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Heat transfer is a naturally occurring phenomenon that can be greatly enhanced with the aid of vortex
generators (VG). Three-dimensional numerical simulations of longitudinal vortex generators are per-
formed to analyze heat transfer enhancement in parallel plate-fin heat exchanger. The shear-stress
transport (SST) k-u model is adopted to model the flow turbulence. Empirical correlations from the
open literature are used to validate empty channel simulations. First, numerical simulations are con-
ducted for the classical delta winglet pair (DWP) which is introduced as the reference case in this study.
Then, an innovative VG configuration, named inclined projected winglet pair (IPWP), is examined and it
shows superior performance relative to the DWP. The IPWP exhibits similar heat transfer rates than that
of the DWP but with lower pressure drop penalty due to its special aerodynamic design. The local
performance is analyzed based on the streamwise distribution of Nusselt number and friction coefficient
criteria in addition to vorticity. This study highlights the different mechanisms involved in the convective
heat transfer intensification by generating more vortices using more aerodynamic VG shape while
decreasing the pressure drop penalty.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

The use of vortex generators (VG) in the various industrial fields
is widespread ranging from compact heat exchangers to aero-
nautics [1e4]. In the field of heat exchangers, the role of the VG is
the enhancement of the heat exchange process between the wall
and the working fluid. This enhancement relies on generating a
secondary flow in form of complex streamwise and transverse
vortices. The vortices disrupt the growth of the boundary layer and
eventually serve in enhancing the heat transfer [5]. For this inten-
tion, two enhancement methods can be implemented: the active
VG method and the passive VG method [6]. Passive VG are more
commonly used since they are characterized by their efficiency,
economy, manufacturing simplicity and maintenance ease, oppo-
site to active VG which are energy consumers and less easy to
Charles Bourseul, BP 10838,
.
usseil).

erved.
implement. These VG have various types which include helical and
twisted inserts [7,8], dimples or protrusions [9,10], cylindrical tubes
[11e14], transverse vortex generators (TVG) [10,15,16], longitudinal
vortex generators (LVG) [17e23], plane or curved surface of VG
[24,25] or a combination of the above types [10,22,26e29].

Transverse vortices are two-dimensional flows with axes
normal to the flow direction, while longitudinal vortices rotate
about an axis in the streamwise direction, implying a three-
dimensional swirling flow. When pressure losses are taken into
account, LVG are found to have an advantage over TVG in terms of
global mixing and heat transfer performances [30].

This paper focuses on the study of LVG and their unique capa-
bility in heat transfer enhancement through the generation of large
scale longitudinal vortices. This enhancement is a result of the
combination of the main mechanisms of heat transfer intensifica-
tion: the reduction of the laminar sub layer thickness near the wall,
the development of three-dimensional turbulent layers and the
swirl motion of the streamwise vortices that enhances convective
transfer [31,32].
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Nomenclature

A cross-sectional area
B channel width, m
Cp specific heat at constant pressure, J (kgK)�1

Dh hydraulic diameter, m
f Fanning friction factor, dimensionless
H channel height, m
h convective heat transfer coefficient, W (m2K)�1

j Colburn factor, dimensionless
k thermal conductivity, W(mK)�1

L channel length, m
l Vortex generator span, m
_m mass flow rate, kg s�1

Nu Nusselt number, dimensionless
Pe P�eclet number ¼ Re Pr, dimensionless
Po Poiseuille number, dimensionless
Pr Prandtl number, dimensionless
DP pressure drop, Pa
q

00
heat flux

Re Reynolds number, dimensionless
s distance between tips of winglet pair, m
Tb,x bulk temperature at position x, K
Ti inlet temperature, K
To outlet bulk temperature, K

Ts surface temperature, K
U mean flow velocity across the cross section, m s�1

u flow velocity in x direction, m s�1

v flow velocity in y direction, m s�1

w flow velocity in z direction, m s�1

xv distance of wingtips from the channel entrance, m
z Vortex generator height, m

