�Ð�;

�á�>�5  

�x One total production rate (water +  oil) from five production nodes,���M�ç
�á�>�5 

The following unknowns were solved explicitly  

�x (W ×  L) water-phase pressures (�L�ê�á�Å�á�5
�á�>�5......  �L�ê�á�Å�á�Ð

�á�>�5 )  

�x (W ×  L) water saturations (�5�ê���á�Å�á�5
�á�>�5......  �5�ê���á�Å�á�Ð

�á�>�5 )  
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 2.5 Relative permeability and capillary pressure curves   

    In this section, we present correlations for the capillary pressure (�L�Ö�ê�â�;��and for relative 

permeabilities of oil (�-�å�â) and water (�-�å�ê). 

    In this study, two models of relative permeability were used. The first model of relative 

permeability curves used to match the experimental results is based on the saturation exponent 

method, which is also called the modified Brooks-Corey relations (Lake 1989). It was developed 

for a wider range of rocks and wettability characteristics      

�-�å�ê = �-�å�ê
�Û  [ 

�Ì�â �?���Ì�â�Ý

�5�?�Ì�Ú�Ý�?�Ì�â�Ý
 �?�á�â                                    (2.26)  

�-�å�â = �-�å�â
�Û [ 

�Ì�Ú�?���Ì�Ú�Ý

�5�?�Ì�Ú�Ý�?�Ì�â�Ý
 �?�á�Ú                                                (2.27) 

where 

���5�â +  �5�ê = 1                                                        (2.28) 

and �5�ê takes values between �5�ê�å and �s 
F �5�â�å�ä �-�å�ê
�Û  is the maximum relative permeability value 

of water at �5�â�å, and �-�å�â
�Û is the maximum relative permeability value of oil at �5�ê�å. �5�â�å and �5�ê�å 

are the residual oil and water saturations, respectively. �J�â��and �J�ê  are the oil and water saturation 

indices, respectively.  

    The second model of relative permeability curves comes from the analytical solution of two-

phase displacement based on Hagen�±Poiseuille equation in a single-capillary-tube driven by a 

constant pressure difference  

�5

�6
 (�ä�ê 
F �ä�â) (

�Å�â
�Å

�;�6 + �ä�â (
�Å�â
�Å

�; 
F 
�×�.

�7�6
 (�2�Ü�á 
F �2�â�è�ç�� 
E 

�8���� �a�m�q ��

�×
 ) 

�ç

�Å�.
 = 0                   (2.29) 

Here, �ä�ê and �ä�â are viscosities of water and oil, respectively, �.��is the total length of the capillary 

tube, �.�ê is the length of the capillary tube occupied by the invading fluid (water), �@ is the 

effective diameter of the capillary tube, �2�Ü�á and �2�â�è�ç are the injection and production pressures 
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on the capillary tube's ends, �ê is the interfacial tension (IFT), �à is oil-water contact angle within 

the capillary tube, and �P is injection time. The relative permeabilities of water and oil and 

breakthrough time ���F are given by 

�-�å�ê���:�P�; =  
�� �â ��

�Ï�½�â
�Ï�ß

�×�. ���7�6
 (

�Å�â
�Å

�; 
�Å

�É�Ô�Ù�?�É�Ú�à�ß
                                              (2.30)  

�-�å�â�:�P�; =  
�� �Ú��

�Ï�½�â
�Ï�ß

�×�. ���7�6
 (�s 
F

�Å�â
�Å

�; 
�Å

�É�Ô�Ù�?�É�Ú�à�ß
                                           (2.31) 

���F = 
�-
�.
���:���â �>���Ú�;��

�/�.
�Ï �.�����Å

�.

�@�É�Ô�Ù�?�É�Ú�à�ß�>��
�0��
��Y�e�i
�

�Ï
���A
                                                         (2.32) 

Here, 
�×�Å�â
�×�ç

 is the pore velocity of water. The complete derivations of Equations 2.30, 2.31, and 

2.32 are provided in Appendix A.  

   There are several methods to measure the capillary pressure for rocks in labs (Amyx et al. 

1960). Mercury injection is a common method, and the following steps briefly describe the 

laboratory procedure: A) Put a dried core sample into a core chamber and the chamber is 

vacuumed. B) Inject mercury (non-wetting phase) at high pressures and force mercury into the 

pores. C) Record the injected volume of mercury at each pressure that represents the non-wetting 

phase saturation. D) Repeat these processes until the entire core sample is filled with mercury.  

E) Plot pressures as a function of non-wetting phase saturation.   

    The capillary pressure curve for microfluidic devices, unlike that for rocks, was not modeled 

in this study as a function of saturation and/or drainage / imbibition processes because most 

microfluidic devices in this study only have channels of a single size. Therefore, a single value of 

�L�Ö�ê�â��independent of saturation was used in this study. �L�Ö�ê�â was calculated using the Young-

Laplace equation (White 2014).  
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�5

�×
��= 

�5

�6
 �:

�5

�Û
 
E��

�5

�ê
)                                                         (2.33) 

�L�Ö�ê�â = 2 �ê cos �à (
�5

�Û
 + 

�5

�ê
)                                                (2.34) 

where �@��is the effective diameter of the capillary tube and �D and �S are microfluidic channel's 

height (depth) and width, respectively. Figure 2.2 shows the constant capillary pressures of the 

microfluidic devices in water and surfactant flooding. Values of capillary pressures are also 

presented in Table 2.1. 

 

 

Figure 2.2: Capillary pressure as a function of water saturation for the microfluidic devices (U 
stands for homogenous chip, and V stands for heterogeneous, vuggy chip, see Chapter 4).  
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2.6 Simulation setup and parameters of the microfluidic device 

    Figure 2.3 presents the continuum-scale simulation domain, which is the entire microfluidic 

device. All microfluidic devices have a length of 3 cm and a width of 3 mm. In our simulations, 

these devices were discretized using 50 nodes along the length direction (L), and 5 nodes along 

the width direction (W). The dimensions of these nodes are d�T = d�U = 600 �äm and d�V = 14.6 

�äm, which is the height (depth) of microfluidic channels. Initial conditions and other constants 

used in the simulations are listed in Table 2.1.  

 

 

Figure 2.3: 50 ×  5 nodes for simulation of microfluidic devices. 
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Table 2.1: Simulation and chips properties used in the water-oil and surfactant simulations 

Parameter Chip and fluid type 
U  

(brine-
oil) 

U  
(surfactant-

oil) 

V  
(brine-

oil) 

V  
(surfactant-

oil) 
Capillary pressure (psia) 
F 0.67 
F 0.069 
F��0.55 
F 0.07 

Experimental �¿�L (psi) 1.5 

Experimental injection 
 pressure (psia) 

13.3 

Initial and production pressure of  
brine or surfactant (psia) 

 
12.47 

 
11.87 

 
12.35 

 
11.87 

Initial and production pressure  
  of oil (psia)   

11.8  

�G�ë�:�Ü�á�Ý�; and���G�ì�:�Ü�á�Ý�; (md) 250 �G�ë and  �G�ì  from pore-scale simulations 

�Î �:�Ü�á�Ý�; Based on geometry of the microfluidic device  
(250 values) 

�O�ê�å 0.055 0.045 0.03 0.028 
�O�â�å 0.05 0.025 0.15 0.1 

�ä�â��(cp) 42.46 
�ä�ê�����:�…�’�; 0.94 1.13 0.94 1.13 

Oil density (g/�…�•�7) 0.848 
Density of injection fluid (g/�…�•�7) 1.066 1.077 1.066 1.077 

Interfacial tension �:�ê�;��mN/m 28.4 3.6 28.4 3.6 

�à 110o 

Co (psi-1) 1 ×  10-5 
Cw (psi-1) 4 ×  10-6  
Cf (psi-1) 3 ×  10-6  
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2.7 Additional test cases 

    In this section, we present additional test cases for a horizontal five-point 2D, water-oil flows 

in a homogenous isotropic 30 ×  30 domain. These cases focus on distributions of water 

saturation. In this domain, injection took place at node 1, and production occurred at node 

number 900 as shown in Figure 2.4 below:   

 
Node 1 

1njection 

 
 
2 

  

 ----- 

  

30 

 

31 

 

32 

 

----- 

 

39 

 

60 

 

----- 

 

----- 

 

----- 

 

----- 

 

----- 

 

841 

 

----- 

 

----- 

 

----- 

 

870 

 
871 

 

----- 

 

----- 

 

----- 

Node 900  

Production 

      Figure 2.4: 30 ×  30 domain for the additional test cases. 

                     

    Injection occurred at a constant rate of 70,000 
�œ�k�/

�q�c�a
 , and production node was held at a constant 

pressure of 12 psia. Each node has �¿�T 
L �¿�U = 100 �äm and���¿�V is 14.6 �äm, and �¿�P is 0.1 sec. 

Porosity is 0.901, and permeability (�G�ë 
L �G�ì ) is 194 md. Capillary pressure is 
F 0.67 psia, �5�ê�å is 

0.055, and �5�â�å is 0.05. The assumed relative permeability curves are described by: �G�å�ê
�Û = 0.3,  �G�å�â

�Û=  

0.8,  �J�ê = 2, and �J�â = 3. Figure 2.5 shows the relative permeability curves of the test cases. 
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Figure 2.5: Relative permeability curves for the test cases. 
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    Different water and oil viscosities were applied in these cases. Figures 2.6, 2.7, 2.8, 2.9, and 2.10 

present high water concentrations around the injection node, and high oil saturations around the 

production node. The water front moves with time. 

    For Case 1, oil viscosity is 42.46 cp, and water viscosity is 0.94 cp. The breakthrough time is 

78.9 sec. Figure 2.6 shows distributions of water saturation after 15, 30, 50, breakthrough time, and 

160 sec of water injection. Oil viscosity is about 45 times of that of the injected water. 

    In Case 2, water viscosity is 1 cp, and oil viscosity is 5 cp. The breakthrough time is 162.2 sec. 

Figure 2.7 shows the distribution of water at 40, 80, 120, breakthrough time, and 400 sec of 

water injection. Oil viscosity in this case is 5 times of that of the injected water.   

    In Case 3, the water viscosity is identical with oil viscosity (1 cp). The breakthrough time is 

239.9 sec, and. Figure 2.8 shows the distribution of water at 50, 100, 150, 200, and breakthrough 

time of water injection.  

    In Case 4, water viscosity is 1 cp, and oil viscosity is 0.5 cp. The breakthrough time is 262.6 

sec. Figure 2.9 shows the distribution of water at 50, 100, 150, 200, and breakthrough time of 

water injection. Oil viscosity is half of that of the injected water.   

    In Case 5, water viscosity is 1 cp, and oil viscosity is 0.1 cp. The breakthrough time is 291.6 

sec. Figure 2.10 shows the distribution of water at 60, 120, 180, 240, and breakthrough time of 

water injection. Oil viscosity is 1/10 of that of the injection water.  

