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Abstract 
     The applications of foam are 3-D on a field scale.  
However, most previous research focuses only on properties 
of foam in 1-D.  Experiments were performed in 3-D, and the 
compositional reservoir simulator UTCHEM was modified to 
predict foam flow in 3-D. 
     The 3-D experiments demonstrated that, under similar 
experimental conditions, the mobility of foam in a 3-D tank is 
greater than that in a 1-D column. They also showed that foam 
greatly increases lateral gas distribution along the bottom of 
the tank and the average gas saturation for both homogeneous 
and heterogeneous packings with the effects being 
significantly larger in the latter case. The reservoir simulator 
UTCHEM was modified for foam flow. The foam simulation 
parameters were measured in 1-D sand columns and the 
simulator was modified to match the 1-D and 3-D 
experiments. The proposed model successfully history 
matched the homogeneous and heterogeneous 3-D sand tank 
experimental results for average gas saturation, gas injection 
rate, gas distribution and pressure profile along the tank 
diagonal 6 inches from the bottom.  
     The results of this study represent an advance in 
understanding of foam flow in 3-D. The simulator could be 
used to design a foam process in 3-D.   
 
Introduction 
Foam mobility difference in 1-D and 3-D.  Foam is used for 
mobility control in aquifer remediation processes1-4 and oil 
recovery operations5-8. Gas has low density and viscosity 
compared to other fluids like oil and water. So when gas is 
injected into the porous media, the gravity force will dominate 
its flow and the injected gas will tend to flow directly to the 
top of the porous media, results in a poor gas sweep in the 
horizontal direction along the bottom (Fig.1). Foam can reduce 
the mobility of gas by reducing the relative permeability and 
increasing the apparent viscosity thus increasing the gas sweep 

efficiency. However, though there were some field 
applications of foam, most of the previous laboratory 
researches on foam were in 1-D. The properties of 3-D foam 
have not been investigated yet. Tanzil9 observed that the 
apparent viscosity of foam is greater in 3-D than in 1-D.  His 
observation was based on a rough comparison between a 3-D 
field scale foam application and some 1-D column 
experiments in lab. No strict experiments were performed by 
him to demonstrate the difference between 1-D and 3-D. 
Nevertheless, the observed mobility difference of foam 
between 1-D and 3-D revealed how much error would result if 
one uses 1-D column foam experimental results to predict 3-D 
field application results. A foam simulation model developed 
from 1-D experimental results would not be applicable to 
simulate 3-D foam results. 3-D foam experiments are 
important for us to understand the flow properties of foam and 
a simulation model is also indispensable to simulate and 
predict 3-D foam flow behavior considering the complexity 
and difficulty of performing 3-D foam experiments in lab.  

 
Foam generation and coalescence. Hirasaki et al 10defined 
that foam in porous media is a dispersion of gas in liquid such 
that the liquid phase is continuous and at least some part of the 
gas phase is made discontinuous by lamellae. Previous studies 
showed that the main generation mechanisms of foam in 
porous media are capillary snap-off, lamella division and leave 
behind. Among them, lamellae generated from the former two 
mechanisms are mainly perpendicular to the gas flow direction 
and can block the gas flow, greatly reduce the gas mobility. So 
these two mechanisms are considered to be able to generate 
strong foam. Pressure gradient11-14 is important in strong foam 
generation process.  Higher  can mobilize more stationary 
lamellae, set off the lamellae division process and generate 
more new lamellae which will block more of the gas flow 
paths. In porous media, the main coalescence mechanism of 
foam is capillary suction. Foam lamellae would break when 
capillary pressure reaches a limiting value

p∇

15, which is named 
the “limiting capillary pressure” . The value of the limiting 
capillary pressure depends on many parameters including 
surfactant concentration, permeability and gas and liquid 
velocities.  

*
cP

 
Mobility of water and gas when foam is present. The 
relative permeability function of water is not directly 
influenced by the presence of foam16-17. Foam can only change 
the water mobility indirectly by changing the water saturation 
in porous media. For the flow of gas, foam can greatly reduce 
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the mobility of gas from two aspects. When foam is present, 
the gas relative permeability will be smaller than in 
conventional two-phase flow and gas apparent viscosity is 
larger because of the resistance to movement of lamellae. The 
reduction of gas relative permeability arises because only a 
fraction of the gas phase is actually flowing when foam is 
present, i.e., some gas is trapped. The increase of apparent gas 
viscosity comes from the flow of foam bubbles. Resistance to 
flow of the bubbles is greater than resistance to flow of gas 
when no lamellae are present because of the dragging of 
lamellae along the pore walls18. Combining these two effects, 
gas mobility is reduced significantly when foam is present, the 
stronger the foam, the lower the gas mobility.   
 
Foam modeling.  Foam texture (lamella density) determines 
the strength and mobility of foam and itself depends on many 
factors such as pore structure, heterogeneity, surfactant 
formulation, capillary pressure, flow rates, presence of non-
wetting phase, etc.  It is very difficult and complex to 
investigate the relation between foam mobility and these 
factors. There are many ways to model foam flow in porous 
media.  Most of the models modify gas mobility when foam is 
generated. These foam models can be classified into four 
major groups. They are empirical and semi-empirical models, 
fractional-flow theory models, percolation (statistical 
networks) models and population balance models.  

Among all these foam models, the population balance 
method is the most comprehensive approach to fully describe 
foam mechanisms. Several investigators19-20 have used this 
approach in modeling foam in porous media. The significant 
achievement of the method is accounting for non-Newtonian 
gas mobility with respect to bubble population dynamics. In 
this approach, foam texture is explicitly taken into account. 
They solve a number of equations to describe lamella 
generation and destruction processes. The effective foam 
viscosity is determined by the calculated lamella density. The 
shortcoming of this model is its complexity: many parameters 
need to be determined in this approach by performing 
corresponding experiments. Attempts were performed to 
simplify the population-balance model by some other 
investigators. Hatziavramidis et al21 proposed a simplified 
population-balance model.  In their model, when the foam is 
weak, only the relative permeability of the gas was modified.  
In the case of strong foam, the viscosity of the gas was also 
modified. Their model was applied on steam foam and 
incorporated into a thermal simulator, THERMS. Bertin et al22 

offered a simplified model of the full population balance 
model of Kovscek et al20. Foam texture was calculated using a 
bubble-population correlation and represented as a function of 
porosity, permeability, gas saturation, the limiting capillary 
pressure and the flowing foam fraction. The effective gas 
viscosity was modified when foam was present.  This model 
was shown to give satisfactory results in modeling transient 
core experiments. Friedmann et al23 proposed a foam model in 
which the calculation of foam viscosity including a geometric 
factor and a reference velocity. In later sections of this paper, a 
foam model will be discussed based on the discussion of the 
models proposed by Bertin et al22 and Friedmann et al23. 

