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ABSTRACT 
While much is known about foam performance in 

porous media some key knowledge-gap areas remain, one 
of which is the relationship between surfactant and foam 
performance in porous media. We compare the viscosities 
of two different types of polymer-thickened foams in 
laminar pipeline (bulk) flow versus the same foams 
flowing in consolidated sandstone rock. For one kind of 
surfactant-stabilized foam, the apparent viscosity in the 
rock is an order of magnitude greater than the viscosity of 
the “same” foam in pipeline flow.  However, for another 
kind of surfactant, the foam apparent viscosity in the rock 
is very similar to the viscosity of the “same” foam in 
pipeline flow. 

Using advanced imaging techniques, various core 
samples from each kind of experiment were examined. It 
was found that the morphology of the second kind of foam 
was consistent with an effective foam viscosity that was 
comparable to that experienced in laminar-flow, pipeline 
loop experiments. On the other hand, the morphology of 
the first kind of foam contained features consistent with 
the order of magnitude higher viscosity found for its flow 
in rock versus flow in the pipeline loop. 

Our measurements show that at least part of the 
explanation for the observed differences among different 
surfactant systems with respect to bulk flow versus 
constrained flow is foam morphology.  This work is 
important to the specification and formulation of the most 
effective surfactants for varying applications including 
mobility control, blocking and diverting. 

INTRODUCTION 
Stable aqueous foams are required in a variety of 

industrial processes, particularly in the petroleum 
industry’s improved oil recovery (IOR) applications. A 
major challenge in formulating an effective foaming agent 
is the proper selection of surfactants. Harsh chemical 
environments are sometimes present in oil reservoirs and 
several hundred papers have been published in the past 
thirty five years identifying desirable foam-forming 
characteristics. These are reviewed elsewhere for harsh1,2 
and less demanding environments3. 

The foaming capability of a surfactant relates to both 
foam formation and foam persistence, which are 
influenced by many bulk and interfacial physical 
properties4. Unfortunately, it is generally found that the 
performance of foams in porous media is not easily 



predicted on the basis of these physical properties5, 
although they can be exploited to increase foamability and 
foam persistence. For example, water-soluble polymers 
can stabilize foams by increasing either the surface or 
bulk viscosity of the film, thereby increasing the film 
elasticity or decreasing the film drainage rate. They are 
often effective at lower concentrations than other organic 
additives, and more compatible with different types of 
foaming systems. Polymer-thickened foams have been 
increasingly utilized in IOR with some commercial 
success6. 

In IOR, the unique physical structure and surface 
properties of foam produce a high flow impedence that 
improves the efficiency of crude oil production.  The 
physical properties of the foam films likely play an 
important, as yet poorly defined, role in the passage of 
foam through porous rock. Many laboratory 
investigations into the generation of foam in porous media 
have been carried out using a variety of media. It has been 
noted that the nature of the medium plays an important 
role7,8, as does the  foam texture, specifically as regards 
foam bubble size in comparison to the dimensions of the 
flow paths, in determining the rheological behaviour of 
the foam9.  Thus, it is important that the bubble size is 
somehow incorporated into the rheological description of 
foam flow in porous media. It has been postulated that 
within porous media the structure of foam will bear some 
resemblance to bulk foam although there may 
simultaneously occur regions containing continuous 
liquid phase and continuous gas phase.  

This research attempts to determine to what extent the 
rheological properties of the polymer-thickened foams in 
bulk are translated into the situation in porous media and 
to what extent they are determined by foam morphology. 

EXPERIMENTAL 

Materials 
The two commercial surfactants used in this study 

were selected because they had been already shown to 
possess good foaming ability and stability in saline 
conditions1,10. The first was an anionic hydrocarbon 
surfactant, Dow XSS 84321.05 (Dow Chemical Co.), 
which is a 1:1 mixture of C10 diphenyletherdisulfonate 
(Dowfax 3B2) and C14 - 16  alpha olefin sulfonates 
(Canada Stirling AOS). The second was an amphoteric 
surfactant, Rewoteric AM U Varion CAS (Witco Co.), an 
alkylamido sulfobetaine. Table 1 provides a summary of 
some of their specific properties. The surfactants were 
used as received, without further purification, at a 
concentration of 0.5 % mass active in all cases.   

The polyacrylamide polymer used was  AC 1175a 
(Ciba Specialty Chemical). It was approximately 25 % 
hydrolysed and has an approximate molar mass of 10-12 
x 106 g/mol. 

A standard, degassed, 2.1% w/w total dissolved solid 
(TDS) brine solution was used  in all cases.  It was 
prepared by dilution of a stock 21.0 % w/w brine solution 
using boiled and filtered( 0.45 µm) doubly deionised 
water.  The composition of the synthetic 21.0 % w/w 
brine is given in Table 2.  The synthetic brine was 
modelled on the composition of the Beaverhill Lake 
reservoir brine in the Western Canadian basin1.  The 
density and viscosity of the 2.1 % w/w brine at 23º C 
were 1.015 g/cm3 and 0.997 mPa.s, respectively.  The 2.1 
% brine was filtered through a 0.45 µm filter under 10 psi  
pressure prior to use. 

