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Abstract  

One of the newest of viscoelastic RANS turbulence models for drag reducing channel flow with polymer additives is 

studied in different flow and rheological properties. In this model, finitely extensible nonlinear elastic-Peterlin (FENE-

P) constitutive model is used to describe the viscoelastic effect of polymer solution and turbulence model is developed 

in the 𝑘 − 𝜖 − 𝜈2̅̅ ̅ − 𝑓 framework. The geometry in this study is two-dimensional channel flow and finite volume 

method (FVM) with a non-uniform collocated mesh is used to solve the momentum and constitutive equations. In 

order to evaluate this turbulence model, several cases with different parameters such as Reynolds numbers, 

Weissenberg number, maximum polymer extensibility and concentration of polymer are simulated and assessed 

against direct numerical simulation (DNS) data. The velocity profiles, shear stress profiles and the percentage of 

friction drag reduction predicted by this turbulence model are in good agreement with DNS data at moderate to high 

Reynolds numbers. However, in low Reynolds numbers, the results of model are reliable only for low  𝐿2 value. 

Moreover, in case of high concentration of polymer, the accuracy of the model is lost. 
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1.   Introduction 

It is known that the addition of small amounts of 

polymer additives can reduce friction drag in wall-

bounded turbulent flows. According to some 

experiments, very small amounts of polymers are 

sufficient to reduce friction drag up to 80% [1]. Also, 

it has been known experimentally that the drag 

reduction (DR) occurs in turbulent flows when the 

ratio of polymer time scale to the flow time scale in the 

near-wall turbulence, defined as the wall-shear 

Weissenberg number, is of order unity [2]. 
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Numerical simulation of dilute polymer solutions 

has been a great field of study for many researchers. In 

order to study these fluids, viscoelastic models like 

Oldroyd-B and FENE-P (finitely extensible nonlinear 

elastic-Peterlin) are often used. The FENE-P model is 

widely used in literature because it accounts for the 

effect of chain extensibility [2]. Some of the 

researchers used direct numerical simulation (DNS) to 

identify complex mechanism of turbulent drag 

reduction (DR) in polymer solutions [3-7]. Because 

DNS are usually costly and impractical to be used in 

engineering applications, another group of researchers 

developed Reynolds-averaged Navier–Stokes (RANS) 
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models [8-11] and large eddy simulation method [12] 

based on the DNS results. 

Pinho [8] is one of the earliest researchers who 

developed the k-ε turbulence model based on the 

modified version of Generalized Newtonian Fluid 

constitutive equation (GNF) for drag reducing fluids. 

Also for the FENE-P fluids, Pinho and coworkers [9, 

10] used k-ε and k-ω model to simulate fully turbulent 

channel flow of dilute polymer solutions. In addition 

to the complexity, these models are not able to predict 

accurately flow parameters in the high drag reduction 

(HDR) regime. Based on the FENE-P constitutive 

equation, Iaccarino et al. [11] modified 𝑘 − 𝜖 − 𝜈2̅̅ ̅ −
𝑓 model which was firstly introduced by Durbin [13] 

for Newtonian fluids. In order to account for the effect 

of viscoelasticity in the turbulence model, they 

introduced a new turbulent polymer viscosity. In this 

model simple closures for non-linear terms are 

proposed and although in several cases in both 

moderate and high drag reduction regimes it was able 

to accurately predict amount of drag reduction, some 

of flow parameters such as polymer shear stress and 

turbulent kinetic energy was not in agreement with 

DNS results. Masoudian et al. [14] proposed a similar 

model to the Iaccarino’s one [11] based on the 𝑘 − 𝜖 −

𝜈2̅̅ ̅ − 𝑓 turbulence model with new closures. Due to 

use of several precise closures for the nonlinear 

turbulent terms, results of this model were in better 

agreement with DNS data than that of Iaccarino et al. 

[11]. Masoudian et al. [14] examined their model with 

several cases which all were with low polymer 

concentration at moderate to high Reynolds numbers. 

