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Abstract. High molecular polyacrylamides have been used widely in polymer
flooding applications for improving oil production. The injected polymer is sub-
jected to different shear rates and thus results in various performance. This paper
integrates the behaviors of different laboratory experiments into a general work-
flow for evaluation of the impact of shear rate on oil production using numerical
simulation. The impact of shear rates on the rheological property of a polymer
solution was evaluated by injection of polymer solution into a core plug at differ-
ent injection rates. The measured bulk viscosity and calculated apparent viscosity
were fitted with different rheological models to identify flow behavior and the
corresponding shear rate range. Shear rate at sand surface and shear rate profile
from injector to deep formation were estimated using an inverted five-spot well
pattern. Combination of the experimental resultswith the estimated shear rateswas
used to describe the flow behaviors of injected polymer solutions. The impact of
shear-rate dependent viscosity on oil production was evaluated using a UTCHEM
simulator. Laboratory experiments showed that polymer shear degradation occurs
when the shear rate exceeds 4402 s−1 in a carbonate core plug with a perme-
ability of 390 mD. The shear thickening was observed in the shear rate range
of 90 to 4402 s−1. The injected polymer solutions flowing from injector to near
producer experience four viscosity regimes in sequence, i.e., shear degradation,
shear thickening, shear thinning and Newtonian. The scales of each regime are
different. The critical shear rates upon mechanical degradation are closely related
to perforation parameters including perforation size, density, and interval. When
the polymer solutions is injected into a reservoir with permeability of 390 mD at
a rate of 0.2 pore volume/year, shear degradation occurs within a radius of 0.2 m
around the wellbore, and shear thickening behavior between a radius of about 0.2
to 10 m, and the regimes of shear thinning or Newtonian flow in the rest range
over a radius of 10 m to deep formation. The numerical simulation results show
that polymer viscosity loss leads to oil production reduction, and shear thickening
has very little effect on oil production if no considerable injectivity declines. The
paper provides a workflow for evaluating the impact of shear rates on oil pro-
duction from laboratory experiments to well scale polymer flooding by numerical
simulation studies.
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1 Introduction

Water-soluble polymers are wildly used in improved oil production through thickening
the viscosity of injection water to reduce water permeability and improve the sweep effi-
ciency. The application was defined as polymer flooding. Polyacrylamides (i.e., partially
hydrolyzed polyacrylamide, HPAM) and biopolymers (i.e., xanthan gum) are the most
common polymers applied in practice. Relative to biopolymers, the synthetic polymers
such as HPAM is the most widely utilized due to its availability in large quantities with
good viscosifying ability and low cost [1]. The viscosity of HPAM solutions is one criti-
cal parameter of rheological property, which has a significant effect on the performance
of polymer flooding [2–5].

The injection rate is constant for most of polymer flooding performance evaluation
with coreflooding experiment. This rate is low compared to the shear rate at which the
shear degradation occurs reported by researchers [6–9, 18, 19]. Thereby, the impact
of shear degradation on oil production is not reasonably evaluated. However, for the
polymer flooding application in oilfields, the flow rate of injection polymer solutions
varies over a wide range and changes dramatically near the injection well. Researchers
[7, 20–22] reported that shear degradation to be greatest at the entry plane of the injection
sand face. Similar conclusions also presented that the polymer viscosity loss occurs in
the vicinity of an injection well because of shear degradation [13, 14, 18, 23, 24]. Dupas
et al. [18] concluded that extensional viscosity decreased more than the shear viscosity,
which resulted in much less resistance in porous media even at no shear viscosity loss.
This conclusion was also drawn by other researchers [6, 10, 13, 14].

The injection rate is constant for most of polymer flooding performance evaluation
with coreflooding experiment. This rate is low compared to the shear rate at which
the shear degradation occurs reported by researchers [6, 16–19]. Thereby, the impact
of shear degradation on oil production is not reasonably evaluated. However, for the
polymer flooding application in oilfields, the flow rate of injection polymer solutions
varies over a wide range and changes dramatically near the injection well. Researchers
[7, 20–22] reported that shear degradation to be greatest at the entry plane of the injection
sand face. Similar conclusions also presented that the polymer viscosity loss occurs in
the vicinity of an injection well because of shear degradation [13, 14, 18, 23, 24]. Dupas
et al. [18] concluded that extensional viscosity decreased more than the shear viscosity,
which resulted in much less resistance in porous media even at no shear viscosity loss.
This conclusion also were presented by [6, 10, 13–15].

