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Abstract 
The mathematical models of the flow of polymer foam in porous media under three injection 
modes are established and the relevant numerical calculation methods are given. The profiles of 
the liquid phase saturation, the pressure drop and the number density of the flowing HPAM foam 
in artificial sandstone cores with the dimensionless distance under three injection modes are nu-
merically calculated and analyzed. The results show that, compared with the injection mode 2 and 
3, HPAM foam flows in a piston-like fashion in the artificial sandstone core under the injection 
mode 1 and produces the biggest pressure drop. Obviously, the flood efficiency is the highest un-
der the injection mode 1. 
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1. Introduction 
It can provides the necessary theoretical foundation for polymer flooding engineering design through research-
ing the flow of the polymer foam in porous media under different injection modes. Shan, et al. [1] given an op-
timal foam-injection strategy in homogeneous reservoirs with a variety of foam models by using simulation. 
Stevens, et al. [2] presented an overview of the operating plan for CO2 foam injection and the details of the CO2 
foam injection schedule and design criteria in the East Vacuum Grayburg San Andres Unit. Hou, et al. [3] com-
pared three main injection modes, including co-injection of gas and solution, alternative injection of gas and so-
lution, and direct injection of foam and pointed that the direct injection of foam was the most effective mode and 
the alternative injection of gas and solution is the poorest. Li, et al. [4] experimentally studied the use of addi-
tives to enhance foam properties and the factors affecting blocking performance such as injection model, gas 

http://www.scirp.org/journal/epe
http://dx.doi.org/10.4236/epe.2015.78034
http://dx.doi.org/10.4236/epe.2015.78034
http://www.scirp.org
mailto:zhaoweinepu@163.com
http://creativecommons.org/licenses/by/4.0/


W. Zhao et al. 
 

 
366 

liquid ratio, and alternate slug, etc. Harsenhorst, et al. [5] illustrated with a model fit by Rossen, et al. [6] to data 
of Persoff, et al. [7], a fit specifically designed for a hypothetical surfactant-alternating-gas (SAG) application. The 
mathematical models of the flow of polymer foam in porous media under three injection modes will be 
established and the numerical calculation methods will be given in this paper. According to the mathematical 
models and the numerical calculation methods metioned above, the profiles of the liquid phase saturation, the 
pressure drop and the number density of the flowing HPAM foam in artificial sandstone core under three 
injection modes metioned above will be numerically calculated and analyzed. 

2. Injection Modes  
There are three injection modes for the porous media filled with polymer-surfactant aqueous solution,that is, the 
injection mode 1 which is the co-injection of polymer surfactant aqueous solution and air into the porous media, 
the injection mode 2 which is the injection of air into the porous media and the injection mode 3 which is the 
injection of polymer surfactant aqueous solution into the porous media. 

3. Mathematical Models 
According to the mass and the population balance principles, the mathematical models of polymer foam flow in 
porous media under different injection modes can be obtained. 

3.1. Injection Mode 1 
The mathematical model of the flow of polymer foam in porous media under the injection mode 1 is as follows 
[8]-[11]. 

The mass balance equations 
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the population balance equations 
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the assistant equations 
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the initial conditions 
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the boundary conditions 
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where φ  the porosity; pρ  the liquid phase mass density, 3kg m ; pS  the saturation of liquid phase; K  the 
permeability of porous media , 2m ; rpK  the liquid phase relative permeability; pµ  the apparent viscosity of 
liquid phase, Pa s⋅ ; pP  the pressure of liquid phase, Pa; pq  the source-sink term of liquid phase, 3kg m ; 

gρ  the gas mass density, 3kg m ; gS  the saturation of gas phase; rgK  the gas phase relative permeability; 
gµ  the gas viscosity, Pa s⋅ ; gP  the pressure of gas phase, Pa ; gq  the source-sink term of gas phase, 

3kg m ; fS  the gas phase saturation of flowing foam; fn  the number density of flowing foam, 3m− ; tS  the 
gas phase saturation of trapped foam; tn  the number density of trapped foam, 3m− ; fu  the velocity of the 
flowing foam in porous media, m s ; 1k  the foam generation coefficient, 1 3 13 3m s−⋅ ; fv  the local interstitial 
velocity of flowing foam, m s ; pv  the local interstitial liquid velocity, m s ; 1

ok−  the foam coalescence 
coefficient, 1m− ; pcS  the liquid phase saturation relevant to the limiting capillary pressure; bH  the 
source-sink term for foam bubbles in units of number per unit volume per unit time, 3m− ; rp

ok  the liquid rela-
tive permeability where p prS S= ; prS  the connate liquid phase saturation; f  the index; rg

