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The forced convection heat transfer for non-Newtonian viscoelastic fluids obeying the FENE-P model in
a parallel-plate channel with transverse rectangular cavities is carried out numerically using ANSYS-POLY-
FLOW code. The flow investigated is assumed to be two-dimensional, incompressible, laminar and steady.
The flow behavior and temperature distribution influenced by the re-circulation caused by the variation of
cross-section area along the stream wise direction have been studied. The constant heat flux condition has
been applied and the effects of the different parameters, such as the aspect ratio of channel cavities (AR =
0.25, 0.5), the Reynolds number (Re = 25, 250, and 500), the fluid elasticity defined by the Weissenberg
number (We), and the extensibility parameter of the model (L2), on heat transfer characteristics have been
explored for channels of three successive cavities configuration. Different levels of heat transfer enhance-
ment were obtained and discussed. 
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1. Introduction

Laminar thermal entry flow problems in parallel-plate

channels have been extensively studied in the past. Forced

convection heat transfer in parallel-plate channels plays an

important role in many technical applications, such as new

heat exchangers and automotive radiators. For Newtonian

fluids, Shah and London (1978) and Shah and Bhatti

(1987) provided a comprehensive survey of the literature

regarding the heat transfer behavior and friction loss for

the entrance and fully developed region. The more pop-

ular idea to improve heat transfer rates in channel flow is

to include roughened walls, fins or ribs, or extended sur-

faces by installing arrays of transverse disturbance pro-

moters onto the channel walls.

A large number of experimental, theoretical and numer-

ical investigations dealing with heat transfer of steady

incompressible laminar flow of Newtonian fluids in a

channel between parallel-plates with periodically-grooved

parts or detached ribs were reported in the literature (Bil-

len and Yapici, 2002; Herman and Kang, 2001a; 2001b;

2002a; 2002b). In particular, the grooved channel has a

significant influence on heat transfer enhancement. The

heat transfer coefficient for the grooved channel is higher

than that of a smooth channel. Thus, several representative

studies have dealt with the numerical simulation of the

heat and fluid flow characteristics of parallel plate chan-

nels having a bundle of transversal fins on the side walls

(Berner et al., 1984; Cheng and Huang, 1989; Kelkar and

Patankar, 1987; Lazardis, 1988; Webb and Ramadhyani,

1985). These studies assumed a periodic fully developed

flow condition to predict the fluid flow structure, the heat

transfer patterns and treated the relative position of the fin

as an important parameter.

Several materials encountered in industrial applications

exhibit a range of non-Newtonian fluid behaviors. It is

important to study the fluid flow and heat transfer of Non-

Newtonian fluids in parallel plates channel due to the

occurrence of such flows in important industrial applica-

tions like the thermal design of industrial equipment deal-

ing with polymer solutions, pulp suspensions, molten

plastics, foodstuffs, or slurries. Several investigations have

extended many of the available heat transfer problems to

include the Non-Newtonian effects in parallel plate chan-

nels (Hatami and Ganji, 2014; Sun et al., 2006). Although

some investigations of non-Newtonian flow exist in sud-

den expansions, very limited attentions have been given to

the effect of such flows and configurations on the heat

transfer characteristics.

Some of non-Newtonian fluids exhibit shear-thinning

and shear-thickening characteristics which are frequently

approximated by power-law model in the case of inelastic

fluids. For power law fluids, experimental study of lam-

inar fluid flow in 1:2 sudden expansions carried by Hal-

mos and Boger (1975) indicated that the length of the

recirculation zone increased for stronger shear-thinning

fluids. These findings were also confirmed by Perera and

Walter (1977) numerically. Recently, Nejad and Javaher-

deh (2014) performed a finite volume based computation

to study the steady state solution and heat transfer of non-*Corresponding author; E-mail: lkhezzar@pi.ac.ae
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Newtonian power-law fluids flowing between two parallel

plates with transverse rectangular cavities. The parallel

plates were kept at constant wall temperature and the flow

patterns and the heat transfer characteristics were explored

for single and double cavity configuration. The effect of

the Reynolds number and the recirculation caused by the

cross section area were investigated and the results for all

examined cases shown an enhancement of heat transfer

levels.

