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Abstract 
This paper presents results of a study on flow 
properties of surfactant solutions in porous media, 
using the Penn State porous media viscometer. The 
effects of permeability. shear rate, and surface 
characteristics of porous media on the flow of oil
and water-external microemulsions, as well as 
surfactant solutions with lamellar structures, are 
examined. Untreated Bradford and Berea sand
stones, oil- and water-wet treated sandstones, and 
filter papers are used as porous media. 

The study shows that the effective viscosity of the 
surfactant solution (as measured in porous media), 
on the basis of initial permeabilities, is greater than 
the bulk viscosity (as measured by conventional 
viscometers). This increase is small for Newtonian 
surfactant solutions but is quite substantial for non
Newtonian surfactant solutions. The difference be
tween bulk and effective viscosities of Newtonian 
surfactant solutions is eliminated when the effective 
viscosity is determined on the basis of the final 
permeability of the porous medium to calibration 
solution. This indicates that the permeability of the 
porous medium during flow of these Newtonian 
surfactant solutions is equal to that during flow of 
postcalibration solutions. In contrast, in the case of 
the non-Newtonian surfactant solution with lamellar 
structures, the effective viscosity based on the final 
permeability remains. higher than the bulk viscosity 
of the solution. Plausible explanations for the lower 
permeability during surfactant flow compared with 
the final permeability. in this case, are discussed. 

It is found that the flow of surfactant solutions 
causes a permanent decrease in the permeability of 
the porous medium. Initial permeability is not 
restored even by thorough flushing of the porous 
medium with surfactant-free brine solution. Residual 
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permeability reductions of 2 to 510'/0 are observed. 
The residual permeability reduction increases with 
decreasing initial permeability. The residual per
meability reduction is relatively insensitive to the type 
of surfactant solution. However, it depends on 
surface characteristics of the porous medium and 
decreases in this order: untreated is> fired> oil-wet 
treated. 

Introduction 
According to Gogarty, 1 about 60IFJo of the potential 
oil reserves are estimated to be amenable to chemical 
flooding with surfactant and polymers. In sur
factant/polymer flooding, the interaction of various 
chemicals with each other and with reservoir fluids 
and rocks, the permeability, the porosity, and the 
operating conditions are critical factors in deter
mining the effectiveness of the process. Many studies 
of surfactant systems have been carried out relating 
to phase behavior, interfacial tension, and retention 
or adsorption characteristics. 2,3 But only a few 
studies4-o have been conducted on flow charac
teristics in porous media of surfactant fluids 
prepared with petroleum sulfonates, hydrocarbons. 
water, and electrolytes. These latter studies have not 
examined fully the flow characteristics over a wide 
range of permeabilities and shear rates, the influence 
of the permeability of porous media on the residual 
permeability reduction, and the influence of surface 
characteristics of porous media. Considering that 
sufficient viscosity level is an essential factor in 
mobility control during surfactant flooding, the 
importance of the rheology of surfactant solution in 
porous media is quite obvious. Information on in
jectivity, effective viscosity, and permeability 
modification during the flow of surfactant solutions 
is also essential. 

The main goal of this work is to investigate the 
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effects of permeability, shear rate, and surface 
characteristics of porous media on flow properties of 
oil- and water-external microemulsions and of 
surfactant solutions with lamellar structures. 
Irreversible permeability reduction of porous media 
due to flow of surfactant solutions also is in
vestigated. The Penn State porous media viscometer 
is used, along with naturally occurring Bradford and 
Berea sandstones, oil- and water-wet sandstones, and 
filter papers as porous media. The range of ex
perimental parameters covered in this study includes 
(1) permeabilities from 3.7 to 2,800 md, (2) shear 
rates of 0.2 to 1,200 seconds 1, and frontal 
velocities from 0.2 to 1,000 ft/D. 

Theory and Definitions 
Laminar flow through a homogeneous porous 
medium is described by Darcy's law: 

k _ QJLL 
- AAp ........................... (1) 

It is assumed that no interaction exists between the 
fluid and the porous medium and that no alteration 
occurs in the structure of the porous medium. 
Darcy's law, along with the experimental pressure 
drop vs. flow rate data and bulk viscosity (defined as 
viscosity measured in a conventional viscometer), is 
used to estimate permeability k. Initial permeability 
k j corresponds to the flow of calibration solution 
before surfactant flow; effective permeability ke is 
for flow of surfactant solution; and final per
meability k j refers to flow of calibration solution 
after surfactant flow. The calibration solution used is 
either 1070 NaCI or n-heptane. 

The effective viscosities of surfactant solutions 
(defined as viscosity measured in a porous media 
viscometer) are estimated using Eq. 1 and on the 
basis of either initial or final permeability (k j or kj ). 

Irreversible permeability changes in the porous 
medium are represented in terms of the percent 
residual permeability reduction (RPR): 

(
k.-kf ) 

%RPR I k. x 100. . ............. (2) 
I 

For initial and final permeabilities, corresponding 
steady-state values are used. However, in a few cases 
when the final permeability of the porous medium 
does not reach a steady value, the maximum value of 
the final permeability has been used for calculating 
residual permeability reduction. 

To estimate the shear rate, the power-law model 
(Eq. 3) for the rheologr of the surfactant solution 
and the capillary model for the porous media (Eq. 
4) are used: 

I-' = m1 n , ........................... (3) 

and 
3n+ 1 12 

--~-;-r 

4n (150 kcp) 
. . ............... (4) 

The power-law constant n varies somewhat as a 
function of shear rate, but a constant average value is 
used for the estimation of shear rate. Porosity cp of 
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the porous medium also is assumed to be a constant 
in the calculation of shear rate. 

