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One of the most important techniques for injection wells is water shutoff in severely heterogeneous 
reservoirs. It has been widely reported that the effectiveness of water shutoff using gel is mostly 
dependent on the gel dynamic sealing properties. In this study, the gelation strength of polymer 
gel was evaluated. During the core flowing experiments, the pressure gradient along the sand pack 
model was recorded and the sand gelation conditions of different locations along the sand pack were 
obtained to confirm the effective migration distance of gel particles, which was again checked by the 
particle-size distribution of gel particles in the effluent. A water flooding core experiment was carried 
out in core of 80 cm in length before and after injecting gel system. The experimental results showed 
that moderate-strength gel could be formed at 65°C. According to the integrated evaluation of the 
plugging factor, plugging strength and water breakthrough time, the gel particles were capable of 
migrating to outlet in 2 m long sand pack during the water injection process after gelation. Based on 
gelation sands states and analyses of effluent, the effective migration distance of the gel particles was 
50%. Through the core flooding experiments using the 80 cm long heterogeneous core, it was proved 
that the gel could be formed relatively far from the injectors (60% of total length between injector 
and producer) with the plugging factor as high as 75.33, which led to extra oil recovery of 12.28% of 
original oil in place (OOIP) by water flooding after water shutoff treatment.
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1. Introduction
For most of the oilfields, after a long-period of water 

injection, they are approaching the stages of high water 
production in producers. The excess water production 
does not only lead to oil production declining and 
even shut-off of some producers, but also increases 
the cost of the produced water treatment. Generally 
water flow in the reservoir always follows the path 
of the least resistance, and water channeling from 
injector to producer is primarily caused by fractures, 
micro-heterogeneity and viscous fingering. Also the 
formation of those high-permeability channels are 
associated with the dissolution of rock minerals by 
injected water and sometimes even sand production in 
producers. As long as the water channeling happens 
in formation, the injected water will just repeatedly 
go through the high-permeable layer, which will lead 
to very little or no water intake for those layers with 
medium or small permeability, consequently large 
amount of remaining oil left in these layers. This 
problem is extremely severe in the unconsolidated 
sandstone reservoirs.

In order to avoid such problems, various methods 
have been proposed. Among these methods, water 
shutoff and profile control by using gel is applied in a 
great number of oilfields. The technology of using gel 
solution for the adjustment and modification of fluid 
flow direction in porous media was introduced to the 
industry about 6 decades ago. A great variety of gel 
systems have been proposed in these years, such as 
sodium silicate gel, Cr3+/HPAM, Al3+/HPAM, mm-sized 
preformed particle gel(PPG), CDG, polyethyleneimine 
(PEI)/ HPAM, etc. A great success of the application of 
Cr3+/HPAM gel was reported in a heavy oil reservoir 
in Bohai Bay; after using this gel system, water cut 

was reduced by 3.2-36.8%, the average oil production 
rate increased by 15.7 m3/d; till the reported time – 
Dec. 2010, net cumulative oil production increased 
by 2.7×104 m3 [1]. Also, numerous successful cases 
have been reported in other fields of China: in 
2001, the application of gel system for shallow and 
deep profile control enhanced oil production by 0.64 
million tons [2]; in 1999, by using the fluid-diverting 
technique, Shengli oilfield added an average of 579 
tons oil production to each producer and increased 
the cumulative oil production by 0.23 million tons 
[3]. It has been claimed that Zhongyuan, Jilin, Henan 
oilfields has set water shut-off and profile control as 
the focus of the oilfield development strategy [4]. An 
ideal chemical agent for water control treatment in oil 
reservoirs should have the following properties: good 
injectivity, great plugging strength, ability to penetrate 
into the deep formation, thermal stability, low cost, 
etc. However, how to characterize and evaluate these 
aforementioned properties for gel system screening 
appears to be a difficult topic and worth investigating. 
A lot of researchers used the resistance factor and 
residual resistance factor to evaluate the high-
permeable zone plugging performance of Cr3+/HPAM 
cross-linked system [5-10]. The same method was 
also adopted for the investigation of the plugging 
performance of modified starch and PEI/HPAM cross-
linked system [11-12]. The permeability reduction rate 
(or plugging efficiency) and the variation of pressure 
gradient were also employed to assess the performance 
of Sodium silicate/urea gel and elastic microspheres 
under reservoir conditions [13-14]. Besides, it was 
stated that gel strength should be appraised according 
to the strength grade; but this method can only reflect 
the static properties of gel system. 
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From the literature, the plugging performance and 
selective plugging ability of gel system were mostly 
evaluated by resistance factor, residual resistance 
factor or pressure gradient, and few studies have 
comprehensively investigated the transportation of 
gel solution and the variation of gel performance with 
time after gel sets in porous media. In this paper, gel 
strength and gelation time were investigated statically 
with PAM (with cationic cross-linked agent and anionic 
additives). In this study, a new evaluation method 
was implemented to comprehensively represent gel’s 
dynamic sealing characteristics. Hopefully this paper 
could contribute to the database of using gel system 
for water shutoff in oilfields.

