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Résumé — Gélification dynamique de HPAM/Cr(III) sous cisaillement dans un agitateur et en

milieu poreux — La fermeture des eaux et le contrôle du profil constituent l’une des

technologies les plus importantes pour l’amélioration de la récupération du pétrole. Afin

d’assurer le succès de cette technologie, la clé est de déterminer précisément le temps de

gélification et la résistance du gel au cours de l’écoulement du gel en milieu poreux. Le système

HPAM (Hydrolyzed PolyAcrylaMide) et le système redox (bichromate de sodium et sulfite de

sodium) sont communément utilisés ; leur temps de gélification statique en ampoules et en

milieu poreux ont été déterminés, ainsi que le temps de gélification dynamique dans un

agitateur et en milieu poreux. Le taux de cisaillement a été considéré comme l’un des

principaux facteurs affectant le temps de gélification. Les résultats ont montré que le temps de

gélification statique en milieu poreux était bien plus long que celui en ampoules. Le temps de

gélification initial (IGT) en milieu poreux était deux ou trois fois plus élevé que celui en

ampoules, alors que le temps de gélification final en milieu poreux était de six fois celui en

ampoules. Sous cisaillement dans un agitateur, le procédé de gélification a été divisé en quatre

phases : induction, augmentation brusque, stabilité et diminution. Avec l’augmentation du

taux de cisaillement, le temps de gélification a été prolongé et la résistance du gel a diminué.

Un taux de cisaillement critique de la gélification a été observé, au-dessus duquel aucun gel ne

se formait. Le cisaillement n’avait quasiment aucune influence sur la résistance du gel au cours

du stade d’induction, mais dans le procédé d’augmentation brusque, le cisaillement pouvait

rapidement dégrader la résistance du gel. Le temps de gélification dynamique en milieu poreux

était bien plus long que celui de la gélification statique en milieu poreux et en ampoules.

Lorsque les concentrations de HPAM et de RS (Redox System) étaient augmentées, l’IGT de

la gélification dynamique en milieu poreux était réduit.

Abstract—Dynamic Gelation of HPAM/Cr(III) under Shear in an Agitator and Porous Media—

Water shutoff and profile control is one of the most important technologies to enhance oil recovery. To

ensure the success of this technology, the key is to accurately determine gelation time and gel strength

during gel flow in porous media. The HPAM (Hydrolyzed PolyAcrylaMide) system and redox sys-

tem (sodium bichromate and sodium sulfite) is widely used, whose static gelation time in ampoule bot-

tles and porous media was determined, as well as the dynamic gelation time in an agitator and porous

media. The shear rate was considered one of the major factors affecting gelation time. The results

showed that the static gelation time in porous media was much longer than that in ampoule bottles.
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The Initial Gelation Time (IGT) in porousmedia was two or three times that in ampoule bottles, while

the final gelation time in porous media was six times that in ampoule bottles. Under shearing in an agi-

tator, the gelation process was divided into four phases: induction, sudden increase, stability and

decrease. With the increase in shear rate, gelation time was prolonged and gel strength decreased.

There was a critical gelation shear rate, above which there was no gel formed. Shear had almost no

influence on gel strength during the induction stage but in the process of sudden increase, shear could

degrade gel strength sharply. The time of dynamic gelation in porousmedia wasmuch longer than that

of static gelation in porous media and ampoule bottles. When HPAM and RS (Redox System) con-

centrations increased, the IGT of dynamic gelation in porous media was shortened.

INTRODUCTION

With the development of oilfields, the strips of high per-

meability emerge in the process of water flooding; and it

is very important to enhance the volumetric sweep effi-

ciency after water flooding. The most direct and effective

way is profile control and water shutoff using cross-

linked polymer gel. A gel with a certain gelation time

and gel strength can effectively block the strips of high

permeability, cause fluid diversion and enlarge sweep

efficiency. It is crucial how to determine the gelation time

and gel strength during gelant flow.