Experiments 
The properties of the three surfactant solutions used 
in this study are shown in Table 1. The preparation 
procedure, chemical constitution, and physical 
characterization of these solutions are described in 
Appendix A. On the basis of the properties 
evaluated, Solutions I and III are water- and oil
external microemulsions, respectively, both 
exhibiting Newtonian behavior. They do not contain 
nonspherical structures, or if there are any such 
structures, they at least do not influence any of the 
properties measured. On the other hand, Solution II 
has water as the continuous phase and it contains 
nonspherical structures. Solution II is non
Newtonian at low shear rates and nearly Newtonian 
at high shear rates. Viscosity, birefringence, and 
specific resistivity measurements show that an in
crease in temperature causes a structural change in 
Solution II from ordered nonspherical structures to 
spherical microemulsions. Similar temperature
dependent structural changes have been reported in 
literature for some ionic and nonionic surfactant 
solutions. 8-10 

Preparation of the porous medium and charac
terization of its wettability are described in Appendix 
B. The three wettability tests adopted in this work 
show mutually consistent results. Also, they confirm 
the effectiveness' of the wettability modification 
procedure based on silicone treatment (applied in this 
study). 

The porous media viscometer and operational 
procedure have been described before ll ,12 and are 
summarized in Appendix C. Typically, the porous 
medium is loaded with the calibration solution under 
vacuum. Then the porous media viscometer unit is 
suspendeq. in a constant-temperature bath (at 25 :± 
0.05 D C). The initial permeability of the porous 
medium is determined by using the calibration
solution flow data. Next, the surfactant solution is 
introduced into this porous medium for determining 
its flow behavior. Finally, the calibration solution 
again is used in the same porous medium to obtain its 
final permeability. The flow rate data are 
reproducible within :± 3%. An illustrative ex
perimental sequence for surfactant Solution III and 
n-heptane is shown in Fig. 1. As these results in
dicate, the flow rate during initial n-heptane flow 
does not change with continuous injection of about 
450 PV of n-heptane. In the second step, surfactant 
Solution III is introduced into the porous media 
viscometer and several flow rate measurements are • 
made at the fixed liquid head of 120 cm. After nearly 
300 PV of Solution III, n-heptane again is introduced 
to obtain the final permeability of the porous 
medium. A substantial difference between the flow 
rates of the initiai and final n-heptane can be seen. In 
this particular sandstone, a 35% permeability. 
reduction due to surfactant flow is found. As these 
illustrative data indicate, the results presented in this 
paper generally correspond to steady-state values for 
the permeability of the porous medium. Note that the 
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TABLE 1 - PROPERTIES OF SURFACTANT SOLUTIONS 
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Composition, wt% 
Sulfonate + alcohol 

(4.27/1) 9 
Oil 5 
1-wt% brine 86 

Alcohol n-butanol 

Birefringence no 

Specific resistivity 
at 25&C and 48 
1,000 Hz, M-cm 

Description of Dark, bright color, 
solution translucent, and 

optically clear. 
No changes upon 
shaking. 

o£. 38 eM On-HEPTANE 

00 0 000 l!. SURFACTANT SOLUTION 11 I 
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Fig. 1 - A typical experimental result involving the flow of 
surfactant Solution III and n-heptane in untreated 
Bradford sandstone. 

large number of pore volumes of flow used in the 
porous media experiments simulates conditions 
experienced in the injection well. 

Results and Discussion 
Flow Data for Surfactant Solutions in Porous Media 
Experimental results for the flow of Solutions I, III, 
and II in sandstones of various permeabilities are 
presented in Figs. 2 and 3. In these figures, effective 
viscosities of surfactant solutions are plotted against 
linear velocities. Effective viscosities are calculated 
from Darcy's law using the Q vs. !:J.p data and initial 
permeabilities k i . The flow data have been collected 
over a wide range of velocities (0.2 to 800 ft/D) and 
sandstone permeabilities (3.7 to 2,317 md). 

Fig. 2 shows that the effective viscosities of both 
Solutions I and III are essentially independent of 
linear velocity. In contrast, the effective viscosity of 
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Fig. 2 - Flow data for surfactant Solutions I and III in 
sandstones. 

Solution II depends on linear velocity (Fig. 3). 
Further, the effective viscosity, at a given linear 
velocity for the non-Newtonian surfactant Solution 
II, depends on sandstone permeability. This 
dependence is due to the non-Newtonian behavior of 
Solution II. At a fixed linear velocity, the shear rate 
is higher in a low-permeability porous medium than 
in the high-permeability one. Since Solution II is a 
shear-thinning fluid, higher effective viscosities in 
high-permeability porous media and lower effective 
viscosities in low-permeability porous media are 
observed. 

Rheological Behavior of Surfactant 
Solutions in Porous Media 
Fig. 4 shows the effective viscosities based on initial 
permeabilities (in Millipore filter papers and sand
stone porous media) as well as the bulk viscosities 
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Fig. 3 - Flow data for surfactant Solution II in sandstones. 
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Fig. 4 - Rheological data for surfactant Solution I in 
porous media (based on initial permeabilities). 
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Fig. 5 - Rheological data for surfactant Solution III in 
porous media (based on initial permeabilities). 
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Fig. 6 - Rheological data for surfactant Solution II in 
Millipore filters (based on initial permeabilities). 
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Fig. 7 - Rheological data for surfactant Solution II in 
sandstones (based on initial permeabilities). 

(obtained from conventional rheometers) for 
Solution I as a function of shear rate. For a given 
shear rate, the viscosity decreases in this order: filter
paper porous media, sandstone porous media, and 
bulk viscosity. The effective viscosity is almost in
dependent of the shear rate. The rheological behavior 
of the oil-external Solution III (Fig. 5) is similar to 
that of Solution I. Effective viscosity is practically 
independent of shear rate. For both Solutions I and 
III, the differences between effective and bulk 
viscosities are rather small, about 10 to 15070 of bulk 
viscosity. But effective viscosities are systematically 
larger than bulk viscosities since the difference be
tween them exceeds the error range of ± 3070 in 
efflux time measurements. 