ok  the gas relative 
permeability where p prS S= ; fX  the fraction of the gas phase flow rate; g  the index; gaρ  the air density 
under standard atmosphere, 3kg m ; gaP  the pressure under standard atmosphere， Pa ; n  flow behavior in-
dex of liquid phase; cK  the consistency coefficient of liquid phase, Pa sn⋅ ; c′  the pore tortuosity; g0µ  the 
initial gas phase viscosity, Pa s⋅ ; α  the constant of proportionality dependent primarily on the surfactant 
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system, 2 3 10 3Pa s m⋅ ⋅ ; c  the index; [12] [13] fµ  the foam effective viscosity, Pa s⋅ ; cP  the capillary 
pressure, Pa; σ  the equilibrium surface tension, N m ; ( )pJ S  Leverett J function; fK , fA  are the bubble 
trapped parameters; piP  is the initial liquid phase pressure, Pa ; piu  the injection velocity of liquid phase, m s ; 

giu  the injection velocity of gas phase, m s ; L  the length of porous media, m ; 0P  the backpressure, Pa . 

3.2. Injection Mode 2 
Under the injection mode 2, where the Formula (19) of the mathematical model of the flow of the polymer foam 
in porous media under the injection mode 1 changes as follow 

rp p
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the mathematical model of the flow of the polymer foam in porous media consists of Formula (1)-(18), (25), 
(20)-(24). 

3.3. Injection Mode 3 
Under the injection mode 3, the mathematical model of the flow of the polymer foam in porous media consists 
of Formula (1), (13), (15), (19) and (21). 

4. Numerical Calculation Methods 
The mathematical models of the flow of polymer foam in porous media under three injection modes are numer-
ically calculated by the finite difference method [9] [14] [15]. 

For the Injection mode 1 and the injection mode 2, the mass balance Equations (1) and (2) are solved by 
IMPES (Implicit Pressure Explicit Saturation) method, and the population balance Equation (3) is solved by 
TVD (Total Variation Diminish) three order method. For the Injection mode 3, the mass balance Equation (1) is 
solved by IM (Implicit Method). 

5. Numerical Calculations and Analyses 
The flow of the foam of the 0.015 wt% HPAM, 0.200 wt% FL-605 and 0.830 wt% NaCl HPAM solution and 
the air under different injection modes in the artificial sandstone core are numerically calculated and analyzed. 

5.1. Basic Data 
The basic data of the three injection modes are shows as Table 1 [8] [9]. 

5.2. Injection Mode 1 
Under the injection mode 1, the profiles of the liquid phase saturation pS , the pressure drop pP∆ , the number 
density fn  of the flowing HPAM foam in the artificial sandstone core show as Figures 1-3. 

In Figure 1, under the injection mode 1, the liquid phase saturation pS  of HPAM foam at the flow front ap-
pears to be steep and sharp, the liquid phase saturation pS  of the upstream of the flow front is about 0.38, and 
1.00 of the downstream. The gas phase breaks through at about dimensionless time 0.80 PV. The liquid phase 
saturation pS  at steady state is about 0.38. HPAM foam flows in a piston-like fashion in the artificial sandstone 
core. After HPAM foam flow front passes a particular location of the core, the liquid phase saturation pS  
changes very little. 

In Figure 2, under the injection mode 1, the pressure drop pP∆  of the upstream of HPAM foam flow front 
decreases along with the dimensionless distance x/L increasing, the pressure drop pP∆  of the downstream of 
HPAM foam flow front is zero. The pressure drop pP∆  doesn’t increase up to 948.99 kPa along with dimen-
sionless time PV elapsing until about 2 PV. 

In Figure 3, under the injection mode 1, there is the flow front of HPAM foam in the artificial sandstone core. 
The number density fn  of flowing foam reaches the peak value at the flow front. The steady state profile of the  
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Table 1. Basic data.                                                                                               

 Injection mode 1 Injection mode 2 Injection mode 3 

( )3
p kg mρ −⋅  1000.09 1000.09 1000.09 

n 0.9316 0.9316 0.9316 

( )210 Pa sn
cK −× ⋅  0.1359 0.1359 0.1359 

1 3
ga 10 kg mρ − −× ⋅  11.03 11.03 0.00 

mL  0.30 0.30 0.30 
12 210 mK −×  0.66 0.66 0.66 

φ  0.26 0.26 0.26 

c′  2.30 2.30 2.30 
o
rpk  0.70 0.70 0.00 
o
rgk  1.00 1.00 0.00 

f  3.01 3.01 0.00 
g  3.03 3.03 0.00 

prS  0.29 0.29 0.29 

pcS  0.26 0.26 0.00 

( )110 N mσ −×  0.33 0.33 0.00 
4

g0 10 Pa sµ −× ⋅  0.18 0.18 0.00 
1

p0 10 Pa sµ −× ⋅  0.01 0.01 0.01 
14 2 3 10 310 Pa s mα −× ⋅ ⋅  6.00 6.00 0.00 

c  0.33 0.33 0.00 

0 PaP Μ  4.80 4.80 4.80 

pi PaP Μ  4.80 4.80 4.80 

ga MPaP  0.10 0.10 0.00 

( )p m du  0.046 0.000 0.046 

( )g m du  0.431 0.431 0.000 
1/3 13/3

1 m sk −⋅  10.08 10.08 0.00 
1

1 mok −
−  57.84 57.84 0.00 

 

 
Figure 1. Profiles of the liquid phase saturation pS  under the injection mode 1.                                     
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Figure 2. Profiles of the pressure drop pP∆  under the injection mode 1.                                     