It is important to determine the ability of this model in 

prediction of the flow parameters in all conditions such 

as higher polymer concentration and lower Reynolds 

numbers. The object of the present study is to 

investigate the ability of Mosudian et al. [14] model in 

prediction of DR value, velocity and shear stress 

profiles in fully turbulent channel flow with different 

flow and rheological parameters. In order to 

implement new turbulence model developed by 

Masoudian et al. [14], we use an open-source CFD 

tool, OpenFOAM (Open Source Field Operation and 

Manipulation) package. After code validation, we have 

assessed performance of Masoudian et al. [14] model 

against DNS data in different cases. 

The paper is organized as follows: Section 2 

presents governing equations of turbulence model of 

Masoudian et al. [14] for FENE-P fluids. Numerical 

methods are briefly introduced in Section 3. Results 

and discussion are given in Section 4 which is divided 

into grid study, code validation and performance of 

Masoudian et al.’s turbulence model [14] at low 

Reynolds number and in high polymer concentration. 

Conclusion is given in Section 5. 

2.   Governing equations  

The rheological description of dilute polymer solutions 

in Masoudian et al.’s model [14] is based on FENE-P 

constitutive equation. The momentum equation for an 

incompressible viscoelastic flow is [11, 14]:  

𝜌
𝜕𝑢𝑖

𝜕𝑡
+ 𝜌𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+ 𝜌

𝜕

𝜕𝑥𝑗
[𝜈𝑠

𝜕𝑢𝑖

𝜕𝑥𝑗
] +

𝜕𝜏𝑖𝑗
𝑝

𝜕𝑥𝑗
 (1) 

In the above equation, 𝜌 and 𝜈𝑠 represent density and 

viscosity of the solvent and 𝑢𝑖 and 𝑝 are the velocity 

components and pressure, respectively. The second 

and third terms of the right hand side of Eq. (1) are 

viscous and polymer stresses. The polymer stress 

definition based on the FENE-P model is as follows 

[14, 15]: 

𝜏𝑖𝑗
𝑝

=
𝜂𝑝

𝜆
(𝑐𝑖𝑗𝑓(𝑐𝑘𝑘) − 𝛿𝑖𝑗) (2) 

Where 𝑓(𝑐𝑘𝑘) is the Peterlin function defined as 

[14]:  

𝑓(𝑐𝑘𝑘) =
𝐿2 − 3

𝐿2 − 𝑐𝑘𝑘

 (3) 

In the above equations, 𝜂𝑝, 𝜆 and 𝐿2 represent 

polymer intrinsic viscosity, relaxation time and 

maximum extension of the polymer chains, 

respectively. The other variable which appears in Eq. 

(2) is conformation tensor 𝑐𝑖𝑗. The trace of 

conformation tensor 𝑐𝑘𝑘 represents the elongation of 

the polymer chains and it is normalized with respect to 

the characteristic polymer length in the equilibrium no-

flow state. The conformation tensor obeys a hyperbolic 

differential equation of the form [14]: 

𝜕𝑐𝑖𝑗

𝜕𝑡
+ 𝑢𝑘

𝜕𝑐𝑖𝑗

𝜕𝑥𝑘

− 𝑐𝑗𝑘

𝜕𝑢𝑖

𝜕𝑥𝑘

− 𝑐𝑖𝑘

𝜕𝑢𝑗

𝜕𝑥𝑘

=
1

𝜆
(𝛿𝑖𝑗 − 𝑓(𝑐𝑘𝑘)𝑐𝑖𝑗) 

(1)  

By Reynolds averaging the instantaneous 

equations, the Reynolds-averaged momentum 

equation becomes [11, 14]: 

𝜌
𝜕𝑈𝑖

𝜕𝑡
+ 𝜌𝑈𝑗

𝜕𝑈𝑖

𝜕𝑥𝑗

= −
𝜕𝑃

𝜕𝑥𝑖

+ 𝜌
𝜕

𝜕𝑥𝑗

[(𝜈𝑠 + 𝜈𝑡)
𝜕𝑈𝑖

𝜕𝑥𝑗

]

+
𝜕𝜏𝑖𝑗

𝑝̅̅ ̅

𝜕𝑥𝑗

 

(2)  

Where 𝑈𝑖 represent the mean velocity components 

and  𝜈𝑡 is the turbulent viscosity. In addition to 𝜈𝑡 , 

mean polymer stress in Eq. (4) should be defined. For 

this purpose Masoudian et al. [14] used turbulent 

polymer viscosity concept which was introduced 
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previously by Iaccarino et al. [11]. According to 