In the case of Non-Newtonian visco-elastic fluids, sev-

eral studies were aimed to analyze the flow and the heat

transfer patterns of such polymeric fluids in axisymmetric

and parallel-plates channels under different thermal bound-

ary conditions and using different viscoelastic models.

Theoretical solutions for flow and for thermal entry heat

transfer in axisymmetric pipes and parallel-plates channel

have been obtained using the simplified version of the

Phan-Thien and Tanner (PTT) model, which is continuum

based model, see Oliveira and Pinho (1999) and Coelho et

al. (2002, 2003). Another well-known viscoelastic model

for polymeric fluids in the form of dilute, semi-dilute and

concentrate solutions, see Purnode and Crochet (1998), is

the FENE-P model (Finite Extensible Nonlinear Elastic

while P stands for the closure proposed by Peterlin (1966)

and Bird et al. (1987b). A fully developed solution for

pipe and plane two-dimensional flow of a FENE-P fluid

has been derived by Oliveira (2002). Later, Oliveira et al.

(2004) obtained a semi-analytical solution for the entry

thermal flow known as Graetz problem of highly visco-

elastic liquids using the FENE-P constitutive type in pipes

and parallel-plates channels under prescribed constant

wall temperature and wall heat flux thermal boundary

conditions. They determined that the difference between

the behavior of the PTT and FENE-P fluids in this shear

flow lies in the effects of ε (the elongatonal parameter of

the PTT model) and L2 (the extensibility parameter of the

FENE-P model), respectively. The effects of elasticity

(through the Weissenberg number) defined as We ≡ λū/H,

where λ is the relaxation time and ū is the average veloc-

ity and H is the half distance between the two parallel-

plates (is the radius R for pipe flow), is also investigated.

The objective of the present work is to investigate

numerically using the finite element based software

ANSYS-POLYFLOW (2009), the flow and heat transfer

of FENE-P viscoelastic fluid in a channel with three suc-

cessive transverse rectangular cavities. The simulations

consider first the simple channel geometry without includ-

ing the transverse cavities. This geometry is chosen

because an analytical solution exists for it (Oliveira,

2002); it will hence serve to validate the numerical pro-

cedure. The study will then be extended by including

transverse cavities to analyze the influence of the rheo-

logical parameters of the FENE-P model as well as the

Reynolds number, the cavity aspect ratio on the heat trans-

fer enhancement for the case of constant heat flux

imposed at the channel walls.

2. Mathematical Model and Nusselt Number

The governing equations in tensor form for continuity,

momentum, and energy are given below. A steady solu-

tion of the governing equations is solved numerically

using Polyflow code based on finite element method.

,  (1)

,  (2)

 (3)

where u, p, and T, represent the velocity vector, the pres-

sure, and the temperature variables, respectively. The fluid

properties such as the fluid density ρ, the thermal con-

ductivity k, and the specific heat cp are considered con-

stant and the viscous heating is neglected. Accounting for

viscous dissipation and variation of fluid properties with

temperature can account for important differences, but

leads to a more complex problem requiring a detailed

study which is left for future investigation, see the book

by Bird et al. (1987a) for solutions neglecting viscous

heating and temperature effects on flow properties. For

most viscoelastic fluids the Prandtl number assumes val-

ues in the neighborhood of Pr ~ 50 or higher, see Siginer

and Letelier (2010). Following the data presented by

Khezzar et al. (2014), Prandtl number Pr = 30 is used in

the present study. Material properties considered in the

present study are summarized in Table 1.

In Eq. (2), τ represents the total extra-stress tensor which

is the sum of the viscoelastic component τ1 and a purely-

viscous component τ2.

 (4)

where

∇ u⋅  = 0

∇ ρu u⋅( )⋅  = ∇– p + ∇ τ⋅

∇ ρcpuT( )⋅  = ∇ k∇T( )⋅

τ = τ1 + τ2

Table 1. Material properties considered in the present study at reference temperature Tref = 298 [K].

Material 
properties

Density
ρ

Zero shear rate 
viscosity μ0

Heat capacity 
cp

Thermal conductivity
k

Prandtl number 
Pr

Units [kg/m3] [Pa·s] [J/kg·K] [W/m·K] [-]
Values 997.1 0.00445 4181.3 0.62 30
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.  (5)

In the present study, τ1 is computed using the Finitely

Extensible Nonlinear Elastic (FENE-P) model Bird et al.