2. Experimental 
2.1. Apparatus
The main setup used in this study was the core 

flooding equipment, as shown in figure 1 and figure 2. 
The inner diameter and length of the sand pack tube 
were 2.5 cm and 32 m respectively. The length of the 
heterogeneous core holder shown in figure 2 was 100 sm. 
The 3-layer heterogeneous core flooding model was 
80 cm in length, 4.5 cm in width and 4.5 cm in thickness. 
Each layer was 1.5 sm in thickness. Other equipment 
included a COULTER counter LS130 laser particle 
size analyzer (America), a RheoStress 6000 rheometer 
of HAAKE, a Brookfield DV-П+ viscosimeter, several 
high-pressure intermediate containers, an automatic 
measuring cylinder, a thermostat oven, a pressure 
collection system, and a constant flow pump.

2.2. Materials
The materials included polyacrylamide (PAM, 

relative molecular weight is 20~24 million, hydrolysis 
degree is 25%~30% and the concentration of solution 
is 3000 mg/l), cationic cross linker A (mass fraction is 
3%), anionic additive B (mass fraction is 3‰). Two 
kinds of brines (table 1) with salinity of 2244.52 mg/l 
and 7055.69 mg/l respectively were prepared for 
all aqueous solutions and core flooding experiment 
according to the composition of produced water 
from Henan oilfield in China. The produced sands 
with particle size of 60-100 mesh were obtained 
from Henan oilfield. A synthesized oil sample with 
viscosity of 10 mPa·s at 65 oC was prepared by mixing 
the degassed crude oil from Henan oilfield with a 
certain proportion of kerosene. Table 2 summaries 
some key parameters of sand pack models and the 80 cm 
long heterogeneous core.

2.3. Experimental procedures
2.3.1. Flow experiments in 2 m long sand pack model
1. The sand pack model with 2 m in length 

was filled with quartz sand, then vacuumized and 
saturated with formation brine.

2. The model was kept in the thermostat oven of 
65 °C for 24 hours.

3. Brine permeability of each part along this model 
was measured by monitoring the pressure difference 
in each part.

4. 0.3 PV of gel solution was injected with the rate 
of 0.3 ml/min, during this process pump did not stop; 

Fig.1. Experimental setup for core flooding

Type K++Na+ Ca2+ Mg2+ Cl- SO4
2- HCO3

- CO3
2- Total dissolved

 solids

Mass concentration,
mg/l

low salinity water 603.75 15.23 8.51 70.90 81.65 1464.48 0 2244.52

high salinity water 2404.65 31.26 5.59 2481.50 363.11 1769.58 0 7055.69

Table  1
Composition of two formation brines
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then waited for 24 hours to let gel set.
5. Subsequent water flooding was conducted with 

the same speed until the inlet pressure stabilized. 
When the injection volume reached 1 and 2 PV 
respectively, viscosity of produced fluids and particle 
size distribution of gel were measured; gel state was 
contrasted before and after gelation. Pressure change 
was monitored during the experiment and using 
the obtained data, gel plugging effectiveness was 
obtained.

