
HAL Id: hal-02527875
https://univ-angers.hal.science/hal-02527875

Submitted on 1 Apr 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Effect of the angle of attack of a rectangular wing on the
heat transfer enhancement in channel flow at low

Reynolds number
Assadour Khanjian, Charbel Habchi, Serge Russeil, Daniel Bougeard, Thierry

Lemenand

To cite this version:
Assadour Khanjian, Charbel Habchi, Serge Russeil, Daniel Bougeard, Thierry Lemenand. Effect of
the angle of attack of a rectangular wing on the heat transfer enhancement in channel flow at low
Reynolds number. Heat and Mass Transfer, 2018, 54 (5), pp.1441-1452. �10.1007/s00231-017-2244-8�.
�hal-02527875�

https://univ-angers.hal.science/hal-02527875
https://hal.archives-ouvertes.fr


ORIGINAL

Effect of the angle of attack of a rectangular wing on the heat transfer
enhancement in channel flow at low Reynolds number

Assadour Khanjian1,2
& Charbel Habchi3 & Serge Russeil1 & Daniel Bougeard1

& Thierry Lemenand4

Received: 10 May 2017 /Accepted: 24 November 2017
# Springer-Verlag GmbH Germany, part of Springer Nature 2017

Abstract
Convective heat transfer enhancement can be achieved by generating secondary flow structures that are added to the main flow to
intensify the fluid exchange between hot and cold regions. One method involves the use of vortex generators to produce
streamwise and transverse vortices superimposed to the main flow. This study presents numerical computation results of laminar
convection heat transfer in a rectangular channel whose bottom wall is equipped with one row of rectangular wing vortex
generators. The governing equations are solved using finite volume method by considering steady state, laminar regime and
incompressible flow. Three-dimensional numerical simulations are performed to study the effect of the angle of attack α of the
wing on heat transfer and pressure drop. Different values are taken into consideration within the range 0° <α< 30°. For all of
these geometrical configurations the Reynolds number is maintained to Re = 456. To assess the effect of the angle of attack on the
heat transfer enhancement, Nusselt number and the friction factor are studied on both local and global perspectives. Also, the
location of the generated vortices within the channel is studied, as well as their effect on the heat transfer enhancement throughout
the channel for allα values.Based on both local and global analysis, our results show that the angle of attackα has a direct impact
on the heat transfer enhancement. By increasing its value, it leads to better enhancement until an optimal value is reached, beyond
which the thermal performances decrease.

1 Introduction

Heat transfer enhancement is essential for many engineering
applications such as heat exchangers [1, 2], electronic equip-
ments [3], high temperature gas turbines [4] or nuclear power
plants [5]. Among all heat transfer enhancement existing
methods, some are based on the idea of generating a second-
ary flow which is added to the main flow to intensify the fluid
exchange between hot and cold regions in the system. One of
these methods involves the use of vortex generators (VG)
which can be either fixed on the wall or punched on it [6, 7].

The main idea of the vortex generation (VG) enhancement
method is to create streamwise vortices and improve heat
transfer knowing that the presence of the VG leads to a rela-
tively minor increase in the pressure losses [6, 8–10]. There
are different techniques of vortex-induced heat transfer en-
hancement. Based on their function, these techniques can be
divided into three categories: active VG, passive VG and com-
pound VG [11] which involves the use of both active and
passive techniques. On the one hand, active vortex generation
needs external power like electric or acoustic fields, mechan-
ical devices or surface vibration. On the other hand, passive
VG do not need external power but use special aerodynamic
surface geometry to create longitudinal or roll vortices.

Four basic configurations of vortex generators are widely
discussed in the open literature: delta wings (DW), rectangular
wings (RW), delta-winglet pair (DWP) and rectangular wing-
let pair (RWP). When the trailing edge is attached to the plate,
the VG is a wing, when the chord length is attached to the
plate, it is called a winglet [6]. Because of the great interest
found in the domain of vortex generators, different shapes of
VG are studied and may also be found in recent papers: trap-
ezoidal VG used in the high efficiency vortex (HEV) static
mixer [12, 13], Zhou and Feng [14] studied the heat transfer
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enhancement due to linear and curved VG having punched holes
on them, Wang et al. [15] investigated the semi dimple VG.

