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ABSTRACT
The numerical simulation of polymer ﬂooding is a complex task as this process involves complex physical and
chemical reactions, and multiple sets of characteristic parameters are required to properly set the simulation.
At present, such characteristic parameters are mainly obtained by empirical methods, which typically result in
relatively large errors. By analyzing experimentally polymer adsorption, permeability decline, inaccessible pore
volume, viscosity-concentration relationship, and rheology, in this study, a conversion equation is provided to
convert the experimental data into the parameters needed for the numerical simulation. Some examples are provided to demonstrate the reliability of the proposed approach.
KEYWORDS
Polymer ﬂooding; oil displacement mechanism; ﬂooding experiment; numerical simulation; characteristic
parameter

Nomenclature
R
Retention of polymer in rock core, μg/g;
C0
Concentration of injected polymer solution, mg/L;
V0
Cumulative volume of polymer solution injected, mL;
Ci
Polymer concentration of the ith outﬂow sample at the core outlet, mg/L;
Vi
Volume of the ith outﬂow sample at the core outlet end, mL;
w
Dry core mass, g;
Ad istars
Adsorption capacity of component i, gmol/cm3;
Ad ilab
Measured adsorption capacity, mg/100 g;
ρr
Rock density, g/cm3;
f
Porosity, %;
tad1
The ﬁrst parameter in Langmuir’s expression, gmol/cm3;
tad2
The second parameter in Langmuir’s expression is related to mineralization, gmol/cm3;
tad3
The third parameter in Langmuir’s expression, %;
xnacl
Salinity of salt, %;
ci
Mole fraction of component i, %;
ADMAXT
Cumulative adsorption capacity of polymer in unit volume rock, gmol/cm3;
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Differential pressure of water ﬂooding, MPa;
Differential pressure of polymer ﬂooding, MPa;
Differential pressure of subsequent water ﬂooding MPa;
Permeability, mD;
Viscosity, mPa⋅s;
Resistance factor;
Residual resistance factor;
α Phase permeability reduction factor;
Adsorption capacity in grid, gmol/cm3;
α Phase effective permeability;
Absolute permeability of rock;
α Phase relative permeability;
Inaccessible pore volume coefﬁcient;
Multiple of injected pore volume;
Volume of residual polymer solution in core, mL;
Mole (or mass) fraction of key components;
Mole (or mass) fraction of aqueous phase;
A mixing function corresponding to any component wp;
Aqueous viscosity, mPa⋅s;
Pure component viscosity, mPa⋅s;
Viscosity of water components, mPa⋅s;
Viscosity of component I, mPa⋅s;
Number of non-critical components in liquid phase;
Darcy rate, cm/s;
Shear rate, 1/s;
Saturation;
Shear thinning index factor;
Constant, related to the bending degree of porous media.

1 Introduction
Polymer ﬂooding is widely used in various oil ﬁelds, which greatly improves the development effect of
water ﬂooding reservoirs. Research results have shown that the geological reserves suitable for polymer
ﬂooding are 29.10 × 108 t, which can improve the oil recovery rate by 9.7% and increase recoverable reserves
by 2.81 × 108 t [1]. By the end of 2015, the cumulative produced reserves of polymer ﬂooding had reached
about 10 × 108 t, and enhanced oil recovery (EOR) was about 12.5% [2]. At present, polymer ﬂooding or
compound ﬂooding ﬁeld tests and applications have been carried out in Daqing, Shengli, Henan, Xinjiang,
Dagang, Liaohe, and Bohai Oilﬁelds, all of which have shown signiﬁcant oil increasing effects [3–6].
With the large-scale industrial application of polymer ﬂooding, the understanding of polymer ﬂooding
mechanism is deepening, and higher requirements have been proposed for the numerical simulation accuracy
of polymer ﬂooding mechanism and physicochemical phenomena. To reﬂect the physicochemical process of
polymer ﬂooding in the numerical simulation model, it is necessary to input multiple sets of characteristic
parameters into the simulator, and the rationality of parameters affects the accuracy of the simulation
results. At present, the characteristic parameters are tested mainly by experience and experimental
methods, which usually have large errors. The ability to obtain speciﬁc physical and chemical
characteristic parameters through experimental methods and to ensure the rationality of parameter settings
is a bottleneck in the current development of polymer ﬂooding reservoir numerical simulation technology.
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In this study, through the analysis of polymer ﬂooding mechanism and physicochemical phenomena,
and combined with the characteristic parameters required by the CMG STARS reservoir numerical
simulator, we selected the Karamay conglomerate reservoir as the research object. We conducted a core
ﬂooding experiment and used the CMG simulator to carry out a numerical simulation inversion of the
physical model experiment. We veriﬁed the reliability and accuracy of the physical model experiment and
provided a reference basis for the selection of polymer characteristic parameters.
2 Main Physicochemical Parameters and Experimental Results of Polymer Flooding
2.1 Main Physicochemical Parameters of Polymer Flooding
2.1.1 Polymer Adsorption
When the polymer is injected into the reservoir, the porous media in the reservoir retains the ﬂowing
polymer on its surface, which is the adsorption of the polymer [7]. Through a polymer ﬂooding
experiment, we took one sample per 2 mL of polymer solution at the outlet end. We measured the change
in functional group concentration, injection amount, and recovery amount according to the starch
chromium iodide method. The retention amount of the polymer in the formation is calculated by the
material balance method, as follows:
P
C0 V0  ni¼1 Ci Vi
:
(1)
R¼
w
In the numerical simulation of chemical ﬂooding reservoir, the adsorption capacity in each grid needs to
be calculated according to the chemical agent concentration dynamic adsorption retention data table or the
Langmuir isothermal adsorption model.
The formula for converting data to reservoir digital analog data is as follows:
Ad istars ¼ Ad ilab 
Adistars ¼