There are many methods to obtain the static gelation

time, such as the code of gel strength [1], the change in vis-

cosity with time [2], the measurement of the storage

modulus and loss modulus, application of electrical con-

ductivity and so on. These methods have advantages in

themselves. According to Sydansk’s gel-strength code,

the gel strength is divided into several levels to determine

gelation time quickly and effectively. Mokhtari et al. [3]

divided gelation time into Initial Gelation Time (IGT)

and Final Gelation Time (FGT) with the method of mea-

suring apparent viscosity versus time, and the history of

viscosity change during the process of gelation could be

recorded. Gao et al. [4] measured the storage modulus

and loss modulus and obtained the gelation time by the

Winter-Chambon criterion [5]. Basta et al. [6] determined

gelation time by the relationship between conductivity

and time. Boey et al. [7] obtained the gel point where

the tangent phase was found to be independent of the

frequency.

Before it is injected into formation, gelant has a vari-

ety of shear rates. It is very meaningful to study the effect

of shear on the gelant. There has been some research on

the effect of shear on gelation time, application perfor-

mances and re-formation after shear [8-12]. This was

conducted under the condition of static gelation.

Chauveteau et al. [13] studied the gelation process of

polymer and Cr(III) under stable shear, and the results

indicated that it was quite different between gelation

under shear and static gelation. Bhaskar et al. [14] stud-

ied the effects of different shear rates on the gelation

process of a redox system (sulfourea and sodium sulfite),

and with the increase in shear rate, the reaction speed

was slowed and the gel strength decreased. The results

of Kolnes et al. [15] indicated that the viscosity of a gel

system could be restored after slowly stable shearing

for a long time. The impact of shear on gelation is

achieved in at least two ways: one is that shear acceler-

ates the reaction rate by increasing the mobility of poly-

mer and crosslinker molecules. The other is that shear

destroys the structure of gel and degrades the strength.

It is very important to study the process of gel flow in

porous media. McCool et al. [16] studied the gelation of

chromium acetate and polymer during flow in porous

media by simulating formation fracture with a long con-

duit. Gel could be formed in porous media and gelation

time was obtained by measuring the resistance coeffi-

cient. The results of Seright [17] indicated that a resis-

tance coefficient could be generated by gel in the flow

process and firstly increased and then decreased and be

stable along the flow direction. The research of Dolan

et al. [18] confirmed that the gelation time in porous

media was much longer than that in static conditions.

In this paper, with the HPAM (Hydrolyzed Poly

Acrylamide) system and redox system, we discuss the

static gelation time in ampoule bottles and porous

media, and the dynamic gelation time in an agitator

and porous media. Furthermore, the relationship

between the static gelation time and dynamic gelation

time was established, and the critical gelation shear rate

was determined with the agitator.

1 EXPERIMENTAL SECTIONS

1.1 Materials

The polymer employed in this research was classical par-

tially hydrolyzed polyacrylamide (HPAM), whose

molecular weight is 1.2 9 107 and the degree of hydroly-

sis is 22%. The crosslinker was a Redox System (RS),

including sodium bichromate and sodium sulfite, and

the mass ratio was 1:2. The Synthetic Water (SW) used
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in this study contained 6 921 ppm Na+, 412 ppm

Ca2+, 148 ppm Mg2+ and 11 853 ppm Cl�.
The experiments of core flooding were operated with

sand packs with 2.50 cm Inner Diameter (ID) and

10.00 cm length or 100.00 cm length; the sand packs were

filled with clean micro-glass beads of different meshes

and saturated by SW. All of the gelation experiments

were performed at 75�C.

1.2 Static Gelation in Ampoule Bottles

HPAM solutions of different concentrations were pre-

pared with SW as gelant, and then the crosslinkers

(RS) of different concentrations were added. 15 mL ge-

lant was placed into an ampoule bottle made of

thermo-resistant glass. The bottle has a screw cap, and

it is 10 cm long with an ID of 2 cm. The air in the head-

space above the solution in the ampoule was replaced

with nitrogen to remove any oxygen that could cause

gel degradation. A series of samples of each formula

were prepared for the following static gelation experi-

ments.

1.3 Static Gelation in Porous Media

A series of sand packs with 2.50 cm ID and 10.00 cm

length were prepared. After being saturated by SW, Pore

Volumes (PV) and permeabilities (K) were calculated,

then the sand pack was injected into one PV gelants

(HPAM + RS) at the injection speed of 1 mL/min.