6. At the end of the experiment, the sands were 
taken out from the sand pack model and the samples 
at different locations were collected for analysis.

2.3.2. Core flooding experiments
1. The heterogeneous core was vacummized and 

saturated with formation brine; then pore volume was 
measured.

2. The model was saturated with crude oil at the 
oil injection rate of 0.15 ml/min; and original oil 
saturation and irreducible water saturation were 
calculated.

3. Brine was being injected with the rate of 1.5 ml/min 
until the water cut reached 98%; the produced oil and 
water and pressure change of inlet were monitored.

4. 0.1 PV of gel was injected before 0.1PV of polymer 
which could push the gel to the deep reservoir was 
injected at the same rate, and then waited for 24 hours 
to let gel set.

5. Subsequent water flooding was carried out at 
the same rate until the water cut reached 98%; then 
ultimate recovery was calculated.

3. Results and discussion
3.1. Static performance of gel solution
3% A and 3‰ B were added to PAM solutions 

with the concentration of 2000 mg/l and 3000 mg/l 
respectively. Then 4.5 hours were spent for coagulating 
at 65 oC, during which the viscosity was tested with 
shear rate of 7.34 s-1. The static gelation time was 
3-3.5 hours. Gel solution was colorless before gelation 
formed; the color which was associated with the added 
amount of cross-linked agent, changed to orange and 
dark red after gelation formed. Unformed gel was 
viscoelastic fluid; after gel was formed it would be 
lump colloid. Figure 2 demonstrates the gel’s storage 
modulus, loss modulus and complex viscosity. The 
storage modulus was between 1 and 6 Pa. According 
to oil and gas industry standards (CNPC, 1997), it was 
a moderate-strength gel.  

3.2. Pressure gradient change
Figure 3 shows pressure gradients along the model 

during gel injection and subsequent water flooding. 
On the basis of the results, during the injection 
process of unformed gel system, the pressure gradient 
increased quickly at inlet (0-0.5 m). And the increase 
of the following sections was lower than the inlet. 
After gel was formed the pressure gradient increased 
from 0 to the highest value of 3.52 MPa/m, and then 
dropped down approaching a constant value. We can 
see from the results that at the interval of 1.6-2.1 m 
in the process of subsequent water flooding pressure 
gradient increased slightly.

3.3. Plugging factor and plugging strength along 
the model

Most researchers use resistance factor, residual 
resistance factor, plugging efficiency and pore 
resistance factor to evaluate performance of profile 
control agent, which are incapable of representing the 
plugging performance of profile control agent during 
its migration in deep reservoir. Therefore, in order to 
overcome this deficiency, in this work, the plugging 
factor which has been utilized by some researchers 
[15], was used together with the plugging strength 
and breakthrough time to evaluate gel’s plugging 
performance.

                                              (1)

Where x is the distance from the inlet, m;
Fs(x) is plugging factor in at x;
ξ1(x) is pressure index before the gel is formed at 

x, MPa·s/m2;
ξ2(x) is pressure index after the gel is formed at x, 

MPa·s/m2;

Model Dimension Permeability,
10-3µm2 Porosity, % Oil saturation, % Injected agent

Sand pack Φ1.5 cm × 2.0 m 2026 20.45 — 0.3PV profile control agent

Core 4.5 cm × 4.5 cm × 80 cm 787.36 28.23 83.99 0.1PV polymer (3000 mg/l)+
+0.1PV profile control agent

Table  2
Key parameters of sand pack model and heterogeneous core
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ξ1(x) is defined as                       , where dp
dx

MPa/m is 

the pressure gradient at of x, and ν is the flow velocity 
at x.

