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ABSTRACT 
Polymer flooding is a widely used enhanced oil recovery (EOR) 
technology. The purpose of the polymer is to increase water 
viscosity to improve reservoir sweep efficiency. However, 
mechanical elements of the polymer injection facilities may 
impact the viscosity of the polymer negatively, decreasing it 
drastically. Mechanical degradation of the polymer occurs in case 
of flow restrictions with abrupt diameter changes in valves and 
control systems. Such flow restrictions may induce mechanical 
stresses along the polymer chain, which can result in its rupture. 
In this research, physical experiments and numerical simulations 
using CFD (Computational Fluid Dynamics) were used to propose 
a model for estimating the mechanical degradation for the flow 
of polymer solutions. This technique involves the calculation of 
velocity gradients, pressure drawdown, and polymer degradation 
of the fluid through geometry restriction. The simulations were 
validated through polymer injection experiments. The results 
show that with the greater volumetric flow and lower effective 
diameters, there is more mechanical degradation due to polymer 
shearing; nonetheless, this depends on the rheology properties 
inherent in each polymer in an aqueous solution. 
This method is suitable to estimate the mechanical degradation of 
the polymer solution in flooding facilities and accessories. Further, 
the results obtained could enhance the use of the polymer, 
calculating its actual mechanical degradation, minimizing it, or 
using it to support the development of new accessories.
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RESUMEN
La inyección de polímeros es un método de recobro de petróleo 
ampliamente utilizada. El propósito del polímero es incrementar 
la viscosidad del agua para mejorar la eficiencia de barrido, 
sin embargo, el paso del fluido por algunos equipos de las 
facilidades de inyección puede impactar la viscosidad del polímero, 
disminuyéndola drásticamente. La reducción de la viscosidad es 
debido a la degradación mecánica del polímero que ocurre en las 
restricciones del flujo donde hay cambios abruptos de diámetro 
como en válvulas y sistemas de control. Estas restricciones de 
flujo inducen altos esfuerzos mecánicos o de corte en la cadena 
del polímero, que pueden resultar en el rompimiento de estas.
Experimentos y simulaciones numéricas usando Dinámica de 
Fluidos Computacional fueron realizadas para proponer un modelo 
que estime la tasa de degradación mecánica para el flujo de 
soluciones poliméricas, que involucran el cálculo de gradientes 
de velocidad, caídas de presión y degradaciones de polímero en el 
paso del fluido a través de geometrías de equipos que presentan 
restricciones al flujo. Las simulaciones fueron validadas mediante 
comparaciones con los resultados de las pruebas de laboratorio. 
Los resultados muestran que a mayores flujos volumétricos y 
menores diámetros efectivos de restricción se producen mayores 
degradaciones mecánicas por cizallamiento del polímero, sin 
embargo, esto depende de las propiedades reológicas propias de 
cada polímero en solución acuosa.
El modelo desarrollado es muy útil para estimar la degradación 
mecánica del polímero en su paso por instalaciones y equipos de las 
facilidades de inyección, además los resultados obtenidos podrían 
optimizar el uso del polímero calculando la degradación mecánica 
real de cada polímero y minimizándola o como soporte en el diseño 
de nuevos equipos o accesorios con menor degradación mecánica.
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Polymers increase water viscosity and reduce the water-oil mobility 
ratio. Polymers generate a uniform flow and prevent a phenomenon 
called “fingering,” which leaves the oil behind the water solution [1]. 
HPAM (Partially hydrolyzed polyacrylamide) present high solubility 
on the water; however, the viscosity of the polymers is affected in 
high temperatures and salinity [2]-[4] conditions. HPAM polymer´s 
chain degrades by the high shear experienced, reducing the viscosity 
and decreasing the efficiency of the oil recovery process [5],[6].