qr  ð1  fÞ
;
f

ðtad1 þ tad2  xnacl Þ  ci
; and
ð1 þ tad3  ci Þ



tad1
¼ ADMAXT :
tad3

(2)
(3)

(4)

2.1.2 Permeability Decline
The index reﬂecting the ability of a polymer solution to reduce the permeability of porous media is called
the residual resistance factor (RRF) [8,9]. Through the polymer ﬂooding experiment, we successively
measured the differential pressure ΔPa, ΔPp, and ΔPb of water ﬂooding, polymer ﬂooding, and
subsequent water ﬂooding at the same injection rate and calculated the resistance factor and RRF. The
relationship between RRF and permeability was clariﬁed, as follows:
RF ¼

ka ðK=lÞa DPP
¼
¼
;
kp ðK=lÞP DPa

RRF ¼

Ka DPb
¼
:
Kb DPa

and

(5)
(6)

The adsorption of polymers, especially those caused by chemical or mechanical (retention) types, will
cause changes in permeability. The simulator simulates this process through RRF:
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Rka ¼ 1 þ ðRRFa  1Þ 
kef a ¼

Ad cell
;
ADMAXT

and

kra  kabs
:
Rka

(7)
(8)

With an increase in adsorption capacity, Rkα changes from 1 to RRFa . After adsorption, the effective
permeability of each phase is kefα.
2.1.3 Inaccessible Pore Volume
When macromolecular polymers ﬂow through porous media, only water or salt may pass through a small
part of pores; this part of pore volume is called the inaccessible pore volume [10].
Through the polymer ﬂooding experiment, we collected the polymer solution at the outlet end and
measured the concentration of the polymer sample until the polymer concentration in the outlet ﬂuid was
the same as the initial concentration. Inaccessible pore volumes can be calculated according to the
following method:
IPV ¼ PV  Vr ; and
Pn
Vi Ci
Vr ¼ V0  i¼1
:
C0

(9)
(10)

The accessible pore volume is represented by *PORFT in the numerical simulation of chemical ﬂooding
reservoir, and the value of (1 − IPV) is the accessible pore volume.
2.1.4 Viscosity-Concentration Relationship
Polymer solution viscosity varies with concentration. The CMG STARS simulator (Computer
Modelling Group, Ltd., Alberta, Canada) adopts the nonlinear viscosity calculation model. We ﬁtted the
coefﬁcients of the nonlinear concentration calculation model through the concentration and viscosity data
of the polymer solution.
The method of regression of polymer viscosity-concentration curve is as follows:

 X
nc=2S
1  f ðwp Þ

wi  Lnðli Þ;
Lnðlaq Þ ¼ f ðwp Þ  Lnðlp Þ þ
1  wp
i¼1

M¼

 X
nc=2S
1

wi  Lnðli Þ;
1  wp
i¼1

f ðwp Þ ¼

Lnðlw Þ  M
:
Lnðlp Þ  M

and

(11)

(12)

(13)

2.1.5 Rheology
The rheology of a polymer solution refers to the relationship between viscosity and ﬂow velocity when
the polymer solution ﬂows through a porous media under the action of an external force [11,12].
We directly used the experimental data for digital simulation. If the experimental data or simple powerlaw relationship were not sufﬁcient, the relationship between rate viscosity or shear rate viscosity could be
applied as follows:
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and

