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A computer-aided simulator of steady-state two-phase flow in consolidated porous 
media is developed. The porous medium is modeled as a 3-0  pore network of suitably 
shaped and randomly sized unit cells of the constricted-tube type. The problem of two- 
phase flow is solved using the network approach. The wetting phase saturation, the 
viscosity ratio, the capillary number, and the probability of coalescence between two 
colliding gunglia are changed systematically, whereas the geometrical and topological 
characteristics of the porous medium and wettability (dynamic contact angles) are kept 
constant. In the range of the parameter values investigated, the flow behavior observed 
is ganglion population dynamics (intrinsically unsteady, but giving a time-averaged steady 
state). The mean ganglion size and fraction of the nonwetting phase in the form of 
stranded ganglia are studied as functions of the main dimensionless parameters. Frac- 
tional flows and relative permeabilities are determined and correlated with flow phe- 
nomena at pore level. Effects of the wetting phase saturation, the viscosity ratio, the 
capillary number, and the coalescence factor on relative permeabilities are examined. 

Introduction 
Multiphase flow in porous media is a complex process en- 

countered in many fields of practical engineering interest, 
such as oil recovery from reservoir rocks, aquifer pollution by 
liquid wastes and soil reconstitution, and agricultural irriga- 
tion. Immiscible two-phase flow has many modes: steady state, 
imbibition, drainage, cocurrent, countercurrent, and so on. 
Here we are concerned with cocurrent steady-state flow. For 
the sake of brevity we wil1 use the term oil to denote the 
nonwetting fluid, and water to denote the wetting fluid, with 
understanding that the two fluids can be other than oil and 
water. In particular, we are interested in the theoretical in- 
vestigation of the flow regime of “steady-state” gangiion dy- 
namics, which has been identified recently as one of the main 
flow regimes of steady-state cocurrent two-phase flow. 

Recent experimental observations of steady-state flow of 
water and oil through planar and nonplanar chamber-and- 
throat pore networks etched in glass (Avraam et al., 1994; 
Avraam and Payatakes, 1995) have shown that over broad 
ranges of the values of the main dimensionless parameters 
(capillary number, viscosity ratio, water saturation) the oil is 
disconnected in the form of ganglia. Part of the oil in the 
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pore network is stationary in the form of stranded ganglia, 
whereas the flowing part of the oil moves in the form of mul- 
tisized ganglia. Moving ganglia that collide with others, which 
are either stranded or moving, and coalesce (or fail to coa- 
lesce) with them; moving ganglia frequently break into smaller 
ones, some of which become stranded, and so on. Stranded 
ganglia become remobilized if they coalesce with moving ones. 
Another important observation is that, often when a ganglion 
approaches a stranded one, it changes the local pressure field 
and may mobilize the stranded ganglion without actually col- 
liding with it. The moving ganglia do not always follow the 
same paths, but sample large areas of the network, even 
though certain areas are visited more frequently than others. 
Ganglion motion and interactions result in an overall dy- 
namic equilibrium giving a time-averaged steady state. Such a 
flow pattern is highly sensitive to the capillary number, the 
viscosity ratio, the saturation, the contact angle, the coales- 
cence factor, and the geometry and topology of the pore net- 
work, and can be described as “steady-state’’ ganglion dynam- 
ics. Throughout the text, we use the term “steady state” in 
quotation marks to emphasize that what appears as steady- 
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state macroscopically is a process at dynamic equilibrium mi- 
croscopically. The aforementioned experimental observations 
elucidate the flow mechanisms at pore level during “steady- 
state” two-phase flow experiments and show that moving dis- 
connected oil is solely responsible for the oil flow rate in the 
flow regime under consideration. These observations dis- 
prove the common assumption that disconnected portions of 
oil do not move at all (for example, review by Honarpour and 
Mahmood, 1988; discussion in Avraam et al., 1994; Avraam 
and Payatakes, 1995). 

Experimental studies have shown that relative permeabili- 
ties are strong functions not only of the saturation, but 
of the capillary number (Sanberg et al., 1958; Lefebvre du 
Prey, 1973; Amaefule and Handy, 1984; Fulcher et al., 1985; 
Avraam et al., 1994; Avraam and Payatakes, 1999, the viscos- 
ity ratio (Lefebvre du Prey, 1973; Fulcher et al., 1985; Avraam 
and Payatakes, 1995; although earlier experimental studies by 
Geffen et al., 1951 and Sanberg et al., 1958, had concluded 
that the effect of the viscosity ratio on the relative permeabil- 
ities was negligible), the contact angle (Geffen et al., 1951; 
Owens and Archer, 1971; McCaffey and Benion, 19741, the 
geometrical and topological characteristics of the porous 
medium (Lefebvre du Prey, 19731, and even the history of the 
experiment (wetting saturation increasing or decreasing). 
Here, we will demonstrate that relative permeabilities also 
depend on the coalescence factor, Co, which is the effective 
probability of coalescence given a collision between two gan- 
glia in the porous medium (Constantinides and Payatakes, 
1991). Since rclative permeability values are strongly corre- 
lated with thc flow regime, in other words, the morphology of 
the two phases (Payatakes and Dias, 1984; Sahimi, 1993; 
Avraam et al., 1994; Avraam and Payatakes, 1995) and for 
typical values of the dimensionless parameters, the oil exists 
in the form of ganglia, understanding ganglion dynamics is 
essential in understanding how relative permeabilities de- 
pend on the system parameters. 

Two different methods have been proposed for modeling 
two-phase flow in porous media, namely percolation 
(Ramakrishnam and Wasan, 1986; Kantzas and Chatzis, 
1988a,b; Blunt and King, 1991, 1992; Bryant and Blunt, 1992; 
Goode and Ramakrishnam, 1993) and network microflow 
simulation (Koplik and Lasseter, 1982; Dias and Payatakes, 
1986a,b; Constantinides and Payatakes, 1988, 1991; 
Tsakiroglou and Payatakes, 1990, 1991; Vizika et al., 1994). 
Percolation models fail to take into account migration of gan- 
glia and their interactions (Payatakes and Dias, 1984; Lenor- 
mand et al., 1988; Sahimi, 1993). The pore-network micro- 
flow simulator proposed here is an extension and generaliza- 
tion of the simulators of Dias and Payatakes (1986a,b) and 
Constantinides and Payatakes (1988, 1991), and is applicable 
to the modeling of ganglion dynamics and the prediction of 
“steady-state” relative permeabilities. 

In this study the water saturation, S,, the capillary num- 
ber, Ca, the viscosity ratio, K ,  and the probability of coales- 
cence of two colliding ganglia, Co (we set Co=C,,)  are 
changed systematically, whereas the porous medium model 
and dynamic contact angles, 6,“ and O,“, are kept constant. 
For the ranges of the system parameter values investigated 
the oil remains disconnected. Under “steady-state’’ condi- 
tions, the reduced mean ganglion volume, ( u * > ,  and the frac- 
tion of oil in the form of stranded ganglia, s, depend strongly 
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on the values of the aforementioned parameters. The calcu- 
lated “steady-state’’ relative permeabilities, k, ,  and k,,, de- 
pend on S,, Ca, K ,  and C,,. Fractional flow curves are calcu- 
lated as well, and their dependence on the system parame- 
ters is examined. The validity of the simulator was examined 
in a case study, by comparing the theoretical predictions with 
experimental results of Avraam and Payatakes (1995). The 
agreement is very good. 