(1980). The FENE-P model, computes τ1 from a non-

dimensional configuration tensor A on the basis of an

algebraic equation, as follows: 

 (6)

where λ is the relaxation time and η1 is the zero shear vis-

cosity.

The configuration tensor A is computed from the fol-

lowing differential equation:

 (7)

where L2 is the extensibility of the dumbbells. In this

expression, The rate of deformation tensor in Eq. (5) is

defined as:

.  (8)

The average local Nusselt number along the grooved

channel is based on the hydrodynamic diameter Dh (Dh =

4h) calculated for the case of two fixed parallel plates

without the grooved channel where h is the half distance

between the two parallel-plates. This will provide a rea-

sonable comparison with smooth channel data. 

 (9)

where qw is the wall heat flux imposed at the wall, Tw is

the wall temperature, and Tb the fluid bulk temperature is

defined, see Coelho et al. (2002), as:

 (10)

The average Nusselt number is calculated as follows:

 (11)

where L is the total length of the channel.

3. Numerical Schemes and Convergence

Numerical computations of the presented study are per-

formed using ANSYS POLYFLOW code based on finite

element method. Software designed to solve both Newto-

nian and non-Newtonian problems that involve non-lin-

earities in the constitutive equations. To obtain a converged

solution and to deal with the stability issues related to high

levels of elasticity and the non-linearities of the problem,

the DEVSS/SU, which represents the combination between

the discrete version of the elastic-viscous split stress

(DEVSS) method of Guénette and Fortin (1995) and the

streamline upwinding (SU) scheme, was used in the pres-

ent study.

In the DEVSS method, a discrete counterpart of the rate

of deformation tensor  is added to the momentum equa-

tion and determined in terms of satisfaction of 

,  (12)

in the weighted average form

 (13)

where W is a suitable weighted function. Taking the diver-

gence of Eq. (2) and adding  to the momen-

tum conservation equation with the use of Eq. (4), gives

as:

.  (14)

Equation (14) is the stabilized form of the momentum

conservation equation re-formulated using the DEVSS

method.

In addition, the evolution function for the relaxation

time λ and the flow rate Q is considered in the present

computations to deal with the convergence issues at high

elasticity levels. Evolution is an incremental numerical

scheme facilitating the convergence of complex flow prob-

lems. In ANSYS-POLYFLOW nomenclature, any prob-

lem parameter can be defined as an algebraic function of

the single evolution variable S. However, in the case of

differential type viscoelastic fluids the appropriate evolu-

tion is usually based on either the fluid relaxation time (λ)

or the flow rate Q providing thus gradual increases in the

values assigned to the Weissenberg number We. We apply

the evolution technique to the relaxation time such that

λi = f(Si) × λnom, where λnom is the nominal relaxation time,

f(Si) = Si = (Si−1 + ΔSi−1) with initial and final values of S

given by S0 = 0 and Sfinal = 1, respectively and the initial

value of ΔS taken as ΔS0 = 0.01.

The solution of the non-linear system of equations is

obtained using Newton’s iterative scheme with the con-

verged solution of the previous step used as the initial

guess when available. For example, for i = 1, we have λ1

= f(S1) × λnom, if the solution converges ΔS1 = ΔS0 × 1.5

and S2 = S1 + ΔS1, then for i = 2, λ2 = f(S2) × λnom. How-

ever, if the solution diverges, ΔS1 = ΔS1/2 (i.e., halved)

and S2 = S1 + ΔS1 and the iteration is re-done until ΔSi is

less than a minimum ΔSmin = 10−4 and the simulation stops.

The criterion for convergence is based on the calculation

of a global relative error for each field (pressure, velocity,

and stresses). The relative error is calculated as the ratio of

the difference in the value of a given field at every node

between two successive iterations and the maximum value

of the field. The convergence criterion used in our simu-

τ2 = 2μ2D

τ1 = 
η1

λ
----- A

1 tr A( )/ 3L
2( )–

---------------------------------- I

1 1/L2–
-----------------–

A

1 tr A( )/ 3L
2( )–

---------------------------------- + λA = 
I

1 1/L2–
-----------------

D = 
1
2
----

⎝ ⎠
⎛ ⎞ ∇u ∇u

T+( )

Nux = 
hxDh

k
----------- = 

qwDh

k Tw Tb–( )
-----------------------

Tb = 
1

Acum

-----------  
A
c

∫ u TdAc⋅ .

