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With polyacrylamide solution as experimental subject, the paper reports the effect of mass concentration, shear rate and temperature on
the rheological properties of polyacrylamide solution. Experimental results indicated that the apparent viscosity of polyacrylamide solution
increased linearly with linear increasing concentration at concentration of 0.5-2.0 g/L; the apparent viscosity decreased with the increasing

equation of the apparent viscosity with regard of concentration and temperature.

| of shear rate and temperature. With the changing of temperature and concentration, the flow behaviour index (n) and consistency coefficient |
| (K) behave similar to power-law fluid. Considering the combined effects of temperature and concentration, the experiment fitted an |
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INTRODUCTION

Polyacrylamide (PAM) aqueous solution is a typical non-
Newtonian fluid. Most of applications of PAM have been made
in the format of aqueous solution. Polyacrylamide is soluble at
any concentration, temperature and pH value in water. Polyacryl-
amide is water-soluble high molecular polymer, which is not
soluble in most of organic solvents. Solid phase PAM has feature
of moisture absorption, flocculability, gumminess, friction
reducible and thickening property. It has been widely applied
in petroleum industry, oil production, drilling fluids, waste
mud treatment, prevention of water channeling, reduction of
friction reduction, enhancement of oil recovery, tertiary oil
recover and water treatment. In this paper PAM was mainly
used as flocculant for suspended particles, coarser, high concen-
tration, particles with positive charge, neutral water or alkaline
wastewater. Because the anionic polyacrylamide molecule
chain contained a certain amount of polar groups which can
absorb suspended solid particles in water, which formed large
floccules between particle bridges. So it accelerated the sedi-
mentation of particles in suspension, speeding up solution
clarification obviously and promoting the effect of filtering. It
has been widely used in the chemical industry wastewater and
waste fluid treatment, municipal sewage treatment. The appli-
cations of PAM in petroleum include refinery water treatment
and recycling of treatment oil and in oilfield wastewater
treatment.. Some experiments on studying rheological property

of PAM solution have been carried out in previous works'*,
but different type of PAM solution has its own rheological
properties. For non-Newtonian fluid, it is difficult to reflect
its property using the analytical form of rheological equation.
t-y flow curve is usually used to describe the rheological
properties’®. For power-law fluid, one of simplest non-
Newtonian fluids, the relationship between shear stress T and
shear rate y can be described by equation. This paper used a
rotary rheometer to measure apparent viscosity and shear
stress of PAM solution at different concentration. Through
experiment, this study obtained the effect of concentration,
temperature and shear rate on apparent viscosity, consistency
coefficient and flow behaviour index. The results were used
to further obtain the value of consistency coefficient (K) and
flow behaviour index (n) and corresponding PAM rheological
constitutive equation, which can be used to study non-isothermal
flow problems of PAM solution and other similar power-law
fluids.

EXPERIMENTAL

Experimental samples and instruments: During the poly-
acrylamide manufacturing process, high drying temperature
and long drying time made the product partially branched or
lightly crosslinked, which extended the dissolution time. The
experiment samples of polyacrylamide were obtained from
HYMO joint-stock company, Japan. It molecular weight is
10 million and degree of hydrolysis is 20-30 %. The largest
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shareholder of HYMO is Mitsubishi Chemical Corporation
and the product annual output is 50,000 tons, ranking top two
in Japan. The weight was measured with a high accuracy analy-
tical balance (METTLER TOLEDO). A German IKA magnetic
stirrer was used to accurate control the stirring temperature.
The used rheometer was Austrian Anton PaarPhysica MCR301
advanced rheometer, which is modeled and smart. It is equipped
with an accurate temperature control system, which has tempe-
rature controlling range -30 °C to +190 °C. Meanwhile, its
rotational speed can reach 107-3000 rpm. The self- rheological
controlling system is featured excellent compatibility, reli-
ability and flexibility. It has multiple application modes inclu-
ding flow and viscosity curve, temperature test and transit test,
which can fully fulfill the requirement of the experiment.
Experimental method: Within the 0.5-2.0 g/L. mass