In Figs. 6 and 7, the rheological data for non
Newtonian Solution II are plotted for Millipore filter 
papers and sandstone porous media, respectively. 
The power-law constant of 0.83 is estimated from 
bulk rheology data. This constant, in conjunction 
with the capillary model, is used to estimate shear 
rates in porous media. Fig. 6 shows that effective 
viscosity varies slightly with the pore size of the filter 
paper at constant shear rate. The difference between 
effective and bulk viscosities is quite substantial and 
is at least 20% of bulk viscosity at the highest shear 
rate. The difference is greater than 20% at lower 
shear rates. 

The shear-thinning characteristic of Solution II in 
sandstone porous media is also evident from data 
presented in Fig. 7. Viscosity increases rapidly as 
shear rate decreases below 10 seconds 1. At higher 
shear rates, effective viscosity reaches an almost 
constant value. This type of behavior has been 
observed by others5 during the flow of surfactant 
solutions in sandpack porous media. It is believed 
that as shear rate decreases, the large lamellar 
structures in Solution II cause viscosity to increase. If 
the shear rate is sufficiently high, these lamellar 
structures can be broken down to smaller spherical or 
lamellar structures. Consequently, the shear-thinning 
behavior of the solution diminishes. Results of a 
recent study 13 show the effects of such structural 
changes on the flow of surfactant solution in Berea 
sandstones. Puig et af. 13 showed that pressure 
buildup can be reduced by sonicating a surfactant 
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solution to convert liquid crystallites to vesicles. This 
pressure buildup can be interpreted as the viscosity 
increase under constant pressure drop. 

As shear rate decreases, viscosity increases faster in 
porous media than in conventional viscometers (Fig. 
7). A similar observation has been reported by 
Gogarty,4 who also attributes this differing behavior 
between porous media and viscometer data to the 
gelled character of the fluid used. 

Figs. 4 through 7 demonstrate that regardless,of 
surfactant solution used, effective viscosity in porous 
media is larger than bulk viscosity measured by 
conventional viscometers. Effective viscosity is 10 to 
15010 larger than bulk viscosity for Solutions I and 
III. For Solution II containing lamellar structures, 
effective viscosity is at least 20% larger than bulk 
viscosity at the highest shear rate, and the difference 
between them increases at lower shear rates. These 
higher effective viscosities can be caused by (1) 
reduction in permeability of porous media during 
surfactant flow compared with initial permeability, 
(2) the influence of the proximity of the solid surface 
on the characteristics of surfactant solutions in 
porous media, and (3) a combination of these two 
factors. By using final permeabilities rather than 
initial permeabilities for estimation of effective 
viscosity, the effect of permeability changes in 
porous media can be eliminated provided that the 
final permeability is the same as the permeability 
during surfactant flow. 

Figs. 8 through 10 present rheological data based 
on final permeabilities. Fig. 8 shows that when final 
permeabilities are used, effective and bulk viscosities 
for Solution I become almost identical. Similarly, 
data for Solution III in Fig. 10 also show that both 
viscosities almost coincide. Therefore, for Solutions I 
and III, effective permeability during surfactant 
solution flow is identical to final permeability during 
flow of postcalibration solution. In contrast, for 
Solution II, effective viscosities based on final 
permeabilities (Fig. 9) are still higher than bulk 
viscosity. The difference between effective and bulk 
viscosities decreases as shear rate increases. The 
viscosity differences can be attributed to different 
sources: 

1. Solution II may experience a lower shearing 
action in porous media, and the shear rate estimated 
by the capillary model may be larger than the actual 
shear rate. For this explanation to be valid, shear 
rates estimated in porous media must be 5 to 20 times 
lower than what the capillary model predicts .• 
However, this is too large a factor to be caused by 
inadequacies of the capillary model. 

2. The smaller flow paths in porous media are 
inaccessible to the lamellar structures in Solution II. 
This implies that effective permeability during 
surfactant solution flow is lower than final per
meability during flow of postcalibration solution. As 
a result, higher effective viscosities are estimated 
even when final permeabilities are used. 

3. The third explanation for higher effective 
viscosities assumes the existence of an adsorbed 
surfactant layer whose thickness during surfactant 
flow is different from that during postbrine flow. 
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Fig. 9 - Rheological data for surfactant Solution II in 
sandstones (based on final permeabilities). 
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Fig. 11 - Residual permeability reduction for surfactant 
Solutions I, II, and III in sandstones. 

This is because, after saturation of the porous media, 
the concentration of surfactant molecules remains 
unaltered during subsequent surfactant flow. No 
changes occur until the post brine solution starts to 
flow. During postbrine flow, changes in con
centrations of sulfonates and other components 
occur that may lead to structural changes in the 
adsorbed surfactant layer. As a result, the effective 
thickness of the retained surfactant layer in the 
porous media may change. The structural changes 
that may occur during post brine flow have been 
examined by diluting Solution II with 1 wtOJo NaCI 
solution. The diluted solutions retain their 
birefringence up to a 12: 1 brine/Solution II ratio. 
The birefringence of the solution becomes less visible 
as the brine/Solution II ratio is increased, thus in
dicating that the size of the lamellar structures in 
Solution II decreases upon dilution. A similar 
process may occur in the adsorbed layer during flow 
of brine in porous media. Consequently, the final 
permeability obtained with brine will be higher than 
the permeability during flow of Solution II. 
Therefore, higher effective viscosities are estimated 
even when these final brine permeabilities are used. 