Masoudian et al.’s model mean polymer stress is 

defined as [14]: 

𝜏𝑖𝑗
𝑝̅̅ ̅ = 𝜈𝑡,𝑝

𝜕𝑈𝑖

𝜕𝑥𝑗

 (3)  

 In the equation above, 𝜈𝑡,𝑝 is the turbulent polymer 

viscosity. In order to define  𝜈𝑡  Masoudian et al. [14] 

modified the 𝑘 − 𝜖 − 𝜈2̅̅ ̅ − 𝑓  model of Durbin [13] 

which was firstly proposed for Newtonian fluids. 

According to Masoudian et al.’s model [14], for fully-

developed turbulent channel flow of viscoelastic fluids 

described by the FENE-P model, we need to solve just 

the trace of the mean conformation tensor (𝐶𝑘𝑘). To 

sum up, the Reynolds-averaged governing and the 

model equations of turbulent viscoelastic flow which 

was developed by Masoudian et al. [14] are given 

below: 

 

𝜕𝑈𝑖

𝜕𝑥𝑖

= 0 (4)  

 

𝜌
𝜕𝑈𝑖

𝜕𝑡
+ 𝜌𝑈𝑗

𝜕𝑈𝑖

𝜕𝑥𝑗

= −
𝜕𝑃

𝜕𝑥𝑖

+ 𝜌
𝜕

𝜕𝑥𝑗

[(𝜈𝑠 + 𝜈𝑡

+ 𝜈𝑡,𝑝)
𝜕𝑈𝑖

𝜕𝑥𝑗

] 

(5)  

𝑈𝑗

𝜕𝑘

𝜕𝑥𝑗

= 𝑃𝑘 − 𝜀 +
𝜕

𝜕𝑥𝑗

((𝜈𝑠 +
𝜈𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥𝑗

)

− 𝜀𝑝 

(6)  

𝑈𝑗

𝜕𝜀

𝜕𝑥𝑗

=
𝐶𝜀1𝑃𝑘 − 𝐶𝜀2𝜀

𝑇𝑡

+
𝜕

𝜕𝑥𝑗

((𝜈𝑠 +
𝜈𝑡

𝜎𝜀

)
𝜕𝜀

𝜕𝑥𝑗

)

− 𝐸𝑝 

(7)  

𝑈𝑗

𝜕𝑣2̅̅ ̅

𝜕𝑥𝑗

= 𝑘𝑓 +
𝜕

𝜕𝑥𝑗

((𝜈𝑠 +
𝜈𝑡

𝜎𝑘

)
𝜕𝑣2̅̅ ̅

𝜕𝑥𝑗

)

−
6𝜀

𝑘
𝑣2̅̅ ̅ − 𝜀𝑝,𝑦𝑦 

(8)  

𝑓 − 𝐿𝑡
2

𝜕2𝑓

𝜕𝑥𝑗𝜕𝑥𝑗

= (𝐶1 − 1)

(
2
3

−
𝑣2̅̅ ̅

𝑘
)

𝑇𝑡

+ 𝐶2

𝑃𝑘

𝑘
+ 5𝜀

𝑣2̅̅ ̅

𝑘
 

(9)  

𝑀𝑘𝑘 + 𝑁𝐿𝑇𝑘𝑘 +
1

𝜆
(3 − 𝑓(𝐶𝑘𝑘)𝐶𝑘𝑘)

+ 𝜅
𝜕

𝜕𝑥𝑗

(
𝜕𝐶𝑘𝑘

𝜕𝑥𝑗

) = 0 
(10)  

In the above equations, 𝑘 and 𝑣2̅̅ ̅ are turbulent 

kinetic energy and its wall normal component, 𝜀 is the 

dissipation rate of turbulent kinetic energy and 𝑓 is the 

energy redistribution process that plays a crucial role 

in producing 𝑣2̅̅ ̅. In order to stabilize the numerical 

method, an artificial diffusivity (𝜅) is added to the 

trace of mean conformation tensor equation. The 

turbulent viscosity and the new turbulent polymer 

viscosity in the momentum equation (Eq. (8)) are 

defined as [14]: 