concentration, PAM solution is dilute solution. The different
weighs of polyacrylamide particles were measured with analyt-
ical balance. Tap water with pH of 6 was used as solvent. The
concentration of prepared solution was 0.5, 1.0, 1.5 and 2.0
g/L, respectively. Because large amounts of hydrogen bond
and molecular chain entanglement exist in polyacrylamide, it
is difficult to dissolve. Stirring can accelerate the molecular
diffusion rate and dissociate the hydrogen bond, making mole-
cular chain tangles untied. This experiment used a magnetic
stirrer to help the dissolving process. In order to avoid formation
of flocculation during preparing solution and cause uneven
sample, the speed of application was required to be even and
the stirring speed was controlled to be lower than 200 rpm, which
can prevent unnecessary bubbles in solution and degradation

of the polymer. The stirring time was set to be 1-2 h according

to the concentration. The solution was standing for 12-24 h

allowing adequate time for dissolving of the polymer to obtain

the even samples. The viscosity of prepared sample solution

was measured with rheometer for different concentrations,

shear rates and temperatures. The temperature interval was

set to be 10 °C in the range of 20-50°C’; flow behaviour index

(n) and consistency coefficient (K) was determined according
to the measured data.

RESULTS AND DISCUSSION

Effect of mass concentration on apparent viscosity of
solution of polyacrylamide: Mass concentration is one of
important factors that affect apparent viscosity of polymer
solution. Therefore, the measurements were carried out for
polyacrylamide solution at mass concentration of 0.5, 1.0, 1.5
and 2.0 g/L.

Fig. 1 shows Rheo-curve of apparent viscosity and shear
rate of polyacrylamide solution at different concentrations at
30 °C. It can be seen from Fig. 1 that at the same condition of
temperature and shear rate, apparent viscosity of polyacryl-
amide solution was high at high concentration during entire
experiment.

From Fig. 1, significantly difference of apparent viscosity
between low and high concentration polymer solution can also
be observed, especially at low shear rate region. With increase
of mass concentration, the amplitude of increment of corres-
ponding apparent viscosity also increased. This phenomenon
was particularly evident for high concentration polymer solution.
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Fig. 1.

The apparent viscosity of 0.5 g/L solution of PAM is lower
than that of other high concentration PAM solutions. It belongs
to low concentration solution and the number of hydrogen
bond and molecular chain entanglement is less than that of
other high concentration PAM solutions. Network structure
was easy to be destroyed. With the increase of shear rate, the
apparent viscosity decreased. It is not difficult to find out that
the variation of apparent viscosity of PAM solution was not
obvious in the entire shear rate range for the lowest mass
concentration of 0.5 g/L. The feature of non-Newtonian is not
strong and it behaved similarly to Newtonian fluid. However,
with increase of the mass concentration, the Rheo-curve became
more obvious and pseudo-plastic feature increased.

Effect of shear rate on apparent viscosity: According
to experimental plan, the shear rate was increased continuously
from 1.01 to 100 s and apparent viscosity of polyacrylamide
solution was measured at different mass concentrations. Accor-
ding to non-Newtonian fluid, taking logarithm would obtain,
which demonstrates linear correlation between viscosity and
shear rate.

Fig. 2 shows the logarithm relation between shear rate
and apparent viscosity of PAM solution at different concen-
trations and temperature of 40 °C. All curves showed linear
relation except for the lowest concentration curve and illus-
trated the power law flow characteristics.
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From Fig. 2 it illustrated that apparent viscosity decreased
with increase of shear rate for polyacrylamide solution at all
mass concentrations. The amplitude of this decrease was more
significant for high concentration solution. Observing polymer
solution with concentration of 0.5 and 2.0 g/L found that the
effect of shear rate was relatively weak for low concentration
of PAM solution compared to that for high concentration
solution. The decrease occurred in the initial low shear rate
range, with the continuous increase of shear rate, apparent
viscosity appeared flattened. For the solution with concen-
tration of 2 g/L, the apparent viscosity decreased significantly
at low shear rate and the decreasing amplitude gradually
decreased with increase of shear rate.