Yet other explanations, such as induction of slight 
clay damage, could be considered to account for 
higher effective viscosity, especially in unfired 
porous media. 

Residual Permeability Reduction 
Fig. 11 presents data on the percent reduction in 
initial permeability when surfactant Solutions I, II, 
and III flow through untreated, fired, and oil-wet 
treated porous media. RPR's of 2 to 51 % are ob
served. The data show that RPR increases with 
decreasing initial permeability of the porous media. 
This increase is significant, especially in the range of 
low initial permeability. RPR is found to be relatively 
unaffected by the type of surfactant solution. 
However, it depends on the surface characteristics of 
the porous media and decreases in this order: un
treated ~ fired > oil-wet treated. The estimated 
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residual permeability reduction values from 
Gogarty's study4 are slightly higher than ours. 
Gogarty investigated the flow of non-Newtonian oil
external microemulsion through Berea cores, heat
treated at 850°F for 3 hours. Initial permeabilities of 
cores used varied from 77.4 to 480 md, and initial 
permeabilities were reduced by 10 to 16070. These 
values are closer to our results for untreated porous 
media. This may be because the firing process at 
850°F for 3 hours is not sufficient to achieve a 
change in the surface characteristics of porous 
media. The explanation given here is supported by 
the findings of Sydansk 14 that Berea sandstones need 
to be fired at 1000°C to stabilize their clays almost 
completely. High RPR values (greater than 50%) 
have been reported after flow of polymer solutions in 
porous media. 15 In that study, a trend similar to that 
in this study has been found - i.e., permeability 
reduction increases with decreasing initial per
meability. 

The presence of clay in sandstones long has been 
considered the major factor affecting the per
meability of sandstones in the absence of any 
mechanical damage to the porous media. Therefore, 
clay sensitivity has been the subject of numerous 
studies. 16-20 Even though some of the porous media 
used in this study contain clay minerals such as 
montmorillonite, chlorite, kaolinite, and illite, the 
permeabilities of porous media (including untreated 
sandstones) do not change drastically with con
tinuous flow of the initial brine solution. The reason 
is that the cores initially are saturated with 1 wt% 
NaCI solution. This injected brine becomes the native 
fluid of sandstones. Since the salinity remains 
constant during flow of brine, the dispersion of the 
clay particles and subsequent permeability reduction 
are prevented. 

The irreversible permeability modification of 
porous media can be caused by surfactant retention 
as monomers and/or aggregates through adsorption, 
precipitation, entrapment, or other mechanisms. It 
also has been suggested by Trushenski21 that 
microemulsion phase trapping may take place as a 
consequence of microemulsion dilution in porous 
media. Fig. 11 shows that RPR in porous media 
increases from 2 to 51 % as initial permeability 
decreases. One possible explanation is based on the 
hypothesis that adsorbed surfactant layers of similar 
thicknesses occur in low- and high-permeability 
porous media and that they are primarily responsible 
for RPR. As pore dimensions become large com
pared with adsorbed layer thickness, the influence of 
this adsorbed layer on the flow field decreases. On 
the other hand, the influence of the adsorbed layer 
on the flow of liquids becomes very significant as 
pore size becomes comparable with that of the ad
sorbed layers. To illustrate this effect, first the 
nominal pore radius is calculated on the basis of the 
capillary model using experimentally determined 
initial permeability and porosity of the porous 
medium. The adsorption of a surfactant layer of a 
given thickness decreases the pore radius by that-
value of film thickness. Knowing the final and initial 
pore radii, the ratio of final to initial permeabilities is 
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calculated since the permeabilities are proportional 
to the fourth power of pore radii as shown by a 
combination of Darcy's law and Hagen-Poiseuille 
equation for capillary flow. RPR values predicted as 
described previously assuming the existence of 
uniform films of thicknesses 600, 800, and 1,200 A 
~ are shown in Fig. 11 for the initial permeability 
range of 2 to 1,400 md. Results indicate that the 
assumption of an 800-A uniform film on the pore 
walls provides a plausible explanation for the ex
perimentally obtained permeability reductions in 
fired and oil-wet treated porous media. Further 
experiments designed to test various hypotheses 
concerning the origin of RPR are necessary, 
however, for a fuller understanding of our ex
perimental observations. 

Larger RPR values are observed when untreated 
porous media are used. For example, the RPR is 
about 10 to 15070 in untreated high-permeability 
porous media, while it is about 5% in fired and oil
wet treated (silicone-treated) porous media. The 
greater affinity of clay minerals of untreated sand
stones for organic molecules through an ion
exchange mechanism22-24 can be responsible for the 
relatively higher RPR's. 

RPR is smaller in the fired sandstone and is 
smallest in oil-wet treated porous media. Low-energy 
surface characteristics of oil-wet sandstones may be 
responsible for the lower retention of surfactant 
molecules. These results are contrary to the findings 
of Boneau and Clampitt. 25 They report that 
sulfonate adsorption in oil-wet sandstone is three to 
five times that in water-wet rock. No reason has been 
given for these results. However, a recent study26 
with disaggregated sandstones also has shown that 
adsorption of sulfonates is less in oil-wet than in 
water-wet (fired) porous media. 

The type of surfactant solutions is found not to 
influence RPR. Meyers and Salter27 also have found 
that the oil/water ratio does not influence the ad
sorption of surfactants on sandstones. 

The absence of a steady final permeability during 
flow of postcalibration solution, which is observed in 
a few cases, can be caused by two factors, alone or in 
combination. The first is the removal of the organic 
materials that protect the clay during flow of 
calibration solution. Since the clay minerals no 
longer are protected, they may expand or defloc
cui ate and cause plugging of the core. This usually 
takes place in untreated porous media. The second 
factor is phase trapping. For example, during the 
displacement of microemulsions by brine of the same 
salinity as the slug, phase trapping may occur. 
Consequently, the effective pore aperture available 
for postbrine flow is smaller. This second factor can 
be significant in oil-wet and untreated porous media 
since the oil phase preferentially will stay in the oil
wet capillaries. 