   Evaluation of these plots indicates that predictions of the continuum-scale simulator are 

consistent with the physics of flow and expectations.  
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Figure 2.6: Distribution of water saturation of Case 1. 
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Figure 2.7: Distribution of water saturation of Case 2. 
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Figure 2.8: Distribution of water saturation of Case 3. 
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Figure 2.9: Distribution of water saturation of Case 4. 
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Figure 2.10: Distribution of water saturation of Case 5. 
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CHAPTER THREE 

PORE-SCALE SIMULATION 

    The second part of multi-scale modeling is pore-scale simulation using lattice-Boltzmann 

(LB). The goal of pore-scale simulation is to calculate single-phase permeability along �T or �U 

directions for each grid of continuum-scale simulation presented in the previous chapter. The LB 

code used in this study is based on Xiao and Yin (2016).  

3.1 Lattice-Boltzmann hydrodynamics  

    The lattice Boltzmann method (LBM) is a computational fluid dynamics method for 

simulation of incompressible flows (Sukop and Thorne 2013). The lattice Boltzmann method is 

not a direct solver of the governing hydrodynamics equations. The evolution of the distribution 

of the fluid molecular velocity on a square (2D) or cubic (3D) lattice is simulated in LBM, from 

which Navier�±Stokes equation is recovered (Wang et al. 2019).  

Navier-Stokes equation for incompressible fluid flow is 

�é �@
�!�é�,�&

�!�ç
�� 
E �R�& �® �Ï�R�&���A 
L 
F�Ï�L 
E �ä���Ï�6���R�& 
E �(�&                                         (3.1) 

where, �R�& is fluid velocity, �(�& is body force, �ä��is fluid viscosity, �U��is the fluid density, �L is 

pressure, and �P is time. In LBM, the update equation for the fluid velocity distribution with 

external force (Li et al. 2015) is: 

� �̂g�:�N 
E �A�Ü�¿�P�á �P 
E �¿�P�; 
F ��̂g�:�N�á �P�; 
L �3�g
E �	�g                                    (3.2) 
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where, � �̂g��is the fraction of molecules moving with velocity �A�Ü, �N is the location of the lattice, �¿�P is 

the lattice time step, �3�g is the collision operator, and �	�g is a forcing term that comes from the body 

force  �(�&.  

    In LBM, fluid is modeled as a collection of fluid fractions that move on a lattice consisting of 

solid and fluid points. In one lattice time step (�¿�P�;, these fractions propagate along the lattice 

direction to redistribute mass and momenta, followed by "collisions" that recovers the viscous 

effect of the fluid. In each time step, contribution of the external force is also included. The no-

slip boundary condition is imposed at solid-fluid interfaces. The model used in this study is the 

D3Q19 model with MRT (Multiple Relaxation Time) collision (Li et al. 2015). In the D3Q19 

model, "3" represents the dimension of the model, and 19 refers to the number of fluid fractions. 

Each fraction is assigned velocity �A�Ü in accordance with the time step and the lattice spacing, 

such that a fraction starting at a lattice site �T with velocity �A�Ü would arrive at �T 
E �¿�P �® �A�Ü also on 

the lattice. The 19 velocities in our D3Q19 model are specified by the matrix in Equation 3.3 (Li  

et al. 2015) and shown in Figure 3.1.    

 

 

... (3.3) 
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Figure 3.1: Lattice structure of the D3Q19 model. 

 
Macroscopic fluid density �:�O) and macroscopic velocity (�Q) are expressed by 

�é 
L�Ã ���B�Ü��
�5�<
�Ü�@�4                                                               (3.4) 

�Q 
L
�5

��
�Ã ���B�Ü���A�Ü��

�5�<
�Ü�@�4                                                            (3.5)   

The viscosity of lattice fluid is related to the collision operator �3�g. 
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3.2 Boundary conditions for LB simulations 

    Just as any computational fluid dynamics solvers, boundary conditions need to be specified in 

LBM. Many LBM boundary conditions exist in the literature. In this study, we used the 

following boundary conditions.  

�x No-slip boundary condition: This boundary condition was applied on fluid-solid 

interfaces (Sukop and Thorne 2013). 

�x Periodic boundary condition: This boundary condition was applied to boundaries of LB 

computational domain along the mean flow direction, so that the system allows fluid 

flow to occur continuously. 

    In this study, however, the geometry of the microfluidic device has different configurations of 

fluid and solid nodes along inlet and outlet boundaries and therefore is not periodic. To make the 

geometry periodic, so that we can use a body force to generate a continuous flow, extra layers of 

fluid nodes were added to the inlet and outlet sides as shown in Figure 3.2. These added layers 

on the two sides of the domain, both of which have width of 3�¿�T (3 �äm), combined have the 

same width as a regular microfluid channel. They ensure that fluid flow is continuous regardless 

of configuration of microfluid channels in a grid and periodicity in the �T-direction is maintained. 

When such layers are added to the �U-direction, periodicity in �U can be maintained.   
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Figure 3.2: Periodicity is maintained by added inlet and outlet layers.  

 
Figure 3.3 is an example of a data file before (original) and after adding extra layers to the         

�T-direction. 

      

 

Figure 3.3: A data file before and after adding extra layers to the �T-direction (U-chip).     . 

Inlet layer = 3 �äm 
= 3 layers = X + 3 �äm     

Oulet layer = 3 �äm 
= 3 layers = X + 3 �äm     

RepeatingNode number  1 in periodic system

(AFTER)
Max X and X-coordinates were 
adjusted to add extra layers to the  
X - direction.  

Max X         Max Y
606 600

X & Y  Coordinates
X1+3            Y1
X2+3             Y2
X3+3             Y3

.+3            . 

.+3              . 
Xn+3             Yn

(BEFORE)
Original data file (.dat) 
containing the coordinates 
of  the microfluidicchannels 
in a grid.

Max X             Max Y
600                 600

X & Y  Coordinates
X1              Y1
X2                  Y2
X3                  Y3
.  .
.  .
Xn                  Yn 

Outlet layer = 3 �äm                                
= 3 layers = x + 3 

�ä
  

Inlet layer = 3 �äm                                
= 3 layers = x + 3 �äm 
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Figure 3.4 is an example of data file before (original) and after adding extra layers to the           

�U-direction. 

 

 

Figure 3.4: A data file before and after adding extra layers to the �U-direction (U-chip).    

  . 
3.3 Settings of LB simulations 

    The following settings were used in the LB simulations.   

�x Grid resolution �¿�T 
L 1 �äm.     

�x Static density of the fluid �é�4 
L 36 
�Å�Ô�ç�ç�Ü�Ö�Ø���Æ�Ô�æ�æ

�¿�ë�/
. 

    After the fluid begins to flow, the density of the fluid changes slightly according to �L 
L �é���?�æ
�6, 

where ���?�æ�6 
L
�5

�7

�¿�ë�.

�¿�ç�.
��is the speed of sound of the lattice Boltzmann fluid, and �L is pressure.  

 

(AFTER)
Max Y and Y-coordinates were 
adjusted to add extra layers to the  
Y - direction.  

Max X         Max Y
600 606

X & Y  Coordinates
X1            Y1+3
X2             Y2+3
X3             Y3+3

.             . +3

.                . +3
Xn             Yn+3

(BEFORE)
Original data file (.dat) 
containing the coordinates 
of  the microfluidicchannels 
in a grid.

Max X             Max Y
600                 600

X & Y  Coordinates
X1              Y1
X2                  Y2
X3                  Y3
.  .
.  .
Xn                  Yn 
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Viscosity of lattice Boltzmann fluid is 

�ä 
L �é�4�?�æ�6�@�ì 
F
�5

�6
�A 
L

�� �,

�7
�@�ì 
F

�5

�6
�A                                                 (3.6) 

where �ì is the relaxation parameter taken as 1 �¿�P in this study. The unit for the viscosity (�ä�; is 

�Å�Ô�ç�ç�Ü�Ö�Ø���à�Ô�æ�æ

�¿�ë���¿�ç
. In the end, body force, or its equivalent 
F

�×�ã

�×�ë
 or 
F

�×�ã��

�×�ì
, used to generate flow in �T or 

�U-direction was set to �s�r�?�9��
�Å�Ô�ç�ç�Ü�Ö�Ø���à�Ô�æ�æ

�¿�ë�. ���¿�ç�.
. Table 3.1 present LBM units and their corresponding 

real units. 

 
Table 3.1: Summary of parameters in LBM and real units used in LB simulations 

Parameter LBM unit Real Unit 

Time 1 lattice time 1.67 ×  �s�r�?�;sec 

Viscosity 6 lattice mass/ (lattice × lattice time) 1 cp 

Density 36 lattice mass / lattice3 1 g /���…�•�7 

�Š�– / (�Š�ž or �Š�Ÿ) �s�r�?�9��lattice force / lattice2 /lattice 0.433 psi /ft 

 
3.4 MATLAB codes   

    During this study, two MATLAB codes were developed for processing the geometries of 

microfluidic devices.  
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3.4.1 MATLAB code for division of the microfluidic geometry 

    This code was developed to divide the geometry of the entire microfluidic device into L × W 

nodes as shown in Figure 3.5 for the continuum-scale simulation (L = 50, and W = 5 in Figure 

3.5). Figure 3.6 shows the same 50 × 5 grids overlaid on the microfluidic device studied in this 

proposal. An enlarged view of the upper left corner of the device can be viewed in Figure 3.7.         

The geometry of the microfluidic device was divided into four sections (nodes 1, 2, 51, and 52) 

by the red lines. Each of these sections has a unique porosity and permeability. Figure 3.7 also 

shows that the width of the channel of this device is 6 �äm. Figure 3.8 shows part of the geometry 

of another device. For this device, large vugs can be clearly observed, separated by channels of 8 

�äm width. 

 

 

Figure 3.5 Simulation grid for continuum-scale simulation: 50 × 5. The dimension of the chip is 
30 mm × 3 mm. The size of each grid is 600 �äm × 600 �äm. 
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Figure 3.6: The 50 × 5 grid overlaid on a microfluidic device (U-chip). 
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Figure 3.7: Enlarged view of simulation grids 1, 2, 51, and 52 of the U-chip. 
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Figure 3.8: Enlarge view of the first two columns of simulation grids of a vuggy chip. 

 
    Figure 3.9 is a 3D sketch of channels in a chip (not to scale). It shows that the polygons are the 

solids and the space between the polygons forms the channels for flow.  
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Figure 3.9: A 3D schematic of solids and flow channels in a microfluidic chip. 
 

3.4.2 Code for surface area 

    A code was also written to evaluate the surface area of each grid. Surface area is an important 

property of porous medium. For example Kozeny-Carman equation (Kozeny 1927 and Carman 

1939) for permeability is:    

�- 
L �s�r�s�u�ä�t�w
�5

�6�¤

�Î �/

�:�5�?�Î�;�.
�5

�W�l
�.                                                    (3.7) 

where �-  is the permeability (md), �ì��is the tortuosity that can be thought of as the square of the 

ratio of the actual distance traveled by the fluid to the straight-line distance, �Î  is porosity, and 

���Z��is the specific surface area, defined as surface area per unit volume of porous medium 

�:�ä�•�?�5�;. Using accurately determined porosity, permeability, and surface area, one can 

determine the tortuosity of each grid. Then, using the correlation between tortuosity and 

cementation factor (Archie 1942).          

�ì 
L �Î�5�?�Ö                                                             (3.8) 

One can determine cementation factor for each grid.  
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   CHAPTER FOUR  

MICROFLUIDIC EXPERIMENTS 

    Microfluidics is a discipline that practices moving fluids in channels with dimensions from a 

few to hundreds of micrometers. This study focused on Voronoi networks of microfluidic 

channels in PDMS (polydimethylsiloxane) that act as 2-D micromodels for porous media. 

