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Abstract: The performance of polymer gel to plug a
hydraulic fracture is greatly affected by its distribution
patterns and gelling effect. In this study, the migration of
a gel plugging agent in a fracture and its plugging after
gelling were investigated by physical simulation experi-
ments. In addition, the distribution patterns of the gel
plugging agent and its plugging mechanism after gelling
were investigated in detail. The results of this study
revealed that the migration flowing behavior of the gel
solution in a fracture can be divided into three streams:
fracture flow, leak off flow, and matrix flow. Such
behavior distributed the gel in three different patterns
after gelling: gel clusters in the fracture, gel layer on the
fracture surface, and dispersed gel lumps in the matrix
pores-throats. Because of the leak off flow and the
difference in components, the gel solution has apparent
disproportional leak off–diffusion of components during
its migration in a fracture, with less polymer molecules
and loss of more cross-linking agent ions. The leak off of
the cross-linking agent significantly deteriorates the
gelling strength of the polymer gel, affecting its
performance to plug a hydraulic fracture. The results
also show that when the normalized concentration of the
cross-linking agent ions in a fracture is less than 0.6, gel
fails to plug the fracture effectively after gelling. When
gelling was carried out by in situ cross-linking, polymer
gel provided more satisfactory plugging performance
than the gelling via ground pre-cross-linking.

Keywords: fracture water shutoff, polymer gel, distribu-
tion pattern, leak off degree, plugging mechanism

1 Introduction
In recent years, the water shutoff methods of loose
sandstone reservoirs using polymer gel as a most common
plugging agent are applied to the chemical water shutoff of
hydraulic fractures in low-permeability reservoirs (1). In
the process of chemical water shutoff of a hydraulic
fracture, the success of the water shutoff treatment is
closely related to the gelling effect of the plugging agent in
the fracture and is affected by its distribution patterns and
degree of component leak off (2). Mazen et al. discussed
the application of polymer microgels in conformance
control (3). Ghodsieh et al. studied three sulfonated
polyacrylamides and one hydrolyzed polyacrylamide and
optimized several conditions including concentration for
water shutoff (4). In hydraulic fracture water shutoff, the
change in the concentration can be controlled by other
conditions, such as filtration degree and filtration mode.
During the gel treatment for fracture, the reduction in the
gelant viscosity reflects the loss of the polymer and can
greatly affect the gel formation. Therefore, keeping the
gelant viscosity stationary during the gelant injection is
really important. The common method for maintaining the
viscosity of the gel is to improve the polymer concentration
or inject the low-concentration polymer preflush. However,
the increasing viscosity of the gelant in fracture still
remains unclear (5). Unlike polymer molecules with high
molecular weight and long molecular chain, the molecular
weight of chromium ions is very small, and they can be lost
easily during the gelant propagation and the shut-in period
in fracture. Moreover, the presence of formation brine
decreases the chromium concentration, resulting in
extended gelation time, reduced gel strength, and finally
making the gel treatment for fracture ineffective (6,7).

The distribution patterns of the plugging agent filled
in a hydraulic fracture have not been investigated so far;
however, a few studies reported the effect of plugging
agent component leak off in a hydraulic fracture on the
gelling effect and fracture plugging performance. Seright
et al. (8) and Sydansk et al. (9) believed that the loss of a
small amount of water from the plugging agent in a
fracture would lead to dehydration, thus adversely
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affecting its gelling effect; in the case of high leak off
degree, however, the concentration of plugging agent
components would increase, indicating that the gelling
strength of a plugging agent could be improved to plug
the fracture. For conformance control, Ali et al. designed
and optimized the flowing gel injection with both fracture
and sandpack models. They considered the gel rheology,
adsorption, swelling ratio, resistance factor, and residual
resistance factor in their models (10). Junjian et al. studied
the filtrate behavior and water shutoff performance of a
certain gel in fractured media (11). Ganguly et al. reported
that the gel plugging agent could cement the fracture
surface during the gelling of the plugging agent, thus
enhancing its fracture plugging performance (12). So far,
the effect of the leak off degree of the plugging agent
components on its gelling effect and plugging perfor-
mance has not been characterized quantitatively. In this
study, physical simulation experiments were carried out
on the migration of the gel plugging agent in a fracture
and its plugging after gelling, and the distribution patterns
of the gel plugging agent and its plugging mechanism
after gelling were investigated.