Conclusions 
The Penn State porous media viscometer has been 
used for studying the flow characteristics of sur
factant solutions in porous media. This porous media 
viscometer, in addition to being inexpensive, requires 
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short test time and small sample sizes. The range of 
parameters investigated using this viscometer include 
(1) permeabilities from 3.7 to 2,800 md, (2) shear 
rates of 0.2 to 1,200 seconds 1, and (3) linear 
velocities from 0.2 to 1,000 ft/D. 

Higher effective viscosities compared with bulk 
viscosities are observed during flow of surfactant 
solutions through porous media. The differences be
tween bulk and effective viscosities of Newtonian 
Solutions I and III are eliminated when effective 
viscosities are estimated on the basis of final per
meabilities of porous media to calibration solutions. 
However, in the case of non-Newtonian Solution II 
with lamellar structures, the effective viscosity based 
on final permeability is higher than the bulk viscosity 
of the solution. This implies a difference between the 
effective permeability during flow of the surfactant 
solution and the final permeability. 

The flow of surfactant solutions causes a per
manent decrease in the permeability of porous 
media. Original permeability is not restored even by 
thorough flushing of porous media with surfactant
free solvent. RPR's of 2 to 51 % are observed. RPR 
increases with decreasing initial permeability. RPR is 
relatively insensitive to the type of surfactant 
solution. However, it depends on' the surface 
characteristics of porous media and decreases in this 
order: untreated :Ii> fired water-wet > oil-wet 
treated. 

Nomenclature 
A = area of porous media, cm 2 

k = permeability to Newtonian fluids, md 
ke = effective permeability during surfactant 

flow, md 
k f = final permeability to calibration solution, 

md 
k i initial permeability to calibration solution, 

md 
L = thickness of porous media, cm 
m = flow consistency index in power-law 

model, dyne-sn + 1/cm2 (N·sn+l/m2) 

n = flow behavior index in power-law model, 
dimensionless 

ilp = pressure drop, dyne/cm2 (Pa) 
Q volumetric flow rate, cm3/s 

Vo = superficial velocity in porous media, cm/s 
l' = average shear rate in porous media, 

seconds -1 

JJ- = viscosity of Newtonian fluid, cp (mPa· s) 
¢ = porosity, dimensionless 

Acknowledgment 
We express our appreciation to the U.S. DOE 
Bartlesville Energy Research Center for supporting 
this work. 

References 
1. Gogarty. W.B.: "Status of Surfactant or Micellar Methods," 

J. Pet. Tech. (Jan. 1976) 93-102. 
2. Gogarty, W.B.: "Micellar/Polymer Flooding An Over-

view," J. Pet. Tech. (Aug. 1978) 1089-1101. 

715 



3. Improved Oil Recovery by Surfactant and Polymer Flooding, 
D.O. Shah and R.S. Schechter (eds.) Academic Press Inc., 
New York City (1977). 

4. Gogarty, W.B.: "Rheological Properties of Pseudoplastic 
Fluids in Porous Media," Soc. Pet. Eng. J. (June 1967) 149-
160; Trans., AIME, 240. 

5. "Flow Through Porous Media Studies," semiannual report, 
U. of Florida, Gainesville (June 1978) B-69. 

6. Dreher, K.D., Gogarty, W.B., and Sydansk, R.D.: 
"Rheological Properties of Fluids Composed of an 
Alkylbenzene Sulfonate, Decane, Cyclohexanol, and Water," 
J. Colloid and Interface Sci. (1976) 57, No.2, 379-387. 

7. Christopher, R.H. and Middleman, S.: "Power-Law Flow 
Through a Packed Tube," Ind. Eng. Chem. Fundamentals, 
(1965) 4, 422-426. 

8. Shah, D.O., Bansal, V.K., Chan, K.S., and Hsieh, W.C.: 
"The Structure, Formation, and Phase-Inversion of 
Microemulsions," Improved Oil Recovery by Surfactant and 
Polymer Flooding, D.O. Shah and R.S. Schechter (eds.), 
Academic Press Inc., New York City (1977) 293-337. 

9. Harusawa, F., Nakamura, S., and Nitsui, T.: "Phase 
Equilibria in the Water-Dodecane-Pentaoxyethylene-dodecyl
ether System," Colloid and Polymer Sci. (1974) 252, 613-619. 

10. Sherman, P. and Parkinson, C.: "Mechanism of Temperature 
Induced Phase Inversion in O/W Emulsions Stabilized by 
O/W and W/O Emulsifier Blends," Prog. in Colloid and 
Polymer Sci. (1978) 63, 10-14. 

11. Kalpakci, B.: "Flow Properties of Surfactant Solutions in 
Porous Media and Polymer-Surfactant Interactions in 
Enhanced Oil Recovery," PhD thesis, Pennsylvania State U., 
University Park (1981). 

12. Duda, J.L., Klaus, E.E., and Fan, S.K.: "Influence of 
Polymer-Molecule/Wali Interactions on Mobility Control," 
Soc. Pet. Eng. J. (Oct. 1981) 613-622. 

13. Puig, J.E., Franses, E.!., Talmon, Y., Davis, H.T., Miller, W. 
G., and Scriven, L.E.: "Vesicular Dispersion Delivery Systems 
and Surfactant Water Flooding, " paper SPE 9349 presented at 
the SPE 55th Annual Technical Conference and Exhibition, 
Dallas, Sept. 21-24, 1980. 