There are two major types of vortices generated by VG:
transverse vortices (TV) and longitudinal vortices (LV).
Transverse vortices are mainly recirculation regions in the
near wake of the VG and affect unfavorably the heat transfer
locally in that region. These vortices were found to induce
local overheated regions which may be critical in case of exo-
thermal chemical reactions for example [13]. Meanwhile, lon-
gitudinal vortices positively act upon heat transfer through
three mechanisms: developing boundary layers, vortices and
flow destabilization [16].. New boundary layers are generated
around the surface of the VG, vortices are generated as a result
of the VG and flow is less stable due to the reversed flows.
Longitudinal vortices are 3D swirling motion creating upwash
and downwash flow phenomena that persists over a long dis-
tance downstream the VG in the main flow direction [16].

Fiebig et al. [17] studied the effect of different VG configu-
rations on heat transfer and pressure losses. The emphases of
their study were the drag coefficient, the aspect ratios and the
influence of the angle of attack for Reynolds number values in
the range [2000–8000]. They have found out that the drag creat-
ed by the VG is independent of the Reynolds number and the
geometry of the VG, but is proportional to the VG frontal area.

Several experimental and numerical investigations were pre-
viously conducted to study the heat transfer enhancement down-
streamVG.Wu andTao [18, 19] studied the effect of the location
of the VG along the channel and its dimensions and shape influ-
ences on the heat transfer enhancement and pressure loss in a
rectangular channel for Reynolds number of 1600. Based on their
results, they concluded that increasing the VG frontal area results
in increasing both heat transfer and pressure loss. Also, by mak-
ing some changes in the VG dimensions, like increasing its span
and decreasing its height, in a way that its frontal area is kept
constant, it leads to achieve higher heat transfer enhancement
while maintaining, or even decreasing, the pressure loss in the
channel. Due to the presence of the VG, the cross-sectional flow
area of the channel decreases, and the fluid velocity around the
VG increases for the same flow rate. As a result, the strength of
the generated LV increases, leading to an enhancement in the
heat transfer. On the other hand, this decrease in the cross-
sectional flow area leads to a pressure drop increase.

Tiggelbeck et al. [20] investigated experimentally the heat
transfer enhancement and pressure losses for different VG
configurations (DW, RW, DWP and RWP) in developing tur-
bulent flow.

In the open literature, most of the studies focus on the effect
of the VG aspect ratio, its angle of attack for high Reynolds
numbers [2000–8000], comparison of different geometries of
VG and studying the heat transfer enhancement and the pres-
sure losses.

In the present study, numerical investigation is performed on
the effect of the angle of attack of a rectangular wing vortex

generator (RWVG) on the thermal performance in laminar vis-
cous flow (low Reynolds number) between two parallel plates.
The generation of the induced vortices in low Reynolds laminar
flows is more important than for that of turbulent flow. Different
values of angle of attack α in the range [0°–30°] are considered
for a constant Reynolds number. Local and global Nusselt num-
ber and friction coefficients distributions within the channel are
assessed. Also, the position and strength of the vortices being
created in the channel are studied, highlighting their effect on
the heat transfer performance.

2 Problem description

2.1 Governing equations

The flow field is governed by three-dimensional (3D) steady-
state continuity and momentum equations. The fluid is con-
sidered to be incompressible Newtonian with constant
thermophysical properties.

Continuity equation:

∇ : u!¼ 0 ð1Þ

Momentum equation:

ρ u!:∇
� �

u!¼ −∇ pþ μ∇ 2 u! ð2Þ

Energy equation:

ρCp∇ : u!T
� �

¼ k f ∇ : ∇Tð Þ ð3Þ

where u! is the velocity vector, Cp is the specific heat at
constant pressure, p is the pressure, μ is the fluid dymanic
viscosity, T is the temperature, ρ is the fluid density and kf
its thermal conductivity.