Figure 4(a) and 4(b) shows the plugging 
factor, plugging strength (breakthrough pressure 
gradient) and breakthrough time at relative distance 
respectively. Results showed that the plugging 
factor was gradually decreasing with the increase 
of relative distance at different times. At a certain 
position, gel particles were pushed into the position 
that led to the increase of plugging factor. When the 
gel particles were washed to the next section, the 
plugging factor of this place declined. In the relative 
distance of 50%, the plugging factor increased from 
0.31 to 0.96 when the injection increased from 0.15 PV 
to 2 PV. When the water injection reached 5PV, the 
plugging factor decreased to 0.923. From the results 
of figure 4 (b), the plugging strength declines and 
the breakthrough time increases with the increase of 

relative distance. Most of gel stayed in the interval of 
0 to 0.5 m, and some of them were flooded to the deep 
reservoir of 50%, even 90%. Therefore, this gel could 
form a high plugging strength as high as 0.383 MPa/m 
in deep reservoir even if the water injection was 
2.14 PV.

In order to visualize the gel’s properties, the sand 
pack model was disassembled and the quartz sands 
were selected from different parts. Figure 5 shows 
the state of quartz sand along the sand pack tube. 
Comparing different samples of the sand, we can 
see the difference between sample of sand, which 
water was just added to, and samples of sand along 
the tube. The last ones, instead of crumbly shape, 
show different behavior, and we can see clusters of 
sand. With the increase of the distance, the color of 
the sand becomes lighter, especially in the section of 
90-100 cm. 

Figure 6 shows the state of quartz sand along in 
the sand pack in microscopic examination. From the 
results, gel particles in the section of 0-10 cm are 

a) Stages of the system injection                                        b) Subsequent water flooding

Fig.3. Pressure gradient variations along the sand pack model

a) Relationship between plugging factor 
and relative distance at different times

b) Relationship between plugging strength, 
breakthrough time and relative distance

Fig.4. Change in plugging factor, plugging strength and breakthrough time in terms of relative distance

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

0 50 100

Br
ea

kt
hr

ou
gh

 ti
m

e, 
PV

Pl
ug

gi
ng

 st
re

ng
th

, M
Pa

/m

Relative distance, %

Plugging strength

Breakthrough time

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70 80 90

Pl
ug

gi
ng

 fa
ct

or

Relative distance, %

0.15PV

0.3PV

1PV

2PV

3PV

5PV

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Pr
es

su
re

 g
ra

di
en

t, 
M

Pa
/m

Injection, pore volumes

0-0.5m

0.5-1.6m

1.6-2.1m

0

0.5

1

1.5

2

2.5

3

3.5

4

0 1 2 3 4 5 6

Pr
es

su
re

 g
ra

di
en

t, 
M

Pa
/m

Injection, pore volumes

0-0.5m

0.5-1.6m

1.6-2.1m

( ) / =  
 

dpx v
dx

ξ



                                                                                        ELMİ ƏSƏRLƏR  •  PROCEEDINGS  •  НАУЧНЫЕ ТРУДЫ      

56

2014 №1

Fig.5. The state of quartz sand in different sections of the sand pack

a) quartz sand after water added b) 0~10 cm

c) 50~60 cm d) 60~70 cm

e) 80-90 cm f) 90-100 cm

g) 110-120 cm h) 200-210 cm
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more than the following sections and reduce with 
the distance. The color of the particles becomes 
lighter with the distance.

Therefore, gel was formed in the section of 0-63 sm 
(0.3 PV), however, most of gel particles were formed 
in the 0-100 cm, and even some of them migrated to 
the position of 100 cm. This gel could form a high 
plugging strength and long breakthrough time so 
that plugging pressure gradient is high and plugging 
effect is great.