Then, the sand packs were sealed and placed in a 75�C
oven. At regular intervals the breakthrough pressure

gradient of each sand pack was measured by SW flood-

ing at the speed of 1 mL/min.

1.4 Dynamic Gelation under Shear in an Agitator

70 mL gelant was placed in an agitator and stirred at a

certain rotation speed at 75�C. The viscosity of the ge-

lant was measured by a Brookfield DV-II viscometer at

75�C at regular intervals. At the same time, the effect

of the shear rate on dynamic gelation was considered

by changing the Revolutions Per Minute (RPM). After

being stirred for different times, the gelant remained

standing in a 75�C oven and the viscosity was measured.

1.5 Dynamic Gelation in Porous Media

Gelant in the normal conditions was continuously

injected into the sand pack of 2.50 cm ID and

100.00 cm length, which was saturated by SW and placed

in a 75�C oven. During the whole process, the change in

injection pressure with time was recorded. At the same

time, the influencing factors were considered, such as

polymer and crosslinker concentrations.

2 RESULTS AND DISCUSSION

2.1 Static Gelation in Ampoule Bottles

Gelation time is one of the most important parameters.

In this paper, the gelation time, which is divided into Ini-

tial Gelation Time (IGT) and Final Gelation Time

(FGT), was determined by measuring viscosity [3].

IGT is the time of sudden increase in viscosity. FGT is

the time when the reaction is nearly finished. The gela-

tion times of different formulas were determined and

are shown in Figure 1. The results showed that the pro-

cess of gelation could be divided into three phases: slow

induction, sudden increase and stability. With the

increase in concentrations of HPAM and RS, both

IGT and FGT decreased. The value of the slope of the

sudden increase phase represented the reaction rate.

Increase in the concentration of the system could accel-

erate the reaction rate and shorten IGT, as well as FGT.

2.2 Static Gelation in Porous Media

After gelant was injected into porous media, the increase

in the following water flooding pressure mainly resulted

from plugging by crosslinked gelant and the pressure

increased with the degree of crosslinking. When the pres-

sure was finally constant, the crosslinking reaction was

completed. The IGT is the time when the water flooding

pressure suddenly increases, and the FGT is the first

moment when the pressure remains unchanged. The

IGT and FGT of static gelation in porous media were

obtained by measuring the change in pressure with time;

the results are shown in Figure 2. In order to eliminate

the effect of permeability on water flooding pressure,

vadose force (F, unit N) was introduced, which is defined

as the required force for fluid flowing through the special

core. Numerically, F was equal to the product of water

flooding pressure and permeability. From Figure 2, the

IGT and FGT of static gelation in porous media were

obtained. Furthermore, with increasing concentration

of the system, the IGT and FGT decreased. The change

in polymer concentration mainly influenced the strength

of the gel in porous media; meanwhile, the change in

crosslinker concentration mainly influenced gelation

time in porous media. The explanation is that the cross-

linker RS is an inorganic ion, whose main role is cross-

linking polymer molecules and shortening gelation

time. However, polymer molecules could enhance the

dimensional network structure of gel.

Yu Haiyang et al. / Dynamic Gelation of HPAM/Cr(III) under Shear in an Agitator and Porous Media 943



Comparing static gelation in ampoule bottles with

static gelation in porous media, it was indicated that

both IGT and FGT in porous media were much longer

than those in ampoule bottles. Also, IGT in porous

media were about three times the IGT in ampoule bot-

tles, while FGT in porous media were about six times

the FGT in ampoule bottles. This might result from ge-

lant adsorption and retention in porous media.

2.3 Dynamic Gelation under Shear in an Agitator

In the process of water shutoff and profile control,

before it is injected into formation, the gelant has a series

of shear rates, which influence the gelation time and gel

strength. It is very important to analyze the effect of

shear on gelation time and gel strength. The classical

shear of the agitator was studied with the HPAM system

and RS in the following experiments.

2.3.1 The Effect of the Shear Rate on Gelation Time

The rotation speed of the agitator, with four paddles

(2.5 cm length, 0.8 cm width and 0.1 cm thickness; the

angle between the paddle and horizontal plane is 45�)
was in the range of 45 � 600 rpm. The shear rate was

calculated with the method of Metzner and Otto [19].