In this study, we investigate the shear rate at which shear degradation occurs and
viscosity loss by coreflooding test. The bulk viscosity and apparent viscosity are fitted
with three different models for identifying the shear rate range of different flow behavior.
We calculate the flow rate and the corresponding shear rate of polymer solution flowing
from injection well to near producer for an inverted 5-spot well pattern based on general
assumptions. Combining the results of experimental and calculations, we use numerical
simulation methods to bridge the gap between laboratory and oilfield for evaluating the
impact of shear rates on the performance of polymer flooding application in oilfields.
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2 Shear Degradation Tests

In previouswork [19], the polymer solutionswere injected into core plugs at step increas-
ing flow rate to evaluate the effect of shear degradation on bulk viscosity and apparent
viscosity. The polymer used in the experiments is a sulfonated polyacrylamide with a
molecular weight of 14 million g/mol and hydrolysis degree of 4.2%. Two carbonate
core plugs with significant difference in permeability were used in the experiments, the
detailed information were given in Table 1. The previous experimental data and results
are used for this work. The experimental results show that for the core plug with a perme-
ability of 390 md, the viscosity loss occurred when the injection rate exceeds 20 ml/min.
For the other core plug with a permeability of 60 md, the viscosity loss was found when
the injection rates above 2 ml/min. The bulk viscosities of the sheared samples at dif-
ferent injection rates in the core shear degradation experiments were shown in Figs. 1, 2
and 3 shows the viscosity loss of the polymer solutions after flow through the carbonate
core C31 and C59.
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Fig. 1. Viscosity of produced polymer versus shear rate, C31 core plug

Table 1. Core plug information in the shear degradation tests

Core No Length, cm Diameter, cm Porosity, % Brine Perm, mD

C31 4.15 3.82 26.18 390

C59 4.92 3.81 22.48 60
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3 Modeling of Viscosity

In this study, there are two kinds of viscosity involved. One is the viscosity measured
with Rheometer in the laboratory as bulk viscosity. The other is the viscosity calculated
from the experimental data of coreflooding using Darcy’s law as apparent viscosity.
These two kinds of viscosity can be seen everywhere in published papers. Here, we refer
to these viscosity values only to indicate its data source.

3.1 Shear Rate

Shear rate was defined as the rate of change of velocity at which one layer of fluid passes
over an adjacent layer. It can be considered as a gradient velocity and depends on flow
velocity and radius of tube/vessel. Testing data of Rheometer shows that the viscosity
is a function of shear rate. However, for the coreflooding experiments and pilot tests,
injection rate is a commonly used parameter. Thereby, we need to correlate injection
rate with shear rate to evaluate the effect of injection rate on the viscosity of polymer
solutions. Different correlation equations were proposed in published papers related to
rheology ofHPAMsolutions [11, 25, 26]. These equationswith similar format but impact
factors were considered differently. Equation 1 is one equation widely used to convert
flow rate into shear rate, and also is similar to the model used in UTCHEM simulator
[11].

γeff = C

[
3n + 1

4n

] n
n−1 u√

kkrwSw∅ (1)

where u is Darcy velocity of the polymer solutions; k is the average permeability in
m2; krw is the water relative permeability; Sw is water saturation; ∅ is porosity; n is the
“power-law” index. C is a factor related to permeability and porosity. Cannella et al.
[25] reported that Eq. (1) fits a variety of core flooding data well when C equal to 6.

3.2 Carreau Model for Bulk Viscosity

A widely employed rheological model is Carreau model for describing shear-thinning
behavior of polymers [25]. It can describe the viscometer-measured viscosity over the
entire range of shear rates including a low shear rate Newtonian region, a shear-thinning
“power-law” region, and a high shear rate Newtonian plateau.