2 Materials and methods

2.1 Materials

The polymer used in the experiments is partially
hydrolyzed polyacrylamide (HPAM) with a relative
molecular weight of 12 million and a hydrolysis degree
of 25%. The cross-linking agent used in the experiments
is self-synthesized organic chromium cross-linking agent
with a Cr3+ effective concentration of 5,500mg/L. The
polymer gel plugging agent system used in the experi-
ments basically comprises 3,000mg/L HPAM and
357.5 mg/L Cr3+. The water used in the experiments is
simulated formation water prepared indoors with a total
salinity of 12,000mg/L.

The cross-linking agent used in the experiments is
self-synthesized chromium(III) acetate with a Cr3+ effec-
tive concentration of 5,500mg/L, and its synthesis
procedure is shown as follows: (1) add acetic acid
(CH3COOH) into stirred deionized water, and the mass
ratio of acid and water is 2:7; (2) add potassium
dichromate (K2Cr2O7) into the above stirred solution,
and the mass ratio of potassium dichromate and acetic
acid is 1:2; (3) add sodium thiosulfate (Na2S2O3) into the
above stirred solution, and the mass ratio of sodium

thiosulfate and potassium dichromate is 4:1; (4) stir the
solution continuously at 60°C for 4 h. Then the organic
cross-linker chromium(III) acetate is achieved. The
structure of chromium(III) acetate is shown in Scheme 1.

Two types of core were applied in the experiments:
fractured cubical core and fractured cylindrical core. The
former is 40 cm in length, 4.5 cm in width, and 4.5 cm in
height, and the latter is 2.54 cm in diameter and 10 cm in
length. Each core is provided with three sampling points
evenly along its fracture and matrix. Fractures in the two
types of cores are all uniform through fractures placed
with proppants. The fracture widths range from 1 and
2mm to 5mm, and the matrix permeabilities range from
5 to 50mD.

2.2 Methods

2.2.1 Determination method of Cr3+ concentration in gel

After the pretreatment of the gel plugging agent, the Cr3+

concentration in the gel was determined by spectro-
photometry following the literature method (13).

2.2.2 Determination method of the gel component leak
off in fracture

Figure 1 shows the numbers of sampling ports along the
fracture and matrix of a fractured cubical core. Before
the start of displacement, ports 1, 2, and 3 along the
fracture were closed, and the back pressure at the
fracture outlet was set. The polymer gel solution was
injected into the fractured core at a constant rate of
0.5 mL/min, and then produced fluid was collected from
the ports 4, 5, and 6 along the matrix. The viscosity of

Scheme 1: Structure of chromium(III) acetate.
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the produced fluid was determined, and the leak off
concentration of the polymer was estimated. The Cr3+

concentration in the produced fluid was determined and
normalized. CN is the ratio of the Cr3+ concentration in
the produced fluid to that in the original solution. The
leak off–diffusion degree of Cr3+ from the fracture into
the matrix was estimated. The Cr3+ concentration in the
produced fluid at the fracture outlet (End 4) was
determined and normalized. The loss of Cr3+ in the
fracture was estimated. The disproportional leak off
degrees of the gel components (polymer molecules and
cross-linking agent ions) were analyzed.

2.2.3 Evaluation indicators of the plugging performance
of gel plugging agent in fracture

Based on the loss of the cross-linking agent (organic
chromium) and its effect on fracture plugging, the
following evaluation indicators for chromium ion loss
and fracture plugging performance of polymer gel were
established:

2.2.3.1 Evaluation indicators for the loss of Cr3+

The normalized Cr3+ concentration (CN) in the fluid
sample displaced during injection was obtained by
determining the Cr3+ concentration in the fluid sample
collected from the fracture and matrix, and dividing that
value by the Cr3+ concentration (357.5 mg/L) injected
into the solution. The evaluation indicators for the loss
of Cr3+ are listed in Table 1.