𝜈𝑡 = 𝐶𝜇𝑣2̅̅ ̅𝑇𝑡 (11)  

𝑇𝑡 = 𝑚𝑎𝑥 (
𝑘

𝜀
, 6√

𝜐𝑠

𝜀
) 

(12)  

𝜈𝑡,𝑝 =
𝜈𝑝

𝑓(𝐶𝑘𝑘)
+ 𝑎1√

𝐿2

𝑊𝑖𝜏0

𝑓(𝐶𝑘𝑘)𝑣𝑡 

(13)  

𝑊𝑖𝜏𝑜 =
𝜆𝑈𝜏

2

𝜈𝑜

   , 𝜈𝑜 = 𝜈𝑝 + 𝜈𝑠 
(14)  

The new source terms for FENE-P fluids in Eq. (9) to 

Eq. (13) are given below according to Masoudian et 

al.’s model [14]: 

𝜀𝑝 =
𝜇𝑝

2𝜌𝜆
𝑓(𝐶𝑘𝑘)𝑁𝐿𝑇𝑘𝑘  (15)  

𝜀𝑝,𝑦𝑦 = 𝑎1𝑎3𝐿𝑓(𝐶𝑘𝑘)𝑘𝑓 (16)  

𝐸𝑝 =
𝐶𝜀1𝜀𝑝

𝑇𝑡

 (17)  

𝑀𝑘𝑘 = 2 {
𝜆

𝑓(𝐶𝑘𝑘)

𝜈𝑡,𝑝

𝜈𝑝

(
𝑑𝑈

𝑑𝑦
)

2

} (18)  

𝑁𝐿𝑇𝑘𝑘 = 𝑎2𝑀𝑘𝑘

𝜈𝑡

𝜈𝑜

 (19)  

Where 𝑎1, 𝑎2 and 𝑎3 are the model’s constants. 

The length scale in diffusion term in Eq. (12) (for f 

equation) is defined with the following expression 

[14]: 

𝐿𝑡
2 = 𝐶𝑙

2𝑚𝑎𝑥 {
𝑘3

𝜀2
, 𝐶𝜂

2√
𝜈3

𝜀
} (20)  

Where 𝐶𝑙 and  𝐶𝜂 are constant. Finally all the 

constants in the above equations are listed in Table 1 

[14]. 
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3.   Numerical method 

In the present study Finite Volume Method was used 

with a non-uniform collocated mesh. The height of the 

first mesh cell adjacent to the walls is set carefully in 

order to achieve 𝑦+~1 at the walls. SIMPLE algorithm 

is adopted to solve the coupling of velocity and 

pressure equations. Second order schemes are used in 

order to discretize equations. Periodic boundary 

condition is set in the streamwise direction and no-slip 

boundary conditions are set at the bottom and top 

walls. Except 𝜀 and 𝐶𝑘𝑘, all parameters are set to zero 

on the walls and the wall boundary conditions for these 

two parameters  are defined as [11]: 

𝜀 = 2𝜈𝑠(
𝜕√𝑘

𝜕𝑛
)2  (21)  

𝜕𝐶𝑘𝑘

𝜕𝑛
= 0  

(22)  

Where 𝑛 represents the normal direction to the 

wall. As in earlier studies [5, 14], the value of the 

dimensionless artificial diffusivity based on the half 

channel height (ℎ) and friction velocity (𝑢𝜏) is taken to 

be 
𝜅

ℎ𝑢𝜏
~ O (10−2) to achieve stable numerical 

integration and have no effect on the results. In this 

study we pursued the simulations up to a tolerance 

of 10−6 and results remain practically identical to 

those for lower tolerance of 10−5. 

4.   Results and discussion 

4.1.   Grid study 

The geometry in this study is a 2D channel with a 

height of 2h and length of 10h. The grid convergence 

study was performed by developing five different 

grids. The mesh independency analysis for the two 

cases (moderate and high drag reduction) is reported in 

Table 2 where 𝑁𝑦 shows the number of nodes in the 

wall-normal direction and 𝑁𝑥 shows the number of 

nodes in the streamwise direction. In Table 2 the error 

are calculated based on mesh M5 for both drag 

reduction value (DR) and normalized centerline 

velocity (𝑢𝑐
+). According to Table 2, although all errors 

are below 0.5%, the third grid is chosen as independent 

grid for better accuracy. Drag reduction in Table 2 is 

calculated by Eq. (26) [3]: 