PDMS is the name of a group of polymeric organosilicon compounds that are also called 

silicones.that. Although this study did not involve actual experiments, since the objective is to 

simulate existing experimental data, we use this chapter to briefly introduce the setup of the 

experiments. 

4.1 A brief literature review  

    Many core flooding studies have been carried out by researchers to measure the initial water 

saturation, residual oil saturation, wettability, IFT, permeability, and relative permeability curves 

in waterflooding. However, one can only visualize the distribution of oil and saturations in cores 

using CT scan. On the other hand, microfluidic devices (chips) can be used to visualize 

saturations and displacements by making observations under microscope. Microfluidic chips can 

be designed to possess prescribed porosity as well as permeability. These properties can be taken 

from real rock samples. However, microfluidic methods usually cannot consider geomechanical 

effects such as overburden pressure, horizontal and vertical stresses. Table 4.1 provides a list of 

publications in this area and images of microfluidic chips used. 

    The first microfluidic experiments directly relevant to this study, Wu et al. (2012), visualized 

two-phase flows in devices of different wettability. A follow-up study, Xu et al. (2014), 

systematically investigated the effect of geometries on immiscible drainage two-phase flows 
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using brine and surfactant solutions. They visualized distributions of fluids and calculated oil 

recovery factors. Their data were used in this study.  

 
Table 4.1: List of most cited micromodel studies published by SPE 
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4.2 PDMS material used to make microfluidic chips     

    Chemically, PDMS is pure, inactive, non-toxic, and non-flammable. PDMS can be used alone 

to make microfluidic chips fit for low injection pressure and temperature conditions. The 

negative aspects of this material are that PDMS can swell upon contacting petroleum solvents, 

and fluids can leak through PDMS under high pressure and temperatures. In Xu et al. (2014), the 

pressure difference was very low (1.5 psia) and experiments were carried out under room 

temperature. This material was therefore acceptable. PDMS can also be used as the intermediate 

mold for making of NOA81 (Norland Optical Adhesive 81) based microfluidic chips (Wagli et 

al. 2010, Kenzhekhanov 2016). The processes of designing, fabricating, and running microfluidic 

experiments are presented below.  

4.3 Design of PDMS microfluidic chip and preparation of mold 

    The pattern of porous media were designed using a specific Voronoi method (Wu et al. 2012). 

This method can generate homogenous or heterogeneous networks of pores with a               

specifically chosen channel widths. Porosity of patterns can be directly controlled. Permeability 

of the patterns can be obtained by simulations of fluid flow in the patterns                                   

or by direct measurements in the laboratory. The output of the Voronoi method is a                  

data file that contains coordinates of the solid polygons making up the patterns. The             

coordinates were transferred to a CAD (AUTOCAD) file. In the CAD file (.dwg), injection                         

and production channels were manually added. Then, the complete patterns were printed                  

on a photomask (CAD Services Inc). After receiving the photomask, in the clean room, 

photolithography technique was used to generate the master silicon wafer by etching                 

the patterns from the photomask using standard etching procedure. A                                                   
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negative tone photoresist solution (KMPR 1010, KAYAKU Microchem) was used to prepare a 

mold for making of PDMS chip. It is important to use the spinning speed to control the 

photosresist thickness that later determines the depth of channels in PDMS.  

    In Table 4.2, we present the specifications of the two PDMS chips used in this study that are 

from Xu et al. (2014). U stands for uniform channel size and V stands for vug.  

 

Table 4.2: Specifications of the two selected PDMS chips from Xu et al. (2014) 

Chip 

Name 

Specifications Dimensions 

Length ×  width ×  height 

Channel 

width 

 

U 

Random with Uniform 

channel width   

(homogenous networks) 

3 cm ×  3 mm ×  14.6 �äm 6 �äm 

 

V 

 

Random with Vugs 

(heterogeneous Vuggy 

networks)  

3 cm ×  3 mm ×  14.6 �äm 8 �äm 
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4.4 Making of PDMS chip   

     To prepare PDMS material, two chemical agents, silicone elastomer base, and silicone 

elastomer curing agent (Sclerosing material), were used. The following are the usual steps: 

�x The base and the curing agent were mixed in a clean beaker at weight ratio of 10:1 for 

about 20 seconds. Since mixing procedure always creates air bubbles, after mixing, the 

mixture should be placed inside a vacuum chamber for about 15 minutes to eliminate 

most air bubbles. The remaining air bubbles can be removed by blowing air over the top 

of the mixture after it was taken out of the vacuum chamber, and by later heating of the 

mixture in oven. 

�x Put the prepared master silicon wafer for molding into a petri dish, and make sure the 

channels are on the top, and cover the silicon wafer's perimeter by a scotch tape to 

prevent the PDMS solution from flowing to under the silicon wafer (Figure 4.1-A).                                

�x Pour PDMS solution over the top of the master silicon wafer in the petri dish. Put a lid to 

cover the container and leave the container in an oven (60-70) oC for about 6 hours 

(Figure 4.1-B). 

�x Take the petri dish with the silicon wafer out from the oven. After cooling, gently peel off 

the PDMS layer from the silicon wafer in the petri dish using a knife. Make sure that no 

PDMS is left on the silicon wafer so that the wafer can be used for making another chip. 

Now, this PDMS layer contains the channels as shown in Figure 4.1-C. Cut this PDMS 

layer into a rectangular shape (Figure 4.1-D).  

�x Punch inlet and outlet holes (Figure 4.1-E). 

�x Clean the prepared PDMS by soaking it into 1M HCl (hydrochloric acid) for 8 minutes, 

and then in acetone and ethanol for 5 minutes, respectively. At the same time, clean the 



 

44 
 

glass cover slide used to cover the PDMS layer in a 1:1 of 1M HCl to 1M methanol. 

Finally, dry PDMS and glass slide for 1 hour. 

�x Take cleaned PDMS and glass slide to plasma bonding as presented in Figure 4.1-F. 

Expose both PDMS and glass to plasma for 30 sec and then bond them together by a 

roller with care to prevent damage to the channels that have the depth of only about 15 

�äm. Put bonded PDMS and glass in oven (79 oC) for about one hour to strength the 

boding. 

�x Because of exposure to plasma, the surface of PDMS becomes hydrophilic; however, this 

wettability changes to neutral over time. After bonding, a silane vapor treatment (4 hours) 

was applied so that-the internal surface of entire chip (PDMS plus glass) attains oil-wet 

wettability relative to brine/surfactant solution. The PDMS chip is now ready for 

experiment.  

4.5 Injection system and fluids        

    The system used to inject fluids consists of a small container connected to the PDMS chip by a 

tube. The injected fluid was brine (density =1.006 g/�…�•�7, viscosity = 0.94 cp, 1.5wt.% NaCl). 

The injection pressure was 1.5 psig achieved by using a hydrostatic head of approximately 1 

meter.    

    The displaced fluid was a mineral oil (density = 0.848 g/�…�•�7, and viscosity = 42.46 cp) that 

has no interaction with PDMS. Since the oil is colorless, a dye was added to the brine phase so 

that brine and oil can be distinguished. Interfacial tension between the brine and the mineral oil 

was 28.4 mN/m, the interfacial tension between the surfactant and the mineral oil was 3.6 mN/m, 

and the contact angle was 110o (moderately oil-wet).    
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Figure 4.1: A, B, C, D, E, and F: Fabrication of a PDMS chip. 
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4.6 Imaging processes  

    A microscope was used to take images of PDMS chips before and after waterflooding. The 

images were processed on a computer using the ImageJ-Fiji software to extract the saturations of 

brine and oil inside the PDMS chips. Since the PDMS chip was too long to fit into the view of 

camera, more than one photos were needed. These photos were then stitched together to obtain 

one image of the entire chip at each flooding stage. Image processing following stitching 

consisted of the following steps. 

�x Take photos of the empty chip (Figure 4.2) before injection.  

�x Take photos of brine saturated chip (Figure 4.3). 

�x Take photos of the chip after oil-brine displacement (Figure 4.4). The purpose of this oil-

water displacement was to generate the irreducible water saturation.�:�5�ê�å�;. 

�x Take photos of the chip during and after brine/surfactant flooding to calculate �5�ê. Figure 

4.5 presents one of such photos, where pores of chip were separately filled by brine 

(blue) and mineral oil (colorless).  
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Figure 4.2: Image of the empty chip. 

 

 

Figure 4.3: Image of a brine filled chip. 
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Figure 4.4: After oil-water displacement. 

 

 

Figure 4.5: After waterflooding. 
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    Figures 4.6, 4.7, and 4.8 present the binary images of Figures 4.3, 4.4, and 4.5, respectively. 

These images were analyzed to give the saturations of brine and oil, which were then used to 

give the oil recovery factor (RF). 

Oil RF =  
�Ì�â �?���Ì�â�Ý

�5�?�Ì�â�Ý
                                                                   (4.1) 

 

 

Figure 4.6: The binary image of Figure 4.3. 
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Figure 4.7: The binary image of Figure 4.4. 

 

Figure 4.8: The binary image of Figure 4.5. 

 



 

51 
 

CHAPTER FIVE 

RESULTS AND DISCUSSIONS 

     This chapter presents results from multi-scale modeling of multiphase flows in U and V-chips. 

These results were obtained using MATLAB water-oil simulation code and using distributions of 

porosity and permeability of the microfluidic devices. Note that in Section 5.1 and 5.2, tortuosity 

was estimated from the Kozeney-Carman equation (Equation 3.7), and cementation factor values 

was estimated from the Archie equation (Equation 3.8).  

5.1 Porosity, permeability, tortuosity, and cementation factor  

    Table 5.1 presents porosity �:�Î�;, �T-permeability �:�G�ë�;, �U-permeability�:�G�ì �;, tortuosity �:�ì�;, and 

cementation factor �:�?�;��values for the U-chip. 

 
Table 5.1: Average, max, min, and standard deviation of the properties of the U-chip 

 �Î  �G�ë 

(md) 

�G�ë 

 (md) 

�ì �‰ 

Average 0.19 194.02 193.09 3.4981 1.7543  

Maximum 0.22  228.77  239.79  3.9134  1.1901  

Minimum 0.16  157.70 158.74 2.9458 1.5905 

Standard 

deviation 

0.01 12.44 12.58 0.1520 0.0434 
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    Figures 5.1, 5.2, and 5.3 show distributions of porosity, �T-permeability, and �U-permeability 

respectively. The maximum porosity and �T-permeability were located at grid node 215, and the 

minimum porosity and���T-permeability were located at grid node 125. The maximum                     

�U-permeability was located at grid node 215, while the minimum �U-permeability was located at 

grid node 118.  

 

 

Figure 5.1: Distribution of porosity, 50 × 5 grid nodes, U-chip. 

. 

 

Figure 5.2: Distribution of �T-permeability, 50 × 5 grid nodes, U-chip.  

 

Figure 5.3: Distribution of �U-permeability, 50 × 5 grid nodes, U-chip.  
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     Figures 5.4 and 5.5 show distributions of tortuosity and cementation factor from �T-

permeability. Maximum tortuosity and cementation factor were located at grid node 215, and 

minimum tortuosity and cementation factor were located at grid node 21.   

