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Abstract−Water channeling due to reservoir heterogeneity is an important factor that could decrease the displace-
ment efficiency of a water flooding process. In this study, the ability of polyacrylamide/ chromium acetate system on
altering water path in heterogeneous layered media was investigated using glass bead micromodels. After the relevant
parameters were optimized, a series of water and gel injection experiments were conducted in glass bead micromodel.
The experimental results show that sweep efficiency is basically controlled by gel strength. The gel strength has a minor
impact on the oil recovery from the higher permeable zone, whereas the oil recovery from the lower permeable zone is
a strong function of gel strength. Gels with F and G strength codes were observed to divert the water path mostly into
low permeable layers. Whereas, gels with B strength code or weaker would alter the water path within the higher per-
meable layers.
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INTRODUCTION

In the first stage of hydrocarbon recovery, hydrocarbon is pro-
duced as a result of reservoir natural energy. The natural energy of
reservoirs usually recovers about 20% of hydrocarbon in place [1];
to produce the remaining and unrecovered oil, secondary recov-
ery methods are applied. In the second stage of recovery, a fluid
such as water or gas is injected into the reservoir to maintain the
pressure. When the injected fluid is produced in considerable
amounts from the production wells, the oil production will no
longer be economical. Water flooding is the most widely used tech-
nique, which is applied in the second stage of oil production. The
oil recovery of this process strongly depends on water sweep effi-
ciency. Sweep efficiency is a measure of the effectiveness of oil dis-
placement process that is determined based on the volume of the
reservoir contacted by the injected fluid. Reservoir heterogeneity
and high water mobility are known as two key parameters, which
could decrease the displacement efficiency during water flooding
process. During water flooding of heterogeneous and layered res-
ervoirs, water breakthrough from high permeable layers occurs and
low permeable zones are bypassed by the displacing fluid; conse-
quently, significant amount of oil remains in the formation. This
phenomenon is known as water channeling. If the swept high per-
meable zone is sealed, the injected fluid could shift to the previ-
ously bypassed low permeable zone. Hence the sweep efficiency
and oil recovery improves.

Among different strategies for water production control, gel
polymers are used as the most common method to overcome the
associated problems. These Gel polymers initially were utilized to
improve sweep efficiency during water flooding, and consequently
to manage water shut-off [2]. Gel polymers are composed of a mix-
ture of two components, including a water-soluble polymer and a
crosslink agent. The main role of crosslink is to connect the poly-
mer chains to generate a three-dimensional gel network. Gener-
ally, in the water shut-off process, the gelant is first injected into
the formation, and once gel has formed the production from the
well resumes [3,4]. The aim of choosing this process is placement
of a stable gel in a preferred region to decrease the flow of pro-
duced water.

Extensive studies have been conducted in water control chemi-
cals. In 1988, Zaitoun and Kohler showed that gels and polymers
could selectively reduce effective water permeability more than the
effective oil permeability [5]. This phenomenon is known as dis-
proportional permeability reduction (DPR). In 1997, Barreau et al.
performed several core-flooding experiments to investigate the
impact of adsorbed polymer layer on relative permeability and
capillary pressure in both water and oil wet cores. Their findings
showed that, after polymer adsorption, residual water saturation
increases in both cases during subsequent water flooding. Although
the residual oil saturation was reported to increase in the oil wet
core, however, it did not change the water wet one [6]. Liang and
Seright investigated the mechanisms at which gel polymers decrease
water’s relative permeability more than that of oil [7]. They exam-
ined the validity of some assumptions through experimental stud-
ies, using polyacrylamide-chromium acetate system. Some of the
proposed mechanisms are: Shrinking of gel in the presence of oil
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[8], segregated oil and water pathway [7,9,10], wall effect [11] and
the potential of gel to change the wettability of the media towards
more water-wet [6]. They showed that the mechanisms would be
different in different cases. They concluded that the multiple mech-
anisms could promote DPR; thus none of these mechanisms was
mentioned as the only cause of this phenomenon. To visually
investigate the flow behavior of water and oil in the presence of gel
polymer, Al-Sharji et al. designed different transparent porous
models [12]. Polyacrylamide-chromium acetate was utilized in
these tests and the effective permeability to water and oil was esti-
mated for different flow rates. The observations indicated that
water flows through the gel in the pores, whereas oil pushes the
gel in form of immiscible drops.