𝐷𝑅% = (1 −
𝐶𝑓,𝑉𝑖𝑠

𝐶𝑓,𝑛𝑒𝑤

) × 100  (23)  

Where subscripts of “vis” and “new” represent the 

viscoelastic and Newtonian fluids, respectively. It is 

important to mention that the friction coefficient for 

Newtonian and viscoelastic fluid are calculated at the 

same bulk Reynolds number (i.e. 𝑅𝑒𝑏 =
𝜌2ℎ𝑈𝑏

𝜇
). 

In above equation the friction coefficient is defined 

as [3]: 

𝐶𝑓 =
𝜏𝑤

1
2

𝜌𝑈𝑏
2

  
(24)  

 

Where 𝜏𝑤 is the wall shear stress and 𝑈𝑏 is the bulk 

velocity in the channel. For fully developed turbulent 

channel flow of Newtonian fluids the friction 

coefficient is given by Dean [16] as: 

 

𝐶𝑓 = 0.073𝑅𝑒𝑏
−0.25  (25)  

Table 1-Coefficients of viscoelastic turbulence model developed by Masoudian et al. [14] 

 

Table 2-Mesh independency analysis 

Grid 𝑵𝒚 ∗ 𝑵𝒙 DR1 
Error 

(%) 
𝒖𝒄

+ 
Error 

(%) 
DR2 

Error 

(%) 
𝒖𝒄

+ 
Error 

(%) 

M1 65*65 40.14 0.47 26.28 0.23 63.73 0.16 35.61 0.22 

M2 99*99 40.20 0.32 26.28 0.23 63.75 0.12 35.63 0.14 

M3 111*111 40.25 0.2 26.32 0.075 63.78 0.08 35.65 0.11 

M4 144*144 40.26 0.17 26.33 0.038 63.82 0.016 35.68 0.03 

M5 199*199 40.33 - 26.34 - 63.83 - 35.69 - 

constant 𝐂𝛍 𝛔𝐤 𝛔𝛆 𝐂𝛆𝟏 𝐂𝛆𝟐 𝐂𝟏 𝐂𝟐 𝐂𝐥 𝐂𝛈 𝐚𝟏 𝐚𝟐 𝐚𝟑 

value 0.22 1 1.3 

1.4(1

+ 0.05√
𝑘

𝑣2̅̅ ̅
) 

1.9 1.4 0.3 0.23 70 0.02 0.16 0.15 
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4.2.   Validation of code 

For fully turbulent channel flow of FENE-P fluids the 

flow and rheological properties is fully characterized 

by four dimensionless parameters: friction Reynolds 

number, friction Weissenberg number, ratio of solvent 

viscosity to total viscosity and maximum extension of 

the polymer chains. The first three numbers are defined 

as [14]: 

𝑅𝑒𝜏 =
𝜌𝑢𝜏ℎ

𝜇0

    (26)  

𝑊𝑖𝜏 =
𝜌𝜆𝑢𝜏

2

𝜇0

    
(27)  

𝛽 =
𝜇𝑠

𝜇0

=
𝜇𝑠

𝜇𝑠 + 𝜇𝑝

  (28)  

Where ℎ is the channel half height, 𝜆 is the 

relaxation time for viscoelastic solvent, 𝑢𝜏 is the wall 

shear stress velocity (𝑢𝜏 = √
𝜏𝑤

𝜌
) and 𝜇0 is the solution 

total viscosity at zero shear rate (𝜇0 = 𝜇𝑠 + 𝜇𝑝). In 

order to benchmark our methodology, the numerical 

simulation results for two cases of fully-developed 

channel flow are presented and assessed against DNS 

data [5, 14] for velocity profile and wall shear stress. 

Flow and rheological parameters of these two cases are 

given in Table 3. 

The normalized velocity profile of the current 

study and that of Masoudian et al. [14] for cases A1 

and A2 are presented in Fig. 1. As shown in this figure, 

the prediction of velocity profile of the current study is 

in very good agreement with the results of Masoudian 

et al. [14] for both cases. Furthermore, according to 

Fig. 2, three components of normalized wall shear 

stress of case A1 (solvent, polymer and turbulence 

shear stress) are in good agreement with [14]. Overall, 

comparing the results of current study with that of 

Masoudian et al. [14] validates the developed code. 