 
Objective of this research. The purpose of this paper is to 

investigate the flow behavior of foam in 3-dimensions, 
compare the difference between air/water and foam cases and 
develop a foam model to simulate both 1-D and 3-D foam 
flow. 
 
Experimental 
Configuration of the 3-D tank. A 3-D sandpack was 
designed and constructed for the 3-dimensional foam 
experiments. Fig.2 shows a photograph of the empty tank with 
wells and sampling tubes. The tank has glass walls for its four 
sides. Steel frame is used in the corners and edges to make the 
tank strong enough to hold the experimental pressure. The 
actual scale of the tank is 2ft×2ft×2.5ft with a height 2.5ft. But 
we still call it ‘2x2x2 ft tank’ because the extra 0.5 ft in its 
height was not packed by sand in our 3-D experiments. The 
term ‘2x2x2 ft’ here only means the porous media size inside 
the tank.  

There are nine sampling tubes and four injection/production 
wells in the tank. Fig. 3 gives sketches of the side and top 
views of the sand tank. The sampling tubes are placed in lines 
and in each line, they are 0.5 ft from each other. The distance 
from line to line is also 0.5 ft. In each of these sampling tubes, 
there are four sample openings. The heights of these openings 
are 0, 0.5, 1 and 1.5 ft from the bottom of the tank. Four 
individual plastic tubes connect these openings to the outside 
of the tank. During experiments, these sampling tubes can be 
used to get information such as gas and surfactant solution 
distribution inside the tank.  

The tank has one injection well and three production wells 
as shown in Fig. 3. The diameter of these wells is 1.75 inch. 
To keep sand out of these wells, these wells are wound with 
200 mesh stainless steel screen. The injection well is 3.5 
inches high, and the three production wells are 2 ft high. All 
the production wells have their outlets at the bottom of the 
tank but use a ¼” inch stainless steel tube to make the flow 
outlet to be at the same level as the height of the sand pack. 
This is just to keep the pressure potential inside the production 
wells at hydrostatic pressure and simulate an unconfined 
aquifer.  
     A 150 mesh screen and a ~200 lbs overburden are put on 
the top of the sand pack, which is to keep the sand from 
flowing upwards during gas injection at high pressure. The 
~200 lbs overburden can increase the maximum possible 
injection pressure of the sand pack without fluidizing the sand. 
 
Two sand pack formations. Silica sands were used and two 
different sand packings were tested. Fig. 4 shows a drawing of 
these two packings.  One is a homogeneous pack using sand of 
a permeability about 40 darcy. The other is a heterogeneous 
pack, where two layers of high permeability sand (200 darcy) 
were packed in the lower part of the tank. Both of these layers 
are 2.5 inch thick. One is located 2.5 inches and the other 7.5 
inches above the bottom of the tank.  The rest of the tank is 
packed with 40 darcy sand. 
 
Experimental procedures. Fig. 5 shows the experimental 
procedure for the 3-D tank experiments. A pressure transducer 
was connected to the injection line to measure the injection 
pressure. A water manometer was installed at the injection line 
to monitor the air injection pressure. This manometer can hold 
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2 psig pressure. When injection pressure exceeds 2 psig, water 
will be blown out to avoid fluidizing the sand in the tank. Two 
air flow controllers were installed in the injection line. Their 
flow rate ranges are 0.1~10LPM and 1~100LPM. A three-way 
valve was installed in the injection line.  It can switch between 
these two controllers during the experiments to get the desired 
flow rate.  Three pressure transducers were installed along the 
diagonal cross section of the tank at points 0.5 foot from the 
bottom of the tank. P1, P2 and P3 of Fig. 5 indicate the 
locations of these transducers.  

 Both air/water and foam experiments were performed in 
the sand tank.  The tank was filled with surfactant-free water 
or surfactant solution before each experiment. The surfactants 
solution was a 1:1 mixture of 0.05%(wt)CS-330 and 
0.05%(wt)C13-4PO. Air was injected into the tank either 
continuously or intermittently. In most of the experiments, the 
injection pressure was kept constant by adjusting the air 
injection flow rate. The results of air/water and foam 
experiments are compared. 
 
Experimental Results 
Injectivity difference between air/water and foam. Fig 6 
and 7 show the plots of gas injection time vs. gas injection rate 
for the air/water experiments in the homogeneous and 
heterogeneous tank. The experiments were performed at a 
constant injection pressure ~0.8 psig over hydrostatic pressure. 
From the plotted curve we can see that in both of the 
homogeneous and heterogeneous experiments, the gas 
injection rate reached a steady state after a short time of gas 
injection. At steady state, the injection rate was around 30 
LPM (Liter Per Minute) for both of these two experiments. Fig 
8 and 9 show the curve of the gas injection rate vs. gas 
injection time for the foam experiment performed using the 
same injection pressure as in the air/water experiment.  Fig. 8 
is the results from the homogeneous pack and Fig. 9 is the 
results from the heterogeneous pack. From the plots we can 
see in the foam cases, at steady state, the gas injection rate was 
about 1 LPM for both the homogeneous and heterogeneous 
sand packs. Comparing to the air/water case, the steady state 
gas injection rate when foam is present was about 1/30 of the 
without foam cases. Also, we can find that the steady state 
injection rate can be reached with fewer PV of gas injected in 
foam experiments. For example, in the homogeneous sand 
pack experiments, in foam case, the gas needed to reach the 
steady state was about 6 times less than in air/water case (only 
0.5 PV needed in foam case but 3PV needed in air/water case).   
 