Polymer flooding has been evaluated at a field scale for more than 
five decades, and it is becoming an increasingly more interesting 
technology within the oil and gas community [7]. In any oil field, there 
are devices in surface facilities for polymer flooding of different sizes; 
therefore, it is possible to find a change in diameter between the oil 
field facilities and the injectivity well. Choke valves, static mixers, 
injection pumps, distribution lines, and other accessories could 
generate more than 50 percent viscosity degradation [8],[9]. Usually, 
viscosity loss of 20% or less is common in this type of project [10].

Experimental studies of mechanical degradation focus on measuring 
viscosity changes, flow velocity, and shear rates of the polymer 

INTRODUCTION1.

2. THEORETICAL FRAMEWORK

solution since the beginning to the end of the tubings, capillaries, 
and porous media [11]-[14]. However, it is essential to obtain data 
on fluid dynamics in turbulent flow conditions, which is challenging 
to obtain in a laboratory. Hence, it is necessary to use numerical 
simulation to assess the behavior of polymers flowing between 
different diameter sizes.

Many authors report studies on numerical simulation related to the 
viscoelastic fluid effect in contraction and expansion geometries. 
Moreover, many of the numerical simulations focus on porous media 
[15]-[17] or the study of the contraction and expansion flow with 
low Reynold numbers [18]-[21].

In this research, the polymer solution is rheologically characterized 
through viscosity and shear rate curves to set the mathematical 
model that fits better with the experimental data. Then, a viscosity 
degradation model was built using capillary tube tests; the model 
compares the viscosity degradation with the shear rate. Finally, with 
the viscosity model and viscosity degradation model used in Ansys 
Fluent [22], the results were validated based on laboratory data of 
polymer solutions flowing through restrictions.

MATHEMATICAL MODELING

Computer Fluid Dynamics is a numerical tool based on the 
solution of the transport equations that describe the flow of fluids 
in a controlled volume. Discretization methods adjust the partial 
differential equations into a group of algebraic equations, which 
enable the solution using numerical methods. It is necessary to 
divide the physical domain into volume elements, which is referred 
to as computational mesh, where those elements solve the transport 
equations (equations of balance). The software solved the partial 
differential equation of momentum (Equation 1) and continuity 
(Equation 2) representing the fluid mechanics, where ρ density, 
u velocity, t time, P pressure, τ stress tensor, and S external body 
forces.

TURBULENCE MODEL

Polymer flooding takes place in turbulence conditions on surface 
facilities and some accessories; for example, Reynolds numbers 
are over 3,000 when the polymer runs through valves of diameters 
ranging between 2 and 4 mm. To describe the turbulent flow, the 
k-epsilon model was used in simulations; this model considers a 
turbulent viscosity (different from the molecular viscosity), which 
depends on a regime flow and depends on the fluid’s position, 
velocity, and properties. Therefore, the kinetic turbulence (k) and 

(1)[ / + (∇. )] = −∇ + ∇. + ∑   

(2)/ + ∇. ( ) = 0   

dissipation viscosity rate (ε) shown in transport equations (4 and 5) 
are related to turbulence viscosity through (3).

where Pk is the turbulent production of the viscous forces, and 
Cμ,C∈1,C∈2,σ∈,σk are empirical constants.

RHEOLOGICAL MODEL

The HPAM is no Newtonian fluid, as viscosity is a function of the 
shear rate. Most of the HPAM have a pseudoplastic behavior, which 
explains the viscosity decrease as the shear rate increases [23], as 
shown in Figure 1. 

Equation 7 presents the Carreu model, which sets the pseudoplastic 
behavior and correlates the stress tensor (Equation 6), represented 
in the second term of Equation 1 with the viscosity of the polymer 
analyzed.

(3)=   

(4)
( , ) + ( , )=

, + + , − ,    

(5)
( , ) + ( , ) =

, + + , −  



C T& F Vol .  10 Num . 2 D e c emb er 2 0 2 0 117

Ec op e t r o l

Figure 1. Example of Rheology behavior of the HPAM.

Figure 2. Capillary shear devices
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(6)= −η( ̇) ̇   

(7)= + ( − )[ 1 + ( ̇) ]
( )   

Where τ is the stress tensor, γ ̇ is the shear rate tensor. Parameters 
λ and n are empirical constants of HPAM, while η0  and η∞ are the 
limits of lower and higher shear rate viscosity.