14. Sydansk, R.D.: "Discussion of the Effect of Temperature and 
Confining Pressure on Single-Phase Flow in Consolidated 
Rocks," J. Pet. Tech. (Aug. 1980) 1329-1330. 

15. Gogarty, W.B.: "Mobility Control With Polymer Solutions," 
Soc. Pet. Eng. J. (June 1967) 161-173; Trans., AIME, 240. 

16. Peters, F.W. and Stout, C.M.: "Clay Stabilization During 
Fracturing Treatments With Hydrolyzable Zirconium Salts," 
J. Pet. Tech. (Feb. 1977) 187-194; Trans., AIME, 263. 

17. Mungan, N.: "Permeability Reduction Through Changes in 
pH and Salinity," J. Pet. Tech. (Dec. 1965) 1449-1453; Trans., 
AIME,234. 

18. Hewitt, C.H.: "Analytical Techniques for Recognizing Water 
Sensitive Reservoir Rocks," J. Pet. Tech. (Aug. 1963) 813-
818. 

19. Moore, J.W.: "An Analysis of Clay Mineralogy Problems in 
Oil Recovery," Pet. Eng. (Feb. 1960) B-40, B-78. 

20. Bernard, G.G. and Halbrook, O.C.: "The Effect of Some 
Chemical' Agents on the Permeability of Cores Containing 
Clays," Prod. Monthly (March 1960) 18-21. 

21. Trushenski, S.P.: "Micellar Flooding: Sulfonate-Polymer 
Interaction," Improved Oil Recovery by Surfactant and 
Polymer Flooding, D.O. Shah and R.S. Schechter (eds.), 
Academic Press Inc., New York City (1977) 555-577. 

22. Hall, B.E.: "A New Technique for Generating In-Situ 
Hydrofluoric Acid for Deep Clay Damage Removal," J. Pet. 
Tech. (Sept. 1978) 1220-1224. 

23. Hower, W.F.: "Adsorption of Surfactants on Mont
morillonite," Clay and Clay Minerals (1970) 18, 97-105. 

24. Somasundaran, P. and Hanna, H.S.: "Adsorption of 
Suifonates on Reservoir Rocks," Soc. Pet. Eng. J. (Aug. 1979) 
221-232; Trans., AIME, 267. 

25. Boneau, D.F. and Clampitt, R.L.: "A Surfactant System for 
the Oil-Wet Sandstone of the North Burbank Unit," J. Pet. 
Tech. (May 1977) 501-506. 

26. Zapach, E.: "Adsorption of Surfactants on Sandstones," 
undergraduate research project report, Dept. of Chemical 
Engineering, Pennsylvania State U., University Park (1980). 

27. Meyers, K.O. and Salter, J.S.: "The Effect ofOil/Brine Ratio 

716 

on Surfactant Adsorption From Microemulsions," Soc. Pet. 
Eng. J. (Aug. 1981) 500-512. 

28. Owens, W.W. and Archer, D.L.: "The Effect of Rock 
WettabiIity on Oil-Water Relative Permeability Relation
ships," J. Pet. Tech. (July 1971) 873-878; Trans., AIME, 251. 

29. Denekas, M.O., Mattax, C.C., and Davis, G.T.: "Effects of 
Crude Oil Components on Rock Wettability," Trans., AI ME 
(1959) 216, 330-333. 

30. McGhee, J.W., Crocker, M.E., and Donaldson, E.C.: 
"Relative Wetting Properties of Crude Oils in Berea Sand
stone," Report BETC/RI-78/9, U.S. DOE Technical In
formation Center, Bartlesville, OK (Jan. 1979). 

31. Treiber, L.E., Archer, D.L., and Owens, W.W.: "A 
Laboratory Evaluation of the Wettability of Fifty Oil
Producing Reservoirs," Soc. Pet. Eng. J. (Dec. 1972) 531-540; 
Trans., AIME, 253. 

APPENDIX A 

Preparation and Characterization 
of Surfactant Solutions 
The surfactant solutions were pre~ared by the 
following procedure. Witco TRS-IOB M surfactant 
is warmed up to 150°F in hot water while keeping the 
container closed. The required amount of well-mixed 
surfactant is put into a large bottle. Then, the 
required amounts of alcohol(s), sodium chloride, 
water, and oil are mixed well by a magnetic stirrer. 
The solution is allowed to reach equilibrium for a few 
days. Then, the solution is prefiltered through a 0.1-
micron prefilter under 30 to 50 psi a to clean the 
solution from solid substances larger than 0.1 micron 
in diameter. A high-speed centrifuge is used to 
centrifuge the pre filtered solution to ensure stability 
of the system. After the pre filtered samples are 
collected, miscibility, specific resistivity, density, 
bulk rheology, specific resistivity vs. temperature, 
and viscosity vs. temperature relationships, and 
birefringence of the solutions are determined to 
identify the structure of the microemulsions. 

Initially, all solutions contain 9 wtOJo of surfactant 
plus alcohol. n-butanol, isoamyl alcohol, and the n
butanol/isoamyl alcohol mixture are used in 
Solutions I, II, and III, respectively. Solutions I and 
II contain 5 wtOJo Kensol-53 [a narrow-boiling (600 to 
646°F) gas oil supplied by Witco Chemical Corp.] 
and 86 wtOJo of l-wtOJo NaC! solution. On the other 
hand, Solution III has 84 wtOJo Kensol-53 plus n
heptane (3:1 ratio), and 7 wtOJo of l-wtOJo NaC!. The 
Kensol-53/n-heptane mixture is used in Solution III 
to obtain a low bulk viscosity that is comparable with 
the bulk viscosities of Solutions I and II. Upon aging, 
two layers formed in Solution I and the bottom layer 
(less than 10070 of the total solution) has been 
discarded. The final sulfonate content in Solution I is 
found to be approximately 5070. 