Model Formulation 
Construction of the porous medium model 

The porous medium model used by the simulator is a 
three-dimensional network of unit cells of the constricted- 
tube type, suitable for consolidated porous media and has 
been described elsewhere (Constantinides and Payatakes, 
1989). Here, we give just a brief description for the sake of 
completeness. 

The skeleton of the network is a randomized lattice ob- 
tained as follows. We begin with a regular cubic skeleton, 
having length of periodicity 1, coordination number, u = 6, 
and M,, My ,  and M, nodes in the x ,  y ,  and z directions, 
respectively. Then each node is perturbed by being moved to 
a random position within an imaginary sphere centered at 
the original position of the node and having a preselected 
radius (equal to 0.21 for this study). The centers of the cham- 
bers coincide with nodes and the axes of the throats with the 
branches of the network. Here, we use chamber and throat 
diameter distributions based on experimental data for a Berea 
sandstone (Dullien and Dhawan, 1975). According to these 
data, the sizes of contiguous throats and chambers are posi- 
tively correlated (large chambers are connected to large 
throats, and small chambers to small throats). The aforemen- 
tioned correlation is realized in the pore network model by 
letting chambers influence the size of their neighboring 
throats, using the method of “voting” described by Constan- 
tinides and Payatakes (1989) and Tsakiroglou and Payatakes 
(1991). Numerical tests show that the best fit of the experi- 
mental bivariate pore size distribution is achieved when the 
value of the voting parameter, .$, equals 1. The length of the 
periodicity, 1, is selected so that the porosity of the pore net- 
work, E ,  equals that of the prototype rock ( E  = 0.22). A two- 
layer pore network of size 30 X 20 X 2 and ( = 1 is shown in 
Figure la.  To avoid a highly complicated figure we depict the 
chambers as spheres and the throats as cylinders. Solid vol- 
umes represent the upper layer of the network and dashed 
lines the lower one. In the drawing, the node-to-node dis- 
tance increases by 50% for better clarity. 

The pore network is divided into three zones: the inlet, the 
intermediate, and the outlet zone (Figure la). The inlet zone 
is geometrically the same with the outlet zone. The reason 
for using this zone arrangement is explained below. For this 
article, each zone has 10 x 20 x 5 nodes, that is, the pore net- 
work has 30 X 20 X 5 nodes. The two-layer version of this pore 
network is shown in Figure la. 

To achieve a simple mathematical treatment of the flow 
problem, the porous medium model is considered as a net- 
work of unit cells of the constricted-tube type, as shown in 
Figure lb. Each unit cell consists of a tubular part that repre- 
sents a throat and two sinusoidal segments that are parts of 
adjacent chambers. Unit cells of this type are suitable in 
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Figure 1 a. Representative randomized two-layer pore network. 

Figure 1 b. Representative unit cell. 

modeling consolidated porous media (such as sandstones). 
The theoretical absolute permeability, k ,  calculated by aver- 
aging calculated permeabilities of 20 finite networks of  size 
3 0 ~ 2 0 x 5 ,  is k = 1.05+0.08 darcy ( =  1.04k0.08 pm’). 

Simulation of “steady-state”gang1ion dynamics 
Under creeping flow conditions, the two-phase flow 

through the pore network is solved with standard network 
analysis, recognizing the analogy between pressure difference 
and potential difference, hydraulic conductance and electri- 
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cal conductance, flow rate and current, and capillary pres- 
sure and electromotive force (Dias and Payatakes, 1986a,b; 
Constantinides and Payatakes, 1991; Vizika et al., 1994). 

Initially the network is filled with water. Ganglia of prese- 
lected volumes and random shapes are placed in the net- 
work, until the saturation of oil takes a preselected value, s,. 
The macroscopic pressure gradient, - V P ,  applied along the 
pore network is determined by trial and error, so that the 
desirable value of the “steady-state’’ capillary number Cu is 
achieved. The capillary number is defined as Cu = UM,pw/y,  
where U, is the superficial velocity of water at “steady-state” 
conditions, p w  is the viscosity of water, and y is the interfa- 
cial tension. The pressure drop along the network is given by 

where P, is the pressure of a reservoir that is connected with 
all M ,  X M ,  unit cells at the inlet of the network, and Po is 
the pressure of a sink which is connected with all M ,  X M ,  
unit cells at the outlet of the network (for simplicity, Po = 0). 
The boundary conditions on the sides parallel to the macro- 
scopic flow are assumed to be periodical, so that the network 
considered represents a strip of infinite dimensions in the y 
and z directions. 

Each unit cell is regarded as a resistor, and its resistance is 
set equal to the sum of the hydraulic resistances of the cylin- 
drical and the two sinusoidal segments of the cell, whereas 
the capillary pressure drop across a meniscus is calculated 
using a Washburn-type approximation. (Details of the calcu- 
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lation of the hydraulic resistances and the pressure drops 
across interfaces are given by Dias and Payatakes, 1986a, and 
Vizika et al., 1994.) 

The solution of the two-phase flow problem is obtained in 
a stepwise manner, assuming pseudosteady state at each step. 
The systems of linear equations describing the pseudosteady 
flow at each step is solved with the Cholesky decomposition 
procedure, suitably modified to take into account the high 
sparseness of the matrix, and the instantaneous values of the 
pressure at the nodes of the network are calculated. These 
pressure values are, in turn, used to calculate the instanta- 
neous flow rates through the unit cells and the corresponding 
velocities of the menisci. Assuming these velocities to remain 
constant over an appropriately small time interval (Dias and 
Payatakes, 1986a1, new positions for the menisci at the end of 
the time step can be calculated, and the process is repeated. 

When a unit cell becomes filled with oil or water, the ap- 
proach that is adopted in order to decide what configuration 
to assign to the new interface is an extension of that de- 
scribed in Dias and Payatakes (1986a), taking into account 
the three-dimensional topology of the pore network. The 
procedure followed for the disconnection of oil is basically 
the same with that proposed by Dias and Payatakes (1986a). 
Note here that disconnection of oil due to pinch-off takes 
place only inside chambers (Li and Wardlaw, 1986), because 
we consider intermediate contact angle systems ( 0  = 40”). 