 

Figure 5.4: Distribution of tortuosity, 50 × 5 grid nodes, U-chip. 

 

Figure 5.5: Distribution of cementation factor, 50 × 5 grid nodes, U-chip. 
 

    Table 5.2 presents porosity, �T-permeability, �U-permeability, tortuosity, and cementation factor 

values for the V-chip. Figures 5.6 shows the distribution of porosity. Maximum porosity was 

located at grid node 184, and minimum porosity was located at grid node 121. Figure 5.7 and 5.8 

show distributions of���T-permeability and �U-permeability. Maximum �T-permeability and �U-

permeability were located at grid nodes 245 and 167, respectively, while minimum���T-

permeability and �U-permeability were located at grid nodes 40 and 206, respectively.    
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Table 5.2: Average, max, min, and standard deviation of the properties of the V-chip 

 �Î  �G�ë 

(md) 

�G�ë 

 (md) 

�ì �? 

Average 0.185  203.51   214.02 12.6500 2.4594 

Maximum 0.480 2738.80  3512.20 62.8137 6.6746 

Minimum 0.070         82.40      61.83   2.1898 1.2905 

Standard 
deviation 

0.080   194.93    266.73  9.4668 0.8292 

 

 

Figure 5.6: Distribution of porosity, 50 × 5 grid nodes, V-chip. 

 

Figure 5.7: Distribution of �T-permeability, 50 × 5 grid nodes, V-chip.  
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Figure 5.8: Distribution of �U-permeability, 50 × 5 grid nodes, V-chip.  

 
    Figures 5.9 and 5.10 show distributions of tortuosity and cementation factor from                   

�T-permeability. Maximum tortuosity, and cementation factor were located at grid node 179, and 

minimum tortuosity and cementation factor were located at grid node 163.  

 

 

Figure 5.9: Distribution of tortuosity, 50 × 5 grid nodes, V-chip. 

 

 

Figure 5.10: Distribution of cementation factor, 50 × 5 grid nodes, V-chip.  
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5.2 Matching procedure 

    To systematically evaluate the effect of relative permeabilities for U and V-chips, five cases 

were designed to progress the relative permeability curves from that of a single capillary tube to 

those from the modified Brooks-Corey relation well known to the porous media flow community 

and the oil industry. Also, injection pressure was changed to get the best oil recovery factor 

curve that fits the experimental results. The reason is that the hydrostatic pressure used to 

generate flows in the experiments maybe subjected to some inaccuracies. It was observed from 

the simulations that pressure difference at the level of ± 0.1 psi plays a crucial role.  

   Starting from the relative permeability curves of a single capillary tube (Case 1), five cases 

were consecutively tested to evaluate the effects of relative permeability curves and pressure 

differences. In the following, we explain the parameters of these five cases.  

Case 1: Relative permeability curves were calculated by using the original experimental pressure 

difference (1.5 psi) in Equations 2.30 and 2.31. In this case, we used both the original single-

capillary-tube solution and best fit to the original solution using modified Brooks-Corey relation 

Equations 2.26 and 2.27. In 2.30 and 2.31, we applied chip's dimensions, geometric tortuosity, 

water-oil IFT, water and oil viscosities, contact angle, and pressure difference specific to the chip 

(U and V) and the flooding condition (brine-oil and surfactant-oil). It is important to mention that 

the single-capillary-tube solution fixes �5�ê�å and �5�â�å to zero and one, respectively. When applied 

to reservoir simulation, �5�ê�å and �5�â�å were shifted to experimental �5�ê�å and �5�â�å. All simulations 

were run with a time step size of 0.5 sec. 

Case 2: These simulations were run with the same pressure difference (1.5 psi), �5�ê�å�á and  �5�â�å as 

in Case 1. �-�å�ê
�Û  and �-�å�â

�Û were also the same as those from the single-capillary-tube solution. 
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Saturation indices (�J�â and �J�ê) were varied. All simulations were run with a time step size of 0.5 

sec. 

Case 3: This case had the same pressure difference (1.5 psi), �5�ê�å�á �5�â�å, �J�â�á and �J�ê as in Case 1. 

�-�å�ê
�Û  and �-�å�â

�Û, however, were varied to match the experimental data. All simulations were run 

with a time step size of 0.5 sec. 

Case 4: These simulations used the optimum relative permeability endpoints and saturation 

indices from Case 3. Injection pressure, however, were varied at interval of 0.1 psi starting from 

1.5 psi. All simulations were runs with a time step size of 0.5 sec. 

Case 5: Here, we varied, all the parameters of simulations including the  pressure difference, 

relative permeability end-points, and saturation indices to look for best match by trial and error. 

All simulations were run with a time step size of 0.5 sec. We specifically reran the simulation 

that has the best match with the experimental data with a time step of 0.01 sec to ensure that time 

step does not affect the result.  

5.3  Matching of waterflooding experiments 

In this section, we present results of water-oil flows in  U and V-chips. 

5.3.1 Waterflooding in U-chip  

    Table 5.3 summarizes inputs and outputs of water-oil simulations. These simulations follow 

the sequence of Cases 1-5. For this case, single-capillary-tube solution gave that maximum���-�å�ê
�Û  

and �-�å�â
�Û are 0.588. In the experiments (Xu  et al. 2014),  TB = 2840 sec. At TB, average water 

saturation was 0.861, and oil recovery factor (RF) was 0.853.   
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Table 5.3: Inputs and outputs of simulations conducted to match water-oil flows in U-chip 

 ��Set 
No 

�¿�L
psi 

Relative 
permeab

-ility  

�-�å�â
�Û �-�å�ê

�Û  �J�â �J�ê TB 
(sec) 

Avg. 
of Sw 
at TB 

Oil 
RF at  

TB 
Experiment  1.5  - - - - 2840.0 0.861 0.853 

Case 1 
 

 (dt=0.5 sec) 

 
 
 
 

 
1.5 

 

Single-
capillary

-tube 

 
0.588 

 
0.588 

 
- 

 
- 

 
3163.0 

 
0.389          

 

 
0.353 

 
 
 
 
 
 
 

Modified 
Brooks-
Corey  

   

0.588 0.588 0.07 12 4365.5 0.633 0.612 

 
Case 2 

 (dt=0.5 sec) 

1  
 

1.5 

0.588 0.588 0.07 12 4365.5 0.633 0.612 
2 0.588 0.588 0.01 15 4195.0 0.609 0.585 
3 0.588 0.588 0.10   9 4618.0 0.679 0.660 
4 0.588 0.588 0.10 15 4457.5 0.650 0.629 
5 0.588 0.588 0.01   9 4363.5 0.636 0.614 

 
Case 3 

 (dt=0.5 sec) 
 

*Best fit 

1  
 

1.5 

0.800 0.700 0.07 12 3073.5 0.638 0.616 
2 0.900 0.700 0.07 12 2787.5 0.650 0.629 
3 1.000 0.700 0.07 12 2570.5 0.667 0.648 
4* 1.000 0.600 0.07 12 2655.5 0.695 0.677 
5 1.000 0.800 0.07 12 2493.5 0.646 0.625 

 
Case 4 

 (dt=0.5 sec) 
 

*Best fit 

1 1.5  
 

1.000 

 
 

0.600 

 
 

0.07 

 
 

12 

2655.5  
 

0.695 

 
 

0.677 
2* 1.6 2370.0 

3 1.7 2140.0 

4 1.8 1950.5 

 
Case 5 

(dt=0.5 sec) 
 

*Best fit 

1 1.5  
 
 
 

1.000 

 
 
 
 

0.700 

 
 
 
 

0.70 

 
 
 
 

  8 

2748.0  
 

0.686 

 
 

0.668 
2 1.6 2452.5 

3 1.7 2214.5 

4*
 1.8 2018.5 

Case 5 
dt=0.01 sec 

*Best fit 

 
5* 

 
1.8 

 
2017.83 

 
0.686 

 
0.667 

 

Case 1: Figure 5.11 presents the original relative permeability curves from single-capillary-tube 

solution after implementing �5�ê�å = 0.055 and  �5�â�å = 0.05. �-�å�ê
�Û  and �-�å�â

�Û are equal to 0.588. Then, 

modified Brooks-Corey relation (�J�â = 0.07 and �J�ê = 12) that best fits the single-capillary-tube-

solution is presented. Figure 5.12 presents oil RF as a function of time using both the single-
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capillary-tube solution and the modified Brooks-Corey relation. Predictions from the two relative 

permeabilities curves were nearly identical. However, TB and oil RF from the single-capillary-

tube-solution relative permeability curves was 3163 sec and 0.454 respectively. TB and oil RF 

from the modified Brooks-Corey relation was 4365.5 sec and 0.612. This case did not match the 

experiment well. 

 

 

Figure 5.11: Relative permeability curves of the single-capillary-tube solution and the                 
best fit from the modified Brooks-Corey relation, U-chip, waterflooding. 
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Figure 5.12: Oil recovery factor as a function of time, Case 1, U-chip, waterflooding. BT stands 
for breakthrough time.  
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Case 2: In Case 2, we used modified Brooks-Corey relation and varied �J�â and �J�ê in five 

simulations according to Table 5.3. Figure 5.13 shows the oil RF curves. Those of Sets 1, 3, 4, 

and 5 were very close to each other with small differences in oil RF and TB. Set 2 is different 

from the others because it has the lowest���J�â and the highest �J�ê. The effect of changing the 

saturation indices on the oil RF is small, and no set here is in good match with the experimental 

data  

 

Figure 5.13: Oil RF as a function of time from the five sets of Case 2. U-chip, waterflooding. 
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Case 3: Figure 5.14 shows oil RF as a function of time for five simulations tabulated in Table 5.3 

with different �-�å�ê
�Û  and �-�å�â

�Û�ä Sets 1 and 2 do not fit well to the experimental data. These two sets 

have the lower �-�å�â
�Û (Table 5.3) when compared with other curves in this case. On the other hand, 

Sets 3, 4, and 5 are nearly identical and are in good agreement with the experimental data near 

and after TB. However, at early times they are far away from the experimental points. Simulations 

in this case show that the effect of �-�å�â
�Û is significant and that of �-�å�ê

�Û  is not. Set 4 was chosen to 

be the best of Case 3 because its TB compares relatively well with experimental TB. Note that 

�-�å�â
�Û of 1 is typical of oil-wet media in the literature.  

 

Figure 5.14: Oil RF as a function of time for the five sets in Case 3, U-chip, waterflooding. 
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Case 4: In this case, three pressure differences (1.6 psi, 1.7 psi, and 1.8 psi) were tried as Sets 2, 

3, and 4, respectively, in addition to the original experimental pressure difference of 1.5 psi          

(Set 1) (Table 5.3). All sets had different breakthrough times but oil RF at TB were the same 

(Figure 5.15). The best match is �¿�L 
L 1.6 psi (Set 2) because it gave the best overall agreement 

with the experimental data. However, it must be admitted that the simulated oil RF curve did not 

pass through most of the experimental points before or after TB. Additionally, TB from all 

simulations were less than those from the experiments. Figure 5.16 shows the relative 

permeability curves of Case 4. It is clear that the intersection of the two curves occurred at �5�ê > 

0.5. However, �-�å�ê
�Û  was high enough to be considered as oil-wet (Craig 1971). In all of our 

simulations,  �-�å�ê
�Û  was equal to or more than 0.6.  