All the foams were generated with nitrogen gas 
(technical grade, minimum purity  99.5%). 

PROCEDURE 
For foam flooding in porous media the apparatus and 

procedures were essentially the same as those described 
previous by Schramm et al.11 Here the differential 
pressure generated across the length of the core sample is 
measured and the apparent viscosity is calculated using a 
modified version of Darcy’s Law. 
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Brine saturated cores were flooded with foam by  co-
injecting the polymer-surfactant solutions and the 
nitrogen gas into an initial mixing chamber, then through 
an in-line stainless steel (0.5 µm diameter nominal screen 
pores) foam generator, and then into the core. Polymer-
thickened foam was injected at a rate of 2 or 4 m/day at a 
95% gas-fraction foam quality.  The temperature was 
maintained at 23º C and a back-pressure of 10 psi was set 
in all cases. 

For the gel-foam imaging studies, the surfactant-
stabilized  foams were injected at a rate of 2 m/day at 80 
% foam quality. The temperature was maintained at 23º C 
and a back pressure was set to 10 psi.  The core samples 
were flooded with foam until steady-state flow was 
attained. Subsequently, the polymer was incorporated into 
the surfactant solution and the polymer -thickened foam 
was injected under similar rates. Finally, the cross-linker 
was incorporated into the polymer-surfactant solution and 
the core was shut-in for several day to allow for complete 
gelation. Subsequently, the core sample was sectioned 
into sub-samples and a suite of imaging techniques were 
applied. A detailed description of the foam-gelling, 
sectioning, and imaging techniques is given elsewhere1. 

The bulk viscosities of the polymer-thickened foams 
were examined in a single-pass, continuous flow, pipeline 
viscometer. The conditions were chosen to maintain foam 
travel in the laminar flow region so the apparent viscosity 
of the polymer-thickened foams could be calculated using 
the Hagen Poiseuille law, 
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Figure 1 provides a schematic of the apparatus. The 
pipe was 3 m long and possessed an internal diameter of 
0.6 cm. Visual cells were positioned and the entrance and 
exit of the pipe line  so that the texture of the foam could 
be monitored to determine whether it had significantly 
changed. Care was taken to ensure that the diameter of the 
pipe was always much greater than the bubble size so that 
the foam may be treated as a continuous fluid. The 
generally accepted minimum ratio is 10.  The average 
bubble diameters in this work ranged from 50 to 100 µm.  

The flow rates in the pipe were chosen so that the 
shear rates at the wall would exactly match the wall shear 
rates experienced by the same foams in the core flooding 
experiments.  

For these experiments polymer-thickened foams were 
generated by co-injecting the polymer-surfactant solutions 
and the nitrogen gas into an initial mixing chamber, then 
through an in-line stainless steel (0.5 and 15 µm diameter 
nominal screen pores) foam generator, and then into the 
pipeline. Polymer-thickened foam was injected at the rate 
needed to achieve a shear rate of either 90 or 200 s-1 at a 
95% gas-fraction foam quality. Temperature was 
maintained at 23º C and back-pressure at 10 psi in all 
cases. 

Low-energy scanning electron microscopy (SEM) was 
used to determine the structures of the different polymer-
thickened foams in the core samples. The sample 
preparation and imaging techniques are described 
elsewhere12. 

RESULTS AND DISCUSSION 
The apparent viscosities of the Varion and Dow 

polymer-thickened foams when flowing in porous media 
are shown in Figures 2 and 3. The apparent viscosities 
shown are specific to the shear rates experienced (90 or 
200 s-1 in this work) because these foams are shear 
thinning. That is, increasing the flow rate of the injected 
fluids decreases their apparent viscosity. It can be seen 
that increasing the PHPA polymer concentration also 
generally increased the apparent viscosity of the polymer-
thickened foams, although for the Varion surfactant case 
we observed a reduction in viscosity at polymer 
concentrations above 10 g/L. This is thought to be due to 
a significant change in the surface elasticity of the foam 
lamellae at such high polymer concentrations and 
therefore due to a reduction in foam stability rather than 
to mechanical shear degradation. For each surfactant, the 
addition of PHPA polymer greatly increased the viscosity 
of the foam when flowing in porous media. 

The apparent viscosities of the Varion and Dow 
polymer-thickened foams when flowing in the pipeline 
are shown in Figures 4 and 5. Again, for each surfactant, 

increasing the PHPA polymer concentration generally 
increased the apparent viscosity of the polymer-thickened 
foams, although not necessarily as much as was observed 
for the same foams flowing in porous media. There were 
again cases for which we observed a reduction in 
viscosity at various specific polymer concentrations. The 
different foam generator pore sizes shown give an order 
of magnitude estimate of the mean bubble sizes for each 
series of tests reported. More detailed information on the 
effects of bubble size distribution will be reported in 
future. 