Nuav = 
1
L
---  ∫Nuxdx

D

D D–  = 0

W, D D–( ) = 0

2– μ1∇ D D–( )⋅

ρ∇ u u⋅( )⋅  = ∇– p + ∇ 2μ1D( ) + ∇ τ⋅  − ∇ 2μ1
D( )⋅⋅
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lations was 10−5, which is considered to be sufficient for a

properly converged solution.

4. Geometry and Boundary Conditions

Figure 1 represents the geometry and meshes considered

in this study which consists of two parallel-plates channel

with three transverse rectangular cavities placed at the

wall sides. Solving the above governing Eqs. (1), (2), (3),

and (7) requires boundary conditions to be prescribed

around all boundaries. The channel depth is assumed to be

large enough to make the 2D study acceptable and a sym-

metric condition is considered along the axial distance.

At the inlet section, a fully developed velocity profile is

imposed with an inlet fluid temperature Tinlet = 298 K. The

hyperbolic nature of the conformation tensor equation for

all viscoelastic models implies that the boundary condi-

tions for the conformation tensor are needed only on inflow

boundaries. Due to the imposed fully developed flow at

the inlet, the conformation tensor does not change along

the streamlines, Pasquali and Scriven (2002) and Xie and

Pasquali (2004). Thus, the inlet boundary condition for the

confirmation tensor can be written as:

For x = 0, 0 < y < h: .  (15)

At the outlet section, it is common practice to assume

that the flow is perpendicular to the outlet plane and heat

transfer rate on the outlet plane is purely by convection

rather than by conduction. Thus, the outlet boundary con-

ditions can be written as:

.  (16)

Since the channel wall surface is smooth impermeable

and with no slip condition, the velocity components are

zero. Thermal boundary condition applied is a uniform

heat flux along the wall channel surfaces including the

grooves. Thus the wall boundary conditions can be written

as:

For y = 0, 0 < x < L: .  (17)

5. Results and Discussion

In the present study, flow and heat transfer characteris-

tics are investigated numerically for the case of fixed par-

allel plates with three successive transverse cavities. The

first cavity is placed at a distance x = 0.03 m from the inlet

section. The ratio of the period length “l” to the grooved

length “b” is l/b = 2.5 and the ratio of the grooved depth

“a” to the half channel depth “h” is a/h = 0.5. The

obtained results are discussed in term of the effect of the

cavities aspect ratio AR = a/b = 0.25 and 0.5 (for b =

0.02). It is to mention that AR is increased to 0.5 by mak-

ing “a” larger at fixed “b”. We number (We = 0.1, 0.5, 1,

5, 10, and 20).

For real fluids such as Boger fluids and polymer solu-

tions, We number ranges from very small and moderate

values up to very high values (We ~ 600), e.g., Rodd et al.

(2005) and Alves et al. (2005), Purnode and Crochet

(1996), Sousa et al. (2011a), and Sousa et al. (2011b). In

the present study, due to instabilities and divergence issue

for higher values of We number, a maximum value up to

20 was considered. Re number (Re = 25, 205, and 500)

and defined as Re = ρUh/μ, were is ρ the fluid density, is

the μ fluid viscosity, U is the average inlet velocity, and h

is the half channel width. The range of Re number (Re =

25, 205, and 500) is that usually found in practical appli-

cations and experimental investigations (e.g., Farhanieh et

al. (1993) and Nejad and Javaherdeh (2014)). The exten-

sibility parameter L2 (L2 = 10, 50, and 100) and the num-

ber of cavities along the channel length, on the flow and

temperature fields and the heat transfer coefficient Nu for

both Newtonian and FENE-P fluids. The range of the

extensibility parameter L2 (10, 50, and 100) is that usually

u ∇⋅ A = 0

∂ux

∂x
------- = 0, 

∂uy

∂x
------- = 0, 

∂T

∂y
------ = 0

ux = uy = 0

q″ = Const⎩
⎨
⎧

Fig. 1. (Color online) Mesh of the two dimensional parallel-plates channel with the transverse rectangular cavities.
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found in works with the FENE-P or FENE-CR models

(e.g., Chilcott and Rallison (1988) and Purnode and Cro-

chet (1998).