Gas sweep efficiency. From the sample tubes we obtained the 
gas fraction flow information in the sand tank. Fig.10 gives the 
diagonal cross section gas fraction flow contour plots for 
air/water and foam experiments in the homogeneous tank. The 
difference between air/water and foam is phenomenal in these 
diagonal plots.  From the plots we can see that in the air/water 
case after 6 PV gas injected, there was still quite a lot of the 
bottom of the tank left uncontacted by gas. Most of the 
injected gas tended to flow upwards and then out of the top of 
the tank. In the foam case, after only about 0.37 PV gas was 
injected, the area contacted by gas at the bottom of the tank 
was already almost as large as in the air/water case after 6 PV 
gas was injected. Gas continued to propagate horizontally 

along the bottom of the tank with the injection of more gas. 
After 2 PV gas was injected, almost all the bottom of the tank 
was contacted by gas. 

Fig.11 shows a comparison of the gas fractional flow 
contour plots along the diagonal cross section in the 
heterogeneous tank. From these plots we can see, just similar 
as in the homogeneous tank, in the air/water case, the gas flow 
direction was mainly upwards and the shape of the flow area 
resembled a cone. In the air/water case, after even 6 PV gas 
was injected, most of the lower part of the tank was still not 
contacted by gas. On the contrary, in the foam case, gas flow 
was very different with a much stronger lateral component. 
Most of the lower part of the tank was contacted by gas after 
about 1 PV of gas was injected. After 2 PV gas was injected, 
almost all the tank was swept by gas.  

These comparisons showed that, in both the homogeneous 
and heterogeneous system, foam greatly increased the gas 
sweep efficiency. Without foam, it is very difficult to sweep 
the whole tank, especially in the near bottom part or lower 
permeability regions.  
 
Gas saturation. Another big difference between air/water and 
foam results is the average gas saturation in the tank. In the 
homogeneous sand pack experiments, in the air/water case, the 
average gas saturation was only about 23% after 6 PV gas was 
injected. But in the foam case, the average gas saturation was 
as high as 66% with only about 1 PV gas was injected. The 
average gas saturation in the foam case was about three times 
higher than in the air/water case with only 1/6 amount of gas 
was injected. The average gas saturation in the foam case was 
even higher after more PV gas injected. After 2 PV gas was 
injected in the foam case, the average gas saturation reached 
about 80%, which was about four times higher than in the 
air/water case.       
     In the heterogeneous sand pack experiments, the difference 
was more apparent. In the air/water case, after 1 PV gas was 
injected, gas saturation was only 18% and after even 6 PV gas 
was injected, gas saturation was still low (about 39%). On the 
contrary, in the foam case, after 1 PV gas was injected, gas 
saturation was as high as 82% and after 2 PV gas was injected, 
gas saturation increased to about 92%. The saturation 
difference between air/water and foam cases show that most of 
the injected gas flowed out of the tank when there was no 
foam but a much larger percent of the injected gas can be 
trapped in the tank when foam was present. Foam greatly 
increased the average gas saturation in the sand pack. 
 
Diagonal pressure profile. Fig.12 A and B show the pressure 
profile along the diagonal cross section of the tank 6 inch from 
the bottom in the heterogeneous sand pack. In air/water case, 
most of the pressure drop was around the injection well. P1 
was the highest pressure drop among the three measured 
pressure drops. P2 and P3 were negligible compared to P1.  In 
foam case, P1 was not the highest pressure drop. Instead, P2 
was higher than P1 and P3. The pressure profiles demonstrated 
that in air/water case, there was little flow except near the 
injection well. In foam case, gas flowed throughout the cross 
section of the tank.  The fact that P1 was lower than P2 also 
told us that foam had lower strength around the near well 
region than in the further region. We observed this 
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phenomenon not only in this heterogeneous foam experiment, 
but also in all the other 3-D foam experiments. Shear thinning 
effect of foam under high injection rate may be the reason for 
this phenomenon. This shear thinning effect is included in our 
foam model and will be discussed more in the latter part of 
this paper. The proposed simulation model successfully 
history matched the pressure profile by taking into account of 
the shear thinning effect of foam. 
 
Comparison of different injection strategies. Two other 
kinds of foam experiments were performed in both of the 
homogeneous and heterogeneous 3-D tank to test the effect of 
different injection strategies. One was performed using an 
intermittent gas injection method: gas was injected into the 
tank in a 5 minutes on and 5 minutes off cycle. The other one 
was performed using a lower injection pressure at about 0.4 
psig over hydrostatic pressure, which was about a half of the 
constant injection pressure (0.8 psig) chosen in our former 
foam experiments.  

Let us first compare the experiments performed in the 
homogeneous sand pack. Fig. 13, 14 and 15 show the gas 
fractional flow contour plots for the four sampling layers after 
1 PV gas were injected in the continuous gas injection, 
intermittent gas injection and low injection pressure cases 
correspondingly. For Fig. 15, it was actually a constant 
injection rate experiment (0.39LPM), but the injection 
pressure reached steady state very quickly in this experiment 
and stayed at about 0.4 psig. So, it can also be considered as a 
low injection pressure (0.4 psig) foam experiment. From these 
plots we can see, in the constant injection pressure, continuous 
air injection case, gas contacted about 4/5 of the bottom layer 
after 1PV gas was injected. The average gas saturation was 
about 66% after 1 PV gas was injected. In the constant 
injection pressure, intermittent air injection case, almost all the 
bottom of the tank was contacted by gas. Gas also contacted 
more than 90% area of the upper part of the tank. The average 
gas saturation was about 73%, which was significantly higher 
than in the continuous air injection foam case. In the low 
injection pressure case, gas contacted only about 1/5 of the 
bottom layer after 1PV gas was injected. For the upper layers, 
gas sweep was also not good. Gas cannot propagate far 
horizontally and most of the injected gas flowed out from the 
top of the tank.  One can also tell this from the gas saturation 
in the tank, which was only 37% after 1 PV gas was injected, 
much less than that in the other foam experiments. 