 
Table 3-Flow and rheological parameters of two cases for 

code validation [5, 14] 

 

Case 

Flow and Rheological 

properties 

Drag 

reduction 

𝑅𝑒𝜏 𝛽 𝑊𝑖𝜏 𝐿2 DNS 
current 

study 

A1 395 0.9 100 900 37 40 

A2 395 0.9 100 14400 61 64 

 

 

Figure 1-Normalized velocity profile of Ref [14] and 

current study for case A1 and A2 

 

Figure 2-Normalized wall shear stress profile of Ref 

[14] and current study for case A1 

4.3.   Prediction of the turbulence model at 

𝑹𝒆𝝉 = 𝟏𝟐𝟓    

In this section, we investigate the performance of 

viscoelastic turbulence model developed by 

Masoudian et al. [14] at several cases with 𝑅𝑒𝜏 = 125 

and different 𝐿2 and Weissenberg number values of Li 

et al. [5] which the rheological properties of these cases 

are summarized in Table 4. 
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Table 4- Comparison of drag reduction prediction at 𝑹𝒆𝝉 =
𝟏𝟐𝟓 

Case 

Rheological 

properties 
Drag reduction 

𝛽 𝑊𝑖𝜏 𝐿2 DNS 
Current 

study 

B1 0.9 25 900 20 23 

B2 0.9 25 3600 22 30 

B3 0.9 25 14400 24 41 

B4 0.9 50 900 31 28 

B5 0.9 50 3600 43 35 

B6 0.9 50 14400 51 39 

B7 0.9 100 900 37 38 

B8 0.9 100 3600 56 45 

B9 0.9 100 14400 74 60 

 

According to Table 4, in the cases with 𝐿2 = 900, 

the amount of predicted drag reduction by Masoudian 

et al.’s turbulence model [14] are comparable with the 

DNS data at all Weissenberg numbers (𝑊𝑖𝜏 =
25,50 𝑎𝑛𝑑 100). However, by increasing 𝐿2 from 900 

to 3600, the difference between the drag reductions by 

Masoudian et al. [14] turbulence model and DNS data 

becomes more noticeable (around 8%). Moreover, the 

DR prediction at  𝐿2 = 14400 are quite far away of the 

DNS results. 

 

Figure 3- Normalized velocity profile of DNS data [5] and 

current study for case B1, B7, B8 and B9 

Figure 3 shows the normalized velocity profile for 

cases B1, B7, B8 and B9. As shown in the figure, the 

velocity profile of case B1 and B7 have the minimum 

difference with DNS results as their amount of DR is 

fairly well predicted. But the predicted velocity 

profiles for case B9 is inconsistent with the DNS 

results as expected from the amount of DR prediction. 

Among cases with available shear stress profile in 

Ref. [5], the result of case B8 has minimum difference 

in DR prediction. Therefore, in the Fig. 4 normalized 

wall shear stress for case B8 is compared with DNS 

data. According to this figure, although the trends of 

predicted wall shear stresses and the DNS data are 

completely similar, their values are different. Near the 

wall, polymer and viscous shear stress predictions are 

fairly well comparable with the DNS results however, 

by getting away from the wall, Masoudian et al.’s 

turbulence model [14] could not predict these shear 

stresses well. Furthermore, across the channel, 

turbulent shear stress values were predicted higher 

than the DNS results. 

The results of this section demonstrate that in cases 

with low value of 𝐿2, predictions of Masoudian et al.’s 

turbulence model [14] are acceptable. However, by 

increasing the value of 𝐿2, although the trend of 

increasing DR value is similar to DNS data, the 

difference between their values could be quite 

significant especially at high 𝑊𝑖𝜏. 

4.4.   Prediction of the turbulence model at 

𝑹𝒆𝝉 = 𝟏𝟖𝟎    

In this section, three cases with 𝑅𝑒𝜏 = 180  and 

different rheological parameters have been studied. 

The flow and rheological properties of these cases 

and amount of DR predicted by current study are 

summarized in Table 5 [5]. According to these results, 

there is a good agreement between the DNS data and 

predictions by the current study in terms of DR value. 