MECHANICAL DEGRADATION

The energy required for mechanical shear degradation is obtained 
from the mechanical energy applied to the shearing process. The 
bond rupture may occur if the energy introduced into a bond exceeds 
the binding energy [24]. The percent Mechanical degradation (% DR) 
was calculated using the following equation:

Where ndeg is the viscosity of the degraded samples, and no is the 
initial viscosity

As regards experimental data, this research assesses two different 
HPAM polymer concentrations prepared in distilled water. Then, the 
polymer fills the cylinder shown in Figure 2, and flows through to 
the capillary and another two geometries connected at the bottom 
of the cylinder.

The polymer flows through geometries because of the pressure 
drawdown generated with the nitrogen line connected to the top 
of the cylinder. The viscosity of the polymer solution, as shown 
by Equation 8, is measured before and after the mechanical 
degradation.

The proposed methodology (Figure 3) in this paper starts with the 
polymer solution characterization, building a viscosity vs. shear 
rate curve. Next, degradation model data was developed using 

(8)% = ∗ 100  

3. EXPERIMENTAL 
DEVELOPMENT

capillary devices. When degradation and rheologic models were set 
with Matlab codes, the next step consisted in creating the overall 
study geometry and establishing simulation conditions similar to 
those of the real experiments. Subsequently, once the independent 
mesh is obtained, this methodology figures out the most significant 
degradation on different geometries. For that purpose, the method 
analyzes the velocity profile to locate the specific plane where 
the acceleration and strain rate is greater. Finally, combining this 
variation of velocity and strain rate with the most significant change 
of the degradation rate, a transversal plane is created at the exact 
point to calculate the area-weighted average degradation rate in 
this zone.
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Figure 3. Methodological Scheme.

RHEOLOGICAL DATA

Experimental data of HPAM polymer solution of different concentration 
were measured in an Anthon Paar MCR 702 rheometer, using 
concentric cylinders at 303.15 kelvin (30˚C). 

DEGRADATION MODEL

Polymeric solutions show mechanical degradation in the presence 
of high-shear rates due to shear stress in the flow; measuring these 
mechanical degradations is essential for the viability of the project. 
In this research, we implemented the recommended practices for 
assessing Polymers used in Enhanced Oil Recovery Operations (API 
RP 63) [25] to obtain different degradation rates at different shear 
rates. This practice uses a capillary shear device given in Figure 2, 
where the polymeric solution flows from the cylinder to a capillary 
of a determined diameter.

MODELS SETTING

The mechanical degradation (%DR) is related to different shear 
rates; a logical model of population growth correlates mechanical 
degradation and shear rate using Equation 9.

Where k,b,r are the model´s parameters, and γ̇ is the shear rate. 
These parameters are determined experimentally.

To determine the empirical parameters of the mechanical 
degradation, the numerical algorithm of the least-squares 
implemented in the software MATLAB R2017® [26] use experimental 
data. The algorithm finds the model coefficients that satisfy Equation 
10 with entry data (xdata, ydata):

Where, ( f(x,xdatai ) is the evaluated matrix of the setting function 
with the experimental data, Equation 11, where the vector x has the 
same parameters of the model.

(9)% = ̇  

After obtaining the parameters, the User-Defined Function (UDF) 
introduces the empiric and viscosity models to the CFD to estimate 
the mechanical degradation values (%DR). Figure 4 shows the 
approximation obtained from laboratory data using the logistic 
model of growth of the degradation by capillary shear and non-linear 
regression for the viscosity model of Carreu, respectively.

As shown in Figure 4d, the percentage error is less than 20 in all 
cases. As regards 4c, only one experiment has a value greater 
than 30%. This percentage demonstrates that the model predicts 
and represents, in most cases, the degradation and viscosity with 
slight differences. Furthermore, some cases with a percentage error 
greater than 10% could explain the differences between simulation 
data and experimental data.  Also, experimental measures include 
human and laboratory devices error.