Fig. 16, 17 and 18 show the results from the heterogeneous 
sand pack after 1 PV gas was injected in the continuous gas 
injection, intermittent gas injection and low injection pressure 
cases correspondingly. By comparing Fig 16 and 17, we find 
that, in the heterogeneous sand pack, the gas sweep results of 
the intermittent injection case were very similar to those of the 
continuous injection case. Both had good gas sweep efficiency 
in the lower part of the tank. But strictly speaking, the 
intermittent injection case had a better sweep efficiency than 
the continuous case, though the difference between them is 
slight. For example, after 1 PV gas was injected, in the 
intermittent case, the layer 0.5 ft from the bottom was 
completely contacted by gas. But in the continuous injection 
case, there were still some areas where the gas fractional flow 
was less than 100%. For the results of lower injection pressure 

in Fig.18, we can see that though the gas contacted area was 
relatively large in this experiment, the gas sweep efficiency 
was obviously worse than in the 0.8 psi foam experiment (Fig. 
16). In the 0.4 psi case, after 1 PV gas was injected, there was 
still quite a lot area in the lower two layers which had not been 
contacted by gas. In the 0.8 psi case, almost all of the lower 
part of the tank was contacted by gas. This can be easily 
identified from the color of the contour plots. In the 0.4 psi 
case, there is a large dark area in the bottom, which means low 
gas fractional flow there. But in the 0.8 psi case, almost all the 
bottom of the tank is white, which means a very high value of 
gas fractional flow.  

By comparing all the experimental results for different 
injection strategy and in different sand packs, the intermittent 
gas injection method is demonstrated to be the best injection 
strategy, which can result in the best gas distribution and the 
highest gas saturation. 
 
Simulation Approach  
Model description. The transport of foam in porous media is 
governed by Darcy’s Law: 
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Flowing foams occur when snap-off or lamella division 
produces discrete bubbles. When foam is present, as discussed 
earlier, both the gas relative permeability  and the gas 

apparent viscosity  are affected.  
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a. Equation of .  The relative permeabilities  for liquid 
and gas phases can be calculated using the Corey model as 
follows: 
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Where , , ,  are the relative permeability endpoint, 
saturation, residual saturation and exponent of phase l. As we 
mentioned earlier, the liquid relative permeability is the same 
function of liquid saturation either with or without foam. 
However, gas relative permeability, , is changed. 
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Falls et al24 suggested that the effective foam 
permeability  is reduced proportionally to the flowing gas 

fraction : 
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However, the fraction of gas that is flowing is a complex 
function of velocity, saturation, and capillary pressure. It is not 
easy to determine this function by simple experiments. Since 
the reason for the changing of gas relative permeability is the 
increased gas trapping inside the porous medium, we propose 
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a simpler way to account for this: we simply increase the gas 
residual saturation when calculating the gas relative 
permeability: 
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When foam is weak, which means the flowing gas fraction is 
high, the value of  should be lower compared to the value 

of  in strong foam. The value of  can be determined by 
doing 1-D sand pack experiments.  
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b. Expression of . Friedmann et alf

g
µ 23 used the following 

expression for gas apparent viscosity when foam is present: 
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where gµ is gas viscosity without foam,  is a geometric 
factor and the last term accounts for the shear-thinning nature 
of the foam. In their simulation approach, is the foam 
texture and is calculated by population-balance equations, 

is the interstitial gas velocity and is a reference 
velocity beyond which the shear thinning effect occurs. n is 
the exponent for the shear thinning effect. However, to solve a 
population-balance equation, many parameters need to be 
determined. These parameters are not easy to determine, and 
so it is not very convenient to apply the equation to field 
situations. Here, based on their thoughts, instead of solving the 
population-balance equation, we seek to find some population 
correlation equation to calculate .  
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     Bertin et al21 suggested a bubble-population correlation 
model to calculate foam texture : fn
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He considered the limiting capillary pressure effect in his 
model. The lamellae become more fragile when capillary 
pressure increases and are destroyed when  reaches its 
limiting value . Capillary pressure is a function of gas 
saturation. So in general, we can simplify Eq.(6) into the 
following way: 
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where is a constant coefficient and  is a function 

of .  It implies that is a function of .  
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Now we need to find a detailed expression for and 

then for . Let’s consider a foam generation process when 
gas invades the porous medium. Fig. 19 shows a sketch of 
how the value of would change with the changing of .  
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porous medium, of course there will be no foam texture, then 
we can get =0, =0 and in this initial no foam region,  )( gSF fn

 
                                                                (8)  g

f
g µµ =

 
With the increasing of gas saturation, lamellae are 

generated in the porous medium. During this period, the foam 
generation rate is greater than the foam coalescence rate. We 
can call it the lamella density accumulating region. The 
lamella density value, , increases in this region: fn
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Substituting Eq.(9) into Eq.(5) and combining the coefficients 

 into a new coefficient  , and use gas superficial 
velocity instead of interstitial velocity, we can get the 
expression for in this region: 
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     With the lamella density continuously accumulating, more 
and more lamellae are generated inside the porous medium, 
and the lamella coalescence rate will increase. When the gas 
saturation is greater than some particular value, , the foam 
generation rate and coalescence rate will be equal to each 
other. For simplicity we just assume that they remain equal 
until gas saturation reaches the critical gas saturation  at 
which and the rate of coalescence is greater than 

the rate of generation. During this period, reaches its 
maximum value and remains a constant. We can call it lamella 
density steady state region. In this region, the gas saturation 
range is and 
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     When , the capillary pressure in the porous 
medium is greater than the limiting capillary pressure. 
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According to the limiting capillary pressure theory, foam 
would not exist and we will get  and again. 0=fn g

f
g µµ =

     Between the lamella density steady state region and the no 
foam region, we defined a foam breaking transient region. Gas 
saturation is between in this region 

and: 
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Here we defined and discussed four foam regions: 1. 

lamella density accumulating, 2. lamella density steady state, 
3. foam breaking transient, 4. no foam region. Actually in our 
1-D column and 3-D sand tank experiments, we only observed 
the first two regions. In other words, the generated foam is 
stable enough and didn’t break under our experimental 
conditions. Our investigation and simulation are basically thus 
limited to these first two regions. But we still list the proposed 
equations for the last two foam regions here for completeness 
of the foam model. 