Fig. 3 illustrates the relation between shear rate and shear
stress of polyacrylamide solution at 30 °C and different mass
concentrations. Fig. 3 showed that the shear stress of polymer
solution increased with the increase of shear rate in experi-
mental range of concentration. The flow curve also agreed with
pseudo-plastic flow of non-Newtonian fluid. From constitutive
equation one can derive, non-linear regression can be perfor-
med to the measured T and 7. This experiment applied least
square fitting to shear rate and apparent viscosity and obtained
corresponding K and n (Tables 1 and 2).
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Fig. 3. Plot of stress versus shear rate with different mass concentrations
at 30 °C

TABLE-1
VALUES OF CONSISTENCY INDEX OF SOLUTIONS
OF POLYACRYLAMIDE WITH DIFFERENT MASS
CONCENTRATIONS AND TEMPERATURES

T K (mPa s")
C=05gL C=10g/L C=15g/L. C=20g/L
293 16.413 132.342 240.102 458.453
303 12.987 120.779 210.073 407.424
313 10.165 99.151 176.833 357.106
323 8.282 80.050 147.401 315.717

From Tables 1 and 2, at the same temperature, K continued
to increase with the variation of solution concentration from
low to high, whereas n decreased with the increase of
concentration. This results is consistent with the result of Yang®.
Compared with the results of Ye Xi’, it was found that the
rheological trend was similar and the apparent viscosity of
this experiment PAM solution was larger. Meanwhile, at certain

TABLE-2
VALUES OF FLOW BEHAVIOUR INDEX OF SOLUTIONS
OF POLYACRYLAMIDE WITH DIFFERENT MASS
CONCENTRATIONS AND TEMPERATURES

T(K) =
C=05gL C=10g/. C=15gL C=20¢gL
293 0.7525 0.5142 0.4301 0.3374
303 0.7767 0.5108 0.4376 0.3479
313 0.7978 0.5301 0.4562 0.3641
323 0.8065 0.5635 0.4817 0.3818

mass concentration, n increased with increase of the temperature,
whereas K decreased with the increase of temperature. K is
consistency index, which reflects the viscosity of the solution.
The solution is more viscous with larger K value and it has
been validated by experimental result. The value of n for all
solution was smaller than 1, which belonged to pseudo-plastic
fluid. The larger the concentration, the smaller the value of n.
The deviation was increased from the value of n for Newtonian
fluid, i.e., n = 1, which indicated that non-Newtonian behaviour
of the polymer solution was more obvious.

Effect of temperature on apparent viscosity: The experi-
ment measured the mass concentration of the solution was
0.5, 1.0, 1.5 and 2.0 g/L.. We also measured apparent viscosity
for these polyacrylamide solution at 20, 30, 40 and 50 °C.
Fig. 4 shows flow curve of apparent viscosity and shear rate
for polymer solution at mass concentration of 1.5 g/L. Form
Fig. 4 it can be seen that, for same concentration PAM solution,
apparent viscosity decreased with increase of temperature. The
dependency of viscosity to temperature is usually described
using Arrhenius equation'’,
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Fig. 4. Function of shear rate and apparent viscosity for 1.5 g/l PAM
solution at different temperatures
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where AE, is flow activation energy, A is constant. Large AE,
indicates strong temperature dependency.

Relation equation of apparent viscosity with temperature
and concentration: To simplify the experimental research
application, comprehensively considering the combined effect
of temperature and concentration on apparent viscosity and
fitting a relationship of apparent viscosity of polyacrylamide
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solution with respect to both temperature and concentration
are very essential.