CONFIGURATION OF THE SIMULATION MODEL

The configuration of the rheological and the physics of the fluid 
properties, as well as the operating and boundary conditions, and 
numerical aspects inherent to the methods used, are necessary for 
the numerical solutions of the mathematical models that describe 
the transport phenomena inside the geometries. The accuracy of 
results depends on the configuration in the CFD simulation.

After defining the rheological properties, the boundary conditions, 
and the initial conditions of the simulation model must be identified. 
Table 1 shows the simulation conditions. The simulation considers 
an isothermal system and incompressible flow. The wall boundary 
condition finds the non-slip condition, providing an effect of the 
boundary layer on the wall. Moreover, the non-equilibrium wall 
function is suggested in complex flows where the mean flow and 
turbulence are subject to pressure gradients and rapid changes. 
In such flows, improvements can be obtained, particularly in the 
prediction of wall shear [27].

(10)min∑( ( , ) − )  

(11)( , ) =
( , )

⋮
( , )
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Figure 4. Setting Models. (a) Degradation (b) Viscosity. Percentage error. (c) Degradation (d) Viscosity
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Fluid
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Table 1. CFD Simulation Conditions

Model parameters depend on several factors such as concentration, 
solvent composition, type of polymer, and test temperature. All these 
factors are specific to the conditions evaluated; hence, it is necessary 
to calculate the new parameters for each polymeric solution.

CAPILLARY GEOMETRY

Simulation results and experimental results are compared for the 
narrow cylinder to determine if the degradation behavior on CFD 
results is close to the empirical data. Figure 5a shows the cylinder 
with a capillary at the top of the 0.0716 mm (1/8 inch) device. 

To discretize the volume of the CAD geometry, Figure 5b shows how 
the capillary device is meshed. Figure 5c shows that at the center, 
tetrahedrons are used. While near the wall, the spatial discretization 
is five layers of hexahedrons with a quadrilateral base.

Mesh independence for the numerical solution is essential; in 
this case, after 800,000 elements, the difference between the 
degradation rate is less than 0.05%. The aspect ratio is one of 
the most critical criteria with respect to mesh quality. In this 
simulation, the aspect ratio was 10.47, which means a satisfactory 
quality of spatial discretization. Figure 6 shows the results of mesh 
independence.

4. RESULTS
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(a)

(b)

(c)

Figure 5. (a)Capillary shear devices built for simulations. (b) 
Spatial discretization of the Capillary Cylinder created for 

simulations. (c) Spatial discretization of the Capillary Cylinder 
close to the capillary.

Figure 6. Results for mesh independence in Capillary shear 
devices.

Figure 7. Transversal plane in the Capillary shear devices for 
the velocity profile.

Figure 8. Transversal plane in the Capillary shear devices for 
strain rate.
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As an initial step, we created a transversal plane to locate the 
region with the most significant acceleration. This work analyzed 
all geometry constraints. Figure 7 shows the results for a pressure 
case of 206.843 kPa (30 psi), where there was an enormous change 
in the velocity profile in the 0.0716 mm (1/8 inch) capillary, reaching 
velocities of 2.069 m/s.

The strain rate depends on velocity changes, as shown in Equation 
10. Therefore, high velocity gradients generate pronounced shears 
inside the geometry.

An important feature is finding the amount of shear in the regulation 
section on the geometries considering that a high shear rate means 
high mechanical degradation. Figure 8 shows the shear profile again 
for the 206.843 kPa (30 psi) case. The most significant value of 
4.39x103 s-1 is on the region (last section of the geometry), where 
the geometries undergo the more critical abrupt changes in the 
fluid flow.

(10)min∑( ( , ) − )  
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Figure 8. Transversal plane in the Capillary shear devices for 
strain rate.

Figure 9. Transversal plane in the Capillary shear devices for 
degradation rates.

Figure 10. Transversal plane in the Capillary shear devices for 
the degradation rate.