BULK VERSUS CONSTRAINED FOAM 
FLOW 

Figures 6-9 permit comparison of the effects of adding 
PHPA to each kind of surfactant foam for bulk flow 
(pipeline) versus constrained flow (core flood) at two 
different shear rates. This comparison shows that the 
effective viscosity of polymer-thickened foams flowing in 
constrained media can range from about 1 to at least 25 
times larger than that for the same foam in bulk flow. In 
this case the major difference between the conditions 
producing a scaling factor of 1 and that of 25 is the nature 
of the surfactant used. Other factors that may be important 
to the scaling of the foam viscosity from the bulk flow to 
constrained flow include the permeability, porosity, and 
pore size distribution of the rock.  

After the flow tests were complete we carefully gelled 
the foams inside the rock samples, opened them and 
imaged them according to the special techniques 
developed for this purpose12. Samples from each kind of 
experiment were imaged using low energy SEM. Our 
measurements in this and previous work have clearly 
shown that foam lamellae in porous media can extend for 
considerable distances, greater than the length of 
individual pores, if oriented parallel to the overall 
direction of flow. In addition to penetrating through 
multiple pores, they also are able to span across multiple 
pores. 

Figures 10 and 11 illustrate our observation that the 
PHPA-Dow polymer-thickened foams generally 
contained mostly rods and large sheet perforations. This is 
consistent with an effective foam viscosity that is 
comparable to that experienced in laminar-flow, pipeline 
loop experiments. On the other hand, Figures 12 and 13 
illustrate our observation that the PHPA-Varion 
polymer-thickened foams contained mostly pore-blocking 
sheets. This is consistent with the 25-times higher 
viscosity found for its flow in rock versus flow in the 
pipeline loop. Therefore, at least part of the explanation 
for the observed differences among different surfactant 
systems with respect to bulk flow versus constrained flow 
is foam morphology. In the context of improved oil 
recovery from petroleum-bearing reservoirs, the latter 
configuration would cause blocking and diverting of 
injected fluids whereas the former configuration would 



cause only reduced permeability of the pores to injected 
fluids.  

In future work we plan to further investigate how 
surfactant structure influences foam morphology, and 
therefore foam performance, in porous media. 

CONCLUSIONS 
We have shown that, depending upon the surfactant 

chosen, the apparent foam viscosity in rock can be as 
much as an order of magnitude greater than the viscosity 
of the “same” foam in pipeline flow. Our results show 
that the morphology of the foam in porous media, if 
categorized in terms of pore-blocking ability, correlates 
qualitatively with the rheological results. Therefore, at 
least part of the explanation for the observed differences 
among different surfactant systems with respect to bulk 
flow versus constrained flow is foam morphology.  This is 
important to the specification and formulation of the most 
effective surfactants for varying applications and merits 
further investigation. 
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NOMENCLATURE 
A  Cross sectional area 
L  Length 
P  Pressure 
R  Radius 
PHPA Partially hydrolysed polyacrylamide 
PTF Polymer-thickened foam 
Q  Flow rate 
κ   Permeability 
µ   Viscosity 
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Table 1. Surfactant properties.

Surfactant Manufacturer Chemical type Average molar Critical micelle

mass ( g/mol) concentration

(mg/L)

Dow XSS Dow Chemical C 440 7

84321.05 diphenyletherdisulfonate +
10

C  alpha olefin14-16

sulfonate

Rewoteric AM Witco Alkylamido sulfobetaine 481

CAS U

19.2

Table 2 Composition of the 21.0% w/w TDS synthetic brine.

Salt Concentration (g/1000g)

NaCl 172.45

MgCl :6H O 9.42 2

CaCl :2H O 432 2

NaSO :10H O 2.154 2

Table 3 Properties of the porous media and surfactants used.

Core No. 1 2

Material Berea Sandstone Berea Sandstone

Dimensions (cm) 2.6 x 2.6 x 15.1 3.74 (dia.) x 9.8

Air Permeability (D) 0.439 1.003

Brine Permeability (D) 0.185 0.396

Porosity (%) 10 23

Surfactant Dow Varian CAS
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Figure 1. Schematic illustration of the pipeline viscometer.

Figure 2. Core flood apparent viscosities of PHPA-Varian polymer thickened foams as a function of

polymer concentration.
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Figure 3. Core flood apparent viscosities  of PHPA-Dow XSS polymer-thickened foams as a function of

concentration.

Figure 4. Pipeline (bulk) apparent viscosities of PHPA-Dow XSS polymer thickened foams.
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Figure5. Pipeline (bulk) apparent viscosities of PHPA-Varian polymer-thickened foams.

Figure 6. Comparison of PHPA-Dow polymer-thickened foam viscosities in pipeline and porous media (90 s )-1
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Figure 7. Comparison of PHPA-Dow polymer-thickened foam viscosities in pipeline and porous media (200 s ).-1

Figure 8. Comparison of PHPA-Varian polymer-thickened-foams in bulk and in porous media (90 s ).-1
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Figure 9. Comparison of PHPA-Varian polymer thickened foams in bulk and in porous media (200 s ).-1

Figure 10. PHPA-Dow Foam in Berea sandstone.



Figure 11. PHPA-Dow Foam in Berea sandstone.

Figure 12. PHPA-Varian foam in Berea sandstone.



Figure 13. PHPA-Varian foam in Berea sandstone.