2.2.3.2 Evaluation indicators for the fracture plugging
performance of polymer gel

dP5 is defined as the ratio of the reverse water flooding
differential pressure at different CN values (leak off
degree) after gelling to the reverse water flooding
differential pressure at CN = 1 (zero loss of Cr3+), i.e.,
dP5 is the normalized reverse water flooding pressure
gradient of the polymer gel for fracture plugging when
the loss of Cr3+ occurs, and this can be used to evaluate
the effect of Cr3+ loss degree on the fracture plugging
performance. The evaluation indicators are listed in
Table 2.

2.2.4 Microscopic visualization method of gel leak off
depth

The polymer gel solution was dyed with methylene blue
at a concentration of 5 mg/L. The polymer gel solution
was injected into a fractured cylindrical core at a
constant rate of 0.2 mL/min. The back pressure at the
fracture outlet and the injection volume were experi-
mentally determined. After completing solution injec-
tion, the core was taken out and cut open circumferen-
tially with the circular section perpendicular to the
fracture direction. The conditions of the fracture surface
and surrounding matrix dyed by methylene blue as well
as the distribution of the gel solution were observed
using a handheld microscope (Anyty), and the micro-
scopic images (with the magnification factors of 75, 150,
and 500) were obtained. The leak off depth, defined as
the depth of the matrix dyed with methylene blue, of the

Figure 1: Numbers of sampling ports along the fracture and matrix of cubical core.

Table 1: Evaluation indicators for the loss of Cr3+ in polymer gel

Loss of Cr3+, CN CN > 1 CN = 1 0.9 ≤ CN < 1 0.7 ≤ CN < 0.9 0.5 ≤ CN < 0.7 CN < 0.5

Evaluation indicators Negative loss Zero loss Low loss Moderate loss High loss Very high loss
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gel solution from the fracture into the matrix was
measured by the Anyty processing software in the range
0–12 mm, with a measuring accuracy of 10 µm.

3 Migration and distribution
patterns of polymer gel in
fracture

After being injected into a fracture, gel solution first
migrates along the fracture because of the big difference
in the flow resistance between the fracture and matrix.
However, during actual injection, a pressure difference
between the fracture and matrix is created. Because of
the concentration difference in the components, the
solution in the fracture will also tend to migrate into
matrix, and this phenomenon is known as the leak off
behavior of gel solution. Therefore, the migration
behavior of the gel solution in a fracture can be divided
into three streams (as shown in Figure 2): (1) the flow of
gel solution in the fracture, namely the fracture flow,
which is generally the main stream; (2) the leak off flow
from the fracture into the matrix under the pressure and
concentration difference, which is the main stream
where the leak off of plugging agent components occurs;
(3) the flow of the lost components in the matrix parallel
to the fracture flow, namely the matrix flow, which is

generally a weak stream but more obvious in the
presence of bypass flow of the gel solution or formation
water.

The different migration behaviors of the plugging
agent significantly affect the distribution patterns of the
gel solution in a fracture and the surrounding matrix.
Three main distribution patterns of the plugging agent
after gelling were observed, corresponding to the three
streams mentioned above, as shown in Figures 3 and 4.

After the gelling of the gel solution, the fracture flow
resides in the fracture and forms gel clusters, and is the
main contribution of gel for fracture plugging. Therefore,
the gelling effect of gel clusters directly affects the
performance of the gel plugging agent. The gel layer
transforms because of the polymer adsorption and
aggregation layer built on the fracture surface and
surrounding matrix during the leak off of the gel
solution. The polymer molecules in the polymer adsorp-
tion and aggregation layer are tightly arranged, inter-
twined and adsorbed on the rock surface. Since some
chromium ions might be bound in the leak off layer,
partial cross-linking reaction will also occur to form a gel
layer, whose main function is to enhance the cementing
force between the gel clusters in the fracture and the
fracture surface, in order to enhance its ability to reside
in the fracture. In addition, the gel layer can also
mitigate the bypass flow of injected water and formation
water from the matrix into the fracture. The gel
dispersoids in the matrix pores-throats are the reaction