 

Figure 5.15: Oil RF as a function of time for the sets in Case 4, U-chip, waterflooding. 
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Figure 5.16: Relative permeability curves for Set 4 of Case 4, U-chip, waterflooding. 

 

Case 5: In this case, at different pressure differences (1.5, 1.6, 1.7, and 1.8 psi), we tried different 

relative permeability endpoints and saturation indices to get the best oil RF curve that matches 

the experimental results.  After many trials, the best combination is (�-�å�â
�Û 
L 1, �-�å�ê

�Û 
L 0.7, �J�â 
L 

0.7, �J�ê 
L 8) and �¿�L 
L 1.8 psi as shown in Figure 5.17. The best oil RF curve fits the 

experimental data well especially after simulated TB of 2018.5 sec. However TB from the 
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simulation is still earlier than that of experiment. Figure 5.18 presents the relative permeability 

curves of the best match.  

 

Figure 5.17: Oil RF as a function of time for four simulations in Case 5, U-chip, waterflooding.  
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Figure 5.18: Relative permeability curves based on the modified Brooks-Corey relation that led 
to the best fit, U-chip, waterflooding. 

 

 



 

67 
 

In Figure 5.19, we present distributions of water saturations at TB obtained from all five cases. 

For cases 3, 4, and 5, only the best fits are plotted. The locations of water breakthrough varied 

from one simulation to another. Breakthrough for Case 1 with original single-capillary-tube 

solution occurred at grid node 250. When using modified Brooks-Corey, breakthrough occurred 

at grid node 150 in Case 1. For cases 3 and 4, breakthrough also occurred at grid node 150.  

Breakthrough occurred at grid node 200 in Cases 2, and 5. 

For comparison, Figure 5.19 also included images (G and G1) from the experiments at TB (2840 

sec). Dark color represents brine and white color is mineral oil. Set 4 in Case 5 (Figure 5.19-F) is 

the best match to the experiment. Both G and G1 are in good agreement with Figure 5.19-F. 

Figure 5.19-F meets the description from Xu et al. (2014): "... In this geometry, channels on the 

inlet side of the network (0�±17.1 mm) were nearly completely saturated with the brine. At about 

20 mm from the inlet, the front began to split into several branches and a branch that passed 

through the near center region of the porous medium reached the outlet".  

    Figure 5.20 shows the contours of water saturation at TB (2018.5 sec) from the best match near 

the production side. The contours of brine saturation are not straight because of the diverse 

values of porosities and permeabilities assigned to grid nodes. Brine saturation increased toward 

the injection side and decreased toward the production side. Breakthrough occurred at grid node 

200 because it is the first node with �5�ê more than �5�ê�å. 
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Figure 5.19: Distributions of water saturation from simulations and experiments, A: Case1, 

single- capillary-tube, B: Case 1, Modified Brooks-Corey relations, C: Set 2 of Case 2, D: Set 4 
of Case 3, E: Set 2 of Case 4, F: Set 4 of Case 5. G and G1: Distributions from two experiments. 
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Figure 5.20: Enlarged view of contours of brine distribution at TB from the best match. 

 

   The following plots were obtained from the simulation using parameters of the best match 

(Case 5, Set 4) but with dt 
L 0.01 sec. Figure 5.21 shows water and oil pressures at the first row 

of nodes (1-50) at 4500 sec of brine injection. Injection and production nodes had constant 

pressures of 13.6 psia and 11.8 psia respectively. A constant capillary pressure (
F 0.67 psia) was 
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seen because of the constant pore size in the U-chip (6 �äm). Water pressure is higher than oil 

pressure because of the implemented oil-wet capillary pressure. Figure 5.22 shows oil RF as a 

function of volume of injected water normalize by the net pore volume. The simulated oil RF at 

TB (0.667)  occurred when about 0.63 pore volume of brine was injected. Figure 5.23 shows that 

pore volume of oil produced is always equal to the pore volume of water injected until TB. 

 

Figure 5.21: Pressure profile along the U-chip, first row of nodes (1-50), after 4500 sec of brine 
injection.  
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Figure 5.22: Oil RF as a function of pore volume of water injected, U-chip, waterflooding. 
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Figure 5.23: Pore volume of produced oil as a function of pore volume of injected water, U-chip, 
waterflooding.  
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    Figure 5.24 shows water-oil ratio (WOR) as a function of time with an enlarged view of the 

times near TB. Simulated TB is 2017.83 and experimental TB is 2840 sec. Note that we added an 

"observed simulated TB", which is defined as TB based on visually observed growth in WOR. 

This breakthrough time is always slightly higher than simulated TB. Here, it equals 2050 sec. 

 

Figure 5.24: Water-oil ratio as a function of time, U-chip, waterflooding. 

 
    Figures 5.25 and 5.26 show the total injection and production rates (�ä�•�7/sec) and the total 

injection and production volumes (�ä�•�7�; as functions of time, respectively. Again, three 

breakthrough times, simulated, experimental, and "observed simulated", were marked in the 

figures. These figures provided information on the flow rates and volumes of fluids before and 

after TB, and also verified material balance in the simulation. 
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Figure 5.25: Total water injection and water and oil production rates as functions of time.         
U-chip, waterflooding. 

 

Figure 5.26: Cumulative volume of injected water and produced oil / water as functions of time. 
U-chip, waterflooding. 
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5.3.2 Waterflooding in V-chip  

Table 5.4 summarizes inputs and outputs of water-oil simulations. 

Case 1: Figure 5.27 presents the original relative permeability curves from the single-capillary-

tube solution after implementing �5�ê�å 
L 0.03 and  �5�â�å
L 0.15. �-�å�ê
�Û  and �-�å�â

�Û were set to 0.6365. 

Then, the modified Brooks-Corey relation (�J�â 
L 0.07 and �J�ê 
L 13) that best fits the single-

capillary-tube solution is presented. Figure 5.28 shows oil RF as a function of time obtained 

using the single-capillary-tube solution and then the modified Brooks-Corey relation. Both 

curves are poor matches of the experiment. TB and oil RF from the single-capillary-tube solution 

are 2828.5 sec and 0.454, respectively. TB and oil RF from the modified Brooks-Corey relation 

are 3500 sec and 0.623, respectively.  

Case 2: In case 2, we used modified Brooks-Corey relation and varied �J�â and �J�ê in five 

simulations according to Table 5.4. Figure 5.29 shows that the five oil RF curves are nearly 

identical and there are some differences in TB. Oil RF and average water saturation at TB of these 

five cases are close to the experimental results. These results indicate that, for V-chip, the effect 

of saturation indices on oil RF is very small. 
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Table 5.4: Inputs and outputs of simulations conducted to match water-oil flows in V-chip 

 Set 
No 

�¿�L
psi 

Relative 
permeab-

ility   

�-�å�â
�Û �-�å�ê

�Û  �J�â 
 

�J�ê 
 

TB 
(sec) 

Avg 
of 

Sw at 
TB 

Oil 
RF at  

TB 
 

Experiment  1.5 - - - - - 2660.00 0.664 0.654 

Case 1 
 

 (dt=0.5 sec) 

 
 

 
1.5 

Single- 
capillary- 

tube 

0.6365 0.6365 - - 2828.50 0.494 0.454 

 
 
 
 
 
 
 

Modified 
Brooks-
Corey  

   

0.6365 0.6365 0.07 13 3500.00 0.645 0.623 
Case 2 

 
 (dt=0.5 sec) 

1  
 

1.5 

0.6365 0.6365 0.07 13 3500.00 0.645 0.623 
2 0.6365 0.6365 0.03 15 3496.50 0.655 0.637 
3 0.6365 0.6365 0.15   9 3322.00 0.600 0.575 
4 0.6365 0.6365 0.15 15 3513.00 0.641 0.620 
5 0.6365 0.6365 0.03   9 3337.50 0.612 0.588 

Case 3 
 

 (dt=0.5 sec) 
 

*Best fit 

1  
 

1.5 

0.8000 0.7000 0.07 13 2803.50 0.648 0.627 
2* 0.9000 0.7000 0.07 13 2502.00 0.650 0.629 
3 1.0000 0.7000 0.07 13 2249.00 0.649 0.627 
4 1.0000 0.6000 0.07 13 2247.00 0.651 0.628 
5 1.0000 0.8000 0.07 13 2251.00 0.650 0.629 

Case 4 
 

 (dt=0.5 sec) 
*Best fit 

1* 1.5  
 

0.9000 

 
 

0.7000 

 
 

0.07 

 
 

13 

2502.00  
 

0.650 

 
 

0.629 
2 1.6 2264.00 

3 1.7 2067.00 

4 1.8 1902.00 
Case 5 

 
dt= 0.01 sec 

 
*Best fit  

1 1.5  
1.0000 

 
0.7000 

 
0.85 

 
  3 

1462.50  
0.384 

 
0.357 2 1.6 1323.00 

3* 1.6 1.0000 0.7000 0.85    8 1909.00 0.532 0.503 

4* 1.6  1.0000 0.7000 0.85    8 1909.65 0.532 0.503 
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Figure 5.27: Relative permeability curves from the single-capillary-tube solution and the best fit 
from the modified Brooks-Corey relation, V-chip, waterflooding. 
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Figure 5.28: Oil recovery factor as functions of time, Case 1, V-chip, waterflooding. BT stands 
for breakthrough time.   
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Figure 5.29: Oil RF as functions of time for the five sets in Case 2. V-chip, waterflooding. 
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Case 3: Figure 5.30 shows oil RF as a function of time for five simulations tabulated in Table 5.4 

with different �-�å�ê
�Û  and �-�å�â

�Û. Sets 1 and 2 are separated from Sets 3, 4, and 5 in terms of 

breakthrough times. However, they all had the same oil RF and average brine saturation at their 

respective TB. Sets 3, 4, and 5 are nearly identical, which means that only �-�å�â
�Û has an influence 

on the oil RF curve and �-�å�ê
�Û  does not. All sets, at early and late times, had oil RF curves far from 

the experimental results. Set 2 was comparatively the best set in this case.  

 

Figure 5.30: Oil RF as functions of time for the five sets in Case 3. V-chip, waterflooding. 
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Case 4: This case re-evaluates Set 2 of Case 3 with different pressures. Three pressure 

differences were tried (1.6 psi, 1.7 psi, and 1.8 psi) as Sets 2, 3, and 4, respectively, in addition to 

the original experimental pressure difference of 1.5 psi ( Set 1) (Table 5.4). As Figure 5.31 

shows breakthrough times decreased with increasing pressure difference, but all sets had the 

same oil RF at their respective TB. It seems that the original pressure difference (Set 1) generated 

the best oil RF curve in this case, even though it did not pass through all the experimental points. 

Figure 5.32 shows the relative permeability curves of Case 4.  