When the viscous forces that act on a ganglion are bal- 
anced by the capillary ones, the ganglion becomes stranded. 
In the Dias and Payatakes simulator, the pressure drop along 
the ganglion, which is needed to apply the stranding crite- 
rion, is estimated based on the macroscopic pressure gradi- 
ent, using the smooth field approximation. In our simulator 
the exact pressure drop calculated by the network model is 
used, and so the stranding criterion is applied more precisely. 
For computational reasons, conductances of the unit cells oc- 
cupied by a stranded ganglion are set equal to nil, and the 
ganglion is “frozen” in place. In applying the stranding crite- 
rion the capillary pressure difference is calculated using the 
upper bound of the drainage curvature for downstream 
menisci and the lower bound of the imbibition curvature for 
upstream menisci (Dias and Payatakes, 1986a). Hence, the 
capillary pressure difference is slightly overestimated and the 
ganglion becomes stranded for slightly higher pressure differ- 
ence than the exact one. A check for the possibility of remo- 
bilization of each ganglion is done each time the pressure 
field values are updated, by comparing the viscous forces 
causing mobilization and the capillary ones opposed to the 
motion. This is basically the criterion for ganglion mobiliza- 
tion developed by Ng and Payatakes (1980) (see also, Pay- 
atakes, 1982; Mason, 1983; Payatakes and Dias, 1984) used 
with the exact pressure values calculated with the network 
approach. If a ganglion can be mobilized, it is set free by 
becoming “unfrozen” and the conductances of the corre- 
sponding unit cells are set to their proper values. 

As ganglia are being displaced by water, two portions of 
two individual ganglia may meet each other in the same pore. 
If the water that separates the two oil fingers can escape out 

two menisci, the viscosities of the two fluids, the local pres- 
sure field in each phase, etc.), and furthermore by the sur- 
face viscosities, the surface elasticities, and the concentration 
of surfactantb) on the interfaces (Ivanov and Dimitrov, 1988). 
Coalescence will be prevented if one or both oil bodies move 
away due to the bulk motion of the ganglia to which they 
belong. A model incorporating the flow of the water film, 
interactions of the two approaching oil bodies, and the bulk 
motion of the ganglia has been developed by Constantinides 
and Payatakes (1991). In that work, as in this article, both oil 
and water were considered to be pure liquids. The presence 
of electrolyte(s) and/or surfactant(s1 would cause Marangoni 
effects, electrostatic interactions between interfaces, change 
of the flow properties of each interface, and reduction of the 
interface mobility, which would lower the rate of the film 
drainage and consequently the rate of coalescence. The 
aforementioned model was used to evaluate the probability 
of coalescence between two colliding moving ganglia, C,,. It 
was shown that C,, depends strongly on the hydraulic con- 
ductance of the pore wall microroughness, the shapes and 
volumes of the colliding ganglia, the local geometry and 
topology of the porous medium, the dynamic contact angles, 
and weakly on the viscosity ratio, K ,  and the capillary num- 
ber, Cu. According to the present simulator, the two oil bod- 
ies meeting each other in the same unit cell coalesce with a 
fixed probability C,, (equal to the coalescence factor, Co, 
which is defined as the effective probability of coalescence 
given a collision in systems flowing through ganglion dynam- 
ics). The water trapped between the two menisci can escape 
toward nearby areas of the network that are occupied by wa- 
ter and have a smaller pressure than the pressure of the 
trapped water. This leakage can occur through narrow pas- 
sages provided by the roughness features and crevices of the 
pore walls. 

As ganglia migrate downstream, the inlet zone of the net- 
work would be evacuated from ganglia progressively were it 
not for the fact that replicas of ganglia that leave the inter- 
mediate zone and move to the outlet zone are being intro- 
duced at the corresponding sites of the inlet zone. In this 
way, a kind of periodicity in the direction of flow and a nearly 
constant oil saturation are achieved. Here, we have to em- 
phasize that although the inlet and the outlet zones are geo- 
metrically the same, the flow fields in these zones are differ- 
ent. This happens because the entrance unit cells of the inlet 
zone are connected with a reservoir of constant pressure, P,, 
whereas the corresponding unit cells of the outlet zone are 
connected with the intermediate zone, where the pressure 
varies with time and from node to node. Also, the exit unit 
cells of the outlet zone are connected with a sink of constant 
pressure, Po, whereas the corresponding unit cells of the in- 
let zone are connected with the intermediate zone. 

In this simulator gravity effects have been neglected, since 
for typical values of the parameters (difference of densities of 
the two fluids, A p = 200 kg/m3, mean throat diameter, ( d )  
= 17.72 pm, interfacial tension, y = 25 mN/m) the Bond 
number is Bo = Apg(d)2/4y = 6x 

of the pore, it gradually takes the form of a thin film and may 
eventually collapse under the influence of the London-van CalC&~tion Of “steady-state”relative permeabilities 
der Waals force. The rate of film drainage is affected by sev- 
eral obvious factors (local pore geometry, the positions of the 

The calculation of the instantaneous values of the relative 
permeabilities to both fluids is done in the following way. A 
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region of the pore network at the boundary of the inlet with 
the intermediate zone is selected. This region has dimensions 
of three chambers in the direction of flow (x-direction), that 
is, one chamber in the inlet zone and two chambers in the 
intermediate zone, 15 chambers in the y-direction, and three 
chambers in the z-direction. At the end of a time step, some 
of these chambers are occupied by water and the rest by oil. 
During this time step, the values of the pressure at the cen- 
ters of chambers (nodes) are known (see above). The mean 
pressure of water in this region is calculated by averaging the 
instantaneous pressure values at the chambers occupied by 
water, whereas the mean pressure of oil by averaging the in- 
stantaneous pressure values at the chambers occupied by oil. 
Another region including the same number of chambers is 
selected at the boundary of the intermediate with the outlet 
zone. The center of the second region is L = 101 distant from 
the center of the first one. The mean pressures of both phases 
in the second region are calculated as in the first one. Hence, 
the instantaneous pressure drops of water and oil along the 
network, A P, and A Po, respectively, can be calculated. The 
calculation of the instantaneous flow rates of the water and 
oil, q, and q,, is done as follows. The area of the pore net- 
work over which the pressure drops are calculated is divided 
into sections. Each section includes one chamber (and the 
two half-throats connected to it) in the x-direction and all the 
chambers in the y- and z-directions. At the end of each time 
step the flow rates through the unit cells (and thus through 
the throats) are known. Hence, the total instantaneous flow 
rates of both fluids flowing through each section can be cal- 
culated by totaling the respective flow rates through the ap- 
propriate throats. The mean instantaneous flow rates of the 
two fluids are calculated by averaging the respective values of 
flow rates of the sections. Given the instantaneous values of 
the pressure drops along the network and the flow rates of 
the two fluids, the instantaneous relative permeabilities, k:, 
and k;,, respectively, are calculated using the expressions 

(3) 

where A is the cross-sectional area of the pore network. 
The values of “steady-state’’ relative permeabilities, k,, and 

k,,, are obtained as the time-averaged values of the instanta- 
neous relative permeabilities over a sufficiently long time in- 
terval (see below) during which the fluids flow under 
“steady-state” conditions. Simulations showed that the 
“steady-state’’ relative permeabilities, k, ,  and k,,, are inde- 
pendent of the length and the exact location of the area of 
pore network along which the pressure drops are calculated, 
so long as this area is away from the entrance and the exit of 
the pore network. 