Finally, the degradation rate profile reaches the highest value on 
the final restriction as predicted by velocity and strain rates. Figure 
9 shows the most noticeable degradation close to the wall for the 
448.155 kPa (65 psi) case due to the profile of velocity changes in 
polymers close to the wall is more prominent than in Newtonian 
fluids [28].

Finally, the degradation rate profile reaches the highest value on 
the final restriction as predicted by velocity and strain rates. Figure 
9 shows the most noticeable degradation close to the wall for the 
448.155 kPa (65 psi) case due to the profile of velocity changes in 
polymers close to the wall is more prominent than in Newtonian 
fluids [28].

By creating a transversal plane at the top and bottom of the capillary, 
as shown in Figure 10, we compare the experimental results with 
the simulation results. The methodology considers the highest 
area average degradation rate in all the geometry because polymer 
chains could not recover their structure, and it is impossible to 
regain their viscosity. Figure 10 corresponds to the 448.155 kPa 
(65 psi) case, and 1,000 ppm of polymer concentration, where the 
highest degradation rate is 5,4%, and the experimental degradation 
rate is 4.7%.

The concentration and pressure conditions were 300 ppm and 1,000 
ppm; 137.894 (20 psi), 206.841 (30 psi), 310.261 (45 psi), 448,155 (65 
psi) and 620.523 kPa (90 psi). Table 2 compares the degradation rate 
and shear rate results in the laboratory with the CFD simulations 
and presents the percentual error, where 6 of the nine data sets 
show a deviation below 20%. Regarding the shear rate comparison, 
all data sets show a percentual deviation below 14%.
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GEOMETRY A

The second step in this research is to investigate if the degradation 
model could be applied to other restrictions and represent the 
phenomena. Hence, geometry A consists of a constraint in the 
middle of two tubes. This restriction regulates the flow of the 
polymer before the reservoir injection. Figure 11a represents the 
CAD geometry in this case.

Figure 11b shows geometry meshed using tetrahedrons at the 
center, and five hexahedrons layers at the wall boundary. The 
purpose of the refinements at the wall boundary is to properly 
characterize the turbulence flow of the polymer in this new 
geometry.

Figure 12 illustrates the results of mesh independence in Geometry 
A; it reaches the uniform behavior of the degradation rate after 
1,500,000 elements because the change of the %DR is lower than 
the curvature of the first 1,000,000 elements. 
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Figure 11. (a) CAD image of the Geometry A. (b) Meshed CAD 
of the Geometry A. 

Figure 12. Results for mesh independence in Geometry A.

Inflow 10mm 4 and 2mm

(a)

(b)

10mm Outflow

(c)

Figure 13a presents the velocity profile at the transverse section of 
the 2 mm diameter regulation area for the 3,447.35 kPa (500 psi) 
case. When the diameter changes, the increased velocity reaches 
70 m/s.

In Figure 13b, the region where the geometry has abrupt changes 
presents a high shear rate close to 1.048x105 s-1. As Table 3 
demonstrates, the 2 mm and 3,447 kPa (500 psi) case has an area-
weighted shear rate of 100,784 s-1, as the highest value of Figure 12b

After calculating the shear rate of the fluid, the CFD model 
correlates these values with the logical model of population growth, 
determining the degradation rate in each region of the geometry. In 
this paper, the percentage of the degradation rate was measured 
in the fluid’s bulk subject to mechanical degradation; therefore, 
Figure 14a illustrates a control region with average degradation. 
The most significant mechanical degradation was near the part with 
the highest shear rate, as shown by CFD results for the 2,068.41 
kPa (300 psi) pressure drop.

The dynamic viscosity demonstrates in Figure 14b how viscosity 
decreases near the restriction. At the beginning of the geometry, the 
viscosity value is the highest (24.9 cP) (0.0249 Pa.s) as the shear 
rate is close to 0. Viscosity before the 2 mm restriction decreases 
between 12 cP (0.012 Pa.s) and 5 cP (0.005 Pa.s).