 

Figure 5.31: Oil RF as functions of time for Case 4. V-chip, waterflooding. 
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Figure 5.32: Relative permeability curves for the best fit in Case 4. V-chip, waterflooding. 
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Case 5: In this case, at two differential pressures (1.5 and 1.6 psi) we tried different relative 

permeability endpoints and saturation indices to get the best oil RF curve (Figure 5.33). Of the 

three sets of relative permeability curves in Table 5.4, we found that (�-�å�â
�Û 
L��1, �-�å�ê

�Û 
L 0.7, �J�â 
L 

0.85, �J�ê 
L 8) led to the best match. This set generated TB closer to the experimental TB and 

much better distribution of water saturation (Figure 5.35) than Set 2 even though Set 2 seems to 

have passed through all experimental points. Figure 5.34 shows the relative permeability curves 

of Set 3.  

In Figure 5.35 we present distributions of water saturation at TB obtained from all five cases. For 

cases 3, 4, and 5, only the best fits are plotted. The locations of water breakthrough varied      

from one simulation to another. For Case 1 with single-capillary-tube solution and Case 5, 

breakthrough occurred at grid node 50. For Case 1 with Brooks-Corey relation, Case 2, and Case 

3 / 4 (the bests of Case 3 and 4 are the same), breakthrough took place at grid node 200. 

For comparison, Figure 5.35 also included saturation images G and G1 from experiments at TB 

(2660 sec). Set 3 of Case 5 (Figure 5.35-F) is the best match to the experiments. Figure 5.35-G 

and G1 are different because they were taken from two repeats under the same flooding 

conditions. It is important to note that Set 2 of Case 5 (Figures 5.35-E) did not match either 

experimental images because the front of simulated displacement appears to be overly smooth.  

 

 

 

 



 

84 
 

 

 

 

 

 

 Figure 5.33: Oil RF as functions of time from Case 5, V-chip, waterflooding.  
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Figure 5.34: Relative permeability of the best fit in Case 5, V-chip, waterflooding. 
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Figure 5.35: Distributions of water saturation from simulations and experiments, A: Single- 

capillary-tube, B: Case 1, Modified Brooks-Corey relation, C: Set 2 of Case 2, D: Set 2 of Case 3 
, which is the same as Set 1 of Case 4, E: Set 2 of Case 5, F: Set 3 of Case 5 (the best),                      

G and G1: Distributions from two experiments. 
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    Figure 5.36 shows the contours of water saturation at TB (1909 sec) of the best match near the 

production side. In this simulation, breakthrough occurred at grid node 50 because it is the first 

node that has �5�ê greater than �5�ê�å. 

 

Figure 5.36: Enlarged view of contours of brine saturation at TB from the best match. 

 
The following plots were generated using parameters of the best match (Case 5, Set 4) but with    

dt 
L 0.01 sec. Figure 5.37 shows water and oil pressures at the first row of nodes (1-50) at 4500 
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sec of brine injection. Injection and production nodes had constant pressures of 13.4 psia and 

11.8 psia respectively. A constant capillary pressure (
F 0.55 psia) was observed between the oil 

and brine phases because of the constant pore throat size in the V-chip (8 �äm). Water pressure is 

higher than oil pressure because oil is the wetting phase. It is interesting to note that these two 

curves are not as straight as in Figure 5.21 because of vuggs. 

 

Figure 5.37: Pressure profile along the flow direction in V-chip, first row of nodes (1-50), after 
4500 sec of brine injection.  



 

89 
 

Figure 5.38 shows oil RF as a function of volume of injected water normalize by the net pore 

volume. The simulated oil RF at TB (0.503) occurred when about 0.5 pore volume of brine was 

injected. This value is equivalent to the pore volume of produced oil in Figure 5.39. Figure 5.40 

shows water-oil ratio (WOR) as a function of time with an enlarged view of times near TB. 

Simulated TB is 1909.65 sec, experimental TB is 2660 sec, and observed simulated TB is 2050 

sec. Figures 5.41 and 5.42 show the total injection and production rates (�ä�•�7/sec) and the total 

injection and production volume (�ä�•�7�; as functions of time respectively. These figures 

provided information on the flow rates and the volume of fluids before and after TB and the 

material balance. 

 

Figure 5.38: Oil RF as a function of pore volume of water injected, V-chip, waterflooding. 
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Figure 5.39: Pore volume of produced oil as a function of pore volume of injected water, V-chip, 
waterflooding.  
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Figure 5.40: Water-oil ratio as a function of time, V-chip, waterflooding. 

 

Figure 5.41: Total water injection and water and oil production rates as functions of time,         
V-chip, waterflooding. 
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Figure 5.42: Cumulative volumes of injected water and produced oil / water as functions of time, 
V-chip, waterflooding. 
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5.4 Matching of surfactant flooding experiments 

In this section, we present results of surfactant-oil flows in  U and V-chips. 

5.4.1 Surfactant flooding in U-chip  

    Table 5.5 summarizes inputs and outputs of surfactant-oil flow simulations. The same 

sequence of Cases 1-5 was followed. In this section, �-�å�ê
�Û  and �-�å�â

�Û from the single-capillary-tube 

solution are 0.944. In the experimental work (Xu  et al. 2014), TB was 1800 sec. At TB, average 

water saturation was 0.912, and oil recovery factor (RF) was 0.908.   

Case 1: Figure 5.43 presents the original relative permeability curves from the single-capillary-

tube solution after implementing �5�ê�å 
L 0.045 and  �5�â�å
L 0.025. �-�å�ê
�Û  and �-�å�â

�Û are 0.944. Then, 

the modified Brooks-Corey relation (�J�â 
L 0.07 and �J�ê 
L 15) that best fits the single-capillary-

tube solution is presented. Figure 5.44 presents oil RF as a function of time using both the single-

capillary-tube solution and the modified Brooks-Corey relation. Oil RF curves from the two 

relative permeabilities curves were nearly identical. However, TB and oil RF from the          

single-capillary-tube solution were very low: 1207 sec and 0.399, respectively. TB and oil RF 

from the modified Brooks-Corey relation were better: 1609.5 sec and 0.656. Both oil RF curves 

had good match at late times of injection but were far away from experimental points at early 

times. 
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Table 5.5: Inputs and outputs of simulations conducted to match surfactant-oil flows in U-chip 

 Set 
No 

�¿�L
psi 

Relative 
permea-

bility   

�-�å�â
�Û �-�å�â

�Û �J�â �J�ê TB 
(sec) 

Avg. 
of 

Sw at  
TB 

Oil RF 
at  
TB 
 

Experiment 
 

 1.5  - - - - 1800.0 0.912 0.908 

 
Case 1 

 (dt=0.5 sec) 

 
 
 
 

 
1.5 

 

Single- 
capillary- 

tube 

 
0.944 

 
0.944 

 
- 

 
- 

 
1207.0 

 
0.426 

 
0.399 

 
 
 
 
 
 
 

Modified 
Brooks-
Corey  

   

0.944 0.944 0.07 15 1609.5 0.671 0.656 

 
Case 2 

 (dt=0.5 sec) 

1  
 

1.5 

0.944 0.944 0.07 15 1609.5 0.671 0.656 
2 0.944 0.944 0.01 17 1464.5 0.590 0.571 
3 0.944 0.944 0.10 12 1596.0 0.658 0.641 
4 0.944 0.944 0.10 17 1596.5 0.659 0.643 
5 0.944 0.944 0.01 12 1581.5 0.667 0.651 

 
Case 3 

 (dt=0.5 sec) 
*Best fit 

1  
 

1.5 

0.800 0.700 0.07 15 1889.5 0.661 0.645 
2 0.900 0.700 0.07 15 1665.0 0.650 0.633 
3 1.000 0.700 0.07 15 1495.5 0.643 0.626 
4 1.000 0.600 0.07 15 1502.5 0.641 0.624 
5* 1.000 0.800 0.07 15 1500.5 0.652 0.636 

 
Case 4 

 (dt=0.5 sec) 
*Best fit 

1 1.5  
 

1.000 

 
 

0.800 

 
 

0.07 

 
 

15 

1500.5  
 

0.653 
 

 
 

0.636 
2* 1.6 1402.5 

3 1.7 1316.5 

4 1.8 1239.5 
 

Case 5 
(dt=0.5sec)  

*Best fit 

1 1.5  
 
 

1.000 

 
 
 

0.700 

 
 
 

0.70 

 
 
 

15 

1838.0  
 

0.776 

 
 

0.765 
2 1.6 1718 

3 1.7 1612.5 

4* 1.8 1519.5 
Case 5 

 dt=0.01 sec 
*Best fit 

 
5* 

 
1.8 

 
1519.61 

 
0.775 

 
0.764 
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Figure 5.43: Relative permeability curves from the single-capillary-tube solution and from the 
best fit from the modified Brooks-Corey relation, U-chip, surfactant flooding. 
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Figure 5.44: Oil recovery factor as functions of time, Case 1, U-chip, surfactant flooding. BT 
stands for breakthrough time. 
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Case 2: In case 2, we used modified Brooks-Corey relation and varied �J�â and �J�ê in five 

simulations according to Table 5.5. Figure 5.45 shows oil RF curves. Sets 1, 3, 4, and 5 were 

nearly identical with small differences in oil RF and TB. Set 2 had slightly different oil RF curve 

and the lowest TB. The effect of changing the saturation indices on oil RF is small, and no set 

here is in good match with the experimental data.   

 

Figure 5.45: Oil RF as functions of time for the five sets in Case 2, U-chip, surfactant flooding. 
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Case 3: Figure 5.46 shows oil RF as functions of time for five simulations tabulated in Table 5.5 

with different �-�å�ê
�Û  and �-�å�â

�Û�ä Sets 1 and 2 did not fit well to the experimental data. These two sets 

have the lower �-�å�â
�Û when compared with other curves in this case. On the other hand, Sets 3, 4, 

and 5 are nearly identical and their oil RF curves are in good agreement with the experimental 

data near and after TB. However, at early times, they are far away from the experimental points. 

Simulations in this case show that the effect of �-�å�â
�Û is significant and that of �-�å�ê

�Û  is not. Set 5 was 

chosen to be the best of Case 3 because its TB compares well with experiments. 

 

Figure 5.46: Oil RF as functions of time for the five sets in Case 3, U-chip, surfactant flooding. 
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Case 4: Three pressure differences were tried (1.6 psi, 1.7 psi, and 1.8 psi) in Sets 2, 3, and 4, in 

addition to the original experimental pressure difference (1.5 psi, Set 1) (Table 5.5). TB decreased 

with increasing pressure difference but all sets had the same oil RF at their respective TB (Figure 

5.47). The best match occurred at �¿�L 
L 1.6 psi (Set 2). However, we note that simulated oil RF 

curve did not pass through most of the experimental points before the experimental TB. 

Additionally, TB from simulations were less than those from the experiments. Figure 5.48 shows 

the relative permeability curves of Case 4.  

 

Figure 5.47: Oil RF as functions of time for Case 4, U-chip, surfactant flooding. 
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Figure 5.48: Relative permeability curves of the best fit in Case 4, U-chip, surfactant flooding. 

 

Case 5: In this case, at different pressure differences (1.5, 1.6, 1.7, and 1.8 psi), we tried different 

relative permeability endpoints and saturation indices to get the best oil RF curve that matches 

the experimental results.  After a number of trials, the best combination is (�-�å�â
�Û 
L 1, �-�å�ê

�Û  
L 0.7, 

�J�â 
L 0.7, �J�ê 
L 15) and �¿�L 
L 1.8 psi as shown in Figure 5.49. The best oil RF curve fits the 

experimental data well especially after simulated TB of 1519.5 sec. However, this curve did not 

pass through the experimental data at early times. TB from the simulation is also earlier than that 
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of experimental (1800 sec). Figure 5.50 presents the relative permeability curves of the best 

match. 