Greek letters
m dynamic viscosity, Pa s
n kinematic viscosity, m2 s�1

r fluid density, kg m�3

b angle of attack, �

Abbreviations
VG Vortex Generator
DWP Delta Winglet Pair
RWP Rectangular Winglet Pair
IPWP Inclined Projected Winglet Pair
LVG Longitudinal Vortex Generator
TVG Transverse Vortex Generator
CFD Computational Fluid Dynamics
SST Shear-Stress Transport
TEF Thermal Enhancement Fraction, dimensionless
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Winglet pairs exist in two configurations, one is the common
flow-down and the other is the common flow-up. When the
transverse distance between leading edges is less than that of
trailing edges, the configuration is known as common flow-down
and vice-versa [33]. Common flow-down vortices create down-
wash in between, and up-wash flow in the outside regions. Along
the streamwise direction, the vortices’ velocity vectors decrease
while the distance between vortex cores increases which leads to
the thinning of the thermal boundary layer [33]. Tian et al. [34]
compared delta-winglet pair (DWP) with rectangular winglet pair
(RWP) for common flow-down and common flow-up configura-
tions and deduced that DWP in common flow-down geometry is
more efficient than other configurations. Biswas et al. [5] studied
the performance of a delta winglet type VG and concluded that
such VGs show great promise for enhancing the heat transfer in
plate-fin heat exchangers. Meanwhile, common flow-up configu-
ration also seems to be important to study as future work in some
applications. In fact, Jain et al. [35] proposed a common flow-up
configuration delta winglet that causes significant separation
delay, reduced form drag and removes the zones of poor heat
transfer.

The present work focuses on designing a better aerodynamic VG
shape that can provide the same heat transfer with a reduced
pressure drop when compared to the DWP as a reference case. The
new VG increases the global thermal enhancement with an average
of about 6% and the averaged global pressure drop decreases by
about 10% over a wide range of Reynolds numbers. Moreover, the
effect of the new VG geometry on the flow structure and thus on
the heat transfer mechanism is analyzed.

The numerical method, computational domain and mesh
sensitivity analysis are presented in the problem statement in
section 2. Numerical validation, global performance followed by
local examination of the heat transfer phenomena and compact-
ness comparison are discussed in section 3. Finally, section 4 is
devoted to the concluding remarks.
2. Problem statement

2.1. Numerical model

The flow field is governed by the three-dimensional (3D)
steady-state Reynolds averaged Navier-Stokes (RANS) equations.
The continuity and momentum equations for an incompressible
Newtonian fluid are:

vui
vxi

¼ 0 (1)

uj
vui
vxj

¼ �1
r

vp
vxi

þ v
v2ui

vxjvxj
�
vu0iu

0
j

vxj
(2)

where the term - u0iu
0
j is the Reynolds stress tensor resulting from

the averaging procedure on the nonlinear convective terms in the
momentum equations.

The heat transfer is governed by the energy equation given
below:

v

vxi
½uiðrE þ pÞ� ¼ v

vxi

�
leff

vT
vxi

�
(3)

where E is the total energy and leff the effective thermal
conductivity.

The solver used for the flow computation is the ANSYS Fluent 15,
which is based on an Eulerian approach to solve the Cauchy
equations through cell-centered finite volume discretization [10].
The code computes the conservation equations for mass and mo-
mentum in addition to the energy equation [36]. Turbulence
models allow the calculation of the mean flow without first
calculating the full time-dependent flow field.

In this study, for laminar flows (Re ¼ 270, 540 and 1080) the
laminar model is used whereas for turbulent flows (Re ¼ 2800,
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4600, 7700, 10,800, 16,200, 21,600 and 30,000) the shear-stress
transport (SST) k-u model developed by Menter [37] is used. This
turbulence model solves two additional partial differential equa-
tions; a modified version of the turbulence kinetic energy equation
k used in k-ε model and a transport equation for the specific
dissipation u. Also, the shear stress transport (SST) combines the
use of k-u formulation in the inner parts of the boundary layer and
the switching to a k-ε behavior in the free-stream thus avoiding the
k-u sensitivity to the inlet free-stream turbulence properties. In
addition, this model is characterized by its good behavior in
adverse pressure gradients and separating flows while attaining
accuracy and reliability [38].

The preceding attributes give the SST k-u model additional ac-
curacy and reliability thus providing an advantage over the stan-
dard k-u model. Moreover, the SST k-u model was used by several
researchers in previous works and it shows a fair agreement with
experimental results for flow configurations similar to the present
study [39,40].