2.2 Numerical procedure

The computational fluid dynamics software used to compute
the Navier-Stokes and energy equations is Star-CCM+ [21],
which is based on the finite volume method. The segregated
flow solver is used, wherein the equations are computed in a
segregated manner, i.e. one for each component of velocity,
and one for pressure. The coupling between the momentum
and continuity equations is achievedwith a predictor-corrector
approach. The convective terms in the governing equations
for momentum and energy are discretized with the second-
order up-wind scheme and second-order central scheme for
diffusion terms. The algebraic multi-grid (AMG) linear solver
is used to solve the velocity, pressure and temperature with
Gauss-Seidel relaxation scheme.
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The residual value 10−14 is considered as the convergence
criterion for the solutions of the flow and the energy equations.
Beyond this value, no significant changes are found in the
values for velocity and temperature.

2.3 Computational domain and boundary conditions

The computational domain consists of one row of a rectangular
wing (RW) placed in between two parallel plates as shown in
Fig. 1 a. The computational domain has a height H = 20 mm, a
widthW= 5H and a length L = 15H. The RW is inserted near the
entrance on the bottom wall at a distance P =H away from the
inlet as shown in Fig. 1 b. As stated in the introduction, the angle
of attackαwhich is the angle between the VG reference line and
the incoming flow in the Z direction, is variable in a range from
0° to 30°. Remaining dimensions are given in Table 1 in terms of
the channel height H.

Taking into account that both lateral sides are considered to
be symmetry relative to the plan (x, z), the computational
domain is considered to be the half of the VG transverse pitch,
thus half of the main domain. Flow and heat transfer simula-
tions are carried out for Reynolds number 456, with uniform
inlet temperature set to Tin = 293 K. Wall surface temperature
Tw = 333 K is set for both bottom and top channel walls, as
well as for the VG walls.

2.4 Mesh study

A non-uniform polyhedral mesh is generated in the core of the
computational domain. Near the channel walls and VG sur-
faces, a prism-layer refinement mesh is preferred due to the
presence of high velocity, temperature and pressure gradients
in these regions. An example of the mesh on a flow cross
section is shown in Fig. 2.

To determine the appropriate mesh density, the solver is
run several times with increasing mesh densities until no
significant effect on the results is detected, then the solution
is considered to be a grid independent solution. The mesh
validity verification is performed by using the method pro-
posed by Celik et al. [22] who used the grid convergence
index (GCI) and the apparent order of convergence (c). In
the present study the mesh refinement is assessed by means
of the global Nusselt number. This dimensionless number
represents the ratio of convective to conductive heat transfer
defined as:

Nu ¼ hDh

k f
ð4Þ

where h is the heat transfer coefficient, Dh is the hydraulic
diameter equal to 2H and kf is the thermal conductivity of the
working fluid (air).

(a)

(b)
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K

Fig. 1 a Isometric view of the
computational domain, b side
view showing the attack angle α
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In this equation, the global heat transfer coefficient is ob-
tained from the logarithmic mean temperature difference:

h ¼ q̇
AΔTlm

ð5Þ

where q̇ is the global rate of heat transfer defined in eq. (6), A
is the total heat transfer surface area andΔTlm is the logarith-
mic mean temperature difference defined in eq. (7),

q˙ ¼ m˙ CpΔT ð6Þ

where ṁ is the mass flow rate,Cp is the specific heat andΔT is
the temperature difference between the flow inlet and outlet
(ΔT = Tout − Tin),

ΔTlm ¼ Tin−Twð Þ− Tout−Twð Þ
ln

Tout−Tw

Tin−Tw

� � ð7Þ

where Tin is the inlet bulk temperature, Tout is the outlet bulk
temperature and Tw is the wall temperature.

Three different mesh densities and their features are reca-
pitulated in Table 2. The average mesh size is obtained by
studying volume of each cell with respect to the total number

of cells. It is desirable that the grid refinement factor value be
greater than 1.3 as proposed by Celik et al. [22]. Based on eqs.
(4) to (7), the Nusselt number is calculated for each mesh
density then the convergence order c and GCI are computed.