(14)

(15)

Moreover, the viscosity of pure components can be calculated using the nonlinear mixing model:

P
Lnðlaq Þ

1f ðwp Þ
1wp

lp ¼ e



nc=
2S w Lnðl Þ
i
i
i¼1

f ðwp Þ

:

(16)

2.2 Experimental Results of Polymer Flooding Characteristic Parameters
The polymer resistance factor, RRF, retention, inaccessible pore volume, viscosity-concentration, and
rheological parameters are shown in Table 1, Figs. 1 and 2.
Table 1: Experimental results of polymer ﬂooding characteristic parameters
Core
number

Porosity/
%

Gas
permeability/mD

Polymer
concentration/%

Resistance
factor

RRF

Retention/
(ug/g)

Percentage of inaccessible
pore volume/%

200-8

20.61

124.36

0.10

35.00

17.50

73.87

12.92

200-7

20.51

125.35

0.15

55.56

19.11

103.67

20.27

200-1

20.26

126.08

0.20

62.75

20.50

149.18

25.73

90-1

16.44

57.18

0.10

43.00

25.60

90.79

20.19

90-2

16.71

54.18

0.15

59.06

35.29

116.06

22.12

90-4

17.22

56.03

0.20

79.00

39.30

159.07

35.98

40-5

15.45

26.50

0.10

75.37

30.67

115.90

25.06

40-6

15.55

29.38

0.15

91.00

53.33

155.67

29.15

40-7

15.81

26.71

0.20

109.33

58.67

177.88

44.55

Figure 1: Viscosity-concentration diagram of polymer solution
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Figure 2: Viscosity-shear rate diagram of polymer solution
Fig. 1 shows that the viscosity-concentration relationship of a polymer solution was a power function
and that the viscosity increased with the increase of concentration.
Fig. 2 shows that the viscosity of polymer solution gradually decreased with an increase in shear rate.
When the shear rate increased to a certain extent, the viscosity tended to a constant value.
As shown in Table 1, under the same permeability conditions, with an increase in the polymer
concentration, the resistance factor, RRF, retention, and inaccessible pore volume increased. With the
increase of polymer concentration, the viscosity of the polymer solution increased. It ﬁrst increased the
viscous force of the displacement phase and further increased the ﬂow resistance of the polymer solution.
Then, it became more difﬁcult for polymer molecules to enter the smaller pore throat. In addition, the
polymer solution with a higher mass concentration had a stronger diffusion and dispersion effect. More
polymer molecules were diffused into the transition zone of the displacement front, which resulted in
more polymer molecules in the solid area of the core under the same permeability.
Moreover, at the same concentration, with a decrease in permeability, the resistance factor, RRF,
retention, and inaccessible pore volume increased. Note that the lower the permeability of the core, the
smaller the average pore throat radius and the greater the ﬂow resistance, which both made it difﬁcult for
the macromolecules in the polymer solution to pass through and increased the inaccessible pore volume.
In addition, the lower the permeability of the core with the same volume, the larger the internal solid
surface area, which increased the number of solid surface adsorption points and caused more polymer
molecules to be adsorbed inside the core, thus resulting in large adsorption retention.
3 Polymer Flooding Experiment
3.1 Equipment and Materials
Experimental equipment included a core gripper, a constant speed and pressure pump, and a constant
temperature oven, as shown in Fig. 3.
Experimental materials included artiﬁcial cores, crude oil, polymers, and simulated formation water. The
core diameter and length were about 2.5 and 10 cm, respectively. The crude oil was degassed and dehydrated,
and its viscosity was 15.3 mPa⋅s at 40°C. The polymer was polyacrylamide with an average
relative molecular mass of 15 million. We conﬁgured a polymer solution with a mass concentration of
2000 mg/L. The brine contained 10.0001 g of sodium chloride (NaCl), 0.2153 g of magnesium sulfate
heptahydrate (MgSO4⋅7H2O), 0.4163 g of anhydrous calcium chloride (CaCl2), and 2.8243 g of sodium
bicarbonate (NaHCO3) per 1000 g of solution.
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Figure 3: Polymer ﬂooding experimental device
3.2 Steps
Following are the experimental steps:
1. Preparation of chemical agent: we prepared the required polymer solution (0.15%) with simulated
formation water, transferred it into an intermediate container, and placed it in a constant
temperature oven.
2. Saturate the core and measure the initial water phase permeability: after the rock core was cut,
cleaned, and dried, we measured its porosity and permeability and loaded it into the core holder.
After more than 4 h of evacuation, we used the simulated formation water to saturate the core and
measured the pore volume (Vp). Then, we measured the displacement pressure difference (ΔP1) of
the water sample at a ﬁxed displacement speed of 0.2 mL/min by using a constant speed and
constant pressure pump and calculated the water phase permeability (Kw1).
3. Establish irreducible water and measure oil phase permeability: ﬁrst, we established irreducible water
by oil displacement, then conducted displacement at the speed of 0.2 mL/min, recorded the
displacement pressure difference (ΔP2) when it was stable, and calculated the oil phase
permeability (Ko) under irreducible water.
4. Water ﬂooding: we used simulated formation water to drive oil at the rate of 0.2 mL/min, recorded the
pressure at the inlet end of the core and the water and oil production at the outlet end at different
times, recorded the data every 10 min in the early stage, and recorded the data every 30 min when
the oil content at the outlet was very small until the water cut reached 100% and the pressure was
stable. Then, we recorded the oil production V1 and the displacement pressure difference (ΔP3),
and we calculated the recovery factor, residual oil saturation, and water phase permeability at
residual oil saturation (Kw2).
5. Polymer ﬂooding: we set the pump to inject the polymer solution into the core at a constant ﬂow rate
of 0.2 mL/min, recorded the pressure and oil recovery at the inlet end of the core until the pressure
was stable, recorded the oil recovery (V2) and the displacement pressure difference (ΔP4), and
calculated the chemical ﬂooding permeability (Kh) and oil recovery.
6. Subsequent water ﬂooding: we set the pump to inject the polymer solution into the core at a constant
ﬂow rate of 0.2 mL/min, recorded the pressure at the inlet end of the core, and collected the polymer
solution at the outlet end until the pressure was stable. Then, we recorded the displacement pressure
difference (ΔP5) and calculated the water permeability (Kw3).
3.3 Experimental Results
The relative permeability curve and the experimental results of polymer ﬂooding are illustrated in Figs. 4
and 5, respectively.
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Figure 4: Relative permeability curve