Results and Discussion 
Sample stochastic simulations of “steady-state ”ganglion 
dynamics 

The simulation of “steady-state’’ ganglion dynamics begins 
by placing ganglia of constant initial volume and random 
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shapes at random sites of the network, until oil saturation 
becomes equal to a preselected value, So. For the simulations 
of this work, the reduced volume of each ganglion initially 
placed in the network is ur*, = 3, unless otherwise stated. (The 
reduced ganglion volume, u*,  is the ratio of the actual vol- 
ume of the ganglion to the average volume of a Conceptual 
Elemental Void Space, that is, a chamber and its adjacent CT 
half-throats.) Then, a macroscopic pressure drop is applied 
and the ganglia are let to move. Some of the ganglia become 
trapped where they were placed, while the rest begin to mi- 
grate downstream. The modes of ganglion displacement ob- 
served are quasi static and dynamic (Payatakes, 1982; Dias 
and Payatakes, 1986b; Hinkley et al., 1987). We find that the 
two modes operate simultaneously due to the high degree of 
randomness of the pore network. Moving ganglia fission into 
daughter ganglia, the smaller ones of which usually become 
stranded where they are formed, or after a few steps. The 
breakup mechanisms considered in the simulator are pinch- 
off (rupture of oil threads inside chambers) and dynamic 
breakup (Payatakes and Dias, 1984). Breakup by pinch-off 
occurs for all values of the dimensionless parameters investi- 
gated. As Ca and/or S, increase, and/or K decreases, dy- 
namic breakup intensifies. If a moving ganglion comes in the 
vicinity of a stranded one, then it changes the local pressure 
field, and the stranded ganglion may become remobilized. If 
remobilization is not possible under the circumstances, then 
the moving ganglion bypasses the stranded one, Both remobi- 
lization and bypassing are enhanced by relatively high Ca 
and/or low K values. Moving ganglia collide and coalesce with 
a fixed probability C,, with other moving ones and form 
larger ganglia. The number of collisions per time step de- 
pends on the value of S,  and the mean ganglion size (see 
below). Combination of the preceding phenomena results in 
an overall dynamic equilibrium, which is denoted as “steady- 
state” ganglion dynamics. A snapshot of the distribution of oil 
at t* = 300 and for K = 0.67, Ca = C,, = 0.15, S, = 50% 
PV, 0,“ = 45”, and 0,“ = 35” is shown in Figure 2. For clarity, 
the two-layer pore network of size 30 X 20 X 2 and 6 = 1 shown 
in Figure l a  is used for this simulation (note that all the other 
simulations presented in this work were performed in a net- 
work of size 30x?OX5), and only the pores occupied by oil 
have been plotted. Figure 3 shows a snapshot of oil distribu- 
tion from a similar simulation, using K = 3.35 (value of K five 
times larger than that of Figure 2), whereas values of the 
other parameters and the pore network are kept the same. 

We define as “steady state” that in which the time-aver- 
aged values of all the main variables (relative permeabilities, 
number of ganglia, reduced mean ganglion volume, fraction 
of oil in the form of stranded ganglia, fractional flows, etc.) 
remain constant. Usually, all the main variables reach 
“steady-state’’ at the same time. The time needed by a gan- 
glion population to achieve “steady-state’’ conditions depends 
on the system parameters. For all the simulations performed 
this reduced time, I*, is less than 50. The reduced time, t*, is 
defined as the real time elapsed divided by the characteristic 
time t ,  = le/U,. 

Figure 4 shows the time dependence of the instantaneous 
relative permeability to oil, k:, ( K  = 3.35, Ca = C,, = 
0.15, S, = 50% PV, 0,” = 45”, and 0,“ = 35”) and the effect of 
the initial conditions on k:, (here, the period of transient 
flow lasts approximately t* = 30). Three different initial con- 
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ditions are considered. In the first case, the reduced volume 
of each ganglion, initially placed in the pore network, is ui*, = 

1, whereas in the second case it is ui", = 3, and in the third 
ui", = 9. As Figure 4 shows, the "steady-state" relative perme- 
ability of oil remains the same in all three cases. We per- 
formed many simulations changing the initial conditions 
(value of u:, initial shapes of the ganglia, and sites where the 
ganglia were initially placed). In all cases the "steady-state'' 
values of the variables investigated were virtually independ- 
ent on the initial conditions. 

In addition, Figure 4 shows that under "steady-state" con- 
ditions the instantaneous relative permeability to oil, kLo, os- 

Figure 3. Distribution of oil in the pore network at t* = 
300 and for K = 3.35, Ca = 10 -4 ,  C,, = 0.15, 
S, = 50% PV, e," = 45", and e; = 35". 
Oil is shown white and water is shown gray. The macro- 
scopic flow is from left to right (see text). 
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For three different initial conditions: the reduced volume of 
the ganglia initially placed in the pore network is u$ = 1, 3, 
and 9 

cillates aperiodically around a mean value for all cases exam- 
ined. The same behavior is also observed for all the other 
variables, namely k;,, AP,, AP,, q,, qo, the instantaneous 
number of ganglia, Ng, and so forth. Such diagrams indicate 
that the dynamic system under consideration behaves chaoti- 
cally, and that each main variable has a powerful attractor. A 
study of the dynamic behavior of these systems is the subject 
of a forthcoming publication. 

All simulations reported in this work were terminated at 
t* = 300. This means that the "steady-state'' values of the 
main variables (k , , ,  kr>, ( u * > ,  s, f w ,  etc.) are calculated by 
averaging over a period At* 2 250. Under such conditions, 
the error bars (for confidence level 95%) of the "steady-state'' 
values of all the variables investigated are too small to be 
shown. All simulator runs were performed using a HP Apollo 
9000 workstation, Model 710. The average CPU time re- 
quired for each simulation was approximately 5 days or more. 

Flow mechanisms at pore level 
Our simulations show that the path followed by a moving 

ganglion is determined by the outcome of competition of two 
factors. The first factor is the tendency of the ganglion to 
follow the direction of the macroscopic flow, and the second 
one is the tendency to move through large pores because in 
those the capillary resistance to the flow is relatively small. 
The second factor becomes even more important for high K 

and low Cu values, because then large pores also offer the 
advantage of relatively small viscous dissipation. This effect is 
shown qualitatively in Figures 2 and 3. Although for both 
cases most of the ganglia undergo dynamic (as opposed to 
quasi-static) displacement, the tendency of the ganglia for K 
= 0.67 to become long and more closely aligned with the di- 
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Figure 5. Mean reduced maximum length of the gan- 
glia. 
Projected in the direction of the macroscopic flow, L:, as a 
function of their reduced ganglion volume, u* ,  for K = 0.67 
and 3.35 and Ca = C,, = 0.15, S, = 50% PV, 0:'= 45", 
and 0; = 35". 

rection of macroscopic flow is much higher than that for K = 

3.35. This observation is shown quantitatively in Figure 5. 
Ganglia have been classified according to their volumes. Each 
class contains all the ganglia with reduced volumes u* in the 
interval (u* -0.5, u* +0.5). For each class the mean value of 
the reduced maximum lengths (actual lengths divided by the 
length of periodicity, I) of the ganglia, projected in the direc- 
tion of the macroscopic flow, L;, are shown vs. their reduced 
ganglion volumes, u*,  for the aforementioned two cases ( K  = 
0.67 and 3.35; Ca = C,, = 0.15, S ,  = 50% PV, 0; = 45", 
and 0:=35"). Error bars (confidence level 95%) are very 
small to show for u* 5 13. The two simulations were per- 
formed using the pore network size 30 x 20 x 5. 