3.5 Effluent properties during subsequent water 
flooding

In order to confirm the migration of gel particles in 
porous media after gelation, particle-size distribution 
analysis was carried out on the collected effluent 
after 1 PV and 2 PV of subsequent water injection. 
According to the particle-size distribution curves, 
shown in figure 7, it is clear that gel particles exists in 
the produced fluids, with particle size ranging from 
128 to 1171 nm; and by comparing the curve in figure 

a) 0-10 cm b) 10-30 cm

c) 90-100 sm d) 110-120 sm

Fig.6. State of quartz sand along in the sand pack in microscopic examination
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Fig.7. Particle-size distribution of gel in effluent during subsequent water flooding
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7(a) and that in figure 7(b), it could be found that the 
size of produced gel particles reduced as the injection 
of subsequent water continues. 

3.6. Gel plugging performance in heterogeneous core
High heterogeneity in oil reservoirs is common, 

which may lead to early water breakthrough and 
then sharp water cut surge. In this situation, 
the in-depth profile control gel may be used 
to alleviate or even mitigate this undesirable 
early water production. Under this context, this 
experiment was conceived. In this experiment, 
a 80 cm long heterogeneous manmade core 
with average permeability of 787.36 mD and 
permeability variation coefficient of 1.3 was used.

Figure 8 shows the water flooding performance 
before and after profile control treatment. During the 
process of gel solution and polymer injection, only 
marginal oil recovery increase was obtained, however, 

water cut reduction was not obvious. However, oil 
recovery by subsequent water flooding after profile 
control treatment was improved by 12.28% OOIP, and 

water cut was reduced by 55.56%, which indicates 
remarkable effect of profile control treatment.

Figure 9 demonstrates the plugging factor at 
different points along the core. Figure 10 shows 
the plugging strength when the gel was broken 
and breakthrough time at different points along 
the core. According to the results shown in figure 
9 and figure 10, it can be seen that at the start 
of subsequent water injection, the pressure factor 
reached as high as 40.3 in the interval of 0.1 m to 
0.25 m. Then as the water injection went deeper, gel 
particles migration was initiated. When subsequent 
water injection approached 0.1 PV, gel particles were 
migrated to the interval of 58.64% of the core. When 
the water injection was equal to 0.17 PV, water cut 
dropped abruptly and oil recovery rose sharply. The 
results from figure 10 show that pressure gradient at 
each detected point on the core reached a maximum 
value successively as the injection of subsequent 
brine started; then it declined and stabilized when gel 
particles were under migration. The pressure gradient 
of breakthrough reached as high as 1.07 MPa/m in 
the interval of 58.64%, which may indicate that the 
migrating particles accumulated in this place and 
formed great plug performance here. The increase of 
breakthrough pressure gradient at the outlet might be 
attributed to the plugging of the end face by some gel 
particles.

4. Conclusions
1. Based on evaluation of the plugging factor, 

plugging strength and gel breakthrough time in 
the 2 m sand pack experiment, the gel system 
could at the location of 1 m away from the 
inlet, after 5PV subsequent water displacement, 
the plugging factor, plugging strength and gel 
breakthrough time were 0.922, 0.383 MPa/m, and 
2.14 PV respectively, which indicates that the 
effective distance of plugging is 50%.

2. Based on the gelation performance and the gel 
particle-size distribution of the effluent in the 2 m 
sand pack experiment, after gel was formed effective 
plugging from migration of gel particles is less than 
0.9 m; only part of gel particles could be migrated 

Fig.8. Water flooding performance 
before and after profile control

Fig.9. Plugging factor at different 
points along the core

Fig.10. Plugging strength and time for gel 
breakthrough at different points along the core
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to the outlet, and the amount of these particles 
decreased as the injection of water continued. 