Table 2: Evaluation indicators for the fracture plugging performance of polymer gel

Plugging performance, dP5 dP5 ＞ 1 dP5 = 1 0.9 ≤ dP5 < 1 0.7 ≤ dP5 < 0.9 0.5 ≤ dP5 < 0.7 dP5 < 0.5

Evaluation indicators Positive effect No effect Weak effect Moderate effect Strong effect Very strong effect

Figure 2: Migration flow of gel solution in the fracture and matrix.
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product of a small amount of polymer molecules and
chromium ions migrating into the matrix pores. Because
the polymer molecules entering the matrix are mainly
concentrated in high-permeability pores, the main
function of the dispersed gel colloids in the matrix is
to block the high-permeability pore-throats.

4 Gelling and plugging
mechanisms of gel plugging
agent in fracture

A key factor for the polymer gel to effectively plug a
hydraulic fracture is to achieve a high gelling strength in
the fracture, while the most critical factor affecting the
gelling strength is the concentration of components such
as polymer and cross-linking agent (14). According to the

literature data, polymer gel solution has disproportional
leak off of components in a fracture. Under certain
conditions, serious leak off–diffusion of chromium ions
into matrix will occur, while polymer molecules will
form a polymer leak off layer on the fracture surface and
the shallow part of the matrix, as a result of which the
component concentration of the polymer gel solution
remained in the fracture, especially the change in the
concentration of the cross-linking agent, will affect the
gelling phenomenon. It is well-known that increasing
the concentration of the polymer and the cross-linking
agent can enhance the strength of the polymer gel
solution after gelling; however, the concentrations of the
polymer and cross-linking agent must be maintained
within a reasonable range. If the polymer concentration
is too high, incomplete gelling will occur, leading to
imperfect fracture plugging in the presence of a large
number of free polymers concurrently. However, when
the cross-linking agent concentration is too high, the

Figure 3: Overall distribution patterns of polymer gel in the fracture and matrix after gelling.

Figure 4: Occurrence states of polymer gel in the fracture and matrix after gelling. (a) Gel clusters, (b) gel layer, (c) dispersed lumps.
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resulting gel will undergo dehydration with a large
number of worm holes generated inside the gel, and its
brittleness will also increase greatly, decreasing the
plugging strength (15).

4.1 Gelling mechanism of gel plugging
agent at different leak off degrees

Gross leak off of chromium ion concentration usually
results in an excessively low concentration of chromium
ion cross-linking agent in the gel solution remained in a
fracture. Therefore, the reasonable concentration range
of chromium ions in a fracture was experimentally
investigated. A series of gel solutions with a polymer
concentration of 3,000mg/L were prepared, in which the
concentrations of chromium ions gradually increased
from 50 to 400mg/L. After being mixed uniformly, all
the solutions were placed in a thermostatic oven at 60°C
for the same time for setting after 24 h, and their
viscosities respectively were measured. The testing
results are shown in Figure 5.

The experimental results reveal that, when the
chromium ion concentration was less than 150mg/L, the
viscosity of the gel after gelling gradually increased with
the increase of chromium ion concentration. In general,
however, the viscosity was low and increased slowly,
mainly due to the incomplete cross-linking reaction
between chromium ions and polyacrylamide molecules
because of the insufficient concentration of chromium
ions. The viscosity of the gel increased rapidly with
increasing the chromium ion concentration exceeding

150mg/L. If the viscosity of 5,000mPa s is taken as the
dividing point between high and low gelling strength,
high gelling strength can be guaranteed only when the
concentration of chromium ions reaches ≥245mg/L.
Figure 6 shows the physical gel after gelling with a
polymer concentration of 3,000mg/L and a chromium ion
concentration of 357.5mg/L (Figure 6a) and 200mg/L
(Figure 6b, dyed red). As can be seen from the tongues
stuck out of the inverted bottles filled with gel, the gelling
strength of the gel solution greatly decreases when the
concentration of chromium ion is too low. Therefore, the
excessive leak off–diffusion of chromium ions in a
fracture should be prevented and controlled, to maintain
their concentration within a reasonable range for en-
suring the gelling effect and plugging strength.