According to above result, combining the research finding
of Yang'', the correlation of exponential model is higher than
that of power law model''"'. Therefore, the study used follo-
wing equations:

n—1

n=Ky
E
n=A,exp a,C——2%
1 P(l RTJ
E,
K =B, exp b1C+RT (2)

We applied eqn. 2 to obtain logarithm of measured data
and performed multiple linear regression. The fitting result
showed good correlation of this equation, with correlation
coefficient was 0.946 and 0.982. Therefore, the equation for
description of the rheological property of polyacrylamide
aqueous solution in experimental temperature and concen-
tration range, can be written as

n=Ky""!
n =2.664955 exp(— 0.50266C - w]
K= 0.030807ex;{2.21 324C + Mj )

where C is mass concentration in unit of g/L, R is gas constant
and T is absolute temperature.

To examine the reliability of eqn. 3, measured data was
compared to the calculated result using eqn. 3 and the compa-
rison was shown in Fig. 5. Fig. 5 showed linear correlation
between measured data and theoretical calculation result,
demonstrating good agreement. Therefore it can be concluded
that eqn. 3 was reliable for relation of apparent viscosity and
temperature and concentration. In the range of experimental
conditions, it can accurately describe the rheological property
of aqueous solution of polyacrylamide.
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Conclusion

* The polyacrylamide solution in this study treated as
pseudo-plastic fluid as. Apparent viscosity decreased with
increase of shear rate, showing diluted shear phenomenon.
Furthermore, when shear rate was large enough, the apparent
viscosity would not decrease.

e Under certain temperature and shear rate, apparent
viscosity of polyacrylamide solution increased with increase
of concentration. The amplitude of increment also increased
with increase of concentration and this increment demonstrated
a linear trend. Flow behaviour index (n) decreased with increase
of concentration. Consistency index (K) increased with increase
of concentration and non-Newtonian feature increased.

* At the same concentration, apparent viscosity of polymer
solution decreased gradually with increase of temperature. The
value of n became larger and larger, whereas K became smaller
and smaller, demonstrating the dependency to temperature.

* This paper also investigated the combination effect of
concentration and temperature on apparent viscosity. Within
the measured temperature range of 20-50 °C and the mass
concentration range of 0.5-2.0 g/L, this study fitted the relation-
ship between apparent viscosity and both concentration and
temperature. Well description of rheological property of poly-
acrylamide solution was shown using this equation.

ACKNOWLEDGEMENTS

Project supported by the National Natural Science Foun-
dation of China (Grant No. 51276029), Liaoning Provincial
Science and Technology Program Project (Grant No.
2012219024).

REFERENCES

X. Kong, J. Wang and X. Wu, Appl. Chem. Ind., 41, 793 (2012).

. A.Y. Malkin, J. Non-Newt. Fluid Mech., 192, 48 (2013).

3. AJ.Poslinski, M.E. Ryan, R.K. Gupta, S.G. Seshadri and F.J. Frechette,
J. Rheology, 32, 703 (1988).

4. L. Nicodemo, L. Nicolais and R.F. Landel, Chem. Eng. Sci., 29, 729
(1974).

5. D. Fang, R. Guo and R. Ha, Acrylamide Polymers, Chemical Industry
Press, Beijing, pp. 32-45 (2006).

6. D. Ma, Structure and Properties of Polymer (Property Volume), Science
Press, Beijing, pp. 154-157 (2013).

7. T Jiang, T. Fang and G. Chen, J. East China Inst. Chem. Technol., 1,
25 (1982).

8. J.Yang, CIESC J., 53, 1089 (2002).

9.  X.Ye, College of Petroleum Engineering, China University of Petro-
leum, pp. 15-19 (2008).

10.  X. Huang, J. Capital Normal Univ., 16, 62 (1995).

11. M.H. Yang, J. Appl. Polym. Sci., 82, 2784 (2001).

12.  K.E. Khalil, P. Ramakrishna, A.M. Nanjundaswamy and M.V.
Patwardhan, J. Food Eng., 10, 231 (1989).

13.  A. Kaya and N. Sozer, Int. J. Food Sci. Technol., 40, 223 (2005).

14. J. Giner, A. Ibarz, S. Garza and S. Xhian-Quan, J. Food Eng., 30, 147

(1996).

o —