The majority of the previous works were performed in homo-
geneous systems to check the ability of different gel polymer sys-
tems in unequal permeability reduction. The effect of pertinent
parameter on gelation time and gel stability has also been widely
investigated [1,13-15]. However, the mechanisms of gel polymer
treatment in heterogeneous systems need to be further investi-
gated. Heshmati et al. experimentally investigated the polymer
flooding in a heterogeneous micromodel [16]. In this study, a series
of visualization experiments were designed on layered glass-bead
micromodels, which was treated with gel-polymers. The objective
of this study was to experimentally investigate the efficiency of
chromium acetate/polyacrylamide on water cut reduction in a het-
erogeneous porous medium. The performance of this gel polymer
on water shut-off was quantitatively and qualitatively analyzed by
investigating the displacement efficiency of water flooding before
and after the gelant injection stage. Partially hydrolyzed polyacryl-
amide (HPAM) is the most widely used water-soluble polymer,
which has been successfully employed in enhanced oil recovery
worldwide [17-20]. This paper not only gives a new understand-
ing of the performance of gel systems, but also provides deeper
knowledge on water and oil behavior in the presence of gel poly-
mer through micromodel experiments. The pore scale mechanisms
are discussed in detail as well. The results of this research can be
helpful for better performing these gels for water shut-off in vari-
ous complex reservoirs.

MATERIALS AND METHOD

1. Experimental Setup
Flooding tests were conducted using glass-bead micromodels to

investigate the fluid flow behavior in porous medium. The trans-
parent porous medium was prepared by sandwiching glass beads
between two glass plates. The monolayer packing pattern was used
to better observe the fluid flow through the models. The glass was
already etched in acid solution to make them rough [21]. The het-
erogeneous models were composed of three layers with two differ-
ent permeabilities: a high permeable layer between two low per-
meable layers. The diameter of glass beads used in the middle layer
(high permeable) and the side layers (low permeable) was 840µm
and 210µm, respectively. The allocated times for etching of each
layer in the acid solution were proportioned to glass bead size;
therefore, the depth of two sides layer was almost the same and
less than that of the middle one. The properties of the model are

shown in Table 1. Schematic view of the model is also shown in
Fig. 1. The 3-D nature of these models and their random position-
ing would resemble the real water-flooded zones in layered and
fractured formations. The distributers designed at the inlet and
outlet would allow the flow to more equally enter the model. The
distributer is designed to offer selective performance for the in-
jected fluid. For example, during the primary water flooding, the
distributer was completely filled with water, and when water reached
to the end of the four branches of the distributer, water had the
opportunity to enter each layer equally (two branches direct the
flow into the high permeable layer; the other two branches are
considered for the low permeable zone). In the models, the layers
were set parallel to represent typical sedimentary layers.

Fig. 2. Experimental setup.
(a) Syringe pump (c) Back light (e) Digital camera
(b) Differential pressure (d) Micromodel

Table 1. Properties of the micromodel used in this study
Area of low
permeable

layers (cm2)

Area of high
permeable
layer (cm2)

Porosity
(%)

Pore
volume
(cm3)

17.5 17.5 35.9 1.05

Fig. 1. Schematic of the micromodel used in this study.



3352 Z. Kargozarfard et al.

December, 2016

Fig. 2 shows the experimental setup. In this setup, a syringe
pump was used to inject fluids at constant flow rate. Digital cam-
era was used to capture images. The differential pressure was used
to monitor the pressure difference between the injected and pro-
duced phases.
2. Fluid System

Water soluble dye was used to have a color contrast between dif-
ferent phases within the model. For this purpose the volume ratio
of dye to distilled water was selected as 1 : 10. The water phase has
a density of 1.019 gr/cm3 and viscosity of 1.0135 cP, at 25 oC and
1 bar. 

A crude oil from an Iranian oil reservoir with a density of 0.854
gr/cm3 and viscosity of 6.277 cP was used as the oil phase.