 

Figure 5.49: Oil RF as functions of time for Case 5, U-chip, surfactant flooding.  
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Figure 5.50: Relative permeability curves of the best fit in Case 5, U-chip, surfactant flooding.  

 

In Figure 5.51, we present distributions of water saturations at TB from all five cases. For cases 3, 

4, and 5, only the best fits are plotted. The locations of water breakthrough were all located at 

grid node 200. Figure 5.51 also included one image (Figure 5.51-G) from the experiments at TB 

(1800 sec) for comparison, Set 4 of Case 5 (Figure 5.51-F) is the best match with the experiment, 

especially, in the area from the injection side to about 19 mm into the chip, where both 

simulation and experiment showed nearly complete displacement of oil by surfactant. Figure 

5.52 shows the contours of water saturation at TB (1519.5 sec) of the best match near the 

production side. Grid node 200 was highlighted as the first node that has �5�ê more than �5�ê�å. 
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Figure 5.51: Distributions of surfactant saturation from simulations and experiments, A: Case 1 
with the single-capillary-tube solution, B: Case 1 with modified Brooks-Corey relation, C: Set 4 

of Case 2, D: Set 5 of Case 3, E: Set 2 of Case 4,  F: Set 4 of Case 5, and                                      
G: Distribution from experiment.  



 

104 
 

 

Figure 5.52: Enlarged view of contours of surfactant distribution at TB from the best match. 

 

    The following plots were obtained from the simulation using parameters of the best match 

(Case 5, Set 5) but with dt 
L 0.01 sec. Figure 5.53 shows water and oil pressures at the first row 

of nodes (1-50) at 4000 sec of surfactant injection. Injection and production nodes had constant 

pressures of 13.6 psia and 11.8 psia respectively. The constant capillary pressure (
F 0.069 psia) 
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comes from the constant throat size in the U-chip (6 �äm) and the reduced IFT. Figure 5.54 shows 

oil RF as a function of volume of injected water normalized by the net pore volume. The 

simulated oil RF of 0.764 at TB occurred when about 0.73 pore volume of surfactant was 

injected. This value is equivalent to the volume of produced oil as demonstrated in Figure 5.55. 

 

 

Figure 5.53: Pressure profile along U-chip in surfactant flooding, first row of nodes (1-50), after 
4000 sec of surfactant injection.  
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Figure 5.54: Oil RF as a function of pore volume of injected surfactant after 4000 sec of 
surfactant injection, U-chip, surfactant flooding. 
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Figure 5.55: Pore volume of produced oil as a function of pore volume of injected surfactant 
after 4000 sec of surfactant injection, U-chip, surfactant flooding.  

 

Figures 5.56 shows water-oil ratio (WOR) as a function of time with an enlarged view of times 

near TB. Simulated TB is 1519.61 sec, the experimental TB is 1800 sec, and the observed 

simulated TB is 1550 sec. Figures 5.57 and 5.58 show the total injection and production rates 

(�ä�•�7/sec) and the total injection and production volume (�ä�•�7�; as functions of time.  
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Figure 5.56: Water-oil ratio as a function of time, U-chip, surfactant flooding. 

 

Figure 5.57: Total surfactant injection and surfactant and oil production rates as functions of 
time, U-chip, surfactant flooding. 
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Figure 5.58: Cumulative volumes of surfactant injection and oil / water production as functions 
of time, U-chip, surfactant flooding. 

 

5.4.2 Surfactant flooding in V-chip  

Table 5.6 summarizes inputs and outputs of water-oil simulations. 

Case 1: Figure 5.59 presents the original relative permeability curves from the single-capillary-

tube solution after implementing �5�ê�å 
L 0.028 and  �5�â�å 
L 0.1. �-�å�ê
�Û  and �-�å�â

�Û are 0.9539. Then, the 

best modified Brooks-Corey relation (�J�â 
L 0.08 and �J�ê 
L 12) that fits the single-capillary-tube 

solution is presented. Figure 5.60 shows oil RF as a function of time using both the single-

capillary-tube solution and the modified Brooks-Corey relation. Oil RF from the modified 

Brooks-Corey relation was a better match than that from the single-capillary-tube solution. 

However, compared with experiments both sets are poor. TB and oil RF from the single-
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capillary-tube solution relative permeability curves were 1353.5 sec and 0.483, respectively. TB 

and oil RF from the modified Brooks-Corey relation were 1655 sec and 0.66, respectively.  

 
Table 5.6: Inputs and outputs of simulations conducted to match surfactant-oil flows in V-chip 

 Set 
No 

�¿�L
psi 

Relative 
permeab-

ility   

�-�å�â
�Û �-�å�ê

�Û  �J�â �J�ê TB 
(sec) 

Avg. 
of 

Sw at 
TB 

Oil 
RF at  

TB 
 

Experiment  1.5  - - - - 1260.0 0.741 0.734 

 
Case 1 

 (dt=0.5 sec) 

 
 

 
1.5 

Single- 
capillary- 

tube 

0.9539 0.9539 - - 1353.5 0.521 0.483 

 
 
 
 
 
 
 

Modified 
Brooks-
Corey 

   

0.9539 0.9539 0.08 12 1655.0 0.682 0.660 
 

Case 2 
 (dt=0.5 sec) 

1  
 

1.5 

0.9539 0.9539 0.08 12 1655.0 0.682 0.660 
2 0.9539 0.9539 0.03 15 1659.5 0.699 0.680 
3 0.9539 0.9539 0.15   9 1600.0 0.651 0.628 
4 0.9539 0.9539 0.15 15 1661.0 0.682 0.661 
5 0.9539 0.9539 0.03   9 1619.5 0.678 0.655 

 
Case 3 

 (dt=0.5 sec) 
*Best fit 

1  
 

1.5 

0.8000 0.7000 0.08 12 1979.0 0.683 0.659 
2 0.9000 0.7000 0.08 12 1754.0 0.680 0.656 
3 1.0000 0.7000 0.08 12 1576.0 0.679 0.655 
*4 1.0000 0.6000 0.08 12 1565.0 0.678 0.653 
5 1.0000 0.8000 0.08 12 1579.0 0.680 0.656 

Cases          
4 and 5 

 (dt=0.5 sec) 
*Best fit 

1 1.5  
 
 
 
 

1.0000 

 
 
 
 
 

0.6000 

 
 
 
 
 

0.08 

 
 
 
 
 

12 

1565.0  
 

0.678 

 
 

0.654 
2 1.6 1463.0 

3 1.7 1373.5 
*4 1.8 1294.0 

Cases          
4 and 5 

(dt= 0.01 
sec) 

*Best fit 

 
 

*4 
 

 
 

1.8 

 1292.82 0.676 0.652 
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Figure 5.59: Relative permeability curves of the single-capillary-tube solution and the best fit 
from the modified Brooks-Corey relation, V-chip, surfactant flooding. 
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Figure 5.60: Oil recovery factor as functions of time, Case 1, V-chip, surfactant flooding. BT 
stands for breakthrough time. 

 

 

Single 
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Case 2: In Case 2, we varied �J�â and �J�ê in the modified Brooks-Corey relation according to 

Table 5.6. Figure 5.61 shows the five oil RF curves, which are nearly identical. These results 

indicated that the effect of saturation indices on oil RF is small.    

 

Figure 5.61: Oil RF as functions of time for the five sets in Case 2, V-chip, surfactant flooding. 
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Case 3: Figure 5.62 shows oil RF as functions of time for five simulations tabulated in Table 5.6 

with different �-�å�ê
�Û  and �-�å�â

�Û. Predictions of Sets 1 and 2 are different from those of Sets 3, 4, and 

5. Sets 3, 4, and 5 are nearly identical. At early times, no oil RF curve is in agreement with the 

experimental points. Sets 3, 4, and 5 are closest to the experiments. These simulations again 

indicate that only �-�å�â
�Û affects oil RF curve, and �-�å�ê

�Û  does not have much influence. Set 4 was 

considered the best set. 

 

Figure 5.62: Oil RF as functions of time for the five sets in Case 3, V-chip,                          
surfactant flooding. 



 

115 
 

Case 4 and 5: In these cases, three pressure differences were tried (1.6 psi, 1.7 psi, and 1.8 psi), 

in addition to the original experimental pressure difference (1.5 psi, Set 1) (Table 5.6). In the 

end, Case 5 did not generate better matching than what was already achieved in Case 4, and 

hence Case 4 and 5 are jointly presented here. The parameters that best matches the experiments 

are (�-�å�â
�Û 
L 1, �-�å�ê

�Û  
L 0.6, �J�â�� 
L 0.08, �J�ê 
L 12). These simulations had different breakthrough 

times but had the same oil RF at their respective TB (Figure 5.63). Again, experimental data at 

early times cannot be well matched. Figure 5.64 shows the relative permeability curves of the 

Case 4.  

 

Figure 5.63: Oil RF as functions of time for combined Case 4 and Case 5, V-chip,                 
surfactant flooding. 
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Figure 5.64: Relative permeability curves of the best fit, V-chip, surfactant flooding. 

 

In Figure 5.65 we present distributions of water saturation at TB obtained from all five cases. For 

cases 3, 4 and 5, only the best fits are plotted. For Case 1, breakthrough occurred at grid node 50 

when using the single-capillary-tube solution, and at the grid node 200 when using the modified 

Brooks-Corey relation. For Case 2, breakthrough also occurred at grid node 200. For other cases, 

breakthrough took place at grid node 100. For comparison, Figure 5.65 also included saturation 

images from the experiments at TB (1370 sec). The  best fit in cases 4 and 5 (Figure 5.65-E) also 

appears to be the best match. Figure 5.66 shows the contours of water saturation at TB (1294 sec) 

of the best match near the production side, where the location of breakthrough grid node 100 was 

highlighted. 
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Figure 5.65: Distributions of surfactant saturation from simulations and experiments, A: Case 1 

with the single- capillary-tube relative permeability, B: Case 1 with modified Brooks-Corey 
relation, C: Set 2 of Case 2, D: Set 4 of Case 3, E: Set 4 of Cases 4 and 5,                                            

F and F1: Distributions from experiments.��  
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Figure 5.66: Enlarged view of contours of surfactant distribution at TB from the best match. 
 

The following plots were obtained from the simulation using parameters of the best match 

(Cases 4 and 5, Set 4) but with dt 
L 0.01 sec. Figure 5.67 shows water and oil pressures at the 

first row of nodes (1-50) at 4000 sec of surfactant injection. The constant capillary pressure    

(
F 0.07 psia) is due the constant pore throat size in the V-chip (8 �äm) and the reduced IFT. As 

in Figure 5.37, here the oil and water pressure profiles are not straight lines. Figure 5.68 shows 
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oil RF as a function of volume of pore injected water. The simulated oil RF at TB (0.652) 

occurred when about 0.64 pore volume of surfactant was injected. Prior to TB, volume of 

produced oil always equaled volume of injected water, as demonstrated in Figure 5.69. Figure 

5.70 shows water-oil ratio (WOR) as a function of time with an enlarged view of the times near 

TB. Simulated TB is 1292.82 sec, experimental TB is 1260 sec, and the observed simulated TB  is 

1325 sec. Figures 5.71 and 5.72 show the total injection and production rates (�ä�•�7/sec) and the 

total injection and production volume (�ä�•�7�; as functions of time. 