Table 2. Experimental and simulation results for the capillary  shear devices 
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Figure 13. (a) Transversal plane in the Geometry A for the velocity profile. (b) Transversal plane in the Geometry A for the 
Strain Rate. 

Figure 14. (a) Transversal plane in Geometry A for the Degradation Rate. (b) Transversal plane in Geometry A for the 
Degradation Rate.  

As shown in Table 3, results were consistent between the 
experimental data and the CFD results. The most significant 
prediction error was about 20% for the degradation rate and 17% 
for the shear rate. Other results in Table 3 show errors between 
3% and 12%.
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Table 3. Experimental and simulation results for polymer concentration of 300 ppm in geometry A

Dr
Dynamic Viscosity

Outlet
Outlet

InletInlet40.609

27.072

13.536

0.000

0.025

0.018

0.010 6.4 Cp

11.56 Cp

24.9 Cp

0.003
[Pa s]

(a) (b)

Velocity Strain Rate

Outlet
Outlet

Inlet Inlet
70.8

47.2

23.6

0.0

1.048e+005

6.987e+004

3.494e+004

5.570e+000

[m s^-1] [s^-1]

(a) (b)

GEOMETRY B

Geometry B considers two restrictions of the same diameter, as 
shown in Figure 15a. At the top of the geometry, the size of the inlet 
is about 19 mm; then, a small 4 mm tube regulates the polymer flow. 
Then, another 10 mm expansion appears on the other 4 mm hole. 
The last 24 mm expansion occurs at the bottom of the geometry.
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Inflow

19mm
14,1mm

4mm 4mm10mm
24mm

(a)

(b)

Outflow

(c)

The spatial discretization (Figure 15b), like the previous geometry, 
lies in a tetrahedron in the middle of the geometry and hexahedron 
next to the wall. The latter was useful to characterize the velocity 
change close to the wall. Geometry B has inflation and refinement in 
diameter shift. Figure 16 presents mesh independence when there 
are over 1,000,000 elements, as the percentage of the degradation 
rate remains stable. This number of elements in the simulation tests 
enable performing velocity, strain rate, and degradation contour 
analyses.

Number of Elements

%
D

R

0.12

0.10

0.08

0.06

0.04

0.02

0.00
0 500,000 1,000,000 1,500,000 2,000,000 2,500,000

Figure 15. (a) CAD image of the Geometry B. (b) Meshed 
CAD of the Geometry B. (c) Cut plane in the middle of the 

geometry

Figure 16. Mesh independence for Geometry B.
Figure 17. (a) Transversal plane in Geometry B for the 

velocity profile. (b) Transversal plane in Geometry B for 
the Strain Rate. Two restrictions at the beginning and the 

middle of Geometry B.

With two restrictions at the beginning and the middle of the 
geometry, two similar profiles appear in the longitudinal plane. 
CFD simulations show that the most significant difference of the 
acceleration for the 2,068.41 kPa (300 psi) pressure drop exists at 
the start of the minimal size hole, as shown in Figure 17a.

Velocity
Plane transversal

(a)

(b)

Outlet

Inlet

Outlet

InletStrain Rate
Plane transversal

1.729e+001

1.297e+001

8.645e+000

4.323e+000

0.000e+000

6.702e+004

5.027e+004

3.351e+004

1.676e+004

3.971e+000

[m s^-1]

[S^-1]
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Figure 18. (a) Transversal plane in Geometry B for the Degradation Rate. (b) Transversal plane in Geometry B for the Strain 
Rate.

The strain rate has the same behavior as the velocity profile. Also, 
the most significant strain rate in Figure 17b for 2,068.41 kPa (300 
psi) was on the wall and the top of the restriction hole, where the 
CFD value is approximately 54,980 s-1. Figure 18a shows the second 
case of Table 3. The degradation rate matches the velocity and 
strain rate profiles, where the highest values are in the wall and 
the restriction. Close to the wall, the greatest degradation on this 
plane is 43%. However, the average on a transversal plane near the 
restriction is 35%, which explains the importance of considering the 
average of a transversal plane and not the higher value. Furthermore, 
in Figure 18b, the initial viscosity is about 24.9 cP (0.0249 Pa.s) 
but the viscosity decreases to values of 6.4 cP (0.0064 Pa.s) in the 
restriction, from 14 mm to 4 mm. In this area, the methodology 
proposed to calculate the CFD degradation rate is compared with 
experimental values.