Figure 5: Experimental results of polymer ﬂooding
Fig. 5 shows that the recovery degree increased by 18.18% after polymer ﬂooding, and the ﬁnal total oil
displacement efﬁciency reached 59.20%. The water cut decreased at the initial stage of polymer injection,
which indicated that the polymer had a good effect of proﬁle control and displacement.
4 Numerical Simulation Inversion
4.1 Model Establishment
According to the test content, we selected the CMG simulator with a mature chemical ﬂooding simulation
for numerical simulation inversion and established a 10 × 1 × 1 one-dimensional grid model with a grid step of
1 cm × 2.5 cm × 2.5 cm. The initial temperature of the simulation was 40°C, the pressure was 101.3 kPa, the
permeability was 94.657 mD, the porosity was 16.61%, and the injection rate was 0.2 mL/min. After
saturating the core, we ﬁrst performed water ﬂooding. Then, we injected a polymer concentration of 0.15%
and performed subsequent water ﬂooding. The parameters used in the model are shown in Table 2.
4.2 Sensitivity Analysis of Polymer Parameters
The parameter sensitivity analysis of recovery and injection pressure is carried out based on the
established model. In the process of recovery ﬁtting, the more sensitive parameters are RRF and
adsorption value. And in the process of injection pressure ﬁtting, the more sensitive parameters are the
viscosity of polymer solution, the maximum adsorption capacity of polymer, and RRF.
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Table 2: The parameters used in the model
CMG chemical ﬂooding
simulation function

Required
experimental data

Parameter

Keyword

Value

Polymer adsorption

Concentration
adsorption capacity

Langmuir curve
coefﬁcient
Maximum
adsorption
capacity
Residual
adsorption
capacity
Maximum
adsorption
capacity
RRF
Accessible pore
volume
Nonlinear mixed
model parameters

Tad1/Tad2/
Tad3
ADMAXT

0.222389/0/
6.67e9
3.34 × 10−11
gmole/cm3

ADRT

3.34 × 10−11
gmole/cm3

ADMAXT

3.34 × 10−11
gmole/cm3

RRFT
PORFT

6
0.8708

Permeability decline

Inaccessible pore volume
Viscosity-concentration
relationship of polymer
solution

RRF

Inaccessible pore
volume
Concentration
viscosity

Rheology of polymer solution Shear rate viscosity
Effect of polymer on phase
permeability