 

Figure 5.67: Pressure profile along V-chip in surfactant flooding, first row of nodes (1-50), after 
4000 sec of surfactant injection.  
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Figure 5.68: Oil RF as a function of pore volume of injected surfactant after 4000 sec of 
surfactant injection, V-chip, surfactant flooding. 
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Figure 5.69: Pore volume of produced oil as a function of pore volume of injected surfactant 
after 4000 sec of surfactant injection, V-chip, surfactant flooding.  
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Figure 5.70: Water-oil ratio as a function of time, V-chip, surfactant flooding. 

 

Figure 5.71: Total surfactant injection and surfactant and oil production rates as functions of 
time, V-chip, surfactant flooding. 
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Figure 5.72: Cumulative volumes of surfactant injection and oil / water production as functions 
of time, V-chip, surfactant flooding. 

 

5.5 Comparison between water and surfactant flooding 

    The use of surfactant reduced the IFT from 28.4 mN/m to be 3.6 mN/m, reduced the 

magnitude of capillary pressure, and then reduced fingering phenomena and increased 

displacement efficiency. Surfactant also reduced breakthrough  times. These points can be well 

observed in Figures 5.73 and 5.74. 
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Figure 5.73: Oil RF as functions of time for brine and surfactant flooding in U-chip.  
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Figure 5.74: Oil RF as functions of time for brine and surfactant flooding in V-chip.  

 

5.6 Sensitivity analyses of water-oil flows  

    In this section, two sensitivity analyses were performed over U-chip to understand the effect 

of capillary pressure and oil viscosity on the displacement efficiency. All simulations were run 

under conditions that best matched the waterflooding experiment in U-chip. The time step size 

used was 0.1 sec. We report and compare oil RF at TB.  
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    On the sensitivity to capillary pressure, we selected 21 capillary pressure values, that were 

above and below the original capillary pressure of the U-chip (�í 0.67 psia). Figure 5.75 shows 

that the breakthrough time decreased as the magnitude of the negative capillary pressure 

decreased. Figure 5.76 shows oil RF at TB as a function of capillary pressure. It appears that oil 

RF only increased slightly with decreasing magnitude of the negative capillary pressure. As we 

compare Figures 5.75 and 5.76 to the experiments, it is interesting to note that reducing capillary 

pressure to the level of surfactant flooding (
F��0.069 psia) correctly captured the reduction in TB. 

However, changing capillary pressure did not affect significantly oil recovery at TB. Clearly, it is 

necessary to change relative permeability curves in addition to changing capillary pressure to 

properly describe surfactant flooding. Figure 5.77 shows oil RF as a function of time for three 

capillary pressure values of maximum 0 psia, �í 0.67 psia, and �í 1.34 psia.  

 

Figure 5.75: TB as a function of capillary pressure (U-chip-brine). 
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Figure 5.76: Oil RF at TB as a function of capillary pressure (U-chip-brine). 
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Figure 5.77: Oil RF as functions of time for three different capillary pressures, U-chip. 

 

    The goal of sensitivity analyses to viscosity is to understand the effect of changing oil 

viscosity on TB and oil RF. Seven lower viscosities (33.97 cp, 34.82 cp, 36.09 cp, 37.36 cp, 

38.64 cp, 39.91 cp,and 41.19 cp) were applied. Viscosity chosen to be varied here because 

changing viscosity should affect TB but does not affect other correlations of two-phase 

simulations such as capillary pressure and relative permeability. 
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Figure 5.78 shows TB as a function of percentage oil viscosity reduction and the viscosity. 20% 

reduction of oil viscosity led to accelerated breakthrough time by 355.5 sec (17.6%).  

 

Figure 5.78: TB as a function of oil viscosity percentage reduction, and oil viscosity, U-chip. 

 

Figure 5.79 shows oil RF at TB as a function of the percentage oil viscosity reduction and oil 

viscosity. 20% reduction of oil viscosity increased oil RF at TB by about 2.58 %. Figure 5.80 

shows oil RF as a function of time when viscosity is 33.97 cp. We note that although decreasing 

viscosity reduced TB and increased oil RF at TB its effect is different from that of changing 

capillary pressure in the simulations.  
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Figure 5.79: Oil RF at TB as a function of oil viscosity percentage reduction and oil viscosity,    
U-chip.  
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Figure 5.80: Oil RF as functions of time using the original oil viscosity and a reduced oil 
viscosity, U-chip.  
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5.7 Courant-Friedrichs-Lewy limit 

    In this section, we present the Courant-Friedrichs-Lewy (CFL) number (Coats 2003) that is a 

unitless number associated with the stability of any numerical analysis or code that marches in 

time. Generally, CFL should be less than 2 for stability and it limits the time step size. The code's 

stability is considered oscillatory when CFL is between 1 and 2, and non-oscillatory when CFL 

is less than 1. The specific CFL for this study is 

CFL = 
�ä�Ì�á�Ò���¿�ç

�Ï �Ã
                                                             (5.1) 

where �M�Ô�é�Ú is the average flow rate (�J�•�7/sec), �¿�P is the time step used (sec), and �8�Ë is each 

node's volume [�¿�T���¿�U���¿�V �:�J�•�7)].   

    In the additional  test cases (Section 2.7), CFL was constant and equal to 0.048. They are 

therefore non-oscillatory. In simulations of brine / surfactant flooding, there were five injection 

nodes with five variable injection rates. For this reason the average flow rates were used in  

Equation 5.1 to calculate the CFL. 

    Figures 5.81, and 5.82 show CFL for U-chip in both brine and surfactant flooding when using 

time steps of 0.5 sec and 0.01 sec, respectively. Figures  5.83 and 5.84 show CFL for V-chip in 

brine and surfactant flooding when time steps were 0.5 sec and 0.01 sec, respectively. 

Simulations used parameters that best matched the experiments. All CFL were less than one so 

that non-oscillatory stability was present in all simulations. Stability of brine-oil simulations 

were better than that of surfactant-oil simulations. Using the shorter time step of 0.01 sec 

improved stability of simulations.  
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Figure 5.81: CFL in brine / surfactant-oil flooding simulations using time step of 0.5 sec, U-chip. 
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Figure 5.82: CFL in brine / surfactant-oil flooding simulations using time step of 0.01 sec,        
U-chip. 

 

 

 



 

135 
 

 
 

 

 

 

 

 

Figure 5.83: CFL in brine / surfactant-oil flooding simulations using time step of 0.5 sec, V-chip. 
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Figure 5.84: CFL in brine / surfactant-oil flooding simulations using time step of  0.01 sec,       
V-chip. 
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

    The main purpose of this study was to simulate multiphase flow related to porous media 

IOR/EOR processes in microfluidics using a multi-scale approach. I have successfully developed 

a continuum-scale simulation code and obtained permeability needed by the continuum-scale  

simulation using pore-scale simulation. Experimentally measured multiphase flows in two 

microfluidic chips (homogenous and heterogeneous / vuggy), including water-oil and surfactant-

oil flow were simulated. The focus of the simulations is the relative permeability curves. I first 

tested the relative permeability curves derived from the analytical solution of two-phase 

displacement in a single capillary tube. Then, I used a number of relative permeability curves 

following the model of Brooks-Corey. The results of both water-oil flow and surfactant-oil flow 

show that traditional Brooks-Corey relative permeability model, after its parameters were tuned, 

gave better predictions than the single capillary tube solution. Distributions of water-surfactant 

and oil from several simulations were compared with those from experiments. Most results show 

that there was a reasonable agreement between experiments and numerical simulation.  

   Even though single-capillary-tube relative permeability curves did not produce results that 

matched the experiments, they generated an oil-wet realization. I also evaluated sensitivity 

analyses to determine the effect of capillary pressure and oil viscosity on oil recovery. The results 

show that reduction of the capillary pressure decreases the breakthrough time but only marginally 

increases oil recovery. Reduction of the oil viscosity by 20% increased the oil recovery and 

breakthrough time by about 2.5% and 21.6%,  respectively. 



 

138 
 

6.2 Limitations 

The following two limitations were noted: 

�x An intermediate relative permeability model between that of the single capillary tube and 

a completely empirical model such as Brooks-Corey equations was missing. If we had a 

physical model for a network of tubes, with different tube sizes, employing such a model 

could lead to a better model for our microfluidic media.  

�x In the present microfluidic experiments, we could not obtain geomechanical parameters. 

Hence, multi-scale study using microfluidics that considers geomechanical effect would 

be a challenge. 

6.3 Recommendations 

Based on the limitations stated above, I recommended the following : 

�x Search for new experimental or computational procedures to generate meso-scale (grid-

scale) relative permeability curves. 

�x Conduct experiment and simulation of gas-liquid flow with gravity segregation. 

�x Develop other relative permeability functions suitable for models constructed from 

interconnected capillary tubes. 

�x Simulate experiments performed in other chip material, such as NOA81 that can be treated 

to have wettabilities closer to carbonate or sandstone rocks than PDMS.  

�x Extend multi-scale study to the 3D space by using imaging technology such as confocal 

microscopy in 3D printed transparent geometries. The challenge is more on the 



 

139 
 

experimental side than computational, because our 2D reservoir simulation code can be 

easily extended to 3D by adding discretizations in the third dimension. 
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APPENDIX A 

DERIVATIONS OF RELATIVE PERMEABILITY CURVES AND BREAKTHROUGH TIME 

FOR TWO-PHASE FLOWS IN A SINGLE CAPILLARY TUBE 

The following is the derivation of breakthrough time and relative permeability curves from the 

analytical solution for two-phase displacements in a single capillary tube. 
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In the above equation, �ä�ê and �ä�â are viscosities of water and oil respectively, �. is the total 

length of the capillary tube,  �.�ê is the length of the capillary tube occupied by the invading fluid 

(water), �@ is the effective diameter of the capillary tube, �2�Ü�á and �2�â�è�ç are injection and 

production pressures on the capillary tube's ends, �ê is oil / brine or oil / surfactant interfacial 

tension (IFT), �à is oil-water contact angle within the capillary tube, and �P is the injection time. 

Take derivative of Equation A.1 to time �P 
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In the above equation,  
�×�:�Å�â �;

�×�ç
 represents the velocity of water in the capillary tube at time �P�ä 

Multiply Equation A.2 by �.��and separate the first-order derivative from the equation 
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where �R�ê and �R�â are velocity of water and oil, respectively, in the capillary tube. These velocities 

are equal in a single capillary tube.  
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Separate �@�:�.�ê�; and���@�P in Equation A.3  
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Integrate both sides. Then, apply the boundary condition that 
�Å�â
�Å

 = 1 when �P��= TB (the 

breakthrough time). 
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After integration, Equation A.5 gives the expression for TB 
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To drive the relative permeability equations for the two phases, starting from the equations for 

relative permeability              
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the expressions of water and oil saturations 
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the expressions for water and oil superficial velocities  
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and that the permeability for single-phase flows through a single-tube is 
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we obtain relative permeability as a function of time  
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