Hence, it is found that the uncertainty in the fine-grid solu-
tion is GCI = 1.49% and the convergence order is c = 3.49,
which are both accepted values for which the results are con-
sidered to be grid independent. Based on the obtained values
M2 is selected. For more details about the calculation of c and
GCI the reader can refer to Celik et al. [22].

Additionally local mesh study is also performed by consid-
ering transversal probe lines located at a distance H down-
stream the wing (see Fig. 3) on both top and bottom channel
walls, where wall heat fluxes transversal profiles can be ana-
lyzed. A third probe line is created in the core flow, at the
center of the channel (H/2) and at the same distance down-
stream from the wing, to enable the velocity and temperature
transversal profiles analysis for each mesh density considered.

The local relative errors between mesh densities M1 and
M2 are calculated for various variables using the following
equations:

– for heat flux (q) at the walls:

εq ¼ qM1−qM2

qM2

����
���� ð8Þ

– for velocity (v) in the core flow:

εv ¼ vM1−vM2

vM2

����
���� ð9Þ

– for dimensionless temperature Θ in the core flow, where
T is the temperature:

Θ ¼ T−Tw

Tin−Tw
ð10Þ

εΘ ¼ ΘM1−ΘM2

ΘM2

����
���� ð11Þ

X

Fig. 2 Example of the mesh on a cross section showing the refinements
around the VG and near the walls for α = 10° at Z = 1.7 H

Table 1 VG geometrical characteristics and computational domain
dimensions

Channel height H 20 mm

Channel width W 5H

Channel length L 15H

Angle of attack α 0°–30°

VG length S 1.3H

VG width E 0.75H

Distance from the inlet to VG P H

VG thickness K 0.04H

Table 2 Mesh characteristics

Mesh M0 M1 M2

Number of cells 703,645 1,532,441 3,289,799

Mesh size (mm) 0.354 0.273 0.212

Refinement factor – 1.3 1.3
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Based on the results presented in Fig. 4, it can be seen that the
relative errors betweenM1 andM2mesh densities always do not
exceed 2.5% insuring good accuracy of the selected mesh den-
sity. Further validation is done hereunder by comparing the pres-
ent computational results to a formerly published correlation.

3 Results and discussions

The major purpose of the present study is to analyze the effect
of the angle of attack on the heat transfer and aeraulic perfor-
mances, and then the flow topology and the temperature dis-
tribution are studied along the channel. Also investigations are
done on the local and global parameters to check the effect of
the angle of attack on the thermal performance enhancement.

3.1 Empty channel validation

Since the velocity and the temperature are set to be uniformed
at the inlet of the computational domain, it is considered that
the flow is a developing flow.

For thermally and hydraulically developing laminar air
flow, the present numerical results are validated for local
Nusselt number using Stephan correlation [23]. This

correlation is valid in the range 0.1 ≤ Pr ≤ 1000 for parallel
plate channels. The local Nusselt number is represented as
followed:

Nux ¼ 7:55þ 0:024x−1:14* 0:0179Pr0:17x−0:64* −0:14
� �

1þ 0:0358Pr0:17x−0:64*

� �2 ð12Þ

x* ¼ x
DhRePr

ð13Þ

Where x represents the location along the channel starting
from the inlet till the outlet of it.

Based on eqs. (12) and (13) the local Nusselt number is
calculated and compared with computational results obtained
for the empty channel. Figure 5 represents the results, where
the average percentage error is 1.87% along the duct.

3.2 Flow structure and temperature distributions

In order to understand the flow behavior, its structure is first
studied for two values of the angle of attack: α = 10° and α =
30°, for same Reynolds number Re = 456.