The use of the SST k-umodel necessitates assessment of thewall
adjacent cell size analogous to the dimensionless wall distance yþ

less than 4, ensuring that the viscous sublayer is meshed.
The SST k-u model transport equations are:

r
v

vxi
ðkuiÞ ¼

v

vxj

 
Gk

vk
vxj

!
þ ~Gk � Yk (4)

r
v

vxi
ðuuiÞ ¼

v

vxj

 
Gu

vu

vxj

!
þ Gu � Yu þ Du (5)

where
~Gk is the production of turbulence kinetic energy due to mean
velocity gradients,
Gu is the generation of u,
Gk is the effective diffusivity of k;

�
Gk ¼ mþ mt

sk

�
,

Gu is the effective diffusivity of u;
�
Gu ¼ mþ mt

su

�
,

Yk is the dissipation of k due to turbulence,
Yu is the dissipation of u due to turbulence,
Du is the cross-diffusion,
sk, su is the turbulent Prandtl number for k and u respectively,
and
mt is the turbulent viscosity

For detailed discussion of these equations refer to the ANSYS
Fluent 15.0 theory guide [38].

For spatial discretization of the convective terms, a scheme of
double precision and second order upwind is used to consecutively
solve the flow equations [41]. Central-difference and second order
accuracy are selected for the diffusion terms. The Coupled algo-
rithm is used for the pressure-velocity coupling with the pseudo
transient option. Pseudo transient method option is a form of im-
plicit under-relaxation for steady-state cases. It allows the user to
obtain solutions faster and more robustly.

2.2. Computational domain

The channel dimensions used for the simulations are taken from
a previously designed parallel plate channel with height H, breadth
B ¼ 1.6H and of length L ¼ 13H. An isometric view showing the
boundary conditions is presented in Fig. 1.

The Reynolds number is calculated based on the hydraulic
diameter Dh ¼ 2H. A hydrodynamic and thermally developing flow
is computed with a uniform inlet velocity profile and uniform inlet
temperature equal to 300 K for a wide range of Reynolds numbers:
270, 540, 1080, 2800, 4600, 7700, 10,800, 16,200, 21,600 and
30,000. The Reynolds number variation is done by varying the
mean flow velocity magnitude at the inlet. For the outlet, a constant
pressure outlet condition has been set with a zero gauge pressure.
Isothermal walls are set for both, upper and bottom walls, with a
constant temperature of 350 K. All VG cases have been simulated as
an adiabatic wall to highlight the effect of the flow structure on the
convective heat transfer alone. For turbulent cases, the turbulence
intensity on the inlet boundary has a dramatic influence on local
and global results. Proper turbulence intensity has to be chosen and
in this study, turbulence intensity equal to 3% is selected. This value
is in the range of the moderate wind tunnel intensities (1%e5%)
[42]. Also, the turbulence length scale, taken as a fraction of the
inlet hydraulic diameter Dh [43,44], can be chosen equal to 0.07Dh

as used in similar flow configurations [45] or choosing the turbu-
lence intensity with the hydraulic diameter is also valid and gives
same results.

The goal behind this study is to improve or at least maintain the
heat enhancement while reducing pressure drop induced by the
DWP (90� elevation angle with the bottom wall). Therefore, the
same frontal area as that of the DWP is preserved but with an
inclination angle relative to the channel wall. A downstream pro-
jection on a 30� inclined plane from the DWP bottom edge is
depicted. To state the matter differently, if the DWP surface was
inclined 30� about the lower edge and then an extrusion of the
DWP is made in the downstream direction, then the result is an
inclined projected winglet pair (IPWP). Fig. 2 shows the 2D ge-
ometry of the IPWP generated by the projection of the DWP con-
tour profile and the 3D model of the IPWP is shown in Fig. 3.

2.3. Mesh sensitivity

Non-uniform mesh with polyhedral cells is used for the
computational domain. In order to maintain an accepted low value
for yþ, all solid walls in the channel (fin walls and VG) are treated
with 10 inflation layers with a first layer thickness of 40 mm. Mesh
independency tests are carried out on an empty channel turbulent
flow for the highest Reynolds number Re ¼ 21,600.

Table 1 shows the model mesh configurations and sensitivity
scheme respectively. In order to reach the mesh size adapted in the
simulation, an arbitrary estimate of the size is implemented and
then simulated. In the inflation column, the first number gives the
first inflation layer thickness, while the second gives the number of
inflation layers. The element size is then decreased by a factor of
1.30 until the error based on both global Nusselt number and fric-
tion coefficient is less than 2%. Thus, as it can be seen from Table 1,
Mesh-4 is used for all the other simulations. This choice is due to
the non-necessity of any further refinement since the error be-
comes smaller than 2% with this mesh. The yþ for all of the cases
has a value smaller than 2.