 
Model summary. In this foam model, there are 9 parameters 
from these equations: ,f

rg
S gmS , , , , , , andfCµ refu m n gF *

g
S ε   

Among these parameters, and *
g

S ε  are parameters for the 

foam breaking transient region and the no foam region. 
Because in our experiments we did not observe these two 
foam states, we did not try to determine these two parameters 
in our experiments and just focused our efforts on determining 
the parameters in the first two foam states. 

Among the remaining parameters, , f
rg

S gmS , ,  and 

can be determined by performing column foam 
experiments. is a coefficient which combines the effects 
of pressure gradient, permeability and surfactant 
concentration. Its value represents the strength of the 
generated foam at steady state and can also be determined by 
1-D column experiments. is a geometry factor which 
represents the effects of flow dimensions on foam strength. 
For simplicity, we just define to equal to one in 1-D foam 
flow. From our experimental observation among 1-D and 3-D 
experiments, the value of is different for 1-D and 3-D 

foam flow. The value for 3-D foam flow is estimated by 
doing history match simulations.  

refu m
n

fCµ

gF

gF

gF

gF

The foam model is incorporated into the reservoir 
simulator UTCHEM and all the simulations in this paper were 
performed using this modified simulator.  

 
Determination of simulation parameters. Some 1-D column 
foam experiments were performed to determine the simulation 
parameters for the simulation model. Fig. 20 shows the set up 
of the 1-D column experiments. The horizontal column is 1 ft 

long and packed with 40 darcy or 200 darcy sand. Gas or 
surfactant solution can be injected from one end of the column 
and fluids produced from the other end. A pressure transducer 
is used to record the injection pressure when needed.  
 
a. Residual saturation with foam. To determine the residual 
gas saturation inside the column when foam is present, the 
column was pre-filled with surfactant solution and then gas 
was injected into the column at a constant injection pressure. 
After all of the column was swept by foam and the injection 
rate reached its steady state, gas injection was turned off and 
surfactant solution was re-injected into the column under the 
same constant injection pressure. When the injected liquid 
volume equals to the produced liquid volume in some time 
interval, by doing a material balance of the total injected and 
produced liquid volume, we can calculate the residual gas 
saturation inside the column. The gas residual saturations for 
both the 40 darcy and 200 darcy sands were measured. For 
each of these sands, two different injection pressures, (0.2 psi 
and 0.4 psi) experiments were performed. Fig. 21 shows the 
measured gas saturation vs. injected liquid PV. From the 
results we can see that for 40 darcy sand and 200 darcy sand, 
the gas residual saturation when foam was present was about 
40% and 70% correspondingly, which did not change much 
with the change of injection pressure. 
  
b. Parameters ( and ) of shear thinning effect. From 
Eq.(10), we can get the following relationship: 

refu n

 
ggmfggrefg

f
g SmSmCFuun lnln)ln()/ln()1()ln( +−=−− µµµ     

(15) 
 
From Eq.(15), we can find that when the value of  is a 

constant, the right side of the equation will be a constant and 
there will exist a linear relationship between  and 

. From the slope of the plot we can get the value of n. 

To determine and , the column was filled by surfactant 
solution first and then gas was injected into the column in a 
high injection pressure, i.e. 7 psig. After all the column was 
swept by strong foam and the average gas saturation in the 
column did not change any more, gas injection was turned off 
for several minutes to let the inside pressure of the column 
drop to zero. Then gas was re-injected into the column at 
different injection rates. The pressure drop for each injection 
rate was recorded and the corresponding effective gas 
viscosity was calculated using Eq.(1) and (4). Both the 40 
darcy and 200 darcy sands were tested to measure the shear 
thinning effect parameters.  

gS

)ln( f
gµ

)ln( gu

refu n

Fig. 22 and Fig. 23 show the plot of gas velocity vs.  for 
40 darcy and 200 darcy sand column correspondingly. From 
Fig. 22 we can see when gas velocity is less than about 2 
ft/day, there is no shear thinning effect. When the velocity 
becomes greater than 2 ft/day, the shear thinning effect 
reduces the value of and the value of the power law 
exponent, n, is about 0.2. So for 40 darcy sand, we can get 

f
gµ

f
gµ
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2=refu ft/day and . Accordingly, from Fig. 23 we 

can get ft/day and in the 200 darcy sand 
column. 

2.0=n
6=refu 4.0=n

 
c. Parameters ( ,  and ) of gas saturation effect. 
The determination of m depends on which kinds of 
experiments are performed. If the experiment is performed 
under constant injection rate, which means  is a constant, 

then there will be a linear relationship between  and 
. The slope of the plots will be m. For constant injection 

pressure experiments, the average gas saturation in the column 
and the injection rate can be recorded as a function of time and 
the corresponding values of  can be calculated from these 
records. A linear relationship will exist between 

 and . The slope of this plot 
will also be m. 

gmS m fCµ

gu
)ln( f

gµ

gSln

f
gµ

)/ln()1()ln( refg
f

g uun −−µ gSln

Fig. 24 shows the relationship between and  in a 0.4 
psi constant injection pressure foam experiment for the 40 
darcy sand column. From this figure we can see that with 
increasing gas saturation, foam effective viscosity also 
increased. The value of  kept increasing when  was less 
than 0.8 and increased dramatically when  was between 

0.75 and 0.8. But when  was greater than 0.8, the value 

of  was approximately leveled off. So for this experiment, 

the value of  should be around 0.8. When < , foam 
generation rate is greater than foam coalescence rate and the 
value of  increases. When > , these two rates are 

almost equal and is approximately constant.  

f
gµ gS

f
gµ gS

gS

gS
f

gµ

gmS gS gmS

f
gµ gS gmS

f
gµ

     Also, from Fig. 24, we can find that at steady state, the gas 
saturation is more than 80% which is greater than  and the 
gas superficial velocity is less the reference velocity 2 ft/day. 
No shear thinning effect if velocity is under that value. So, 
from Eq. (12), at this time, we can get:  

gmS

 