μ = μ∞ +
(
μ0
p − μ∞

)[
1 + (λ1γeff)

a](n1−1)/a (2)

where μ is the steady-shear bulk viscosity, μ0
p and μ∞ are the limiting Newtonian

viscosities at the low and high shear limits, respectively; γeff is the effective shear rate;
n1 is the “power-law” index; λ1 is a time constant representing the relaxation time; It
can be determined as the inverse of the shear rate associated with the intersection of two
straight lines fitted through the experimental data for the lower Newtonian and shear
thinning regimes; and a is generally taken to be 2.
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3.3 Rheological Models for Polymer Solution in Porous Media

Unified viscosity model. Delshad et al. [11] presented an apparent viscosity model that
can be applied to the full spectrum of Newtonian, shear-thinning and shear-thickening
regimes. In thismodel, via the effective shear rate, the apparent viscosity canbe correlated
with Darcy velocity. The model was developed based on the premise that the apparent
viscosity of the polymer solution is a sum of the shear dominating viscosity and the
elongational-dominating viscosity:

μapp = μ∞ +
(
μ0
p − μ∞

)[
1 + (λ1γeff)

a] n1−1
a + μmax

[
1 − exp

(
−(λ2τrγeff)

n2−1
)]
(3)

where μapp is the apparent viscosity in porous media; τr is the characteristic relaxation
time; μmax is a plateau value of viscosity beyond which shear degradation will occur,
λ2 and n2 are empirical constants, the meaning of other parameters are same as Carreau
model.

Stavland Model. Stavland et al. [12] measured the effluent viscosity and found that the
viscosity loss occurs while the shear rates exceed a critical value associated with the
onset of degradation. They proposed a model that can describe shear degradation, also
with function of shear thinning and shear thickening.

μapp = μ∞ +
[(

μ0
p − μ∞

)(
(1 + λ1γeff)

n1 + (
λ′
2γeff

)m)] · [
1 + (λ3γeff)

x]j/x (4)

where m is a non-zero tuning parameter known as the elongation exponent, the onset
of elongation given by λ′

2, 1/λ3 represents the onset of shear degradation, can be deter-
mined by analyzing the viscosity of core flood effluent, j is a shear thinning exponent of
experimentally matched and x is a tuning parameter.

3.4 Application of Rheological Models

The rheological models described previously were employed to fit the data from exper-
iments conducted by Dongqing et al. [19]. The experimental data and fitting curves are
presented in Fig. 4, and the parameters used for all models are listed in Table 2. The
hollow points in blue circles represent the bulk viscosity of a polymer solution with
concentration of 2000 ppm, which is prepared using sulfonated polyacrylamide with a
molecular weight of 14 million g/mol and hydrolysis degree of 4.2%. The solid points
represent the apparent viscosity calculated from the experimental data of core flooding.

Figure 4 shows the results of experimental data fitted with Carreau model, UVM and
Stavland models. The bulk viscosity measured using rheometer were well fitted with
Carreau model as shown in red line, which indicates a typical shear thinning charac-
teristic of polymer solutions. The apparent viscosities deviate significantly from bulk
viscosity due to the shear-thickening behavior of the polymer solution flowing in porous
media, which caused by the elongation of the molecular above a certain shear rate. The
apparent viscosity in green and blue colors are calculated from experiments with core
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plug permeability of 60 and 390 mD, and the corresponding shear thickening rate ranges
are 10–1122 and 20–4402 1/s, respectively. This difference is probably due to the dif-
ferent properties of the two carbonate core plugs and the calculation method, because
both experiments were conducted with the same polymer. The apparent viscosity first
increased and then decreased with the shear rate, and was well matched using Stavland
model. But for the UVMmodel, the apparent viscosity above the shear degradation rate
is not fitted. Because the author posed a maximum apparent viscosity at shear degra-
dation rate while the apparent viscosity reach it and then keep constant with shear rate
increase, and the shear degradation is not simulated in the model. The Stavland model
well simulated all flow behavior of polymer solutions in porous media. The fitted curve
of Stavland model indicates the flowing behavior of polymer solution in porous media.
Take the experimental data C31 fitted by Stavland model as an example. The polymer
solution shows shear thinning behavior when the shear rate is lower than 20 1/s. When
the shear rate is greater than 3000 1/s (estimated from the fitted curve in blue dotted
line), the polymer solution is shear degraded. When the shear rate is in the range of
20–3000 1/s, the polymer exhibits shear thickening behavior.
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Table 2. Fitting parameter for 3 viscosity models