Partially hydrolyzed polyacrylamide (HPAM)-chromium (iii) ace-
tate was utilized as gel polymer system in the experiments. The
molecular weight of polymer was 5000000 and the degree of hy-
drolysis was 29%. The HPAM was purchased from Shahid Tond-
goyan Petrochemical Co.
3. Experimental Procedure
3-1. Static Tests

All the tests were at ambient conditions. In the first step, a series
of bottle tests were performed to check the properties of gel poly-
mer system. A bottle test is a semiquantitative method to study
gelation kinetic consisting of gelation rate and gel strength [22,23].
In this method, which was defined by Sydansk, gel strength was
expressed as an alphabetic code of “A” through “I” [24]. Accord-
ing to this method, the gel sample in the bottle is inverted at dif-
ferent interval during development of gelation kinetic, and the
code is assigned to them based on their ability to flow under the
gravity force. Code “A” is attributed to a gel with the same viscos-
ity as the original polymer solution, whereas “I” shows a rigid gel
with no gel surface deformation by gravity [24].

For this purpose, the samples were prepared with different poly-
mer concentration at ambient condition. The weight ratio of cross-
linker to polymer concentration was selected 1 : 40 for all samples.
The viscosity of the sample was estimated to be 7,500 cP. The cor-
responding code was allocated to these samples according to the
Sydansk method (Table 2) [24].

Note that, to investigate the impact of dye added to water, two
samples for all concentrations were prepared using distilled water
and dyed water. It can be observed that gel strength increased with

polymer concentration for both dyed and plain samples. How-
ever, the results showed that using the dyed water as a polymer
solution solvent compared to plain water dramatically reduces the
final gel strength code. The gel strength of the dyed sample initially
increased with time, but the final gel strength (after 250 hours) be-
came around “B” code. As indicated in Table 2, for the same poly-
mer concentration, gel strength is lower in the dyed sample at the
same time. According to these results, dye causes the gel network
to be unstable. Hence, the gelant was prepared using distilled plain
water for the flooding test to prevent the instability of the gel.
Since the blue dyed water was used in the flooding experiments,
the gel network strength might decrease due to diffusion of blue
water in the gel network.
3-2. Flow Dynamic Tests

At the beginning, an experimental procedure was used to main-
tain the original oil in place at connate water saturation conditions
and then followed by water flooding process. Some preliminary
tests were performed to find an appropriate flow rate for water
flooding stage of the main tests. The objective of this part was to
monitor the effect of injection rate on the efficiency of water flood-
ing, and consequently find the critical capillary number at which
the water enters the high permeable zone. For this purpose, water
was injected into the model, saturated with initial oil and irreduc-
ible water saturation conditions, at different flow rates.

After the flow rate was obtained, the designed experiments
were at ambient conditions as the following procedure:

1. The pore volume of the model was measured by weighting
method (Based on our calculation and the apparatuses used, the
error of this test was about 10−3 ml.).

2. Saturating the model with dyed distilled water.
3. Oil was injected into the model to reach original oil in place

at irreducible water saturation condition.
4. Primary water flooding was performed at constant flow rate

until residual oil saturation was reached.
5. Gelant Injection was performed.
6. During the shut-in period, the inlet and outlet of model were

sealed and the model was kept at ambient condition for the period
of time.

7. Secondary water flooding process was performed, with the
same flow rate as that of step 4.

The images of fluid distribution in the model were captured by

Table 2. Bottle tests for both plain and dyed water samples

 Given time
(hrs)

5,000 ppm 7,500 ppm 10,000 ppm 12,500 ppm 15,000 ppm
Dyed Plain Dyed Plain Dyed Plain Dyed Plain Dyed Plain

038 A B B B B C C D C E
062 B B B C B C D E D E
097 A B B C C C D E D E-F
127 A B B C C C-D D E D F
151 A B B C C D C-D F D F
176 A B B C C D C F C F-G
200 A B B C B D C F C G
223 A B B C B D C F B G
250 A B A C-D B E B F B G
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camera during the tests at specified time periods. The pressure drops
of injected fluid at the same time periods were also recorded. Com-
puter image processing technique was used to obtain the areal sweep
efficiency at each condition. Table 3 shows the characteristics of
the experiments performed in this study. Note that all gelant sam-
ples in the following table were prepared with the polymer con-
centration of 15,000 ppm.

As shown in Table 3, experiments performed in this study have
the same injection flow rate for primary water flooding (1.5 ml/
hr), gelant injection (0.05 ml/hr) and secondary water flooding
(1.5 ml/hr); the only difference in these three scenarios is the shut-
in period time, which directly affect the gel strength code.

Capillary number is the ratio between viscous and capillary forces.
The corresponding capillary number was calculated using Eq. (1):

Nc=μu/σ (1)

where, u is the Darcy velocity of the displacing phase (i.e., water).
This is determined by dividing the water flow rate by cross sec-
tional area of the micromodel open to fluid flow. σ is the interfa-
cial tension (IFT) between water and oil phase and μ is the water
viscosity. The capillary number, reported in Table 3, is estimated
for primary water flooding. Hence, IFT between the dyed water
and oil (i.e., 30 mN/m) was used.