In order to understand this behavior, we calculate the re- 

2500 
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Ca= I 0-4 
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. .  ': - * : a .  
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500 1 
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duced volume of oil, V s ,  which flows through each of the 
unit cells residing on branches that used to be parallel to the 
macroscopic flow direction before the randomization of the 
network skeleton, for a specific time interval (At*  = 250) dur- 
ing the period of "steady-state"flow. (The number of the unit 
cells under consideration is 3,100 for the pore network we 
use.) Then, we correlate V:, with the reduced specific hy- 
draulic conductivity of the cell, g"*. The reduced volume of 
oil, V s ,  which flows through each unit cell under considera- 
tion, is the ratio of the actual volume of oil to the average 
volume of a Conceptual Elemental Void Space (that is, a 
chamber and its adjacent u half-throats), whereas the re- 
duced specific hydraulic conductivity of a unit cell, g"*, is the 
ratio of the actual specific hydraulic conductivity, i, to the 
characteristic specific hydraulic conductivity, i c h  . The spe- 
cific hydraulic conductivity of the nth unit cell, g",, is defined 
as 8, = g, p, depends only on the geometrical characteristics 
of the unit cell, and has dimensions of volume. If the nth unit 
cell were to be replaced by a cylindrical capillary of diameter 
d, and length I ,  (Figure lb), its specific hydraulic conductiv- 
ity, g";, would be f, = pq,/AP,, = (.rr/128)(d,4/In), where q, is 
the flowrate through the capillary and A P,, the pressure drop 
along the capillary. The characteristic specific hydraulic con- 
ductivity, ic,,, is defined as ic,, = (%> =(.rr/128)(d:/In). 

Figures 6a and 6b show the correlation of g"* and V$ for 
K = 0.67 and 3.35, respectively (Cu = C,, = 0.15, S ,  = 
50% PV, 0," = 45", 0; = 35"). Correlation coefficients for 
these two cases are R = 0.689 for K = 0.67 and R = 0.797 for 
K = 3.35. As K increases the oil prefers to flow through the 
unit cells with relatively large specific hydraulic conductivity. 
This phenomenon can have profound consequences on the 
flow regime, leading from "steady-state" ganglion dynamics 
to connected-oil pathway flow under certain conditions. If the 
network contains strings of large pores (which is the case when 
there is a significant positive correlation of the sizes of con- 
tiguous pores; Constantinides and Payatakes, 19891, if Ca is 
relatively high (say Ca > - and if the coalescence fac- 
tor is large (say Co --f l), the oil flow will be concentrated 

K =3.35 
Ca= 

Sw=50x PV 
At'=250 . . . *  

. . .. 1500 

Figure 6. Correlation of the reduced specific conductivity of the unit cells, g*, and the reduced volume of oil, V;,. 
Oil was passed through each of the cells residing on branches, which used to be parallel to the macroscopic flow direction before network 
randomization, for a s ecific interval time ( A t *  = 250) and for: (a) K = 0.67, Ca = C,, = 0.15, S, = 50% PV, 0; = 45", and 0; = 35"; 
(b) K = 3.35, Ca = 10-! C,, = 0.15, S, = 50% PV, 0; = 45", and 0: = 35". 

AIChE Journal February 1996 Vol. 42, No. 2 375 



"steady-state'' conditions resemble log-normal distributions 
for all the values of the parameters investigated. A histogram 
showing the dependence of the "steady-state" reduced mean 
ganglion volume, (u* ), on the main dimensionless parame- 
ters (S,,,, K ,  Cu) for C,, = 0.15, 0," = 45", and 6," = 35" is given 
in Figure 7. The reduced mean ganglion volume, ( u * ) ,  de- 
creases as Cu increases. This happens because as Cu in- 
creases (keeping the other parameters constant) the dynamic 
breakup intensifies. As mentioned earlier, as K increases, 
ganglia tend to flow through large pores. Hence, for rela- 
tively high K values, many long oil threads are formed and 
breakup by pinch-off is enhanced. Therefore, the reduced 
mean ganglion volume, ( u * ) ,  decreases as K increases (keep- 
ing the parameters constant). As S ,  decreases, the portion of 
the pore network through which water flows also decreases, 
and therefore both the "steady-state" interstitial watcr veloc- 
ity and the local pressure gradient increase (for Cu = 
constant). Hence, dynamic brcakup occurs more frequently 
as S, decreases (keeping the other parameters constant) and 
thus ( u * )  decreases. Besides, for relatively high water satu- 
ration values (say, S ,  = 70% PV) the ganglion population is 
sparse. This means that interactions between ganglia (colli- 
sions followed by coalescence, remobilizations of stranded 
ganglia, etc.) occur less frequently. Therefore, if a large gan- 
glion is stranded, it has a diminished probability o f  becoming 
remobilized. Consequently, (u*  ) is relatively large for large 
S, values. The results presented in the histogram of Figure 7 
are in qualitative agreement with existing experimental data 
(Avraam et al., 1994; Avraam and Payatakes, 1995). 

The fraction ot oil that exists in the form of stranded gan- 
glia, s, is plotted in Figure 8, as a function of S,, K ,  and Cu, 
and for C,, = 0.15, 6; = 45", and 0; = 35". This dependence 
can be explained based on the effects of the flow parameters 
on the reduced mean ganglion size at "steady state," ( u * ) ,  
which were examined earlier. As Cu decreases (keeping the 
other parameters constant), the local pressure gradient also 
decreases and the amount of oil in the form of stranded gan- 
glia, s, increases. A crucial variable involved in stranding is 
the maximum length of the ganglion, projectcd in the direc- 
tion of macroscopic flo6. Actually, the viscous force that is 
responsible for ganglion mobilization is proportional to this 
length and the local pressure gradient (Ng and Payatakes, 
1980). For given flow conditions and physicochemical proper- 
ties (interfacial tension, viscosities, dynamic contact angles), 
as this projected length decreases, the probability of strand- 
ing increases (Ng and Payatakes, 1980). The reduced mean 
ganglion volume, (u* ), as well as the mean ganglion length 
projected in the macroscopic flow direction decrease as K in- 
creases (Figure 5). Hence, s increases as K increases (keep- 
ing the other parameters constant). As S, increases, the value 
of the macroscopic pressure gradient decreases and the inter- 
actions between ganglia become less frequent (see before). 
Therefore, as S, increases (keeping the other parameters 
constant) more ganglia become stranded, and s increases. 

Comparing Figures 7 and 8, it can be seen that for con- 
stant K and Cu, as s,,, decreases (S, increases) both s and 
( u * )  decrease. At first sight this result seems strange, not to 
say, contradictory, since larger ganglia have a smaller proba- 
bility of stranding, all other factors being equal. The explana- 
tion lies in the effect of S,,, on the pressure gradient for con- 
stant Cu. As S, decreases, the pressure gradient for constant 

Ca 

Figure 7. Map of the "steady-state" reduced mean gan- 
glion volume, ( v * ) ,  as a function of the capil- 
lary number, Ca, the water saturation, S,, and 
the viscosity ratio, K .  