Shear rateviscosity
Concentration relative Rock type
permeability curve
Oil water relative
permeability

VSMIXCOMP As shown in
VSMIXENDP Fig. 1
VSMIXFUNC
SHEARTAB As shown in
Fig. 2
RPT
As shown in
Fig. 4
SWT

The viscosity parameters of polymer solution mainly affect the injection pressure. The greater the
viscosity, the greater the injection pressure. The polymer adsorption value affects the ﬁnal shape of
the recovery curve, and the maximum polymer adsorption also affects the injection pressure. RRF affects
the shape of the recovery curve to a certain extent and has a great inﬂuence on injection pressure.
4.3 Fitting Process
The numerical simulation inversion needed to ﬁt the degree of recovery, injection pressure, and water
cut. The key to ﬁt the experimental data was the adjustment of parameters. Because of the many model
parameters and large adjustable degrees of freedom, to avoid the arbitrariness of parameter modiﬁcation,
the adjustable range of reservoir model parameters had to be determined when ﬁtting. Doing so ensured
that the model parameters could be modiﬁed within a reasonable and acceptable range.
1. Adjustment of porosity: according to the experimental results of characteristic parameters of polymer
ﬂooding, the core porosity was between 15% and 21%. During the ﬁtting process, a small adjustment
could be made within this range.
2. Adjustment of permeability: because the gas logging permeability of the measured core was
26.50–126.08 mD, there were large changes in plane and longitudinal direction. A large range of
adjustment can be made to the permeability value within this range during the ﬁtting process.
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3. Adjustment of compressibility coefﬁcient of rock and ﬂuid: the variation range of these coefﬁcients
was generally small and could be treated as determined parameters. Because of the inﬂuence of
indoor temperature, we made some necessary adjustments to the compressibility coefﬁcient of
rock and ﬂuid in the process of ﬁtting.
4. Adjustment of relative permeability curve: because of the heterogeneity of the core, the measured
relative permeability curve reﬂected the situation of only a limited area. Thus, it could be treated
as an uncertain parameter. We gave each section an appropriate initial value and adjusted it
signiﬁcantly according to the actual dynamic situation.
5. Adjustment of characteristic parameters: the adjustment of parameters, such as polymer adsorption,
inaccessible pore volume, RRF, and polymer solution viscosity, directly affected the experimental
results. We conducted a sensitivity analysis for these parameters to determine the inﬂuence degree
of each parameter, which will be more targeted in ﬁtting and adjustment.
4.4 Fitting Results
By setting the polymer characteristic parameters obtained from the experiment in CMG software, we
carried out the ﬁtting of the recovery degree and injection pressure with different injection volumes. We
obtained the ﬁnal ﬁtting results shown in Figs. 6 and 7. The ﬁtting results were good, which further
veriﬁed the reasonableness of the model and parameter setting and also provided a reference and basis for
the history ﬁtting, which holds great signiﬁcance to guide the actual reservoir development.

Figure 6: Recovery degree ﬁtting result

Figure 7: Injection pressure ﬁtting result
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5 Conclusions
Following are the conclusions of this study:
1. The CMG STARS simulator was suitable not only for large-scale reservoir simulation but also for
small-scale indoor experiment simulation of polymer ﬂooding. It well described the mechanism of
polymer ﬂooding, including polymer adsorption, permeability decline, inaccessible pore volume,
viscosity-concentration relationship, rheology, and the effect of polymers on relative permeability.
The experimental data required for the simulation could be obtained through indoor experiments,
including concentration-adsorption, RRF, inaccessible pore volume, concentration-viscosity, shear
rate-viscosity, and concentration-phase percolation curves.
2. It can be difﬁcult to directly use the measurement results of physicochemical parameters in polymer
ﬂooding in numerical simulation. According to the conversion equation provided in this study, the
experimental results of polymer characteristic parameters measured could be converted into the
data needed in the numerical simulation, which realized the organic combination of physical and
numerical simulations.
3. We identiﬁed some errors in the data obtained from the experimental measurement. Therefore, in the
process of numerical simulation inversion, the parameters in the model also had to be adjusted. This
required the analysis of each parameter, which had to be controlled within a reasonable and
acceptable range, to improve the rationality and accuracy of the inversion. The indoor experiment
ﬁtting results could provide more reasonable parameters for the actual reservoir history ﬁtting and
then improved the rationality and degree of the actual reservoir history ﬁtting, which holds great
signiﬁcance to the development of the actual reservoir.
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