Figure 6 represents the helicity distribution, where helicity
is the product of the velocity with value of the vorticity, and
the vorticity streamlines along the channel for different cross
sections located downstream the VG, for α = 10° on Fig. 6 a
and for α = 30° on Fig. 6 b. By studying these two parameters,
the generation of the vortices due to the VG is highlighted.
Also the intensity of the vortex and its location along the
channel is studied by taking different planes. Z = 2.5H repre-
sents the plane just after the VG, where the vortices are gen-
erated due to the presence of high velocity gradients. As
shown in Fig. 6, rotating vortices are generated downstream
from the VG. At Z = 2.5H there is a negative value of helicity,
this is due to the reverse vortices generated by the VG and
their effect is detected till the end of the channel.
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Fig. 4 Relative local error between the meshes M1 and M2 for bottom
and top wall heat fluxes, velocity and dimensionless temperature in the
core flow (at mid-channel height)
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Fig. 3 Isometric view of the computational domain showing the location
of the probe lines created downstream the VG for local mesh analysis
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Fig. 5 Validation for empty channel simulation
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By comparing α = 10° and α = 30°, it is clear how the
angle of attack α effects the generation of the vortices, and
their effect on the flow topology along the channel. For α =
30°, the generated vortices are more intense than that of α =
10°, also at Z = 5H an induced secondary vortex is detected for
the case of α = 30°.

As the angle of attackα increases, it is clear that the effect
of the vortices generated last longer along the channel
reaching until to a location of Z = 15H which represents al-
most the outlet of the channel. For the case of α = 10° at Z =
15H, the effect of the VG starts to fade away, which is sup-
ported by both the streamlines and the helicity contours. On
the other hand, for the case of α = 30° at Z = 15H, the effect
of the generated vortices is dominant till the end of the
channel.

In Fig. 7 the temperature distribution is represented for
different flow cross sections at locations Z/H in the range
[2.5–15] and for α = 10° and 30°. Figure 7 illustrates that
the streamwise vortices previously mentioned affect the tem-
perature distribution downstream the VG, especially for the

highest angle. Indeed in the common flow down region, be-
tween the two main vortices (i.e. in the symmetry plane of the
RW), hot fluid particles are ejected from the top wall towards
the flow core due to upwash effect, while the thickness of the
thermal boundary layer on the bottom wall is found to de-
crease due to downwash effect. In the common flow up region
(i.e. between two neighboring vortex pairs) the upwash effect
ejects near-wall hot fluid from the bottom wall towards the
flow core. This mixing process and thermal boundary thinning
are clearly seen for the highest attack angle value, due to the
fact that the vortices are more energetic, and cover larger area
in the flow cross section. Then, the heat transfer enhancement
seems to be dependent of the wing attack angle value. This is
assessed quantitatively and discussed in the next sections by
representing the streamwise development of the Nusselt num-
ber and the vorticity strength.

The streamwise variation of the area-weighted span-aver-
aged helicity is represented in Fig. 8. Where the dashed verti-
cal lines represent the head (Z = 1.2H) and the tail (2H ˂ Z ˂
2.4H) of the VG.

Z/H α = 10°

Streamlines

α = 10°

Helicity

2.5

5

7.5

10

12.5

15

(a)

Fig. 6 Helicity distribution (right side) and streamlines (left side) for Re = 456 at locations Z/H in the range [2.5–15], for (a) α = 10°, (b) α = 30°
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Z/H α = 30°
Streamlines

α = 30°
Helicity
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Fig. 6 continued.

Z/H α = 10˚ α = 30˚
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Fig. 7 Temperature distribution
for Re = 456 on different flow
cross sections at locations Z/H in
the range [2.5–15], for α = 10°
(left side) and α = 30° (right side)
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It is observed that the helicity values start to decrease at the
entrance of the channel reaching even negative values at a
position just upstream the VG. The negative values are obtain-
ed due to the direction of the rotation of the main vortex.
Downstream the flow encounters the VG, the averaged
helicity is found to increase and reach its maximum value in
the very near vicinity of the VG trailing edge because of the
generated vortices, for location Z between 2H and 3H. It can
be noticed that the helicity peak for the case α = 30° is about 6
times higher than that for α = 10° due to higher energetic
vortices.