3. Numerical results and discussion

3.1. Numerical validation

Developing flow (velocity and temperature) case is simulated in
the present work by applying uniform velocity and temperature
profiles at the inlet boundary condition. The performance evalua-
tion of the different configurations is divided into two main cate-
gories: global and local approaches.

Global Nusselt number is given by:

Nu ¼ Dhh
k

¼ 2Hh
k

(6)

where:



Fig. 1. Isometric view of the computational domain showing the boundary conditions.

Fig. 2. 2D dimensions of the IPWP vortex generator.

Fig. 3. 3D model of the IPWP vortex generator.

Table 1
Mesh study information.

Mesh Maximum element size (mm) Wall sizing (mm) Number of elements Inflation (mm) Maximum yþ Nu error (%)

1 3 2 276,321 10 mme20L 1.55 e

2 2.3 1.5 439,539 20 mme18L 0.94 5.95
3 1.7 1.15 713,156 30 mme12L 0.92 3.13
4 1.3 0.9 1,299,018 40 mme10L 0.82 1.17
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h ¼ _mCpðTo � TinÞ
Af
�
Ts � Tavg

� (7)

and

Tavg ¼ To þ Tin
2

(8)

Global friction factor is given by:

f ¼ DhDP
2LrU2 ¼ HDP

LrU2 (9)

where the pressure P is averaged over the flow cross section.
The thermal enhancement factor (TEF) is given by:
TEF ¼ Nu
Nu0

�
f
f0

��1
3

(10)

where the index “0” is for the case of empty channel.
Local Nusselt number at a given streamwise location x in the

channel is given by:

Nux ¼ Dhhx
k

¼ 2Hq
00
x

k
�
Ts � Tx;b

� (11)

where:

Tx;b ¼

Z
A

ruCpTdA

_mCp
¼

Z
A

ruCpTdA

ruCpdA
¼ 1

UA

Z
A

uTdA (12)

Local friction at a given streamwise location x in the channel is
given by:
fx ¼ DP
Pdynamic

¼ 2ðPin � PxÞ
rU2 (13)

For thermally and hydraulically developing laminar air flow, the
results are validated for global Nusselt number using Stephan
correlation [46], which is the integration of the local Nusselt
number (Nux) on the channel length based on the bulk temperature
at each position Tx,b. This correlation is valid in the range 0:1 � Pr �
1;000 for parallel plate channels.

The local Nusselt number is given by:

Nu ¼ Dhh
k

¼ 2H:q
00

k
�
Ts � Tx;b

� (14)



Table 3
Normalized global Nusselt number, friction factor and thermal enhancement factor
comparison between numerical simulation and experimental results at Re ¼ 4600.

Experiment Simulation Error (%)

Nu/Nu0 1.49 1.56 4.69
f/f0 1.91 1.95 2.09
(Nu/Nu0)(f/f0)�1/3 1.2 1.25 4.17

Fig. 4. Thermal enhancement factor (TEF) for DWP and IPWP configurations of vortex
generator.
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where q
00
is the heat flux at position x and

Tb ¼ 1
U:A

Z
A

u:T:dA (15)

Nu0�x ¼
1
x

Zx
0

NuðxÞ:dx (16)

Nu0�x ¼ 7:55þ 0:024x��1:14

1þ 0:0358x��0:64Pr0:17
(17)

where

x� ¼ x
Pe:Dh

¼ x
ReDh

:Pr:Dh
(18)

Local Nusselt number is expressed by the following analytical
correlation based on the bulk temperature [46]:

Nux ¼ 7:55þ 0:024
0:0179x��1:78Pr0:17 � 0:14x��1:14�

1þ 0:0358x��0:64Pr0:17
�2 (19)

The relation that combines the Nusselt number based on the
bulk temperature (Nux) and the one based on the entrance tem-
perature can be set as:

NueðxÞ ¼ Nuxe
� kNux

Dh : _mCp
z (20)

Table 2 shows the global Nusselt numbers obtained from
simulation compared to Stephan correlation [46] in laminar flow
cases studied in this work. It shows that the Nusselt numbers ob-
tained by simulation agrees fairly with that obtained by Stephan’s
correlation for laminar flow case.