In order to compressively study the effect of dispropor-
tional leak off of the gel components in a fracture on gelling
strength, polymer gel solutions with the same component
concentration (3,000mg/L HPAM + 357.5mg/L Cr3+) were
dyed with methylene blue. Each solution was injected into
a fractured cylindrical core with a fracture width of 2mm
and a matrix permeability of 50mD. In order to have
different leak off degrees of the gel solution, the back
pressure at each fracture outlet was set at 0, 50, and
200 kPa. After the completion of injection, the injected
solution was sealed and allowed to set at 60°C for 24 h for
gelling. After gelling, the leak off situation of the gel at each
fracture inlet was observed, as shown in Figure 7.

When the back pressure at the fracture outlet was
0 kPa, no obvious methylene blue dye was observed on
the fracture surface and the surrounding matrix,
indicating slight or very weak leak off of the polymer
gel solution into the matrix. When the back pressure was
50 kPa, the amount of adsorbed methylene blue dye on
the fracture surface was significant, and there was also
dye phenomenon in the shallow part of the matrix. At
this point, the leak off of gel solution into the matrix was
moderate. When the back pressure was 100 kPa, both the
fracture surface and the deep part of matrix were dyed
by methylene blue. Under this condition, the leak off of
gel solution worsened.

The gel gelled at different leak off degrees was removed
from the fracture, and its viscosity was measured using a
cone-and-plate viscometer. Meanwhile, the chromium ion
concentration was measured by the Cr3+ determination
method in the gel. The relationship between chromium ion
concentration and the gelling strength (gel viscosity) at
different leak off degrees was analyzed, and the experi-
mental results are shown in Figure 8.

As shown Figure 8, in the case of slight gel solution
leak off in the fracture, the gel viscosity after gelling
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Figure 5: Curve of viscosity vs chromium ion concentration after the
gelling of polymer gel.
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reached 9,425mPa s, and the chromium ion concentration
was 328.4mg/L, i.e., only about 30mg/L of chromium
ions were lost, and had only little impact on the final
gelling strength of the gel. In the case of moderate gel

solution leak off into the matrix, the chromium ion
concentration was only 265.3mg/L; therefore, the gel
viscosity after gelling decreased to 6,186mPa s. In the
case of gross solution gel leak off, the chromium ion
concentration was only 167.8mg/L and the gel viscosity
was only 3,025mPa s. These results also verify the
conclusion that excessive leak off–diffusion of chromium
ions into the matrix might affect the gelling effect of gel
inside the fracture. Therefore, the leak off–diffusion of
cross-linking agent ions must be controlled during the
injection of the gel solution.

4.2 Plugging mechanism of gel plugging
agent at different leak off degrees

The abovementioned analysis indicates that the main
component leaked off from the gel solution is cross-
linking agent ions, and therefore the leak off amount of

Figure 6: Effect of Cr3+ concentration on polymer gel. (a) Cr3+ concentration: 357.5 mg/L, (b) Cr3+ concentration: 200mg/L.

Figure 7: Gelling effect of polymer gel at different Cr3+ leak off degrees. (a) slight leak off, (b) moderate leak off, (c) gross leak off.
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the cross-linking agent can be used to represent the leak
off degree of gel solution. Fractured cubical cores each
with a fracture width of 2 mm and a matrix permeability
of 50mD were selected for the experiments. Polymer gel
solutions of different volumes (3,000mg/L HPAM +
357.5% Cr3+) were injected into the fractured cores at
0.5 mL/min with the back pressure at a fracture outlet of
100 kPa. The produced fluid was collected at the fracture
outlet every 10 min, and the chromium ion concentration
was tested and normalized. Figure 9 shows the curve of
chromium ion concentration versus the volume of the gel
solution injected.