Based on the capillary number, various flow regimes are expected
to develop in the system. At field conditions capillary number var-
ies between 10−6 and 10−4 [25].
3-3. Image Analysis

To study various recovery processes and examine transport mech-
anisms during miscible/immiscible displacements, micromodels
are being widely used by researchers [26]. Glass micromodels are
mainly used for qualitative analysis of the displacement processes
in porous media. However, by utilizing image-analysis techniques,
saturation of different phases could be quantified in glass micro-
models. In this study, National Instruments Vision AssistantTM soft-
ware was used to obtain required characteristic from captured
images of the porous media. Vision Assistant, is an image analysis
software that allows one to prototype application strategy quickly
without need for programming.

Areal sweep efficiency (EA) and oil recovery from each layer are
two parameters for better evaluation of the efficiency of gel injec-
tion process. Areal sweep efficiency is defined by the ratio of area
contacted by displacing agent divided by total area. In this study
EA are used to express areal sweep efficiency of water flooding.
Thus, areal sweep efficiency in each stage was obtained by estimat-
ing the area occupied by the injected dyed water at that stage and

the total area of the model. Oil recovery is reported as the percent-
age of original oil in place. To achieve this recovery, several param-
eters such as the volume of original oil in place, areal sweep effi-
ciency of the injected water and average thickness of fluid (i.e., oil)
in high permeable and low permeable layers should be identified.
The volume of original oil in the micromodel was obtained from
the injection time and the rate of oil injection. The average thick-
ness was determined by “the volume of oil injected in the speci-
fied interval” and “the area of dyed water in the corresponding
image,” which was obtained from image process. For this pur-
pose, oil is injected into the model which is saturated with dyed
water. At the early stage of injection, oil enters into the high per-
meable layer; the thickness of fluid in this region can be easily esti-
mated. By keeping injection, oil enters the low permeable zone
and we have the advancement of oil front in both high and low
permeable layers; for calculating the thickness of oil in low perme-
able region, the volume of oil in high permeable layer should be
subtracted from the total volume of oil injection.

RESULTS AND DISCUSSION

In the initial test the range of flow rate was selected to be be-
tween 0.08-3 ml/hr, which corresponds to capillary number of 10−8-
10−6. The objective of this study was to find the critical capillary
number at which the water enters the high permeable zone. The
flow rates of water injection used in the main experiments were
determined based on these preliminary experiments.

As capillary number is defined as the ratio of viscous force to
capillary force, the higher capillary number represents the case in
which viscous force is dominant. Generally, low injection rate (10−8-
10−7 capillary number) results in the injected water to sweep the
low permeable zones equally or even, at some cases, more than
the high permeable zone. By increasing the flow rate (i.e., at capil-
lary number of 10−6), injected water significantly sweeps the high
permeable zone. In our experiments, the injection rate at which
water enters the high permeable zone was about 1.5 ml/hr. How-
ever, at low flow rates where the capillary number was low, the
capillary force was dominant and the displacement mechanism
would be controlled by spontaneous imbibition. During the injec-
tion of wetting phase, it covers the grain surface and occupy the
smaller pores; thus non-wetting phase is bypassed in larger pores.
Therefore, at low injection rates water sweeps the low permeable
zones in addition to high permeable zone. When flow rate increases,
viscous force become dominant and water enters the high perme-
able zone. At this condition, the high capillary zone (i.e.; low per-

Table 3. Experimental procedure of three different scenarios performed in this study

Test
number

First water
flooding flow
rate (ml/hr)

Corresponding
capillary
number

PV of water
injection in
secondary

water flooding

Gelant
injection
flow rate
(ml/hr)

PV of
gelant

 injection

Gelant
injection

side

Shut-in
period
(hrs)

Gel
strength

code

Second water
flooding flow
rate (ml/hr)

1 1.5 3.3×10−6 1.10 0.05 0.268 Input 010 B 1.5
2 1.5 3.3×10−6 1.01 0.05 0.268 Input 168 F 1.5
3 1.5 3.3×10−6 0.94 0.05 0.268 Input 240 G 1.5
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meable zone) resists to high flow rate, and consequently hinders
the injected fluid to enter this zone. Increasing the injection rate
amplifies the viscous force to the extent from which it could over-
come to the resistance of the low permeable zone. At this situa-
tion, the injected water sweeps the low permeable zone as well, by
the mechanism of forced imbibition. The problem arises when the
viscous force is dominant; however, not to the extent that the cap-
illary force of low permeable zone to be overwhelmed. In this case
a considerable amount of oil would remain in the medium.