For C ,, = 0.15, 0,;' = 45", and  Or" = 35". 

along pathways composed of large pores. This tendency would 
lead to high oil saturation along these pathways and, conse- 
quently, the formation of connected oil pathways through fre- 
quent collisions and prompt coalescence. The appearance of 
this flow regime would be enhanced further by high So and 
large K values. This type of behavior has been reported by 
Avraam and Payatakes (1995). (The performance of the pre- 
sent simulator in the domain of connected-oil pathway flow is 
the subject of ongoing work.) 

The correlation coefficients of g* and V:, for Cu = l op4  
and 1 0 ~ s ( ~ = 1 . 5 0 , C u = 1 0 ~ 4 , C , , = 0 . 1 5 , S ~ = 5 0 % P V ,  6," 
=45" and Op= 35") are R=0.738 and R=0.757, respec- 
tively. For Cu = l o w 5  most of the ganglia move in the quasi- 
static mode and they follow paths that reduce viscous dissipa- 
tion, whereas for Cu = most of the ganglia are displaced 
under dynamic conditions and move through both large and 
small pores. 

A significant factor in "steady-state'' two phase flow is the 
size of the ganglia. The ganglion size distributions under 
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Figure 8. Map of the “steady-state” fraction of oil in the 
form of stranded ganglia, s, as a function of 
the capillary number, Ca, the water satura- 
tion, S,, and the viscosity ratio, K .  

For C , ,  = 0.15, 0;’ = 45”, and 0,“ = 35”. 
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Cu increases sharply because the relative permeability to wa- 
ter, k,, ,  decreases sharply (see below), and this effect more 
than compensates for the decrease of the projected ganglion 
length. Thus, the critical projected ganglion length for strand- 
ing decreases as s, decreases with constant Cu, and there- 
fore s decreases despite the reduction of the average gan- 
glion size. This effect was predicted in Ng and Payatakes 
(1980), where it was pointed out that in the case of ganglion 
populations the stranding coefficient should be calculated 
based on the value of Ca/k,, rather than that of Ca alone. 

The probability of coalescence between two colliding gan- 
glia, C,,, plays a crucial role in ganglion dynamics. Under 
“steady-state’’ conditions, as C,, increases coalescence inten- 
sifies, and the reduced mean ganglion volume, (u*  ), in- 
creases (Figure 91, if the rest of the parameters (&,, Cu, K ,  
ff,“, ffp, and the geometrical and topological characteristics of 
the porous medium) are kept constant. This means that the 
increase of C,, more than compensates for the increased rate 
of breakup. The reduced mean volume of the moving ganglia, 

AIChE Journal February 1996 

I 
2 

_._... 0.20 
- - 0.75 
- 0.10 

0 1  t ,  I I ,  I I ,  1 ,  I 

20 30 40 50 60 70 1 
s, , % pv 

0 

Figure 9. Dependence of the “steady-state” reduced 
mean ganglion volume, ( v * ) ,  reduced mean 
volume of the moving ganglia, (v ; ) ,  and re- 
duced mean volume of the stranded ganglia, 
( v ; ) ,  on water saturation, S,. 

$ 
For three typical values of the probability of coalesence bc- 
twcen two callidin ganglia (C,, = O 10, 0.15, and O 20) and 
K = 1 SO, Cu = 10- , S,!’ = 45”, and 0:’ = 35” 

(uh), shows the same behavior (Figure 9): it is an increasing 
function of C,,, keeping the other parameters constant. The 
results of the increase of C,, are magnified for relatively high 
oil saturations, because in these cases collisions between gan- 
glia occur more frequently. However, as S, decreases, the 
pressure gradient increases sharply for a constant Cu value 
(see earlier), causing more frequent ganglion fissioning due 
to the intensified dynamic breakup. For this reason the in- 
crease of ( u *  ) and ( u 2 )  as C, , increases is shown magnified 
only for high S, values (Figure 9). The increase of the mean 
ganglion volume, as C,, increases, reduces the total number 
of ganglia for a given oil saturation value. Thus, as C,, in- 
creases, the oil ganglia become larger and fewer per unit vol- 
ume. Under these conditions, remobilization of stranded gan- 
glia due to transient changes of the local pressure field, caused 
by moving ganglia, is not frequent. This has two main conse- 
quences. First, the reduced mean volume of the stranded 
ganglia, (us” ) ,  increases, as C , ,  increases (Figure 9), if the 
other parameters are kept constant. Note that, if the interac- 
tions between ganglia had been neglected, ( u f )  would be 
independent of C,,, because the values of the parameters 
affecting ganglion entrapment remain constant. Second, the 
volume fraction of oil in the form of stranded ganglia, s, in- 
creases, as C,, increases (Figure 10). The observation that 
the value of s is high for high values of (u*  ) for constant K 

and Ca viscosity ratio is made here, as well. (See Figures 7 
and 8 and the relevant earlier discussion.) 

Fractional flows 

The fractional flow of water is defined as f, = q,/(q, + 
4J = 1/(1+ r ) .  In our simulator the flowrate ratio, r = 4,,/4,, 
is equal to the volume ratio, V,/V,, where V, is the total 
volume of the ganglia being placed in the inlet zone during a 
length of time At* of “steady-state” flow in order to keep So 
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Figure 10. Dependence of the "steady-state'' fraction of 
oil in the form of stranded ganglia, s, on wa- 
ter saturation, s,. 
For three typical values of the probability of coalescence 
between two colliding ganglia (C , I  = 0.10, 0.15, and 0.20) 
and K = 1.50, Ca = lo-', B:'=45", and 0!'=35". 

constant, and V, is the total volume of water that enters into 
the pore network during the same length of time. Figure 11 
shows the dependence of f, on Cu and S ,  for K = 1.50, C,, 
=0.15, 0,"=45", and 0:=35". As Ca decreases and/or S ,  
increases, f, increases, according to the familiar S-shape of 
most experimental curves. This result also agrees qualita- 
tively with the experimental data of Avraam et al. (1994) and 
Avraam and Payatakes (1995). The values of the fractional 
flow of water, f,, are related with the respective values of 
the fraction of oil in the form of stranded ganglia, s. For 
constant Cu, q, also remains constant, and the volume of 
water that enters in the pore network for a given length of 
time, V,, is fixed. For a given saturation, So (and thus S,), 
the volume of the ganglia placed in the inlet zone, Y ,  (and 
thus the volume ratio V,/Vw), decreases as s increases. Hence, 
f, increases as s increases for the same Cu and S ,  values. 
This behavior is shown in Figure 12, where f, is plotted vs. 