Based on the relationship of the normalized con-
centration of chromium ions versus the injection volume
of the gel solution, the injection volumes of the plugging
agent corresponding to the set normalized concentra-
tions of chromium ions (CN) were acquired, as listed in
Table 3.

According to the correspondence between the
normalized concentration (CN) of chromium ions and
the injection volume of the plugging agent listed in the
table, corresponding volume of the polymer gel solution
was injected into five fractured cubical cores (wf = 2 mm,
km = 50mD), and then sealed for gelling. After
completing the gelling process, reverse water flooding
(vw = 0.5 mL/min) was conducted, and the water
flooding pressure was recorded in real time. The
experimental results are shown in Figure 10, indicating
that, with the increase of the normalized concentration
of chromium ions, the stable injection differential
pressure for reverse water flooding gradually increases.
When CN was equal to 0.4, the stable injection
differential pressure was only 41 kPa, and the plugging

performance was poor. When CN was equal to 0.8, the
stable injection differential pressure was 205 kPa, and
the plugging performance was obviously enhanced.
When CN was equal to 1.0 there was no loss of chromium
ions from the gel remained in the fracture, and the stable
injection differential pressure reached 375 kPa. The
experimental results reveal that the leak off of the
cross-linking agent from the gel solution can signifi-
cantly affect the performance of gel to plug the fracture,
and is consistent with the conclusion of the previous
studies indicating that the leak off of the cross-linking
agent might reduce the gelling strength of the gel
plugging agent.

According to the performance evaluation indicators
of the gel plugging agent to plug a fracture, the gel
plugging performance (dP5) in the core with a fracture
width of 2 mm and matrix permeability of 50mD at
different leak off degrees of chromium ions was
calculated. In addition, the fracture plugging perfor-
mance (dP5) of the gel plugging agent in the case of 1
and 5mm fracture width was analyzed and calculated.
The calculation results are shown in Tables 4–6.

Tables 4–6 show that when the fracture width is
1 mm and the normalized concentration of chromium
ions in the fracture is 0.9 and 0.8, the effect of chromium
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Figure 9: Curve of the chromium ion concentration in the produced
fluid at fracture outlet vs the injection volume of the gel plugging
agent.

Table 3: Injection volume of gel solution at different leak off
degrees of cross-linking agent

Item 1 2 3 4 5

CN 1.0 0.9 0.8 0.6 0.4
Injection volume of plugging
agent, FV

2.75 2.40 2.10 1.75 1.45
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Figure 10: Reverse water flooding differential pressures for the gel
plugging agent at different leak off degrees.
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ion loss on the fracture plugging performance after
gelling is weak and moderate, respectively; however,
when the fracture width is 2 and 5mm, the effect
becomes moderate and strong, respectively. This indi-
cates that under the same injection conditions, the gel
plugging agent can easily plug a narrow fracture, but
finds difficult to plug a wide fracture. According to the
analysis on the distribution of the gel plugging agent in
a fracture and its plugging mechanism in Section 2 of
this study (migration and distribution patterns of
polymer gel in a fracture), the main reason is that leak
off amount of the gel solution in a narrow fracture is
high enough to reach a balance state, and the gel has a
strong capacity to reside in the fracture after gelling. The
data show that when CN is ≤0.6, the fracture plugging
performance of the gel after gelling is very poor with
significant effect. Therefore, it is an important measure-
ment indicator to control the leak off of the cross-linking

agent in a fracture and ensure its effective concentration
for gelling (16).