Solutions I and II are miscible with water, and they 
have relatively low specific resistivities: 48 and 110 0-
cm (at 25°C and 1,000 Hz), respectively. On the 
other hand, Solution III is miscible with the oU and it 
has a specific resistivity value higher than 106 O-cm. 
Solutions I and III do not show any birefringence, 
but Solution II is birefringent. The bulk viscosities of 
these solutions over a shear-rate range of 0.15 to 
1,000 seconds - 1 have been determined with a low
shear capillary viscometer, a Cannon-Fenske ™ 
viscometer, and a rotational viscometer. Fig. 12 
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shows that Solutions I and III are essentially 
Newtonian fluids over the range of shear rates in
vestigated. However, Solution II is nearly a 
Newtonian fluid at high shear rates but exhibits 
shear-thinning phenomena at low shear rates (Fig. 
13). 

The viscosityltempe'rature and specific
resistivity/temperature relationships also were In

vestigated. For the viscosity measurements at dif
ferent temperatures, the same Cannon-Fenske 
viscometer is used. Even though shear rate is not held 
constant (varies between 150 and 290 seconds 1 for 
the range of viscosity values), the qualitative 
behavior remains unaltered under constant shear, 
and Information on structural changes in the 
solutions can be obtained. The data in Fig. 14 show 
that, in Solution I, structural changes do not take 
place upon temperature increase. The specific 
resistivity vs. temperature for Solution I is similar to 
that of the l-wtOJo NaCl solution. The viscosity of 
Solution I decreases with increasing temperature. It 
does not show any birefringence. On the other hand, 
the viscosity of Solution II first decreases with 
temperature increase and then increases up to a 
maximum viscosity value at 37.5°C; beyond this 
maximum, viscosity decreases very rapidly with 
temperature increase. Solution II is birefringent 
below 40°C, and it does not show any birefringence 
beyond this temperature. The specific resistivity 
curve of Solution II has a break point near the 
temperature that corresponds to the maximum 
viscosity value. Below 35°C, specific resistivity data 
scatter more, indicating continuous structural 
changes, but above that temperature the specific 
resistivity continuously decreases (in a regular 
manner), indicating similar structure microemulsion 
formation. 

APPENDIXB 
Porous Media Preparation 
and Characterization 
Prepar.ation 
Large Berea and Bradford sandstones are drilled to 
obtain cylindrical disks. These disks are sliced with a 
bench model cutter for obtaining sandstone chips 0.4 
to 1.0 cm in length. For accuracy and convenience, 
thin chips from low-permeability sandstones and 
thick chips from high-permeability sandstones are 
cut. If firing is required for stable28 and/or com
pletely water-wet surfaces,29 usually a temperature 
of 800°C (or higher) and a 24-hour firing time is 
used. Oil-wet Bradford sandstones are used after 
flushing with a large volume of naphtha and drying 
in an oven. Berea sandstones are modified to be oil 
wet with a procedure given by Boneau and Clam
pitt. 25 First, the small Bradford cores are fired at 
800 D C or higher temperatures for at least 24 hours. 
Then the cores are saturated and flushed over a 
period of 3 to 4 days with 4% General Electric Co. 
SF 99 (silicone fluid) in toluene. Then the solvent is 
removed from the porous media by vacuum 
evaporation. Finally, the silicone-fluid-saturated 
sandstone is kept in an oven at 400 D F for 24 hours to 
stabilize the silicone coating. 
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Fig. 15 - Liquid/air interface velocity in powder-filled glass 
capillary. 

Wettability Tests 
Three wettability tests are employed the contact 
angle method, determination of velocity of the 
liquid/air interface in a powder-filled glass capillary, 
and the rate of liquid imbibed by porous media. 
These are the most suitable ones (for the present 
porous media samples) among the several wettability 
tests usually employed. 30 

For the first method, the pictures of water drops 
on porous media are taken at room temperature. 
Several samples of the same porous media are used, 
and the following average contact-angle values are 
measured for the corresponding porous media: 90° 
and 75° for the untreated and acetone-washed 
Bradford sandstones, respectively, and 1200 for the 
oil-wet (silicone-treated) Berea sandstones. Ac
cording to the wettability criteria set by Treiber et 
al.,31 the Bradford sandstones show intermediate 
wettability (between 75° and 105°), while silkone
treated ones are preferentially oil wet. 

In the second wettability test, the velocity of the 
liquid/ air interface in small glass tubings filled with 
fired Bradford, untreated Berea and Bradford, and 
silicone-treated sandstone powders (100-200 mesh 
size) is measured. The distances traveled by the 
distilled water/air and oil/air interfaces are plotted 
against the time elapsed (Fig. 15). From the data in 
Fig. 15, one can see that at the 50-second elapsed 
time, the water/air interface traveled 4 cm in the 
glass tube filled with fired Bradford sandstone 
particles, 0.5 cm in the tube of untreated Berea, and 
0.2 cm in the untreated Bradford tube. On the other 
hand, water does not penetrate in the glass tube 
containing oil-wet (silicone-treated) sandstone 
particles. Even under a lO-cm liquid head, no 

718 

TABLE 2 - RATE OF LIQUID IMBIBED BY POROUS 
MEDIA (g/s) 

With Water With 011 
-~-~~--~ ~-"----.-~ 

Porous Medium Oil Wei Water Wet Oil Wet Water Wet 
~~ ~~~.--

Untreated Bradford 
(k=22md) 6.5xl0- 6 2.7x 10-' 

Berea (k = I 00 md) 1.7x 10-' 1.0x 10- 3 I.OxI0- 3 6.7xI0~' 

Treated Bradford 
(k= 150 to 160 md) 4.7x 10" 4.9x 10- 3 1.0x 10- 3 7.5 X 10,-' 

penetration in this oil-wet column is observed. The 
velocity of the oil/air interface is slightly faster in the 
oil-wet column. The radius of the glass tubings, the 
sizes of the sandstone particles, the surface tension, 
and the viscosity values are the same for all the ex
periments conducted. Therefore, the velocity of the 
liquid/air interface in the glass tubing can provide 
information about the wettability of sand particles. 