1.0 I I 

r=1.50 
6,,=0. 15 

0.6 

c - - m - -  

C a  
...... 1 0 - 8  
- - lo-' 
- 

0.0: I I I I I 1 ,  I , ,  , I 
20 30 40 50 60 70 80 

Figure 11. Fractional flow curves, f,(S,), for three typi- 
cal values of the capillary number (Ca= 

and and ~ = 1 . 5 0 ,  CI1= 
0.15, 0," = 45", and 0; = 35". 
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Figure 12. Fractional flow, f,(S,), for three typical val- 
ues of the viscosity ratio ( K = 0.67, 1.50, and 
3.35) and Ca = 10 -*, C,, = 0.15, 0," = 45", and 
e,? = 350. 

S, for K = 0.67, 1.50, and 3.35 and for Cu = lop4, C,, = 0.15, 
0," = 45", and 0," = 35". This behavior has been verified also 
experimentally (Craig, 1971; Avraam and Payatakes, 1995). 
Figure 13 shows the dependence of f, on C, ,  for various 
values of S ,  and K = 1.50, Ca = 0," = 45", and 0," = 35". 
These results confirm that f, increases as s increases. 

Relative permeabilities 

k,,, are complex functions of several parameters, 
The "steady-state'' relative permeabilities values, k , ,  and 

k,, = k,.,(S,, Ca, K ,  cosO,", COS~,", Co; 3 ,  saturation history) 

(4) 

k, ,  = k,,(S,, Ca, K ,  COSO;, COSO;, Co; 5 ,  saturation history) 

( 5 )  

1.0 1 da=10-6 
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Figure 13. Fractional flow, f,(S,), for three typical val- 
ues of the probability of coalescence be- 
tween two colliding ganglia (Cll = 0.10, 0.15, 
and 0.20) and ~ = 1 . 5 0 ,  Ca=10-5, 0:=45", 
and 0:=35". 
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Figure 14. Dependence of the "steady-state" relative 
permeabilities to both fluids, k,, and k,,, on 
water saturation, S,. 
For typical values of the viscosity ratio ( K  = 0.67, 1.50, and 
3.35) and Ca = C, ,  = 0.15, 6," = 45", and 6;' = 35". 

This dependence is caused, among other things, by the way in 
which the oil is distributed in ganglia, the positions that the 
stranded ganglia occupy within the pore network, the paths 
that the moving ganglia follow, and other details pertinent to 
their motion. Consequently, k,, and k, ,  depend-among 
other things-on the "steady-state'' mean ganglion size, (u *  ), 
and the fraction of oil in the form of stranded ganglia, s. The 
flow phenomena taking place at pore level can be used to 
explain the behavior of k , ,  and k,,. 

Figure 14 shows the dependence of k, ,  and k,, on the 
viscosity ratio, K ,  and the water saturation, S,v, for Ca = 

and C,, = 0.15, 8," = 45", and 6," = 35". We observe that both 
k,, and k,, increase as K increases. At this Ca value viscous 
effects are important and as K increases, the oil (becoming 
more viscous) shows an increased tendency to select flow 
paths composed of large pores. Therefore, at medium and 
high Ca values as K increases the two fluids tend to become 
more segregated, each one favoring certain pathways that 
permit a lower overall rate of viscous dissipation. This segre- 
gation causes the increase of both relative permeabilities. The 
experimental results of Lefebvre du Prey (1973) and Fulcher 
et al. (1985) show that the viscosity ratio increases the rela- 
tive permeability to oil increases, whereas the relative perme- 
ability to water decreases. Note, however, that the aforemen- 
tioned experimental data were obtained by changing both the 
fluid systems and the porous medium (core sample) simulta- 
neously. Hence, the contact angles, which were not mea- 
sured, could change and affect values of relative permeabili- 
ties significantly. Our theoretical predictions agree with ex- 
perimental results of Avraam and Payatakes (1995), in which 
the contact angle was kept virtually constant. 

For any fixed S, value, both k, ,  and k,, increase as the 
capillary number, Ca, increases (Figure 15). This happens be- 
cause as Ca increases, the portion of oil in the form of 
stranded ganglia, s, decreases (Figure 81, that is, the number 
of blocked pores decreases. This is in agreement with experi- 
mental results (Sandberg et al., 1958; Lefebvre du Prey, 1973; 
Amaefule and Handy, 1982; Fulcher et al., 1985; Avraam et 
al., 1994; Avraam and Payatakes, 1995). 

>::=;---- 
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Figure 15. Dependence of the "steady-state" relative 
permeabilities to both fluids, k,, and k,,, on 
water saturation, S,. 
For three typical values of the capillary number (Ca = 
lo-', and and K = 1.50, C, ,  = 0.15, 0; = 45", 
and 6," = 35". 

Figures 16 and 17 show the dependence of k,, and k,, on 
S, ,  Ca, and K ,  for C,, = 0.15, 0," = 45", and 6;" = 35". Figure 
16 shows that k, ,  is an increasing function of S,, Ca, and K 

(keeping all the other parameters constant), whereas Figure 
17 shows that k,, is an increasing function of S,( = 1 - S,) ,  
Ca, and K .  Comparing the histograms of ( u * )  (Figure 7) and 
k,, (Figure 17) we observe that for relatively high ( u * )  val- 
ues, k,, remains relatively small, whereas for relatively small 
( u * )  values k, ,  is relatively high. These observations are also 
in qualitative agreement with the experimental results of 
Avraam and Payatakes (1995). 

When the value of C,, increases, both the "steady-state'' 
reduced mean ganglion volume, ( u * ) ,  and the fraction of oil 
in the form of stranded ganglia, s, increase (Figure 10). Thus, 
the number of blocked pores of the pore network increases 
as C,, increases. This is the reason for which both k, ,  and 
k,, decrease as C,, increases (Figure 181, keeping the other 
parameters constant (Ca = K = 1.50, 0," = 45", 0," = 
35"). This behavior conforms with the observation that was 
made earlier, namely that k,, is relatively small for relatively 
large ( u* ) values, and large for small ( u* ) values. 

Case Study 

In order to check the validity of the simulator, we are go- 
ing to compare reported experimental results with the re- 
spective theoretical predictions. For this case, we chose to 
use experimental results of Avraam and Payatakes (1995) for 
the following two reasons: (1) The "steady-state'' two-phase 
flow experiments were performed in a transparent planar 
porous medium, which permits the optical observation of the 
flow regime. Hence, we can choose experimental data in the 
flow regime of small or large ganglion dynamics, where the 
simulator is applicable. (2) The porous medium used in these 
experiments is a planar pore network of chamber-and-throat 
type etched in glass, which presents many similarities with 
the pore network used by the simulator. Specifically, we chose 
to model the case of "steady-state'' two-phase flow of n- 
dodecane dyed with Sudan Red (nonwetting phase) and 
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Ca 
Figure 16. Map of the "steady-state" relative perme- 

abilities to water, k,,, as a function of the 
capillary number, Ca, water saturation, S,, 
and the viscosity ratio, K ,  for C,,=0.15, 0," 
= 45", and 8; = 35". 