For α = 10° and α = 15° the profile of the streamwise evo-
lution of the vorticity is similar having a maximum at the VG
tail and decreasing continuously along the channel because of
the dissipation of the longitudinal vortices.Whereas for higher
α values (20°, 25° and 30°), secondary peaks are generated
downstream from the first one due to the induced vortices
generated. It is interesting to note that the higher the angle of
attack, the higher the primary generated peak and also the
higher the secondary peaks. However, at a distance from the
secondary peak, for the case α = 20° the helicity sustains a
higher value, from Z = 6.5H compared toα = 30°. For the case
α = 25°, the value of the secondary generated peak is almost
the same as that of the caseα = 30° and the helicity continuous
to exhibit higher values along the channel compared to the
other cases.

In Fig. 9 the streamwise variation of the dimensionless
location of the main vortex is presented; it corresponds to
the distance between the vortex core and the bottom wall.
The position of the core of the main vortex starts in an increas-
ing profile for all the values of attack angle just after the VG
tail at Z = 2.5H. It is observed that by increasing the value of
attack angle α, the position of the main vortex along the chan-
nel increases rapidly. For the cases α< 25°, the position of the
main vortex core increases gradually along the channel, until

reaching values for X around 0.50H. It is interesting to note
that for α = 30° the location of the core of the main vortex
reaches a maximum value X = 0.65H at the location Z = 7.5H
and then decreases to X = 0.55H at the channel output.

As the dimensionless location of the core of the main vor-
tex reaches around the half of the channel height, it leads to a
better mixing of the fluid in the channel. It mixes the hot
particles located in the vicinity of both lower and upper
boundaries with that of the central ones having a lower tem-
perature values. As a result, the heat transfer rate increases,
due to the high temperature gradient and then the Nusselt
number. The variation in the Nusselt number is then studied
in the next sections, in order to improve the comprehension of
the effect of the angle of attack α on the heat transfer
enhancement.

3.3 Local performances

The streamwise distribution of the span-averaged Nusselt
number at the bottom wall is plotted on Fig. 10 a for values
of attack anglesα in the range [10°–30°] as well as for the case
of the empty channel, simulated with the same operating con-
ditions except the VG which is removed. At the inlet of the
channel, the values of Nu starts to decrease until the location
Z = 1.2H which represents the beginning location of the VG.
From this location, the Nusselt number value starts to increase
due to the heat transfer enhancement as a result of the gener-
ated vortices until it reaches the VG tail. Further downstream,
for all the simulated cases, the Nusselt value drops to a min-
imum value, at a location of Z = 1.2H which represents the
beginning location of the VG, and this minimum value is
found to be even below the empty channel case, for the cases
α in the range [10°–20°]. For low values of α [10°–20°], the
area under the VG is greater than that of the higher angles. As
a result of this, a dead zone is created with zero velocity
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leading to a drop in the convective heat transfer thus drop in
the Nusselt number. Downstream the VG, the Nusselt number
increases until attains a second peak at locations Z in the range
[3.5H–5H]. For all the values ofα, a similar profile is obtained
where after the second peak the Nusselt number decreases
along the longitudinal direction of the channel. However, the
higher the angle of attack, the higher the Nusselt number.

Figure 10 b represents the streamwise distribution of the
span-averaged Nusselt number at the top wall, plotted for
values of attack angles α in the range [10°–30°] and for the
case of the empty channel. The Nusselt number for the top
wall starts to decreases in the inlet of the channel and at the
location Z = 1.2H, the value starts to increase reaching its
maximum at Z = 2.3H for all values of α except that of α =
10° which continues to decrease smoothly along the longitu-
dinal direction of the channel. The higher the angle of attack,
the higher the Nusselt number peak. The drop in the Nusselt
curve below the value of the empty channel also occurs on the
top wall for the cases ofα = 20°, 25° and 30°. It occurs forα =
20° at Z = 9H, α = 25° at Z = 6H and α = 30° at Z = 5H. This
behavior will be explained in the next section.