The third wettability test conducted also is based 
on the tendency of a sandstone to intake a liquid. In 
these experiments, a porous medium is placed on a 
balance. When a drop of white oil or water is put on 
the porous medium, a timer is started. The weight of 
the liquid drop and the time passed for the drop 
imbibition by the porous medium are recorded. 
These experiments are repeated with oil and water for 
oil- and water-wet porous media. Experimental data 
on the rates of a white oil and water imbibed 
(measured in grams per second) by several sandstones 
are shown in Table 2. In these experiments, the 
porous media used have the same permeabilities and 
porosities but different wettability characteristics. 
This approach eliminates permeability and porosity 
effects on the rate of liquid imbibition. From the 
data in Table 2, one can see that water disappears 
about 10,000 times slower in the silicone-treated 
porous media than in the water-wet ones. The rate of 
water imbibition in the silicone-treated porous media 
is the smallest. Thus, it indicates that through 
silicone treatment, oil-wet porous media can be 
prepared. The difference in the rates of the oil im
bibed by the oil- and water-wet porous media is not 
as well pronounced as with water use. The reason is 
that, in the experiments with the oil, liquid displaces 
air in the porous media, and the wettability 
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characteristics of air and the oil are somewhat similar 
in comparison with water. One more observation in 
Table 2 is that the rate of liquid imbibed varies with 
the permeability of the porous media, as expected. 

The results from these three wettability tests in
dicate consistent trends for the wettability charac
teristics of the porous media used. These results also 
confirm that the wettability alteration procedure 
applied in this study based on silicone treatment has 
been successful. 

APPENDIXC 

Description of Porous Media Viscometer 
The porous media viscometer shown in Fig. 16 
consists of a reservoir, a porous media holder, a 
capillary, and an efflux bulb unit. The reservoir is a 
glass cylinder with its lower end connected to the 
porous media holder with stainless steel fittings. A 
short plastic tube connected to the upper end of this 
reservoir provides necessary flexibility for extending 
the liquid head by the addition of another reservoir. 
This latter arrangement is used for measurements in 
low-permeability sandstones or at high shear rates. 
Two different porous media holders are used. The 
porous media holder for the filter papers is a 2.5-cm
diameter Millipore filter holder. The porous media 
holder for the sandstones is made of stainless steel 
and has an inside diameter of 3.8 cm. The sandstone 
(2.5 cm in diameter and less than 1 cm thick) is 
mounted in the holder with epoxy. The sandstone 

• ® 
core holder IS kept between two Teflon gaskets to 
ensure a tight seal (Fig. 17). The flow from the 
reservoir through the porous medium is connected to 
the efflux bulb unit through the stainless steel 
capillary. The efflux bulb unit consists of two sec
tions: efflux bulbs and efflux tube. The efflux bulb 
section has three efflux bulbs to provide efflux times 
within a reasonable range for precision and con
venience. The graduated efflux tube is a buret, and it 
is used for very low shear rates or for very low
permeability porous media. 

To achieve complete saturation of the porous 
medium, it first is evacuated by applying vacuum. 
Then the porous medium is backloaded with the 
calibration solution. After the flow of 300 to 400 PV 
of the calibration solution, the reservoir and efflux 
bulb units are connected to the porous media holder 
without introducing any air bubble into the system. 
The entire viscometer unit is suspended in a constant 
temperature bath kept at 25 ± 0.05 0 C. When 
thermal equilibrium is achieved, a set of flow rate vs. 
pressure drop data is obtained with the calibration 
solution. This is done by allowing the liquid from the 
reservoir to flow through the porous medium and the 
connecting capillary to the efflux bulb. The flow rate 
is determined from the time required for the fluid to 
fill an efflux bulb of known volume (efflux time). 
The pressure drop is estimated from measurements 
with a cathetometer (least count of 10 -4 cm) of the 
liquid levels at the entrance and exit of the efflux 
bulb and in the reservoir. By proper choice of 
reservoir dimensions and efflux bulb dimensions, an 
essentially constant pressure drop can be maintained 
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for each experiment. The efflux time usually is kept 
above 200 seconds for measuring accuracy and 
convenience. Experiments with the calibration 
solution are continued until the initial permeability 
reaches a constant value, within ± 1070 for at least 
three consecutive determinations. This criterion for 
steady state is applied to all flow measurements. 

After initial permeability is determined, the 
surfactant solution is introduced. Again, the flow 
rate vs. pressure drop data are collected for various 
shear-rate conditions. On the completion of the 
experiments with the surfactant solution, the residual 
surfactant solution in the reservoir and the efflux 
bulb sides is removed. The calibration solution is 
introduced slowly in such a way as to rinse the 
reservoir walls. After removing this portion of the 
calibration solution, the reservoir is filled with the 
original calibration solution. Again, flow rate vs. 
pressure drop data are taken, from which the final 
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permeability of the porous medium is determined. 
With this porous media viscometer, once steady flow 
conditions are achieved, the efflux time 
measurements are reproducible within ± 3%. 

SI Metric Conversion Factors 
cp x 1.0* E+OO = mPa·s 
OF CF-32)/1.8 °C 
ft x 3.048* E-Ol m 

micron x 1.0* E + 00 /-tm 
mL x 1.0* E+OO em3 

psia x 6.894757 E + 00 kPa 

*Conversion factor is exact. 
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