deionized water (wetting phase). The viscosity ratio of this 
fluid system is K = 1.45 and the cquilibrium contact angle 
against glass is 0 = 40" (Avraam and Payatakes, 1995). The 
value of the capillary number selected is Cu = 1.2X 1 V 6  and 
the water saturation is in the range of 40% 5 S, I 65% PV. 
Under these conditions the experimentally observed flow 
regime is ganglion dynamics (large ganglion dynamics for S, 
>50% and small ganglion dynamics for S,<50%). The 
cross-sectional area of the pores of the porous medium used 
in the experiments has the shape of a biconvex lens, Figure 
19b (Tsakiroglou and Payatakes, 1988; Vizika and Payatakes, 
1989). These pores have a nearly constant (maximum) depth 
w = 140 p m ,  whereas the chamber widths are 280, 420, 560, 
700 and 840 pm, and the throat widths are 56, 84, 112, 140 
and 168 pm. Chamber and throat width distributions are dis- 
cretized normal distributions, and the sizes of contiguous 
pores are uncorrelated. In the calculations we assume that 
each cross section of a pore is occupied by only one liquid. 
The exact solution of the flow field through a pore of bicon- 
vex lens shape is cumbersome. Given that such a solution 
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Ca 
Figure 17. Map of the "steady-state" relative perme- 

abilities to oil, k,,, as a function of the capil- 
lary number, Ca, water saturation, S,, and 
the viscosity ratio, K ,  for C,, = 0.15, 0," = 45", 
and 0; = 35". 

must be repeated thousands of times during each simulation, 
we opted to use an analytical approximate solution, instead. 
The cross-sectional area is characterized by three diameters, 
namely, the equivalent capillary diameter, the equivalent area 
diameter, and the equivalent hydraulic diameter. All these 
diameters are functions of the pore aspect ratio, A, that is, 
the ratio of the pore width, D ,  to the pore depth, w, given as 
A = D/w. Tsakiroglou and Payatakes (1988) followed the ap- 
proximate method of Mayer and Stowe (19651, also applied 
by Legait (1983) and Ransohoff e t  al. (19871, and obtained 
the equivalent capillary diameter of the biconvex lens area as 

This equivalent capillary diameter is used for the calculation 
of the pressure drop across the interfaces. 
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Figure 18. Dependence of the “steady-state” relative 
permeabilities to both fluids, k,, and k,,, on 
water saturation, S,. 
For three typical values of the probability of coalescence 
between two colliding an lia (C, ,  = 0.10, 0.15, and 0.20) 
and K = 1.50, Ca = lo-’, O! = 45”, and 0; = 35.“ 

The area of the biconvex lens cross section is equal to the 
area of two segments of a cycle of radius equal to ( D 2 +  
w2)/4w (Tsakiroglou and Payatakes, 19881, and the equiva- 
lent area diameter is given by the expression 

% = ( -&(A2 + l)’[tan-’( 4A( A’ - 1) ) 
W (Az-l)  -4A’ 

Special care is taken in using Eqs. 6 and 7 to calculate 
angles in the appropriate quadrant from the inverse trigono- 
metric functions. For simplicity we assume that the equiva- 
lent hydraulic diameter is equal to the equivalent area diam- 

Figure 19. (a) Theoretical predictions of relative perme- 
abilities vs. experimental data of Avraam and 
Payatakes (1995); (b) cross-sectional area of 
the pores of the model porous medium used 
in the experiments. 
For Ca = 1.2x 
65% PV: for the theoretical results C,, = 0.15. 

K = 1.45, e = 40”, and 40% 5 So 5 
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eter. If the cross-sectional area of the pore were approxi- 
mated as an ellipse, then its hydraulic diameter would differ 
less than 25% from the value calculated using Eq. 7, for the 
range of A values used. 

The dimensions of the planar pore network used in these 
simulations is 30 x 30 X 1, and we set the value of the proba- 
bility of coalescence between two colliding ganglia to C , ,  = 
0.15. The relative permeabilities calculated by the simulator 
and the respective measured values from the experiments are 
shown in Figure 19a. The difference between these two sets 
of values ranges from 10 to 20%. 

Conclusions 
A computer-aided simulator of steady-state cocurrent 

two-phase flow through porous media in the flow regime of 
“steady-state’’ ganglion dynamics was developed. This simula- 
tor was used to study and analyze the flow behavior of the 
two fluids at pore level, to predict the (macroscopic) relative 
permeabilities, and to correlate the magnitude of the relative 
permeabilities with the flow mechanisms at pore level. The 
variables that were changed systematically are the water satu- 
ration (in the range 30 I S, I 70% PV), the capillary number 
(in the range 5 Ca 5 lop4), the viscosity ratio (in the 
range 0.67 I K I 3.35) and the effective probability of coales- 
cence of a pair of colliding ganglia (in the range 0.10 5 C,, I 
0.20), whereas the variables that were kept constant are the 
wettability (dynamic contact angles, 8,“ = 45“ and 8; = 35”) 
and the porous medium geometry and topology. The validity 
of the simulator was examined by comparing the theoretical 
predictions with the experimental results of Avraam and Pay- 
atakes (1995). Theoretical results are in good agreement with 
the aforementioned experimental results for the values of the 
parameters examined. The main conclusions that can be 
drawn from this study are the following: 

At “steady state” the oil is disconnected in the form of 
multisized ganglia, for the parameter values used. The mo- 
tion of the oil occurs exclusively through the motion of gan- 
glia. The motion and complex interactions of the ganglia can 
be denoted as “steady-state ”ganglion dynamics. 

Ganglia show an increasing tendency to move through 
large pores as the viscosity ratio, K ,  and/or the capillary 
number, Ca, decreases. 

The “steady-state” fractional flow of water, f,, is an in- 
creasing function of the water saturation, s,, the viscosity 
ratio, K ,  the coalescence factor, Co, and a decreasing func- 
tion of the capillary number, Cu, keeping the other parame- 
ters constant. The fractional flow of water, f,, increases as s 
increases. 

The “steady-state” relative permeability to water, k,,, is 
an increasing function of the water saturation, S,, whereas 
the “steady-state’’ relative permeability to oil, k,,, is an in- 
creasing function the oil saturation, s,. Both k,, and k,, are 
increasing functions of the viscosity ratio, K ,  and the capillary 
number, Ca, and decreasing functions of the coalescence fac- 
tor, Co, keeping the other parameters constant. The relative 
permeability to oil, k,,, increases as ( u *  ) decreases. 

The results of the present work provide valuable insights 
as to how the macroscopic behavior of “steady-state” two- 
phase flow in porous media depends on the pore-level flow 
mechanisms, and provide a means for understanding the ef- 
fects of the numerous parameters that affect the flow. 
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Notation 
D,,,, =equivalent area diameter of a pore of the biconvex lens shape 

Dcap =equivalent capillary diameter of a pore of the biconvex lens 

g =acceleration of gravity 
L =distance along which the pressure drop is calculated ( L  = 10 

q, =flow rate of oil 
qw =flow rate of water 

(Eq. 7) 

shape (Eq. 6) 

I )  

x =Cartesian coordinate, direction of macroscopic flow 
y =Cartesian coordinate 
z =Cartesian coordinate 

p o  =viscosity of oil 
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