According to the observation, the flow rate of 1.5 ml/hr was
determined as the water flow rate for both primary and second-
ary water flooding stages.

In all the following images, the blue color represents the water
phase and the brown color shows the oil phase. The areas covered
by gelant are indicated by light blue.
1. Primary Water Flooding

In the current experiments the flow rate of injected water was
set to 1.5 ml/hr. Under this flow rate, water significantly sweeps the
high permeable zone and it cannot enter in the low permeable zone
from the distributer (Fig. 3). This type of displacement would result
in low oil recovery efficiency, early breakthrough and high water
cut in heterogeneous porous media. Some techniques should be
utilized to divert the injecting fluid into the unswept zones, in order
to decrease water cut, consequently increasing the recovery efficiency.
2. Gelant Injection

After water injection, gelant was injected at the rate of 0.05 ml/
hr. The gelant is first prepared in a beaker and then injected into
the porous medium. The polymer solution and the crosslink solu-
tion are mixed with a fixed stirrer rate and at a specified tempera-
ture. That is, the gelant used in the model shows unique properties.

At the early stage of injection, gelant penetrated only into the
high permeable zone but by continuing the injection some area of
low permeable was also covered by gelant. In other words, in the
early stage of gelant injection the front moved faster in high per-
meable zone (1.39×10−2 mm/s in high permeable layer compared
with 2.13×10−3 mm/s in low permeable layer); however, over time
the rate of advancement became equal in both zones (3.125×10−3

mm/s). As more gelant entered into the high permeable zone, the
resistance to the flow into this zone increased. This caused the
gelant to penetrate into the low permeable zone as well, with almost
the same rate. This phenomenon is shown in Fig. 4 where the

arrows with different lengths and thicknesses show the rate and
amount of gelant advancement. In this figure the area covered by
gel is highlighted by a blue border line. Observation showed that
gelant tends to follow the water path compared to the paths satu-
rated with oil. This could be due to the hydrophilic characteristic
of gel. However, force balance in two different layers would mainly
control the gelant flow path. These forces include the capillary
forces in low permeable zone and the resistance of gel in high per-
meable zone. Resistance of gel is affected by the thickness of area
occupied by gel and the gel strength, which depends on the time
of gelant injection. Experimental results show that, contrary to
water injection, reduction of gelant injection rate does not change
the flow direction towards low permeable zone.

Another phenomenon observed, in this experiment, was fluid
redistribution during the gelant injection. That is, oil displaced into
larger pores and high permeable zone and a part of water moved
into low permeable zone and smaller pores. Entering of gelant in
low permeable zone caused oil production from this zone. After
injection of 0.268 PV of gelant, injection was stopped and inlet
and outlet of the model was sealed using Parafilm laboratory seal-
ing film. Since the model had been kept at the ambient condi-
tions for a limited period of time, sealing system can be assured.
The evidence also confirms this point.
3. Shut-in Period

At this stage, the model was shut-in at the ambient tempera-
ture. Depending on the desired gel strength code, a different shut-
in time period was allocated in each experiment. In this study, the
effects of three gel strength codes on displacement process were
investigated. Table 2 shows the shut-in time period of different exper-
iments. Regardless of the shut-in time, gel swelling was observed
in this period. Fig. 5 shows gel swelling in the low permeable zone
of the model after ten days. The dashed line shows the position of
the gelant front at the end of the gelant injection stage. This swell-
ing occurs more likely due to water adsorption by the gel net-
work. Polymeric gels are 3-D dimensional crosslinked networks
and are able to absorb a high amount of their surrounding sol-

Fig. 3. Water flows into the high permeable layer after injection of:
(a) 0.06 PV, (b) 0.12 PV.

Fig. 4. Gelant advancement at: (a) Early stage of injection (b) by
continuing the injection.