Furthermore, as shown in Fig. 5 and Fig. 6 normalized 

velocity and shear stress profiles for these cases match 

fairly well with the DNS data even in cases with high 

value of 𝐿2.  

 

Figure 4- Normalized wall shear stress profile of DNS data 

[5] and current study for case B8 
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Table 5- Comparison of drag reduction prediction at 𝑹𝒆𝝉 =
𝟏𝟖𝟎 

Case 

Rheological 

properties 
Drag reduction 

𝛽 𝑊𝑖𝜏 𝐿2 DNS 
current 

study 

C1 0.9 50 900 31 29 

C2 0.9 100 900 37 41 

C3 0.9 100 14400 61 64 

 

Comparing the results of this section with section 

4.3 shows by increasing the Reynolds number, the 

results of Masoudian et al.’s turbulence model [14] are 

better match with the DNS data [5] regardless of 
𝐿2. 

4.5.   Results for lower 𝜷 value 

Masoudian et al. [14] developed their viscoelastic 

turbulence model for 𝛽 = 0.9 based on the DNS data. 

But it is important to examine the accuracy of this 

model for lower 𝛽 values which represent higher 

concentration of polymers. For this purpose we have 

selected five different cases of Petasiniski et al. [3] 

which all have lower solvent to total solution viscosity 

ratio (lower 𝛽 value). Flow and rheological properties 

of these cases are shown in Table 6. 

 

Figure 5-Normalized  velocity profile of DNS data [5] and 

current study for case C2 and C3. 

Based on Table 6, the DNS data demonstrates that 

by decreasing value of 𝛽 or by increasing the value 

of 𝐿2, the amount of drag reduction will increase. 

However, the result of D4, D1 and D5 (decreasing 𝛽) 

and D1 and D2 (increasing 𝐿2) in Table 5, it is obvious 

that Masoudian et al.’s turbulence model [14] could 

not predict these trends. Furthermore, prediction of DR 

value is comparable with DNS data in just two cases, 

D1 and D4. Comparison of C1 in Table 5 with D2 in 

Table 6 also confirms that Masoudian et al.’s 

turbulence model [14] does not have an acceptable 

accuracy in prediction of DR value in high polymer to 

solvent viscosity ratio (low 𝛽 value), and even 

accuracy of model is completely lost by decreasing 𝛽 

from 0.8 to 0.4 in case D5.  

 

Figure 6-Normalized wall shear stress profile of DNS data 

[5] and current study for case C3 

 
Table 6- Comparison of drag reduction prediction with 

lower 𝜷 value at 𝑹𝒆𝝉 = 𝟏𝟖𝟎 

Case 
Rheological 

properties 
Drag reduction 

𝛽 𝑊𝑖𝜏 𝐿2 DNS 
current 

study 

D1 0.6 54 100 26 30 

D2 0.6 54 1000 61 22 

D3 0.6 72 1000 66 28 

D4 0.8 54 1000 33 29 

D5 0.4 54 1000 64 12 

As mentioned above, DNS data shows that by 

decreasing the value of 𝛽 or increasing the value of 𝐿2 

the DR value increase, but Masoudian et al.’s model 

[14] cannot predict these trends simultaneously. 

Therefore, in order to achieve acceptable results in 

lower  𝛽 values, the value of  𝐿2 should be small. Case 

D1 confirms this theory. Moreover in case D4, the 

value of 𝛽 is more close to original 𝛽 = 0.9 which the 

turbulence model was developed and consequently the 

amount of predicted drag reduction in this case is more 

accurate than the others. In order to investigate 

Masoudian et al.’s turbulence model [14] with lower 𝛽 

values in more detail, velocity and wall shear stress 

profiles for case D1 and D4 are shown in Fig. 7 and 

Fig. 8, respectively. 

Results of Fig. 7 show that trends of the DNS data 

are successfully predicted for velocity profile at both 

cases (D1 and D4) by Masoudian et al.’s Model [14].  
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However, predicted values of dimensionless 

velocity differ slightly from DNS data in the whole 

channel height. 