The vessel for gelant was a cylinder with ID 5.86 cm

and height 2.6 cm. The volume of gelant was 70 mL in

every agitation. The results of the effect of shear on gela-

tion time are displayed in Figure 3. Under different shear

rates, the gelation time and gel strength were different.

When the shear rate was less than 15.17 s�1, IGT

increased with increasing shear rate but was shorter than

that in static conditions, and with the increase in shear

rate, ultimate gel strength decreased sharply. When the

shear rate was up to 18.96 s�1, the system was cross-

linked slightly, and the IGT was longer than that in static

conditions. Furthermore, FGT in static conditions was

0.02% RS

0.04% RS

0.06% RS

0.2%HPAM

P

10 cm

(27 min)

(85 min)

(190 min)

(300 min)

(50 min)
(140 min)

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0
1 10 100

F
 (

N
)

Time (min)

0.04 wt% RS

1 10

10

8

6

4

2

0
100

F
 (

N
)

0.15% HPAM

0.20% HPAM
0.25% HPAM

0.30% HPAM

5

4

3

2

1

0
20 40 60 80 100

P

10 cm

Time (min)

Figure 2

The change of vadose force with time in the process of static

gelation o system HPAM/Cr(III) in porous media with

2.50 cm ID and 10.00 cm length at 75�C.

(30 min,51 000 mPa.s)

(40 min,31 000 mPa.s)

(23 min,10.1 mPa.s)

(50 min,22 200 mPa.s)

(25 min,9.1 mPa.s)

(35 min,8.1 mPa.s)

100 000

10 000

1 000

100

10

10 20 30 40 60 70 8050
1

0

Time (min)

V
is

co
si

ty
 (

m
P

a.
s)

0.15 wt%HPAM
0.20 wt%HPAM
0.25 wt%HPAM
0.04 wt%RS

(28 min,62 000 mPa.s)

(40 min,31 000 mPa.s)

(75 min,17 000 mPa.s)

(10 min,11.4 mPa.s)

(40 min,8.7 mPa.s)

(25 min,9.1 mPa.s)

100 000

10 000

1 000

100

100

10

20 40 60 80
1

0

Time (min)

V
is

co
si

ty
 (

m
P

a.
s)

0.20wt%HPAM

0.04 wt%RS

0.06 wt%RS

0.02 wt%RS

Figure 1

The static gelation in ampoule bottles of system HPAM/

Cr(III) at 75�C.
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faster than that at any shear rate. So, it was considered

that when the shear rate was higher than 18.96 s�1, no

gel existed. A tiny shear could accelerate the reaction

between polymer molecules and the crosslinker and

was good for the formation of macromolecular aggre-

gates in the stage of induction [6], while the structure

of macromolecular aggregates was destroyed by severe

shear and IGT was prolonged. The process of gelation

under a shear rate (less than 15.17 s�1) was divided into

four phases: induction, sudden increase, stability and

decrease [13].

The results of the effect of the concentrations of the

polymer and crosslinker on gelation time are shown in

Figure 4. When the concentrations of polymer and cross-

linker increased, the amount of polymer molecules,

crosslinker ions and the probability of a crosslinking

reaction increased. This factor resulted in shortened

gelation time and increased ultimate gel strength, even

under shear conditions.

2.3.2 Static Gelation after Shearing

The dynamic gelation process under shear was divided

into induction, sudden increase, stability and decrease

stages, shown in Figure 5. Viscosity change in the gelant

at different gelation stages after shearing for a certain

time was a very important factor to study. For this, the

experiment was designed as follows: gelant of 0.2 wt%

HPAM and 0.04 wt% RS was sheared at the rate of

11.38 s�1 at 75�C and the shear time lasted for 1 min.

Then, the shearing was stopped and the gelant was kept

gelling under static conditions. The viscosity of static

gelation after shearing for 1 min was measured. The

shear time was increased and the experiment was

repeated. The relationship between the viscosity of static

gelation after different shearing times and shear time was

established; the data are shown in Figure 5. For the

viscosities of dynamic gelation under shear and static

gelation after shearing for different times, shear had

almost no effect on gel strength at the stage of induction,

but it had an enormous influence on gel strength at the

stage of sudden increase. At the stage of sudden increase,

the viscosity of dynamic gelation under shear increased
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linearly with shear time and the viscosity of static gela-

tion after shearing for different times decreased linearly

with shear time in semilog coordinates. The slopes were

0.022 and �0.024 in semilog coordinates, respectively.