A second approach is also adopted to validate the numerical
results with those obtained experimentally by Tiggelbeck’s exper-
imental [47]. The results of interest are those dealing with a delta
winglet pair (DWP) normalized to an empty channel. Tiggelbeck
et al. [47] in their experiments found that the values of the
normalized global Nusselt number and friction factor for Re¼ 4600
are equal to 1.49 and 1.91 respectively. Table 3 shows a comparison
between numerical simulation and experimental results obtained
by Tiggelbeck et al. [47] at Re ¼ 4600. The last term corresponds to
the thermal enhancement factor. The results are in a good agree-
ment with each other with relatively low discrepancy and the nu-
merical model seems reliable to predict flow and heat transfer
characteristics.
3.2. Global performance analysis of vortex enhanced configurations

Fig. 4 plots the thermal enhancement factor for both IPWP and
DWP configurations. This figure shows that the IPWP performance
is always better than the DWP over the whole range of Reynolds
numbers. For laminar flow the enhancement is relatively low
(about 2%), while the enhancement is greater (about 6%) in the
turbulent flow especially in the range of moderate Reynolds
Table 2
Global Nusselt number comparison between simulation and correlations in the case

Reynolds number Re Nusselt number Nu

270 7.85
540 9.41
1080 11.58
numbers between 4600 and 10,800.
This behavior is related to the difference in the local flow

structures generated by the VGs at the different Reynolds numbers.
For this aim, a detailed local analysis of the flow and heat transfer is
conducted in the next section.

3.3. Local performance analysis

Subsequent to demonstrating the performance of the IPWP on
the global scale, this section illustrates the performance from a local
point of view. One case is discussed here, corresponding to a
Re ¼ 4,600, as Tiggelbeck et al. [47] experiment to understand the
flow characteristics and to give an explanation of the heat transfer
mechanisms.

Fig. 5 shows the streamwise evolution of the spanwise-averaged
Nusselt number throughout the channel (see equation (11)). Fric-
tion coefficient and vorticity are illustrated respectively in Figs. 6
and 7. The left vertical dotted line with a filled triangle at the bot-
tom of the graph represents the VG leading edge location con-
nected to the bottom wall. The middle one designate for the
separation of the bottom trailing edge with the bottom wall while
the last vertical line represents the position where the IPWP vortex
generator trailing edge separates from the upper wall.

Regarding the local Nusselt number behavior shown in Fig. 5,
the IPWP local Nusselt number acts in an oscillatory manner on the
of laminar flow.

Stephan’s correlation [46] Error (%)

8.42 6.78
9.26 1.62

10.78 7.41



Fig. 5. Normalized local Nusselt number for the IPWP and DWP configurations.

Fig. 6. Normalized local friction coefficient for the IPWP and DWP configurations.

Fig. 7. Vorticity generated by the IPWP and DWP configurations.
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contrary of DWP Nusselt number that runs smoothly monotonic
downstream the VG. This non-trivial behavior is due to the
generation of several complex induced vortices in addition to the
phenomena of moving vortex center across the channel that causes
a complex interaction among vortices. Further explanation of this
phenomenon is described in the next section. The local Nu in the
IPWP is less than that of the DWP upstream the location of the VG
but it gets greater than the DWP in the downstream region.

The normalized friction coefficient decreases from a value of
5.25 for a DWP vortex generator to 2.55 for IPWP one. This large
decrease in the local friction coefficient is due to the inclination of
the new VG configuration that decreases the pressure drop in the
flow all along the channel. In addition to the superior performance
of the IPWP from the friction point of view, Fig. 7 shows the better
production of vorticity for the IPWP configuration over the DWP
one. The vorticity produced from the IPWP is slightly lower up-
stream the VG but it is greatly enhanced in the downstream di-
rection all along the channel, similarly to what has been observed
for the local Nusselt number.

To summarize, based on local Nusselt number criterion, both
configurations pertain to relatively similar values as shown in Fig. 5
with a small enhancement induced by the IPWP. Fig. 6 illustrates
the local friction coefficient of the IPWP compared to the DWP. It’s
noticeable that the peak in the friction coefficient of the DWP is
diminished by about 50% when compared to the IPWP. Moreover,
Fig. 7 shows around 30% vorticity increase in the IPWP configura-
tion with respect to the DWP. These better performances of the
IPWP vortex generator over others necessitates a deep and detailed
analysis of the heat transfer mechanism as discussed in the
following section.

3.4. Flow structure and temperature distribution

For thorough examination of the occurring flow and heat
transfer mechanisms, cross section planes are made to show the
various streamlines and contours in different locations. Fig. 8 shows
velocity streamlines and l2 contours at different planes for the DWP
and IPWP configurations. The concept of l2 appeared when Jeong
and Hussain [48] propose that a vortex corresponds to a region
where two eigenvalues of the symmetric part of the square of the
velocity gradient are negative. For further details regarding the
identification of a vortex criterion (l2), reader may refer to Jeong
and Hussain [48].