Parameter Carreau model Unified viscosity model Stavland model

μ∞,cp 1.05

μ0
p,cp 30

n1 0.73

n2 – 2.1

λ1, S 0.67

λ2, S 0.03

τr, S – 0.083 –

μmax,cp – 420 –

λ′
2, S – – 0.03

λ3, S – – 0.0008

m – – 1.1

x – – 1.1

j – – −2

4 Impact of Shear Rate Dependent Viscosity on Polymer Flooding

4.1 Well Pattern and Polymer Solution

Inverted five-spot well pattern is a popular style and widely employed in chemical flood
projects, which is one central injector surrounding with four producers [27, 28]. In this
work, inverted five-spot well pattern was selected for the study aim to achieve general
results, and the well space is 250 m, which is the distance between the injector and
producer.

The interested polymer is sulfonated polyacrylamide with a molecular weight of
14 million g/mol and hydrolysis degree of 4.2%. The polymer solution is 2000 ppm
prepared with high salinity brine containing 57,670 mg/L total dissolved solids.

4.2 Well Completion Mode

Completion model of injection wells has much effect on the performance of polymer
flooding. Because the flux area is closely related to completion model, which is a key
parameter for determining the flux. In this work, we focus on the completion model of
casing perforation. Casing perforation is a typical way for chemical injection wells. It
help to achieve selective perforating oil reservoir with different pressure and physical
properties in order to avoid interlayer interference, and keep clear of interbedded water
and bottom water. And provide the conditions of separate-zone operations, including
separate-zone injection and production and selective fracturing and acidizing [28]. For
a perforated casing completion injection well, the flow rate of injected fluids behind
the perforation is closely related to perforation intervals, shot density and estimated
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perforation length, because all of these have effect on flow area and flow behavior. The
parameter of perforation surface area used in this study is an average value, which is
calculated from the data collected by Smith [29]. The penetration depth is calculated
based on the perforation surface area and the diameter.

4.3 Estimation of Shear Rate

The viscosity of HPAM solution is a shear rate dependent property. The shear rate is
estimated from flow rate using the models described previous, which is affected by
many factors including reservoir permeability, flux area, resistance factor of polymer
et al. During the polymer solutions flow from wellbore to deeper reservoir formation,
the flow rate away from wellbore is easier to calculate in comparison with that around
wellbore. Because the flow behavior is more complicated around wellbore for the casing
perforation wells. To better estimate the magnitude and change of shear rate, we first
calculate the flow rate of the polymer solution passing through the perforations, and the
corresponding shear rate. Then to estimate the flow rate from injector to near producer
and thematching shear rate. The reservoir properties and perforation information used for
the calculation were listed in the Table 3. For the purpose of simplification of calculation
procedure the below assumptions were made.

• The injector is a casing perforation completion well;
• Oil saturation is residual oil saturation to get a maximum water saturation around
wellbore;

• The relative permeability of water phase is 1 to get a minimum shear rate;
• The flux of pass through each perforation is equal;
• The flow rate at the point where hemispherical flow transition to radial flow is equal;

Table 3. Parameters for calculation of flux

Well pattern Inverted 5-spot Shot density, /m 12

Well space, m 250 Perforation diameter, m 0.0107

Permeability, mD 390 Penetration depth, m 0.35

Porosity, fraction 0.23 Perforation surface area, m2 0.0134

Injection Rate, Pv/a 0.2

Table 4. Parameters for flow rate estimation

PV/m, m3 Injection Rate,
Pv/a

q/perforation,
m3/day

Flux, pass through
perforation, m/s

Flux, at perforation
surface, m/s

28750 0.2 1.452 0.214 0.00125
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Shear rate in perforation and at perforation surface. The polymer solution first flow
through the perforation and then the perforation surface during polymer injection. Based
on the assumptions made previously and parameters listed in the Table 4, we using the
Eq. (5) to calculate the shear rate which is applicable for calculating shear rate for
polymer solutions entering perforations or fractures [29].