At the stage of stability and decrease, the viscosities

had almost no difference. Macromolecular aggregates

were destroyed by shear at the stage of induction, while

the three-dimensional network structure was damaged

by shear at the stage of sudden increase.

2.3.3 Critical Gelation Shear Rate

With increasing shear rate, gel strength decreased. When

the shear rate reached a certain value, the HPAM system

and RS could not form gel. There was a critical value of

the shear rate, named the critical gelation shear rate,

beyond which the system of HPAM/Cr(III) could not

form gel. The critical gelation shear rates of different

formulas were measured, and the data are shown in

Figure 6. The critical gelation shear rates of different

formulas were 11.38 s�1 (0.2 wt% HPAM

and 0.02 wt% RS), 15.17 s�1(0.2 wt% HPAM and

0.04 wt% RS) and 18.96 s�1(0.2 wt% HPAM and

0.06 wt% RS), respectively. This indicated that the crit-

ical gelation shear rate increased with increasing cross-

linker concentration. Therefore, the higher the gel

strength, the higher the critical gelation shear rate.

2.4 Dynamic Gelation in Porous Media

When the gelant was transported in porous media at

75�C, there were two processes. One was the process of

reaction between polymer molecules and crosslinkers,

which resulted in the formation of gel and buildup of

injection pressure. The other one was breakage of the

three-dimensional network structure by the following

injected gelant and porous media, which led to a pressure

drop. So, the gelation time was longer than that in static

porous media. When the gelant began to form gel, the

injection pressure rose. The change in pressure with time

is shown in Figure 7. With increase in time, the injected

volume increased and input pressure rose. The process

of input pressure was divided into the induction and sud-

den increase stages. The IGT could be determined by the

input pressure, as shown in Figure 7. However, the FGT

was difficult to determine. Under low concentrations of

polymer and crosslinker, the pressure P2 increased by a

certain degree, which represented the gelant migration

in porous media. In the process of dynamic gelation in

porous media, there were mainly two effect factors: the

crosslinking reaction, making input pressure rise, and

shear degradation, reducing input pressure. When the

concentrations of polymer and crosslinker increased,

the IGT decrease was shortened, as shown in Figure 8.

Compared with static gelation in porous media and in

ampoule bottles, the IGT of dynamic gelation in porous

media was much longer, which was about four times the

IGT of static gelation in porous media, and eight to ten

times the IGT of static gelation in ampoule bottles.

CONCLUSIONS

Based on the experimental analysis of the HPAM system

and Redox System (RS: sodium bichromate and sodium
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Determination of critical gelation shear rates with different

formulas at 75�C.
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The change of viscosity in the process of static gelation

after shearing with the system of HPAM/Cr(III) at 75�C.
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The change of pressure with time in the process of gelant system of HPAM/Cr(III) migration in porous media at 75�C.
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sulfite) at 75�C, the most important conclusions are sum-

marized as follows:

– the time of static gelation in porous media was much

longer than that in ampoule bottles. IGT in porous

media were about three times those in ampoule bot-

tles, while FGT in porous media were six times those

in ampoule bottles;

– there was a critical gelation shear rate in the process of

gelation under shear, beyond which the system could

not form gel, and it was enlarged from 11.38 s�1 to

18.96 s�1 with increasing RS concentration from

0.02 wt% to 0.06 wt%;

– shear had almost no influence on gel strength dur-

ing the induction stage, but in the stage of sudden

increase, shear could sharply degrade gel strength.

The viscosity of a system with 0.2 wt% HPAM

and 0.04 wt% RS standing for 40 min after

shearing decreased linearly with time in semilog

coordinates and the slope was �0.024 in semilog

coordinates;

– the gelation time of dynamic gelation in porous media

was much longer than that of static gelation in porous

media and ampoule bottles. IGT of dynamic gelation

in porous media were about four times the IGT of sta-

tic gelation in porous media and eight to ten times the

IGT of static gelation in ampoule bottles.
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