4.3 Plugging mechanisms of gel plugging
agent with different gelling ways

The gelling of the polymer gel plugging agent is usually
achieved by in situ cross-linking or ground pre-cross-
linking. In the case of in situ cross-linking, the polymer
and cross-linking agent are mixed together in a certain
proportion and then injected into formation. At the
formation temperature and pressure, the polymer and
cross-linking agent cross-link to form gel. At present,
in situ cross-linking is a commonly used way of gelling in
oil fields (17). In the case of ground pre-cross-linking, the
polymer and cross-linking agent are mixed together to a
certain proportion, allowed to set still on the ground for
a certain time, and then injected into formation after
gelling (18). Compared to the in situ cross-linking, the
plugging agent subjected to ground pre-cross-linking
has a higher injection viscosity, and thus can mitigate or
even prevent the leak off–diffusion of the gel compo-
nents into matrix, but might significantly reduce its
injectability. Moreover, the pre-cross-linked gel can
undergo irreversible shear degradation during injection,
which in turn would affect its plugging strength. In the
case of in situ cross-linking, the gel solution has a higher
injectability, a lower degree of shear degradation, and an
inevitable leak off of the gel components (19).

In the experiment, two polymer gel solutions with
the same component concentration were prepared. One
gel solution was sealed and set still at 60°C for 24 h, and
then injected into a fractured cubical core with a fracture
width of 2 mm and a matrix permeability of 50mD after
complete gelling. The other gel solution was stirred at
low speed at room temperature (25°C) to simulate the
flowing process of the gel solution in the wellbore before
reaching the target formation for 2 h and then injected
into another fractured core with the same parameters. In
the experiment, the injection volume of both gel
solutions was 2.5 FV, and the pressure data during
injection were acquired and plotted (as shown in
Figure 11).

Figure 11 shows that, in the case of injecting in situ
cross-linked gel solution, although the injection pressure
kept on increasing with increasing injection volume, the
increase in pressure was relatively small and only 22 kPa
when the injection volume reached 2.5 FV, indicating
high injectability of the in situ cross-linked gel solution.

Table 4: Fracture plugging performance of polymer gel at different
leak off degrees (Wf = 1 mm)

Item CN Water flooding differential
pressure (kPa)

dP5 Effect degree

1 1.0 434 1.00 None
2 0.9 400 0.92 Weak
3 0.8 308 0.71 Moderate
4 0.6 135 0.31 Very strong
5 0.4 78 0.18 Very strong

Table 5: Fracture plugging performance of polymer gel at different
leak off degrees (Wf = 2mm)

Item CN Water flooding differential
pressure (kPa)

dP5 Effect degree

1 1.0 375 1.00 None
2 0.9 326 0.87 Moderate
3 0.8 205 0.64 Strong
4 0.6 85 0.23 Very strong
5 0.4 41 0.11 Very strong

Table 6: Fracture plugging performance of polymer gel at different
leak off degrees (Wf = 5mm)

Item CN Water flooding differential
pressure (kPa)

dP5 Effect degree

1 1.0 3,320 1.00 None
2 0.9 282 0.85 Moderate
3 0.8 186 0.56 Strong
4 0.6 70 0.21 Very strong
5 0.4 36 0.11 Very strong
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In contrast, the injection pressure of the pre-cross-linked
gel increased rapidly at the initial stage because of its
high viscosity, and then began to increase slowly and
steadily after the injection volume exceeded 1.5 FV.
Finally, the pressure stabilized at approximately
359 kPa, which was 15 times higher than that of the
in situ cross-linked gel solution.

After completion of injection, the two cores were
sealed and placed still at 60°C for 24 h. After the
complete gelling of the in situ cross-linked gel, the cores
were taken out for reverse water flooding. The pressure
change during reverse water flooding is shown in
Figure 12.

At the initial stage of reverse water flooding, the
pressure increased rapidly with increasing water injec-
tion volume. When the water injection exceeded a

certain volume, the pressure decreased and eventually
became stable. In the case of in situ cross-linked gel, a
pressure peak was observed for reverse water flooding,
indicating that the gel in the fracture was broken by the
water injected. In the case of pre-cross-linked gel, the
pressure peak was not obvious. Furthermore, no fluid
was produced at the fracture outlet before the water
flooding pressure reached the peak in the case of in situ
cross-lined gel, and a small amount of gel and water
appeared at the fracture outlet before the pressure
reached the peak in the case of pre-cross-linked gel,
indicating that some gel broke by water at that time. The
above conclusions are also supported by the stable
pressures for reverse water flooding obtained from the
experimental data. When the reverse water flooding
volume was 5 FV, the stable water flooding pressure of
the in situ cross-linked gel was 375 kPa, and the plugging
performance evaluation indicator (dP5) of the gel
plugging agent was calculated as 1, while the stable
water flooding pressure of the ground pre-cross-linked
gel was only 146 kPa, and the calculated dP5 was 0.39.
The experimental results show that the in situ cross-
linked gel is better than the ground pre-cross-linked gel
under the same conditions in terms of fracture plugging
performance.