γ = 8μ

d
(5)

where μ is the fluid flux, or linear velocity in m/s, through an orifice of diameter d, m.
According to Eq. (5), polymer solutions will experience a shear rate of about 171 1/s

when passing through the perforation for the given conditions as listed in Table 3. After
passing through the perforation, the polymer solution reaches the perforation surface and
then starts to flow into the porous medium. A simple method as Eq. (6) from published
paper [29] was used to estimate the shear rate at perforation surface.

γ = 2u√
2kpSw∅ (6)

where u is Darcy velocity of the polymer-containing water phase; kp is calculated by
dividing the permeability of the core to brine, kb, by the polymer apparent viscosity in the
porous media, μapp; Sw is water saturation; ∅ is porosity. The flux at perforation surface
is calculated by dividing the flow rate by the perforation surface area. If it is assumed that
the polymer viscosity changes between 6.5–25 cp of the bulk viscosity before entering
the perforation surface, the estimated shear rate using Eq. (6) is 15198–29806 1/s, which
far exceeds the critical shear degradation rate of 4402 1/s obtained from the experiments.
This means that the shear degradation of the polymer solutions occur at the moment of
entering the reservoir formation from the perforation surface. If the apparent viscosity
at the moment of entering the perforation surface is higher than the bulk viscosity, the
shear rate will be higher and the shear degradation is more severe.

Shear Rate Profile. The basic knowledge that the pressure drop changes dramatically
around wellbore, thereby changes in flow rate and the corresponding shear rate. For
a perforated casing completion injection well, the flow behavior around wellbore is
more complicated. Mcleod [30] assumed that the actual three-dimensional flow pattern
could be approximated by pure radial flow to the perforation tips followed by local
radial vertical flow convergence into individual tunnels. Amer [31] further developed
this idea and show that the flow distribution is characterized by concentration at the tip
of the perforation with an approximately hemispherical flow. Based on these research
results we assume that the flow direction of injection well is opposite to that of producer
but the flow behavior is similar, that is hemispherical flow occurs around perforation
followed by pure radial flow to deeper formation. The local flow distribution is illustrated
diagrammatically in Fig. 5.
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Fig. 5. Hemispherical flow and radial flow around perforation

Figure 6 shows the profiles of estimated Darcy velocity and the corresponding shear
rate from injector to near producer. It can be seen that the flow rate changes dramatically
in the vicinity of wellbore over a narrow range due to the impact of perforation and
flow area variation, out of this range all flow is radial or laminar flow based on the
assumptions. The flow rates exceed 10 m/day around wellbore within a radius of 0.2 m,
which is great than the rates that can induce shear degradation reported by researchers
[6, 19]. After the polymer solution flow from wellbore over 3 m, the flow rates reduced
to 1 m/day for the study case.
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4.4 Viscosity Regimes

Polymer viscosities, including bulk viscosity and apparent viscosity, are sensitive to
shear rate. Based on the estimated profile of shear rate from injector to producer, vis-
cosity profiles of the injected polymer were estimated with UVM and Stavland model
as show in Fig. 7. It can be seen that there is significant difference in the apparent vis-
cosity predicted using UVM and Stavland models within a radius of about 0.2 m from
wellbore. This difference is caused by the model itself, because the UVMmodel cannot
simulate polymer shear degradation. The change in apparent viscosity predicted with
Stavland model indicates that the injected polymer solutions will experience four dif-
ferent flow regimes, which are shear degradation, shear thickening and shear thinning
or non-Newtonian from the wellbore of injector to deeper reservoir formation. For the
specific reservoir properties and the interesting polymer of this study, the range of shear
degradation is in a radius of 0.2 m from wellbore, the range of shear thickening is in a
radius of 0.2 to 20 m, and the range of shear thinning or non-Newtonian is in a radius
over 20 m.
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4.5 Impact of Shear Rate Dependent Viscosity on Polymer Flooding

When a polymer solution of HPAM is injecting into a well which without fractures
around wellbore, the greatest shear (mechanical) degradation resulting from highest
flow rate will occur in a small range around wellbore, then the flow rate will decrease as
the solutions penetrates deeper into the formation, which means no further significant
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mechanical degradation of the polymer will occur [4, 17]. In this study, we assumed
that the injected polymer is a pre-sheared polymer and ignore the process of shear
degradation. Because the range in which shear degradation occurs is very small relative
to the well space between injector and producer, and the apparent viscosity in this
range cannot be simulated accurately because the gridblock size of the geological model
generally is great than the range of shear degradation.But the viscosity loss and resistance
factor reduction resulting from shear degradation are obvious and should be considered
for prediction the performance of polymer flooding.