Performance of polyacrylamide/Cr(III) gel polymer in oil recovery from heterogeneous porous media: An experimental study 3355

Korean J. Chem. Eng.(Vol. 33, No. 12)

vents. This polymeric network is called “hydrogel” when the sur-
rounding solution is water. The favorable property of these hy-
drogels is their ability to swell, when are kept in contact with an
aqueous solution. That is, the contacted water with the hydrogel
surface, penetrates into the polymeric network.

The obtained results show that fluid redistribution took place
during shut-in period. Comparison of the images before and after
shut-in reveals a little increase in the area covered by gel that can
be one of the driving forces of fluid redistribution within the micro-
model. This swelling contributes to some fluid redistribution within
the model. Fig. 6 shows two sequential images of the same posi-
tion. The highlighted oval part of the picture shows the changes in
fluid distribution during shut-in period at the same position of
high permeable zone.
4. Secondary Water Flooding

Finally, after reaching the designed gel strength code, secondary

water flooding was performed with the same rate as the primary
water flooding stage. As mentioned, the difference of three tests
was in the strength code of the applied gel in the experiments.

In the first experiment, secondary water flooding was performed
once the gel reached to B gel strength code. Gels with B strength
code would change the water path within the higher permeable
layer, and the remained oil of this layer was observed to be pro-
duced. Since the gel at this stage is flowing fluid, the gel acts simi-
lar to polymer. That is, it modifies the mobility ratio and recovers
more oil from the high permeable zone. In this situation water
cannot diffuse into the gel in both low permeable zones. How-
ever, gel is displaced in a piston-like form in low permeable zones
during second water flooding. This stable front displacement causes
a small oil displacement in low permeable regions.

In the second experiment, gel with code strength of F is not
moving but is flexible. Although all layers were covered by gel, the
water path was completely modified during the secondary water
flooding. Water diffused through the gel network in all three lay-
ers, and a considerable part of oil, even in low permeable zone,
was produced. Even though at this stage, water first diffused into
the high permeable zone, after a short time, when it reached to the
end of the distributer, it started entering into the low permeable
zone. That is, due to the fact that as more gel is present in high
permeable zone, the overall flow resistance in high permeable
zone becomes greater than that of low permeable zone directing
water to low permeable layers. At the end of this stage, the main
part of the remaining oil in high permeable zone and a consider-
able part of oil in low permeable zone were produced. At the end
of secondary water flooding stage, the trapped oil in low perme-
able zones was more than that in high permeable one. The result
of this test shows that the presence of gel leads the displacing
water into both low and high permeable zones. The interesting
point that was observed is related to flow type of water and oil in
gel; it was observed that water diffuses in gel. On the other hand,
as Fig. 7 shows, the trapped oil in gel network is produced with-
out any direct contact with the injected water, though they are in
the form of non-continuous oil droplet. This type of production
could be related to the elasticity properties of gel. The green cir-
cles in Fig. 7 highlight displacement of some trapped oil ganglia.

Fig. 6. Fluid distribution change in high permeable layer (Test. 2) (a) At the end of injection, (b) after 7 days shut-in.

Fig. 5. Gel swelling in low permeable layer. (a) At the end of injec-
tion (b) after 7 days shut-in.
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As the sequence of images shows, this displacement continues
until the oil ganglia joins to the continuous oil film.

The third experiment performed used gel with G strength code.

Fig. 7. Oil production due to gel elasticity during second water flooding stage in high permeable layer (Test. 2).

Fig. 9. Areal sweep efficiency of (a) primary water flooding, (b) secondary water flooding.

Fig. 8. Impermeable part of gel (Test. 3).

The results showed that this gel can change the path of water flow
such that at the end of the second water flooding stage, all three
layers were swept by water and considerable oil was produced
from all layers. In this situation, injected water was able to diffuse
in a limited area of gel and most of gel remained impermeable
contrary to the previous test with F strength code, in which water
could diffuse in almost all of the gel area. Furthermore, in the later
test (case G) water entered in low permeable zone through flow
between layers (Fig. 8); in fact, water selects the least resistant path
to flow. In this test, oil production after water breakthrough was
also detected, while in the previous cases (B and F) no oil produc-
tion was observed from the low permeable zones after break-
through from the high permeable layer.

Fig. 9 compares the areal sweep efficiency of injected water in
primary and secondary water flooding for different gel strength
codes. Note that the results of this study are based on the gel strength
code. That is, all the gels with the same strength code are expected
to show the same displacement efficiency. In fact, the possible rela-
tion between gel strength and its ability in altering water flow in a
heterogeneous porous medium was investigated here, using the
properties of gel at the bottle test and qualitatively assuming that
porous media would change the properties in the same order of
magnitude for each gel type.