5.1. Meshing strategy
Grid independency test have been performed using three

different meshes, M1 = 18500, M2 = 28500, and M3 =

41250 with minimum cell spacing dy = 0.0007, 0.00032,

and 0.00012, respectively. Figure 2 represents the normal-

ized velocity and temperature profiles for the different

meshes considered and for the aspect ratio AR = 0.25, Re

= 25, L2 = 10, and We = 10.

The boundary layer was resolved with a high number of

cells near the wall in order to increase the accuracy of the

results in that region and the number of cells was doubled

within the boundary layer defined by the 99% rule until a

grid independent solution is obtained. Results are plotted

along the Y-axis at the centre of the middle cavity at x =

0.09 m from the origin and show a very good agreement

between results corresponding the two meshes M2 and

M3, especially for the temperature profile. The grid effect

on the normalized velocity profile is minor. Hence, mesh

M2 is used in all computations to decrease the time and

memory costs.

The thermal boundary layer thickness δT is associated

with the velocity boundary layer thickness δ which is

related to the Re number. The ratio of the velocity and

thermal boundary layer thickness may be estimated by the

following equation:

.  (18)

The estimated thickness of the thermal boundary layer

along the surface channel outer of the cavities at x1 = 0.08

m as shown in Fig. 1 is 0.009655 m, 0.003053 m, and

0.002159 m for Re = 25, 250, and 500, respectively.

5.2. Validation of the numerical results
Numerical results are compared first with available ana-

lytical solutions for Newtonian fluid, Shah and London

(1978) and for the fully developed FENE-P flow between

smooth parallel plates (without cavities) developed by

Oliveira (2002). The comparison of the normalized veloc-

ity profiles for Newtonian and FENE-P viscoelastic fluid

without solvent contribution (β = 0) for We = 1 and 10 and

fixed value of L2 = 10 is shown in Fig. 3. A very good

agreement is obtained between the present numerical

results and the exact solution for both Newtonian and

FENE-P cases which justify the accuracy of the present

numerical approach.

5.3. Flow and temperature fields
Figure 4 represents the contour plots of the streamlines

and the isotherms for the FENE-P fluid for the aspect ratio

AR = 0.25, Re = 25, L2 = 10, and We = 10, for the full

geometry considered which consists of three successive

cavities. It is worth mentioning that the flow patterns

obtained along the three successive cavities are similar

which represent a periodicity in the flow boundary con-

ditions. However, the temperature field is not periodic due

to the non-periodicity in the thermal boundary conditions.

This can be seen clearly in Fig. 4 in which the thermal

layer is becoming thicker at downstream locations. Thus,

instead of representing the flow in the whole channel with

δ

δT
------ Pr

1/3≈

Fig. 2. (Color online) Grid independency test for AR = 0.25, Re = 25, L2 = 10, and We = 10: (a) Normalized velocity profile and (b)
normalized temperature profile.

Fig. 3. (Color online) Comparison of the normalized velocity
profiles with the analytical solution for smooth channel case and
for Newtonian (Shah and London, 1978) and FENE-P fluids
without solvent contribution (β = 0) (Oliveira, 2002).
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the three cavities, results will be presented by a single

groove for simplicity reason.

Figure 5 represents the contour plots of the streamlines

and the isotherms for the Newtonian and FENE-P cases

for different elasticity levels by varying We number from

0.1 to 20 and for fixed Reynolds number Re = 25, fixed

extensibility parameter L2 = 10, and the aspect ratio AR =

0.25. These results correspond to the region of the fluid

flow in the cavity located at the middle of the channel at

x = 0.09 m from the origin.