Numerical simulation method was used to investigate the impact of shear rate depen-
dent viscosity on oil recovery. A 2-dimensional heterogeneous model was built for this
study. The properties of the model is listed in Table 5. UTCHEM simulator 2012 was
used since which is good simulator for simulation of chemical flooding. The simulator
with the function of shear thickening, but without accounting for the shear degradation
[6]. Five cases were designed to investigate the effect of shear rate change on poly-
mer flooding, and the details of cases are given in Table 6. The value of viscosity loss
is assumed according to practical experience and reports. Case 1 is the simplest case
because only shear thinning was considered, and the result is used as a basis for com-
parison with other cases. Case 2 is taken the function of shear thickening into account
on the basis of case 1. For the shear degradation simulation cases 3 to 5, we assumed
the injecting polymer as pre-sheared polymer which is the output polymer experienced
shear degradation, and the assumption is a simple way to take shear degradation into
account based on the reason described previously.

Table 5. 2-D simulation model properties

Number of grid-block 113 × 113 × 1

Model size, m 250 × 250 × 1

Porosity, fraction 0.23

Brine Permeability, mD 390

Initial water saturation, fraction 0.65

Injection Rate, Pv/a 0.2

Polymer concentration, wt. % 0.2

Table 6. Details of simulation cases

No. Rheological properties were modeled

Case 1 Only shear thinning

Case 2 Shear thinning and shear thickening

Case 3 Shear thinning and shear thickening, shear degradation is simulated via pre-sheared polymer,
viscosity loss of 15%, resistance factor loss of 15%

Case 4 Shear thinning and shear thickening, shear degradation is simulated via pre-sheared polymer,
loss of 15%, resistance factor loss of 25%

Case 5 Shear thinning and shear thickening, shear degradation is simulated via pre-sheared polymer,
loss of 25% and resistance factor loss of 44%
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The simulated oil production and average pressure of cases are shown in Fig. 8
and 9, it can be found that the oil production of case 1 and 2 are almost the same,
which indicated that the effect of shear thickening on oil production is very limited. The
reason for this result is that the shear thickening just occurs in small space, and in a
larger space where polymer solutions show the behavior of shear thinning. The results
of cases 3 to 5 shows that oil production decrease with the loss of resistance factor
increase due to declined capacity of mobility control. For case 3 and case 4, the injected
polymer solutions with same viscosity but different resistance factor, it can be seen that
oil production declined as more resistance factor loss. Also the shear degradation cases
illustrated that the loss degree of resistance factor is critical and should be evaluated
during polymer screening. The impact of shear degradation on the average pressure
of reservoir is similar to the oil production if the changes in injectivity is ignored. In
polymer flooding, the injectivity is affected by many factors such as resistance factor of
polymer solution, fracturing pressure of reservoir and injection rate. In practice, polymer
injection generally causes the injectivity to decrease, thereby, the decreased injection rate
in comparison to water injection. This make the change in oil production and average
pressure is more complicated, but the trend of the impact on that will not change.
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5 Conclusions

• The shear rates that the polymer solution suffers from the injector to the producer
varies in a widely range of about 5–100000 1/s.

• The injected polymer solutions experience four viscosity regimes that are shear
degradation, shear thickening and shear thinning or non-Newtonian.

• When the polymer is injected into a 390 mD reservoir at a rate of 0.2 pore vol-
ume/year, shear degradation occurs within a 0.2 m radius around the wellbore, and
shear thickening occurs within a radius of about 0.2 to 10 m.

• Shear thickening has very limited impact on oil production since the shear thickening
occurred in a very small area in vicinity of well location.

• Shear degradation has a significant impact on polymer flooding to make the decrease
in oil production and average pressure of reservoir.
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