As it can be seen from Fig. 9(a), areal sweep efficiency during
primary water flooding sharply increases up to 0.8 PV of water
flooding; however, EA increases gradually after this point. No con-
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siderable oil was produced after injection of 1.5 PV. Fig. 9(b) shows
that during secondary water flooding, EA increases for all three
different gel codes. Flow of water in the gel network is strongly a
function of gel strength code. If F gel strength code is used, water
would enter into the low permeable zones after filling the distrib-
uter. The water penetration in gel with G strength code is almost
similar to F strength code, with the only difference that water cross-
flows in low permeable zone from layer boundaries. B gel strength
code acts as polymer because of its lack of sufficient rigidity. It was
observed that as gel with B strength code displaces within the
media, a part of the residual oil is produced. Hence, the perfor-
mance plot of secondary water flooding for this gel (code B) is
similar to that of the primary water flooding. In this situation, the
path of water only changes within the high permeable zone. The
trend of the plots in the secondary water flooding is similar for
both F and G gel codes. This trend is substantially different with
that of primary water flooding. With these two kinds of gel, water
can sweep the low permeable zones as well. The first section of
this plot with sharp slope is related to the time that water passes
the area covered by gel. At this stage, a considerable area of the
model is swept by water. The remarkable point is that the areal
sweep efficiency with G code is higher than that with F code in
the interval of 0.2-0.5 PV. It could be due to less diffusivity power

of G code compared to F code. As can be seen in Fig. 10(c), a sig-
nificant area of the gel with G code is impermeable and water
enters to the area free of gel after it diffuses in limited area of gel,
whereas in F code (Fig. 10(b)) water passes through the porous
medium after it diffuses in the area covered by gel. Finally, the areal
sweep efficiency in G code becomes more than that of F code.

Fig. 11(a) and Fig. 11(b) compare the amount of produced oil
at different flooding stages for different gel types in the high and
low permeable zones, relatively. As can be seen from Fig. 11(a), (b)
the main oil production from high permeable zone takes place
during primary water flooding; however, in low permeable zone,
the main oil recovery is due to the secondary water flooding. The
results show that the gel strength has a minor impact on the oil
recovery from the high permeable zone (Fig. 11(a)), whereas, the
oil recovery from the low permeable zone is a strong function of
gel strength. Thus, oil recovery increases in the low permeable
zone as stronger gel is used.

A fraction of oil is recovered by gelant injection in low perme-
able zone due to water bypassing. As mentioned, oil displaced into
larger pores and high permeable zone and a part of water moved
into low permeable zone and smaller pores. That could be the main
reason for higher recovery of low permeable zone in the gelant
injection stage with comparison to the high permeable zone.

Fig. 11. Oil recovery of: (a) High K zone, (b) Low K zone.

Fig. 10. Gel diffusion in different layers: (a) Code B, (b) Code F, (c) Code G.
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CONCLUSIONS

Efficiency of gel polymer injection in heterogeneous porous
media is controlled by several factors. Gel strength code can play a
vital role, although permeability differences between two layers and
gel advancement in each layer are two other important parame-
ters that should be considered in designing the process. The pres-
ence of gel with code strength of F in different zones helps water
to enter in both high and low permeable zones due to affinity of
this gel to water. Whereas, in the same situation, the gel with G
strength code in low permeable zone has a lower capacity for
water diffusion and water entrance in this zone occurs with differ-
ent mechanisms. However, gels with B strength code would change
the water path only within the higher permeable layer, when both
high and low permeable layers are covered by this gel.

To sum up, the flow resistance difference of different zones deter-
mines whether or not water gets a chance to enter into different
zones. As mentioned, this resistance is dependent on gel strength
code, permeability difference of two layers and the gelant advance-
ment in each zone.

Finally, the results of this study show that the improvement of
sweep efficiency depends on gel strength. That is, the higher gel
strength code results in higher sweep efficiency. The gel strength
has a minor impact on the oil recovery from the higher permeable
zone, whereas the oil recovery from the lower permeable zone is a
strong function of gel strength.

NOMENCLATURE

EA : areal sweep efficiency [%]
NC : capillary number
u : darcy velocity [m/s]
μ : viscosity [kg/m·s]
σ : interfacial tension [N/m]
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