For this geometry, three experimental results correspond to a 
polymer concentration of 300 ppm and one for 1,000 ppm.

This methodology suggests that the most significant degradation 
occurred at the entrance where the degradation in CFD simulations 
was evaluated with a transversal plane, as was explained previously. 
Percentual errors of less than 20% in al the three geometries 
support this theory. However, it is necessary to evaluate more 
geometries with many contractions and expansions tubes to ensure 
this phenomenon.

CAPILLARY GEOMETRY

Figure 19 shows that mechanical degradation and shear rate 
increase with the lower polymer concentration; simulation and 
experimental results show that a 300 ppm concentration undergoes 
a higher degradation rate than the 1,000 ppm concentration. This 
behavior could be explained at a microscopic level, considering the 

1

2

3

4

689.470

2,068.410

689.470

689.470

170.5

337.1

186.3

167.1

300

1,000

18.3

35.2

16.6

5.4

17.9

35.1

16.9

4.4

2.2

0.3

1.8

18.5

27,128.7

53,647.7

29,656.2

26,599.7

29,423.0

54,980.0

29,308.0

25,308.0

Simulation Pressure 
[kPa]

Flow Rate 
[m3/s]
x10-6

Polymer 
Concen

tration [ppm]
%DR CFD

18.3

35.2

16.6

5.4

%DR Experi
mental

% 
Percentage 
Difference

Shear Rate
Experi

mental [1/s]

Shear Rate 
CFD [1/s]

% 
Percentage 
Difference

Dr
Plane transversal

(a)
(b)Outlet

Inlet

Outlet

InletDynamic Viscosity
Plane transversal

43.850

34.137

24.425

14.712

5.000

0.025

0.020

0.015

0.010

0.005

[Pa s]

11.56 cP

6.40 cP

24.9 cP

Table 4. Experimental and simulation results for Geometry B

5. RESULTS ANALYSIS
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interaction between the largest chain going throw the capillary 
restriction. The large chain in higher concentrations conserve their 
interaction and do not suffer rupture and dispersion, thus reducing 
the lost viscosity

Over 300 kPa (43,5 psi), differences between values of simulation 
and experimental results increase. Raising pressure drops in the 
laboratory means more turbulence. In such an event, predicting the 
polymer chain´s behavior is more complex, although the difference 
between experimental and CFD results is less than 10%.

GEOMETRY A

Another relevant result is comparing the degradation rate between 
2 and 4 mm (Figure 20). The difference at the same pressure on 
the degradation rate was about 12 percent, but for 2,068.4 (300 
psi) and 3,447.35 kPa (500 psi), the difference increases by over 20 
percent. The shear rate is one more aspect that changes with the 
size restriction. In a 4 mm size at the same pressure, the shear rate 
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Figure 19. Simulation validation (a) %DR of 1,000 ppm. (b) Shear Rate 1,000 ppm. (c) %DR 300 ppm. (d) Shear Rate 300 ppm.

is always less than in the  2 mm size. With 3,447. 35 kPa (500 psi), 
the 2 mm shear rate doubles the 4 mm.

GEOMETRY B

Geometry B is a particular case, as it has two similar contractions. In 
CFD simulations, the degradation was assessed in the first restriction 
achieving the same values as in the experiment. Culter, Zakin, and 
Patterson [29] proposed in single-pass and multipass laminar 
capillary flow tests that degradation is independent of tube length. 
Additionally, the main reason to assess the first contraction is that 
it is more prominent than the second one. The first contraction is 
from 14 mm to 4 mm, and the second restriction is from 10 to 4 mm.