For low values of We number (We ≤ 5), the contour plots

of the streamlines, indicate a generation of two vortices at

the upstream and downstream corners of the cavities and

along the cavity length, the flow streamlines catch up with

the cavity bottom. It is shown that increasing fluid elas-

ticity defined by We number increases the size of the vor-

tex at the downstream corner of the cavity when compared

to the Newtonian limit due to the increase of shear-thin-

ning behavior. As the We number is increased to We = 5,

the two vortices grow in size and end up merging together

into a single large vortex that occupies almost the entire

cavity section. As for the isotherms, it is shown that

increasing We number leads to a progressive increase in

the thickness of the isothermal layer along the cavity area

due to the presence of the recirculation zones and the

changes in the vortices strength. However, there is insig-

nificant changes in the maximum temperature values

when We number is increased and the maximum reached

temperature at the downstream corner of the cavity Tmax =

319 (K).

The effect of the aspect ratio (AR) is also investigated

and the results for AR = 0.5 are presented in Fig. 6. A

comparison between the results for AR = 0.25 and 0.5 for

fixed value of Re = 25 and L2 = 10 as shown in Figs. 5 and

6, respectively, shows that increasing the aspect ratio AR

leads to a considerable change in the flow patterns and the

temperature field. The channel with higher aspect ratio

AR = 0.5 generates larger vortices having less intensity

and thicker thermal boundary layer. However, the effect of

We number on the flow behaviour for AR = 0.5 compared

to the case of AR = 0.25 remains insignificant and con-

tributes only in the generation of a larger single vortex that

occupies the full cavity area for high levels of elasticity

(We ≥ 5).

As for the temperature field, the increasing in the thick-

ness of the thermal boundary layer is also related to the

increase in the We number. However, the trend in the tem-

perature values is similar to the case of AR = 0.25 with

higher isothermal values with the maximum reached tem-

perature at the downstream corner of the cavity Tmax = 313

Fig. 4. (Color online) Contour plots of the streamlines and isotherms [K], in the full geometry with three successive cavities, for FENE-
P case for AR = 0.25, Re = 25, L2 = 10, and We = 10.

Fig. 5. (Color online) Contour plots of the streamlines (left) and
isotherms (right, [K]), for Newtonian case and for FENE-P case
for AR = 0.25, Re = 25, L2 = 10, and We = 0.1, 1, 5, 10, and 20.
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(K). These increased isotherms may affect the variation of

the local Nu number along the bottom surface of the cav-

ity section as function of We number. Further details on

the effect of We on the local and average Nu number are

discussed in the next section.

The effect of the extensibility parameter L2 on the flow

and the temperature fields is also considered in the present

study. Contour plots of the streamlines and isotherms for

typical values of L2 (L2 = 10, 50, and 100) at fixed Re =

25 and two levels of the fluid elasticity (We = 1) are pre-

sented in Fig. 7. These typical values of L2 have been con-

sidered in different studies for polymer solutions; see Bird

et al. (1980) and Oliveira (2009). 

For low level of elasticity (We = 1), Fig. 7 shows that

increasing L2 leads to a small increase in the size of the

downstream vortex and a small decrease in the size of the

upstream vortex within the rectangular cavity. Further-

more, the strength of the two vortices is insignificantly

increased when L2 is increased. However, the overall flow

behavior of the contour plots of the streamlines and the

isotherms remains the same. For high level of elasticity

(We ≥ 10), results are not shown here and are similar to the

streamlines presented in Fig. 5 for We = 10. When L2 is

raised from 10 to 100, the contour plots of the streamlines

show that the single vortex intensity becomes slightly

stronger for higher values of L2.

The effect of inertia by increasing Re number is also

investigated. Figure 8 represents the contour plots of the

streamlines and the isotherms for We = 10, L2 = 10, and

different Reynolds number (Re = 25, 250, and 500). Results

clearly show that increasing Re leads to a considerable

increase in the vortices intensity with slightly increase in

the vortex size for Re = 250 compared to Re = 25. How-

ever, further increase in the Re (Re = 500), shows that the

size and the shape of the two vortices remain the same. As

for the isotherms, a considerable change is obtained in

which the fluid temperature is decreasing when Re

Fig. 6. (Color online) Contour plots of the streamlines (left) and
isotherms (right, [K]), for Newtonian case and for FENE-P case
for AR = 0.5, Re = 25, L2 = 10, and We = 0.1, 1, 10, and 20.