3. By making use of the above evaluation indicators, 
in the profile modification experiment using the 80 cm 
long core, it was found that the pressure gradient 
of breakthrough reached as high as 1.07 MPa/m in 
the interval of 58.64% after the water injection was 

equal to 0.1 PV. This gel treatment in the core led to 
oil recovery enhancement of 12.28% OOIP and water 
cut reduction of 55.56% in the subsequent water 
flooding process. Therefore, it could be stated that 
this evaluation method is reliable and can serve as a 
reference for screening and evaluation of gel system in 
reservoir conditions.
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Оценка закупоривающей способности 
гелевых систем на месторождении «Хэнан»

Ж.Ву, К.Юи, Л.Жанг
(Китайский Нефтяной Университет)

Реферат

Одним из наиболее важных методов выравнивания профиля приемистости нагнета-
тельных скважин является изоляция водоносных горизонтов в существенно неоднород-
ных коллекторах. Неоднократно отмечалось, что эффективность изоляции водоносных 
горизонтов с помощью гелей зависит в основном от их закупоривающей способности. В 
связи с этим в работе проводится оценка прочности полимерных гелей. В процессе иссле-
дования фильтрации на керне при постоянном градиенте давления получены условия 
гелеобразования по длине керна для определения оптимального расстояния миграции 
частиц геля. Далее были проведены эксперименты по заводнению керна длиной в 80 см до 
и после ввода гелевой системы. Результаты опытов показали, что уже при 65°С формиру-
ется гелевая структура умеренной прочности. Интегральная оценка коэффициента заку-
порки, прочности закупорки и времени прорыва воды, показала, что в процессе закачки 
после гелеобразования частицы геля способны мигрировать к выходу керна длиной в 2 м. 
Эксперименты по заводнению с использованием неоднородного керна длиной 80 см после 
ввода гелевой системы показали, что гель может быть сформирован относительно далеко 
от нагнетательной скважины (60% расстояния между нагнетательной и добывающей сква-
жинами) при коэффициенте закупорки в 75.33, что приведет к дополнительной добыче 
нефти в 12.28% от начальных извлекаемых запасов нефти (OOIP). 

«Xenan» neft yatağında gel sistemlərinin təcrid 
etmə qabiliyyətinin qiymətləndirilməsi

J.Vu, K.Yui, L.Janq
(Çin Neft Universiteti)

Xülasə

Vurucu quyuların qəbuletmə profilinin hamarlaşdırılmasının əsas üsullarından biri qeyri-
bircins kollektorlarda su horizontların təcrid edilməsidir. Dəfələrlə qeyd edilmişdir ki, gel 
vasitəsi ilə su horizontların təcrid edilməsinin səmərəliliyi əsasən gellərin məsamələri təcrid 
etmə qabiliyyətindən asılıdır. Bununla əlaqədar məqalədə polimer gellərin möhkəmliliyinin 
qiymətləndirilməsi aparılır. Sabit təzyiq qradiyentində kerndə süzülmənin tədqiqi prosesində 
gel hissəciklərinin miqrasiyasının optimal məsafəsinin müəyyənləşdirilməsi üçün kern boyu 
gel əmələgəlmə şərtləri əldə edilmişdir. Daha sonra uzunluğu 80 sm olan kernin sulaşdırılması 
eksperimentləri gel sisteminin daxil edilməsindən əvvəl və sonra aparılmışdır. Təcrübələrin 
nəticələri göstərmişdi ki, artıq 65 °С-də az möhkəmliyli gel strukturu formalaşır. Məsamələri 
təcrid etmə əmsalının, təcrid etmə möhkəmliyinin və suyun nüfuz etmə müddətinin inteqral 
qiymətləndirilməsi göstərmişdi ki, gel əmələgəlmədən sonra suvurma prosesində gel 
hissəcikləri uzunluğu 2 m olan kernin çıxışına miqrasiya edirlər. Gel sistemi daxil edildikdən 
sonra uzunluğu 80 sm olan qeyri-bircins kernin istifadəsi ilə sulaşdırma üzrə eksperimentlər 
göstərmişdi ki, məsamələrin təcrid etmə əmsalı 75.33 olmaqla gel vurucu quyulardan nisbi 
uzaqlıqda (vurucu və hasilat quyuları arasında 60% məsafə) formalaşa bilər ki, bu da ilkin 
çıxarıla bilən neft ehtiyatlarından (OOIP) 12.28% əlavə neft hasilatına gətirib çıxarır.