Figure 21 shows, simulation 2, with the same concentration of 
simulation 1 and 3, undergoes more significant degradation because 
of the increasing pressure in these experiments. Furthermore, both 
figures show that less polymer concentration produces a greater 
degradation rate, simulation 4 is 5.4%, and simulation 1, with the 
same pressure but 300 ppm of polymer concentration, is 18.3%.
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Figure 20. Simulation validation of Geometry A (a) %DR of 2 mm. (b) Shear Rate of 2 mm. (c) %DR of 4 mm. 
(d) Shear Rate of 4 mm. 

Figure 21. Validation for Shear Rate in Geometry B.

(a)

(c) (d)

(b)

%
D

R
%

D
R

Sh
ea

r R
at

e 
[1

/s
]

100

80

60

40

20

500 1500 2500 3500

500 1500 2500 3500

500 1500 2500 3500

500 1500 2500 3500

0

60

50

40

30

20

10

0

DR Exp DR CFD

Pressure Drop (kPa)

Pressure Drop (kPa)

Pressure Drop (kPa)

Pressure Drop (kPa)

120,000

100,000

80,000

60,000

40,000

20,000

60,000

50,000

40,000

30,000

20,000

10,000

0

0

Shear Rate Exp Shear Rate CFD

DR Exp DR CFD Shear Rate Exp Shear Rate CFD

(a) (b)

Sh
ea

r R
at

e 
[1

/s
]

%
 D

R

40

30

20

10

0

60,000

50,000

40,000

30,000

20,000

10,000

0
1 2 3 4 1 2 3 4

DR Exp DR CFD

Simulation Simulation

Shear Rate Exp Shear Rate CFD



Vol .  10 Num . 2 D e c emb er 2 0 2 0

128 Ec op e t r o l

As demonstrated by the three previous geometries, mechanical 
degradation increases with a higher flow rate and restriction. These 
two factors could be represented together with variables like the 
shear rate. High shear rates are observed in areas with high-velocity 
gradients, principally because of abrupt flow contractions. 

Finally, the methodology proposed to predict the degradation of 
the polymer in restrictions reaches similar values of real polymer 

CONCLUSIONs
o	 This methodology, based on CFD simulation, represents 
a Non-Newtonian fluid using the Carreu model in a turbulent flow, 
where the mechanical degradation of the polymer correlates with 
the shear rate of the flow. Comparing three different geometries, 
CFD simulations and experimental results have an acceptable 
approximation, where most of the effects show a relative error 
of less than 20%. Additionally, numerical solutions by the CFD 
simulations find that the most significant degradation, strain rate, 
and velocity profiles are on the regions that undergo quick size 

degradations. This methodology helps in the characterization of 
viscosity losses depending on the type of polymers and facilities 
geometries. Additionally, with the correct polymer rheology data and 
degradation model, and a representative CAD geometry for spatial 
discretization, this methodology could be used in design geometries 
to reduce the viscosity degradation.

changes. Consequently, the methodology proposed that the place 
to validate experimental degradations with simulation results is, 
in fact, the area with the most significant changes in velocity and 
shear rate. Lastly, as proven by experimental results and supported 
by simulation, the degradation of the polymer decreases as the 
polymer concentration and hole size increase. Larger diameters 
reduce velocity changes at the outlet, thus creating a lower shear 
rate. Further, higher polymer concentration produces more durable 
polymer chains that resist mechanical ruptures.
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Density
Velocity
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Stress Tensor
Time
External Body Forces
Turbulent viscosity
Turbulence kinetic energy
Dissipation rate of k
Turbulent kinetic energy production rate
Empirical Constants
Turbulent Prandtl number for ε
Turbulent Prandtl number for k
Time constant
Power-law index
Zero Shear viscosity
Infinite Shear viscosity
Is the viscosity of the degraded samples
Is initial viscosity.
Degradation rate model constant
Shear rate

NOMENCLATURE

CONVERSION TABLE

0.145 psi

39.37 inch

1000 cP

1 kiloPascal
1 meter
1 Pa.s
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