In order to further analyze the plugging performance
of the in situ cross-linked gel and pre-cross-linked gel,
the two gel solution systems were injected into a
transparent round hollow pipe (with an inner diameter
of 10 mm) under the same injection conditions, and then
sealed for cementing. After that, reverse water flooding
(the injected water was dyed blue with methylene blue)
was conducted, and the breakthrough line of water flow
(as shown in Figure 13) in the gel was observed. As
shown in Figure 13a, the in situ cross-linked gel
demonstrates a strong cementing ability with the pipe
wall after gelling, and a flow line formed by the
breakthrough of water along the gel center after the
injection pressure reaching the peak. As the water
flooding proceeds, the flow line would continue to scour
the gel, causing the flow line diameter to expand.
Reverse water flooding has a different water flow line in
the case of pre-cross-linked gel. Figure 13b shows the
formation of dispersed gel clusters in the pipe after the
injection of pre-cross-linked gel and are weakly
cemented onto the pipe wall. Under the water flooding,
the gel is evenly driven out, and the flow line evenly
extends along the whole pipe, deteriorating the plugging
performance. The above phenomenon explains the
inferior plugging performance of the pre-cross-linked
gel compared to that of the in situ cross-linked gel.
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Figure 11: Injection differential pressures of gel solution in the case
of in situ cross-linking and pre-cross-linking.

0 1 2 3 4 5
0

100

200

300

400

500

600

700

In
je

ct
io

n 
di

ff
er

en
tia

l p
re

ss
ur

e 
fo

r 
re

ve
rs

e 
w

at
er

 f
lo

od
in

g,
 k

Pa

Injection volume for reverse water flooding,FV

 In-situ crosslinked
 Pre-crosslinked

Figure 12: Differential pressures for reverse water flooding after
gelling in the case of in situ cross-linking and pre-cross-linking.

420  Song Zhang et al.



5 Conclusions

The conclusions of this study are as follows:
1. The migration flowing behavior of the polymer gel

solution in a fracture can be divided into three types:
fracture flow (flowing in the fracture), leak off flow
(flowing from the fracture into the matrix), and matrix
flow (flowing in the matrix). Such flowing behavior
resulted in the different distribution patterns of the
gel after gelling in the fracture and matrix.

2. Because of the leak off flow and the difference in the
components, the gel solution has apparent dispropor-
tional leak off–diffusion of components during its
migration in a fracture, with less polymer molecules
and loss of more cross-linking agent ions. The leak
off–diffusion of the cross-linking agent greatly
reduces the gelling strength of the gel plugging agent.
In the case of gross leak off of the cross-linking agent,
the ion concentration decreased from 328.4 to
167.8 mg/L, and the drop in the gelling viscosity is
one-third of that in the case of slight leak off.

3. The leak off degree of the gel components directly
affects its performance to plug a fracture after gelling.
The experimental results show that when the normal-
ized concentration of the cross-linking agent ions
after leak off is higher than 0.8, the effect of the leak
off on the fracture plugging performance of gel is not
significant; when the normalized concentration of the
cross-linking agent ions is <0.6, gel fails to plug the

fracture effectively after gelling. Therefore, it is
necessary to reduce the leak off–diffusion degree of
the cross-linking agent in a fracture and ensure its
concentration within a reasonable range.

4. Compared to the gelling by ground pre-cross-linking,
the in situ cross-linking for gelling resulted in the
formation of a gel layer after the gelling of the polymer
gel solution and can facilitate the better cementation
between the gel and fracture surface, which in turn
improves its fracture plugging performance.
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