                                                                (16) fgg
f
g CF µµµ =

 
Since is a geometry factor which represent the mobility 
difference between 1-D and 3-D, it would not hurt for us to 
define its value to be one in 1-D foam flow. In latter part of 
this paper, we will talk about its value in 3-D which is 
determined from 3-D history match simulations. Then from 
Eq.(16) and since the value of the steady state effective 
viscosity was about 90 cp (Fig.24), we can calculate the value 
of . If we use 0.02 cp as the value of , is around 
4500. Moreover, Fig. 25 shows the plot of the relationship of 

vs. (for this case, n=0.2, as 
shown in Fig.22). According to Eq. (15), for constant injection 
pressure experiments, there should be a linear relationship 

between them and the slope of it will be the value of m. From 
the plots we can see the linear relationship exists and the value 
of m is around 5.0.   

gF

fCµ gµ fCµ

)}/ln()1(){ln( refg
f

g uun −−µ }{ln gS

     A 0.2 psi constant injection pressure experiment was also 
performed in this 40 darcy column. Similar plots as in Fig.24 
and 25 can be obtained from the experimental results and the 
values of , m  and can be determined correspondingly. 
Experiments were also performed in the 200 darcy sand 
column to determine the value of these parameters in it. Table 
1 lists the parameters we determined from the 1-D column 
experiments for 40 darcy and 200 darcy sands under 0.4 psi 
and 0.2 psi constant injection pressure.  

gmS fCµ

 
Simulation results 
a. 1-D column. The experimentally determined foam model 
parameters were used to simulate the corresponding 1-D 
column foam experiments. Fig. 26 to 29 show the simulated 
injection rate compared to the experimental result for 40 darcy 
and 200 darcy sands under 0.4 and 0.2 constant injection 
pressures. The simulated results matched the experimental 
results. Table 2 compares simulated and experimental average 
gas saturations. The simulated gas saturation matched the 
experimental results. From these comparisons we can see the 
1-D column experimental results can be simulated and 
matched by using the proposed foam model and the 
determined parameters.  
 
b. 3-D homogeneous sand pack. In the history match 
simulation of the 3-D homogeneous foam experiments, the 
overall pressure gradients in the experiments were used as the 
comparison standard to compare to the corresponding 1-D 
column experiments. For example, in the 0.8 psi constant 
injection pressure tank experiment, the overall pressure 
gradient was about 0.4 psi/ft, which was the same as the 
pressure gradient in the 0.4 psi constant pressure 1-D column 
(1 ft) experiment and the parameters obtained from this 1-D 
column experiment will be used to simulate the 3-D tank 
experiment.  

In the 3-D sand tank simulations, we kept all the 
parameters the same as in the corresponding 1-D column 
simulations except for the value of .This value represents 
the effect of flow dimension on foam strength. To get the best 
match simulation results, we needed to choose a 
smaller value for the tank simulations than for the 1-D 
column simulations. In 1-D foam flow, for convenience, we 
defined this value to be 1.0. In 3-D simulations, we found this 
value must be set to be around 0.21 to get the best match 
results, as is seen below. The simulation parameters for 3-D 
foam experiments are listed in Table 3. 

gF

gF

For the 0.8 psi constant injection pressure 3-D foam 
experiment, Fig. 30 shows the simulated injection rate 
compared to the experimental data. Agreement is good for 
both the rate and the average gas saturation. After around 1 PV 
gas was injected, the simulated average gas saturation inside 
the tank was about 69% and the experimental data is 66%. Fig. 
31 shows the simulated gas fractional flow contour plots 
compared to the experimental data. After about 1 PV gas was 
injected, gas contacted more than 75% of the cross sectional 
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area of the tank. Fig.32 shows the simulated diagonal cross 
section pressure profile compared to the experimental data. 
From the pressure profile we can see that the highest pressure 
drop is around the middle part of the tank. The region near the 
injection well (p1) has a lower pressure drop compared to the 
middle region (p2).   

For the lower injection pressure (0.4psi) 3-D foam 
experiment, Fig. 33 shows the simulated gas fractional flow 
contour plots match the experimental data well. The average 
gas saturation values are also in good agreement. In this 
experiment, the average gas saturation after about 1 PV gas 
injected was about 37%, compared to the simulated result of 
about 33%. Fig. 34 shows the comparison between the 
simulated pressure profile and the experimental data. Just as in 
the 0.8 psi foam experiment, the pressure drop near the 
injection well (p1) is lower than that in the farther region of 
the tank (p2).  
 
c. 3-D heterogeneous sand pack. History match simulations 
were also performed for the 3-D heterogeneous foam 
experiments. As in the homogeneous sand pack simulations, 
the overall pressure gradients in the experiments were also 
used as the comparison standard between 1-D and 3-D. The 
simulation parameters for the heterogeneous results are also 
shown in Table 3.  

Fig.35 shows the comparison of simulated and 
experimental injection rates for the 0.8 psi constant injection 
pressure experiment in the heterogeneous sand pack. The 
simulated average gas saturation after 1 PV gas injected was 
about 73%, while the corresponding experimental result was 
about 82%. Fig. 36 shows the comparison of the gas fractional 
flow contour plots after 1 PV gas was injected. Fig. 37 shows 
the simulated pressure profile compared to the experimental 
data. The strongest foam region is in the middle part of the 
tank.  

Another history match simulation was performed to 
simulate the 0.4 psi constant injection pressure foam 
experiment. Fig. 38 shows the comparison of simulated and 
experimental injection rates for the 0.4 psi constant injection 
pressure experiment. Fig. 39 shows the comparison of gas 
fractional flow plots after 1 PV gas injected. The simulated 
average gas saturation after 1 PV gas injected was about 68%, 
and the experimental result was about 60%. Fig. 40 shows the 
simulated and experimental pressure profiles. The simulated 
pressure profile matched the experimental results. The 
simulated highest pressure drop was also in the P2 region, just 
as the result from the experiment. 
 