Fig. 7. (Color online) Contour plots of the streamlines (left) and isotherms (right, [K]), for FENE-P case for AR = 0.25, Re = 25, We

= 1, and L2 = 10, 50, and 100.
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number is increased due to the increase and penetration

of the convective transport of the colder fluid into the

channel.

5.4. Heat transfer rate
Figure 9 represents the effect of We number on the vari-

ation of the local heat transfer rate, Nu along the normal-

ized axial distance x/h of the grooved channel with the

aspect ratio AR = 25 and for Re = 25 and L2 = 10. First, it

can be noticed that the local Nu number is decreasing peri-

odically along the channel length with different magni-

tudes and that the overall trend for the Newtonian and

FENE-P fluid is similar. Moreover, a sharp decrease in Nu

number is observed at the cavities borders due to the gen-

erated recirculation zones at these locations. It is also

shown that along the channel surface outer the cavities

area, increasing We number leads to a progressive increase

of Nu number compared to the Newtonian limit due to the

increase in the shear-thinning behaviour. However, along

the bottom cavity surface, the trend is irregular between

the low and high elasticity levels.

It is clearly shown that for low We values (We = 0.1, 0.5,

and 1), Nu number increases with increasing We along the

upstream corner of the cavity. However, at the down-

stream corner location, a small decrease in Nu values is

observed when We is increased. This can be clearly under-

stood due to the opposite effect of We number on the gen-

erated recirculation zones at the cavity corners. The

increase of the vortex size at the downstream corner when

We number is increased results in a more heated fluid at

this location and leads to a lower heat transfer rate. Along

the opposite side of the cavity, it is shown that the size of

recirculation zone is decreasing with increasing We values.

Hence, a small increase in the Nusselt number is obtained.

For high level of elasticity (We = 5, 10, and 20), it is

shown that Nu values are smaller compared to the low

elasticity cases due to the global change in the flow field

where the two vortices are coupled to each to form a large

single vortex which leads to less mixing and hence lower

heat transfer rate. The same finding for the effect of the

vortices in decreasing the heat transfer rate was reported

for the power law fluid in grooved channel, see Nejad and

Javaherdeh (2014).

Fig. 8. (Color online) Contour plots of the streamlines (left) and
isotherms (right, [K]), for FENE-P case for AR = 0.25, L2 = 10,
We = 10, and Re = 25, 250, and 500.

Fig. 9. (Color online) Variation of the local Nu number along the
normalized axial distance for the Newtonian and FENE-P cases
for AR = 0.25, Re = 25, L2 = 10, and different We values.

Fig. 10. (Color online) Effect of the aspect ratio AR on the variation of the local Nu number for Re = 25: (a) The Newtonian case and
(b) the FENE-P case for L2 = 10 and We = 10.
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The effect of the aspect ratio AR on the variation of the

local Nu number Newtonian and FENE-P fluid (for high

elasticity, We = 10) cases are shown in Figs. 10a and 10b,

respectively. It can clearly be noticed that for Newtonian,

increasing AR leads to an increase in the Nu number.

However, for the FENE-P cases, the behaviour is opposite

to the Newtonian case and Nu number is slightly decreased

when the ratio AR is increased. This is due to the con-

siderable change in the flow behaviour for each fluid and

the intensity of the generated vortices within the grooves

area. The vortices sizes for both cases is increased due to

the increased grooves area, However, the vortices strength

is highly decreased for Newtonian case and slightly

decreased for the FENE-P fluid with the presence of

shear-thinning effects when Re number is kept constant

(Re = 25). It can be seen also that the effect of We for AR

= 0.5 is similar to the case AR = 0.25 along the surface

channel outer of the cavities and also with the cavities

area.

The effect of the extensibility parameter L2 on the vari-

ation of the local Nu number was investigated. Results for

both levels of the fluid elasticity, We = 1 and 10, not pre-

sented here, show that the extensibility parameter has an

insignificant effect of Nu number. 

Figure 11 represents the effect of Re number on the vari-

ation of the local Nu number for the aspect ratio AR =

0.25 and fixed values of L2 = 10 and We = 10. Results

show that increasing Re number leads to a considerable

increase in Nu number over the entire length of the chan-

nel and also within the rectangular cavities in which the

vortices strengths are increased. 