Based on Fig. 8a viscous shear stress profile is in 

good agreement with DNS data for case D1. But 

prediction of polymer shear stress is inconsistent with 

the DNS data especially near the wall. This may be 

related to the higher polymer to solvent viscosity ratio 

(lower 𝛽 value) than the original one that the 

turbulence model was developed by Masoudian et al. 

[14].  In turbulent shear stress profile, although the 

trends of DNS data and current study are the same but 

in region where 𝑦+ > 100, values of turbulent shear 

stress are completely incorrect as are predicted higher 

than the theory line. According to theory, not only 

components of total shear stress should be below the 

theory line but also sum of all components should be 

below the theory line [5]. 

 

 

Figure 7- Normalized wall shear stress profile for DNS data 

[3] and current study in case D1 (a) and D4 (a) 

Based on Fig. 8a viscous shear stress profile is in 

good agreement with DNS data for case D1. But 

prediction of polymer shear stress is inconsistent with 

the DNS data especially near the wall. This may be 

related to the higher polymer to solvent viscosity ratio 

(lower 𝛽 value) than the original one that the 

turbulence model was developed by Masoudian et al. 

[14].  In turbulent shear stress profile, although the 

trends of DNS data and current study are the same but 

in region where 𝑦+ > 100, values of turbulent shear 

stress are completely incorrect as are predicted higher 

than the theory line. According to theory, not only 

components of total shear stress should be below the  

Theory line but also sum of all components should be 

below the theory line [5].   

Figure 7- Normalized wall shear stress profile for DNS 

data [3] and current study in case D1 (a) and D4 (b) 

Unlike the results of case D1, Fig. 8b shows that 

polymer and viscous shear stresses are predicted well 

especially near the wall for case D4. This may be due 

to the higher value of 𝛽 (𝛽 = 0.8) in this case. 

However, as it is seen in case D4, turbulent shear stress 

values are predicted higher than theory line which is 

completely wrong. It seems that Masoudian et al.’s 

turbulence model [14] could not predict eddy viscosity 

in low 𝛽 values appropriately. According to Eq. (14) 

one of the ways to decrease turbulent shear stress is to 

decrease the value of  𝑐𝜇 . In order to improve the 

accuracy of the model, the value of 𝑐𝜇 was changed 

from 0.22 to 0.16. 

Fig. 9 shows shear stresses profiles for case D4 

after applying this change. Based on this figure, 

although prediction of turbulent shear stress has been 

improved, but polymer and viscous shear stresses 

show more difference with DNS data near the wall in 

comparison to the original case with 𝑐𝜇 = 0.22. 

Therefore it seems that improving Masoudian et al.’s 

turbulence model [14] at lower 𝛽 values needs more 

investigations. 

5.   Conclusion 

In present study we examined one of the newest RANS 

models for viscoelastic fluids described by FENE-P 

constitutive equation.  This model is based on the 𝑘 −

𝜖 − 𝜈2̅̅ ̅ − 𝑓 model which was firstly introduced for 

Newtonian fluids. In order to study the performance of 

this turbulence model, several cases with different 

flow and rheological parameters were investigated. 

Analysis of the DNS data and the results of current 

study showed that: 

1. Accuracy of the model in prediction of DR 

value, velocity profile and wall shear stress 

components is fairly acceptable in many cases 

especially in high and moderate Reynolds numbers. 

2. In low Reynolds numbers (e.g. 𝑅𝑒𝜏 = 125), the 

value of 𝐿2 plays an important role in the accuracy of 
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the model. The results with lower value of  𝐿2were 

more accurate. 

 

 
Figure 8- Normalized wall shear stress profile for DNS data 

[3] and current study in case D1 (a) and D4 (a) 

 

3. In high polymer to solvent viscosity ratio (low 𝛽 

value), not only the model could not predict DR value 

well, but also it was not able to follow trends of 

increasing DR value while decreasing 𝛽 and increasing 

𝐿2 based on the DNS data. Also the model could not 

predict the value of shear stresses correctly, but the 

trends of wall shear stresses are comparable with the 

DNS data. Changing the value of cμ could not improve 

the accuracy of model significantly therefore in order 

to improve this turbulence model at lower 𝛽 values, 

more investigations should be considered. 

 

Figure 9- Normalized wall shear stress profile for DNS data 

[3] and current study with 𝒄𝝁 = 𝟎. 𝟏𝟔 for case D4  
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