What is surprising from Fig. 8 is the fact that the IPWP generates
more streamwise vortical flow structures than the DWP does. Also
Fig. 8 enables to highlight the vortices location inside the channel
for the IPWP. The increase in the number of streamwise vortices
explains the increase in the Nusselt number and in the streamwise
vorticity since more fluid particles are ejected from the near wall
regions to the flow core.

For a detailed analysis, let’s consider first the development of
the vortices generated from a DWP vortex generator inside a par-
allel plate heat exchanger as presented in Fig. 9. Three vortices for a
single VG are generated: a main vortex (a) is generated from the
downstream fluid flow over the DWP vortex generator, a corner
vortex (b) is developed after reaching the VG bottom trailing edge,
and the third secondary vortex (c) is resulted due to the induced
viscous force.

Fig. 10 illustrates the generation mechanism of the vortices for
the IPWP configuration. A main clock-wise vortex (a) is generated
from the downstream fluid flow over the sloped edge of the IPWP
vortex generator. The VG base edge separates from the bottomwall
of the heat exchanger first, thus producing a bottom counter clock-
wise corner vortex (b). When moving downstream, the top edge of
the VG separates from the upper wall leading for the generation of
the upper counter clock-wise corner vortex (c). Two secondary
vortices (d) and (e) are generated due to the induced viscous force



Fig. 8. Velocity streamlines (left) and l2 contours (right) for the DWP and IPWP configurations at different section planes.

Fig. 9. Vortices developing mechanism from the DWP configuration at x/H ¼ 3.5 from the inlet.
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of the primary vortices. One vortex (d) that rotates in the counter
clock-wise direction is developed at the bottom surface and the
other (e) at the upper one of the channel spins in the clock-wise
direction. The change in vortex center location of the vortices (b)
and (c) is established due to the swirl flow of vortex (a). This
displacement of the vortices centers is due to the fluid viscous
interactionwith the main vortex flow. The viscous interaction force
moves the center of small vortices in the direction of swirl flow,
thus we can see that the centers of vortices (b) and (c) moves in the
clockwise direction.

Fig. 8 also shows that the IPWP corner vortex (b) appears earlier
than that for DWP but themain difference is that its size grows a lot
while it moves towards the mid height of the channel and then
towards the upper wall. While for the DWP case, the corner vortex
(b) dissipates quite rapidly downstream when compared to the
IPWP configuration. This is due to the difference in VG length
where IPWP extends to a longer distance that DWP configuration
does.

4. Conclusion

Three-dimensional numerical simulations of two configurations
of vortex generators are performed to analyze heat transfer
enhancement in parallel plate-fin heat exchanger. Laminar flow is
simulated for Reynolds numbers 270, 540 and 1080. Turbulent flow
with the aid of the k-u SST model is modeled and validated with
correlations and experimental data. The DWP configuration of
Tiggelbeck et al. [47] is built-up on and used to validate the results
obtained through simulations. The aim of this work is to produce a
more aerodynamic configuration that reduces pressure drop and
enhances heat transfer and mixing performances. IPWP configu-
ration is then introduced by manipulating the winglets’ geometry
and orientation of the reference case represented by DWP
configuration.

IPWP vortex generator shows better performance when
compared to the DWP case, taken to be the reference configuration,
over a wide range of Reynolds numbers from laminar to turbulent.
The IPWP peak friction magnitude is 50% less than that in the DWP.
Also the IPWP vorticity is increased by a value of 30% relative to the
DWP configuration. Thus the thermal enhancement factor
combining the heat transfer increase and the decrease in pressure
loss is enhanced by about 6% in the case of the IPWP. This
enhancement occurred due to the different vortex generation
mechanisms exhibited by the IPWP. The number of vortices created
by each pair of VG is six for the DWP case and it reaches ten for the
IPWP one. The addition of those vortices positively altered the heat
exchange process through the helical flow interaction between
them. Thus the present results are very promising as the thermal



Fig. 10. Vortices developing mechanism for the IPWP at x/H ¼ 2.5, 3, 3.5 and 8 from velocity inlet.

M. Oneissi et al. / International Journal of Thermal Sciences 109 (2016) 1e98
enhancement factor is found to be increased 6% for IPWP vortex
generator compared to DWP case.
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