Summary and Discussion 
a. 3-D Experiments. In air/water experiments, because of the 
low density and viscosity of gas, the injected gas flowed 
mainly upwards and much of the bottom region was left 
uncontacted. For a heterogeneous system, the uncontacted 
region was larger because in such system, the high 
permeability region acted as a shortcut for the gas flow and 
then less gas can flow into the low permeability region at the 
bottom of the tank. In foam experiments, foam reduced gas 
mobility in either the homogeneous or heterogeneous sand 
packs. From all these comparisons among air/water and foam, 
we found that foam can greatly increase the gas sweep 

efficiency and average gas saturation in both the homogeneous 
and the heterogeneous sand packs. Also, at steady state, foam 
will result in a lower inject rate compared to the air/water case, 
the ratio between foam and air/water is about 1/30 for similar 
injection pressures experiments, either in the homogeneous or 
the heterogeneous pack.  
     Moreover, the effect of foam is more apparent in the 
heterogeneous pack than in the homogeneous pack. The 
average gas saturation was higher in the heterogeneous pack 
than in the homogeneous pack. After 1 PV gas was injected, 
the average gas saturation in the heterogeneous tank was about 
82%. Compared to the 66% gas saturation in the homogeneous 
tank after 1 PV gas was injected, the gas saturation in the 
heterogeneous sand pack increased by 16% because of the 
effect of heterogeneity. The gas contacted area in the 
heterogeneous pack was also larger than in the homogeneous 
pack. By comparing Fig 13 and 16, 14 and 17, 15 and 18, we 
can easily find the gas sweep in the lower part of the sand tank 
was apparently larger in the heterogeneous cases. This can be 
explained from the foam generation mechanisms in porous 
media. In a homogeneous system, lamella division is the basic 
foam generation mechanism which happens when a moving 
lamella train encounters a branch in the flow path. The 
mechanism of snap-off is not the main mechanism to generate 
strong foam in homogeneous system because there is no 
permeability contrast in it and repeated snap-off is unlikely in 
such a system. In a heterogeneous system, both lamella 
division and snap-off play important roles in determining the 
strength of generated foam. According to Tanzil et al25, when 
gas flows from a low permeability region to a high 
permeability region and when there is a permeability contrast 
of more than four, lamella snap-off will occur because of the 
difference of the capillary pressure in these two regions. 
Lamellae generated along the boundary between the low and 
high permeability sands will block flow paths of gas and hence 
increase its apparent viscosity in the high permeability 
regions. More gas can then flow into the low permeability 
region. The effect of foam was then more apparent in a 
heterogeneous system than in a homogeneous system.  
     Shi et al26 pointed out that injection well pressure is the key 
to avoid gravity segregation of gas. Our 3-D experimental 
results also demonstrated that the injection pressure is very 
important to obtain a good gas sweep and high gas saturation. 
In our experiments, the worst case in gas distribution and 
saturation was in the lower injection pressure cases (0.4 psi 
above hydrostatic pressure, about half of the pressure in the 
other foam experiments). In these cases, because of the lower 
injection pressure, the pressure gradient was lower and there 
was no strong foam generated. So the gas flow was dominated 
by gravity, and most of the gas flowed upwards and did not 
contact much of the bottom of the tank. To obtain best results, 
in both of the homogeneous and heterogeneous sand packs, the 
injection pressure should be high enough to generate strong 
foam, which promotes the horizontal flow.   
      Also, for a constant injection pressure experiment, the 
intermittent injection method provides better gas sweep 
efficiency and higher average gas saturation than the 
continuous injection method. The shut-in intervals during the 
experiment allow the sands to be partially re-saturated, and 
this can keep the foam from drying and then breaking. In the 
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heterogeneous pack, the effect of intermittent injection is not 
as great as in the homogeneous pack. Nevertheless, the 
intermittent injection method still benefits gas sweep 
efficiency and average gas saturation in the tank, either in the 
homogeneous pack or the heterogeneous pack. 
      
b. Simulations. Foam generation is a complex process. For 
different experimental conditions, i.e. different surfactant 
concentrations, different injection pressures or injection rates, 
the generated foam strength may vary. The foam simulation 
model proposed in this paper simulates foam flow in 3-D by 
doing only 1-D experiments to evaluate key simulation 
parameters. In this model, when foam is present, both the gas 
relative permeability curve and the apparent viscosity of the 
gas are changed. The gas relative permeability curve changed 
because of the increased trapped gas saturation. The apparent 
viscosity is defined as a function of gas saturation, gas 
velocity and flow dimension. Most of the simulation 
parameters can be determined by 1-D column experiments and 
then applied to 3-D foam simulations under similar conditions.   
     Just as shown in Table 3, a value of about 0.21 was 
found to be needed to history match the 3-D homogeneous 
tank results. This represents an effective decrease in foam 
strength in 3-D due, among other things, to the existence of 
more pathways for gas to flow through the sand.   

gF

     Taking this value between 1-D and 3-D, additional 
simulations were performed for the heterogeneous sand pack 
experiments. From the history match with the experiments, we 
found that foam strength is increased because of 
heterogeneity. Table 3 also lists the parameters which were 
chosen for the best match simulations for the heterogeneous 
experiments. In the high permeability layers, the foam strength 
parameter increased about 3 times owing to snap-off which 
occurred as gas entered these layers from the underlying low-
permeability layers. For example, in the 0.8 psig experiments, 
in the 200 darcy column experiment, is found to be about 

1200, but in the 3-D heterogeneous simulation, keeping as 
0.21, a higher value (3100) is needed which is about 3 
times larger than the 1-D column value. In the low 
permeability region, the value of  increased by about 50% 
for one of the two experiments but was the same as for the 
homogeneous tank in the other experiment. The results here 
showed that the heterogeneity can increase the foam strength 
not only in the high permeability region but also in the low 
permeability region. 

gF

fCµ

fC µ

gF

fC µ

fCµ

      
c. Extend to field scale simulation. For field scale simulation, 
we use a pressure gradient which is calculated by using the 
injection pressure (over hydrostatic) divided by 2 ft as a 
comparison standard to the 1-D column. For example, for a 8 
psi over hydrostatic pressure injection case, the calculated 
pressure gradient will be 4 psi/ft and then we will choose the 
simulation parameters from the corresponding 4 psi/ft 1-D 
experimental results. The reason we choose 2 ft here is 
because it is the same dimension as the tank in our lab and the 

relationship we found is based on this dimension. gF

     Some higher injection pressure foam experiments were 
performed in 1-D column. Fig. 41 shows a plot of the change 
of the value with the change of the pressure gradient. 
From this plot we can see in both the 40 darcy and 200 darcy 
sand column, when the pressure gradient is higher than about 
1.6 psi/ft, the value of levels off. For the other simulation 
parameters, they also do not change much with the increasing 
of the pressure gradient

fC µ

fC µ

27. So in general, we found that the 
simulation parameters will keep the same when the pressure 
gradient is higher than some value, i.e. 1.6 psi/ft in our cases. 