 

 
Figure 3. Profiles of the number density fn  of flowing foam under the 
injection mode 1.                                                                         

 
number density fn  of flowing foam appears at 2 PV, after which the number density fn  of flowing foam de-
creases from the inlet to the outlet. 

5.3. Injection Mode 2 
Under the injection mode 2, the profiles of the liquid phase saturation pS , the pressure drop pP∆ , the number 
density fn  of the flowing HPAM foam in the artificial sandstone core show as Figures 4-6. 

In Figure 4, under the injection mode 2, the liquid phase saturation pS  of the upstream of HPAM foam flow 
front is about 0.32, the liquid phase saturation pS  at the flow front appears to be steep and sharp and the liquid 
phase saturation pS  of the downstream of the flow front is 1.00, which is because the gas phase flow and the 
foam flow appear in the upstream of the flow front, the foam flow and the liquid phase flow appear in the up-
stream of the flow front under the injection mode 2. 

In Figure 5, under the injection mode 2, the pressure drop pP∆  of the upstream of HPAM foam flow front is 
about 27 kPa, the pressure drop pP∆  at the flow front changes sharply and the pressure drop pP∆  of the  
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Figure 4. Profiles of the liquid phase saturation pS  under the 
injection mode 2.                                                                         

 

 
Figure 5. Profiles of the pressure drop pP∆  under the injection 
mode 2.                                                                         

 

 
Figure 6. Profiles of the number density fn  of flowing foam 
under injection mode 2.                                     



W. Zhao et al. 
 

 
372 

downstream of flow front decreases slowly, which is due to the fine foam texture of flow front under injection 
mode 2. 

In Figure 6, under the injection mode 2, the number density fn  of the flowing HPAM foam reaches the 
peak value sharply only at the flow front, and then the number density fn  of the flowing HPAM foam gets to 
be zero, which is because no sufficient liquid phase supplement leads the foam coalescence velocity at the flow 
front accelerating and the number density fn  of the flowing HPAM foam decreasing sharply under the injec-
tion mode 2. 

5.4. Injection Mode 3 
Under the injection mode 3, the profiles of the liquid phase saturation pS , the pressure drop pP∆ , the number 
density fn  of the flowing HPAM aqueous solution in the artificial sandstone core show as Figures 7-9. 

In Figure 7, under the injection mode 3, the flow of the HPAM aqueous solution in the artificial sandstone 
core is a single phase fluid flow. Obviously, the liquid phase saturation pS  is 1 constantly. 

In Figure 8, under the injection mode 3, the pressure drop pP∆  of the flowing HPAM aqueous solution 
changes linearly.  

 

 
Figure 7. Profiles of the liquid phase saturation pS  under the injec-
tion mode 3.                                                                         

 

 
Figure 8. Profiles of the pressure drop pP∆  under the injection 
mode 3.                                                                         
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Figure 9. Profiles of the number density fn  of flowing foam under 
the injection mode 3.                                                    

 
In Figure 9, under the injection mode 3, the number density fn  of the flowing HPAM aqueous solution is 

zero obviously.  

5.5. Comparisons of Injection Modes 
Among the three injection modes mentioned above, the pressure drop pP∆  of the flowing HPAM foam under 
the injection mode 1 is the biggest, which is because there is the highest number density fn  of the flowing 
HPAM foam under the injection mode 1. Obviously, the flood efficiency of the injection 1 is the highest. 

6. Conclusions 
1) The mathematical models of the flow of the polymer foam in porous media under the three injection 

modes are established and the relevant numerical calculation methods are given. 
2) The profiles of the liquid phase saturation, the pressure drop and the number density of the flowing 

HPAM foam with the dimensionless distance in the artificial sandstone core under the three injection modes 
are numerically calculated and analyzed. 

3) Compared with the injection mode 2 and 3, HPAM foam flows in a piston-like fashion in the artificial 
sandstone core under the injection mode 1 and shows the biggest pressure drop. Obviously, flood efficiency is 
highest under the injection mode 1. 

4) Based on the research results mentioned above, it can choose the better injection mode to reach the best 
flood efficiency in the polymer flooding engineering design according to the actual situation. Especially, in the 
injection mode 1, it also needs the future study to continue working and researching for what factor influencing 
the flood efficiency most, such as the polymer type, concentration and so on. 
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