Figure 12 illustrates the variation of the average Nu

number as function of Re and We numbers for the case of

FENE-P fluid flowing in channel with three successive

grooves and for AR = 0.25 and L2 = 10. It is clearly shown

that increasing both parameters provide higher heat trans-

fer rate due to the increased intensity of the vortices when

Re number is increased and the increased shear-thinning

behaviour when We number is increased. A maximum

increase of 11.04% is obtained for the case of Re = 500

and We = 20 when compared to the Newtonian case for

the same Re number.

6. Conclusion

Two-dimensional numerical computations have been

conducted using the finite element based software POLY-

FLOW to investigate the flow behavior and the heat trans-

fer enhancement of FENE-P viscoelastic fluid following

between two parallel plates with transverse cavities of

rectangular shapes. A constant heat flux thermal boundary

condition is imposed along the channel length and the

effect of the fluid elasticity measured by (We), the exten-

sibility parameter (L2), Reynolds number (Re), and the

cavity aspect ratio (AR) on the flow behavior and heat

transfer rate is considered. From the results, the following

conclusions can be drawn:

• The comparison of the normalized velocity profiles for

the Newtonian and FENE-P fluids, for the smooth par-

allel-plates (without grooves) case, with the available

analytical solutions shows a very good agreement which

justifies the good performance of the present numerical

approach to capture an accurate numerical solution. 

• Increasing We number leads to a progressive change in

the size of the two generated vortices within the cavity

section for low elasticity levels (We ≤ 5) and a com-

plete change in the streamlines characterized by a gen-

eration of a single large vortex within the cavity section

for high level of elasticity (We ≥ 5). Furthermore,

increasing We number leads to a progressive change in

the thermal layers especially along the cavity area.

This is due to the change in the size and the strength

Fig. 11. (Color online) Effect of Re number on the variation of
the local Nu number for the FENE-P case for AR = 0.25, L2 =
10, and We = 10.

Fig. 12. (Color online) Effect of We and Re numbers on the aver-
age Nu number for the FENE-P fluid flowing in channel with
three successive grooves and for AR = 0.25 and L2 = 10.
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of the recirculation zones that affects the transport of

the fresh fluids near the cavities cross section. The

increase of We is in fact a real increase in the influence

of the shear-thinning behavior which leads to a pro-

gressive increase in the local Nu number along the

channel surface (outer of the cavities) compared to the

Newtonian limit. However, along the bottom surface

of the cavities, Nu number is changing irregularly

when We is increased between the low and high elas-

ticity levels. Increasing fluid elasticity, while still main-

taining same inertia flow conditions, leads to remarkable

changes in vortex sizes within the cavities, and that

also influences the heat transfer rate. Further analysis

shows that the average Nu number along the channel

length is increased when We number is increased. 

• Increasing the extensibility parameter L2 from 10 to

100 has no significant effect on the flow field, the vor-

tex strength and even the local Nu number. 

• Increasing the aspect ratio (AR) from 0.25 to 0.5, for

constant Re = 25, and for both, Newtonian and FENE-

P fluids (L2 = 10 and We values), leads to a consider-

able change in the flow patterns and the temperature

field. For Newtonian fluid, the grooved channels with

higher aspect ratio AR = 0.5 generate a larger vortices

sizes with lower recirculation strength and higher

thickness of the thermal layers compared to the case of

AR = 0.25 due to the produced larger vortices. How-

ever for FENE-P viscoelastic fluid, the vortices sizes

are increased with slightly decrease in the vortex

strength due to the shear-thinning effects. As for the

temperature field, an irregular behaviour of the plotted

isotherms is observed within the rectangular cavities

when We number is increased and Nu number decreases

especially at the cavities locations in which hot zones

are developed due to the presence of larger recircula-

tion zones.

• Increasing Re number for constant value of We and L2

increases the strength of the vortices with insignificant

increase in their sizes which leads to a considerable

increase in the local and average Nu number along the

entire length of the channel.

Further research studies on this problem in the future are

important to investigate the effect of different shapes of

the grooved parts, the effect of the grooves and different

rheological models on the heat transfer enhancements.
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