The other issue we need to consider in a field simulation is 
the shear thinning effect (Fig. 22 and 23) between the well 
bore and the grid block. In the 3-D tank simulations, we 
modeled the shear thinning effect among grid blocks. Because 
the pressure difference between the well bore and the grid 
block which contains the injection well in the 3-D tank is very 
small, the shear thinning effect is also small between them and 
can be ignored. But in the field simulation, because the grid 
block is much bigger than the well bore, there will be a 
significant pressure/velocity difference between the well bore 
and the grid block in the simulation. We need to consider the 
shear thinning effect between them. Following the discussing 
of Bondor et al28 on a well model of polymer injection, we 
added a negative, viscosity dependent apparent skin factor Sp 
in the well model to represent the non-Newtonian effects 
between the well bore and the gridblock in our foam case. The 
injection rate will then be a function of this apparent skin 
factor due to non-Newtonian effects. We can get higher 
injection rate because of this non-Newtonian effect. 

Fig. 42 shows a comparison of the simulated results of 
hydrogen sparging with and without foam in a hypothetical 
heterogeneous aquifer. The aquifer is 20 ft in depth with a 5 ft 
vadose zone above it. It has two layers of high permeability 
sand (200 darcy) in the lower part of it (1.5 ft and 4.5 ft from 
the bottom correspondingly). The rest of the aquifer is 40 
darcy sand. Hydrogen is injected from the bottom of the 
aquifer using a 8 psi over hydrostatic pressure. Because of the 
hazard of hydrogen mixed with air, our comparisons will be 
based on simulated results up to the breakthrough time of 
hydrogen. From the comparison we can see that the effect of 
foam is obvious, in the foam case hydrogen can propagate 
about 20 ft long in the diagonal cross section before 
breakthrough but only about 7.5 ft in the without foam case. In 
another case study of a hypothetical homogeneous aquifer27, 
foam can also greatly improve the hydrogen sweep along the 
bottom of the aquifer, though the difference between with and 
without foam is not as great as in the heterogeneous aquifer. 

 
Conclusions 
From the studies of 3-D foam experiments and simulations, we 
can obtain the following conclusions: 
1. Foam can greatly reduce the gas mobility and increase the 

gas sweep efficiency and average gas saturation in the 3-
D tank.  

2. Injection pressure is very important when applying a foam 
process. It should be high enough to generate strong foam 
and get good gas sweep efficiency.  
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3. For a gas sparging process with foam, the intermittent 
injection method can result in the best gas sweep 
efficiency and average gas saturation. 

4. Foam has shear thinning effect near the injection well 
because of the high flow rate and this will aid injectivity. 

5. The heterogeneity in the lower part of the tank can benefit 
the horizontal transport of foam and increase the gas 
sweep efficiency. 

6. The proposed foam model can successfully history match 
and simulate the 1-D and 3-D foam results. Parameters 
can be obtained from 1-D experiments and applied to 3-D 
simulations. 

7. The experimental and the simulation results show that 
foam is weaker in 3-D than in 1-D. In simulation, the 
difference between 1-D and 3-D can be represented by 
using the geometry factor , which is about 5 times 
smaller in 3-D than in 1-D.  

gF

8. To extend to field simulation, an equivalent pressure 
gradient should be determined from the injection pressure 
and the shear thinning effect between the injection well 
and the grid block should be incorporated. The 
hypothetical field simulations show that gas sweep can be 
greatly improved by foam in the field scale. 
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Nomenclature 
     , = constant coefficient  

nfC fC µ

       = exponent of the relative permeability curve of phase l le
        = geometry factor gF
 k = permeability, L2, darcy 
 krl = relative permeability of phase l       
        = relative permeability end point of phase l 0

rlk
 = relative permeability of gas when foam is present f

rgk
     LPM = Liter Per Minute 
        m  = exponent of the gas saturation effect 
        n   = exponent of the shear thinning effect  
         = lamellae density fn
 Pc = capillary pressure, m/Lt2, psi 
 = limiting capillary pressure, m/Lt*

cP 2, psi 

 = pressure gradient, m/Ltp∇ 2, psi 
 PV = pore volume  
 Sl  = saturation of phase l 
         Srl = residual saturation of phase l 
       = gas residual saturation when foam is present f

rg
S

        Sgm = reference gas saturation 
        = gas saturation at limiting capillary pressure *

g
S

 ug = gas superficial (Darcy) velocity, L/t, ft/day 
        uref =  reference gas superficial velocity, L/t, ft/day 

         vg =  interstitial gas phase velocity, L/t, ft/day 
        vref =  reference interstitial gas phase velocity, L/t, ft/day 
 φ = porosity 
 µg = viscosity of gas, m/Lt, cp 
 = viscosity of gas when foam is present, m/Lt, cp f

gµ
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Fig. 5   Experimental outlines of the 3-D tank 
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Fig. 33   Gas fractional flow contour plots, diagonal cross 

section, 0.4psi (0.39 LPM constant injection rate), 1 PV gas 
injected 
 

     Experimental Results                  Simulated Results 
      Gas saturation: 66%                  Gas saturation: 69% 

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

Fig. 31  Homogeneous 3-D sand tank, Cross section gas 
fractional flow contour plots, 40 darcy, 0.8 psi constant 

injection pressure  



18                                                                            Busheng Li, George J. Hirasaki, and Clarence A. Miller SPE 99719 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 20 40 60 8
Time(mins)

In
je

ct
io

n 
R

at
e(

LP
M

)

Heterogeneous sand tank, foam
0.8 psi constant injection pressure, fg=100%

Gas saturation:
        Exp:  82%
        Simu: 73%

0

Exp data

Simu curve
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fractional flow contour plots, 0.4 psi constant injection 

pressure  
     Experimental Results                  Simulated Results 
      Gas saturation: 82%                  Gas saturation: 73% 

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

Fig. 36  Heterogeneous 3-D sand tank, Cross section gas 
fractional flow contour plots, 0.8 psi constant injection 
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   Fig. 42   Gas saturation contour plots for with and without 

foam cases, hypothetical heterogeneous aquifer  