To understand the drop of the Nusselt number in some
cases of channel equipped with VG below the results of empty
channel, a study is done to check the near-wall velocity dis-
tributions. In Fig. 11, the near wall velocity is studied for the
values of α in the range [10°–30°] at two locations: X =H/10,
i.e. a plane parallel to the bottom plan located at a small dis-
tance (H/10), knowing that X = 0 represents the bottom wall.
Another plane of investigation is defined at X = 9H/10 away
from the bottom wall. The velocity value for the case X = H/
10 at a position under the VG highlighted by a black circle is
zero: a dead zone is being created under the VG where due to
zero velocity there will be negligible convective heat transfer.
As a result the Nusselt number at that location is dropping
even below the empty channel. On the other hand, for the case
X = 9H/10, for α = 20°, 25° and 30°, very low values of ve-
locity is detected on the near top wall too. As a result, for α =
20°, 25° and 30° it appears very weak convective heat transfer
on the top wall at the positions highlighted by a circle. This is
supported by the values of the Nusselt number that are repre-
sented in Fig. 10 for the top wall case.

To evaluate the pressure losses induced by the VG,
Fanning friction factor f is calculated from the pressure gradi-
ent obtained from the simulation. Darcy’s friction can be rep-
resented by:

f darcy ¼ 2
Dh

L
:
Δp
ρU2 ¼ 4HΔp

LρU2 ð14Þ

thus

f ¼ f darcy
4

¼ HΔp
LρU 2 ð15Þ

whereH is the channel height, Δp is the pressure drop between
the inlet and the outlet, L is the length of the channel, ρ is the
fluid density and U is the mean flow velocity.

In order to calculate the local Fanning friction factor, the
following relation is used:

f zð Þ ¼ f zð Þdarcy
4

¼ HΔp zð Þ
ZρU2 ð16Þ

whereΔp(z) is the pressure drop between the inlet and a cross
section at location Z.

In Fig. 12, the streamwise variation of the friction factor is
represented. The profile of the curve is similar in all the case. It
starts to drop along the length of the channel until it reaches
the VG leading edge. At that point, a gradual increase starts to
appear reaching its maximum value at the VG tail of the VG,
downstream which the curve continues to drop making an
asymptote with the empty channel curve. From the leading
edge of the VG, the higher the angle of attack, the higher the
friction factor.
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Fig. 10 Nusselt number for Re = 456 at (a) bottom wall, (b) top wall
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3.4 Global performances

In order to study the global effect of the angle of attack α of
the VG on the enhancement of the heat transfer, global values
of the Nusselt number, the friction factor and the thermal en-
hancement factor are presented and discussed in this section.

Figure 13 represents the global Nusselt number plotted
versus angle of attack α. The Nusselt number is calculated
using eq. (4). The Nusselt number is found to monotonically
increase with the value of the angle of attack. By comparing
the empty channel and α= 10°, there is an increase of about
1% in the Nusselt number on the other hand for α =30° this
increase reaches to a value of 10%.

The global friction factor is plotted versus the angle of
attack in Fig. 14. The friction factor is calculated using eq.
(15). As the angle of attack α increases, the friction factor
increases too. For higher values of angle α the pressure drop

Bottom Wall Top Wall
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α = 20 ˚
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Fig. 11 Velocity magnitude
contours at location X =H/10
away from bottom wall (left side)
and top wall (right side) for Re =
456
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Fig. 12 Friction factor streamwise variation for Re = 456
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is increased, as a result the pressure gradient is increased lead-
ing to higher values of friction factor. This increase reaches to
a value of 30% by comparing the empty channel with respect
to that of α =30°.

Based on the previously mentioned relations of the Nusselt
number and the friction factor, a thermal enhancement factor
is calculated using the following relation:

η ¼ Nu
Nu0

� �
f
f 0

� � −1=3ð Þ
ð17Þ

Where Nu0 and f0 are the values of respectively Nusselt
number and friction factor for the empty channel.

Figure 15 represents the thermal enhancement factor versus
the angle of attack. The value of the thermal enhancement
factor starts to increase with the increase of the angle of attack
α. For values of α = 10° and α = 15°, there is a linear increase
reaching to a value of 1.012representing 1.2% of enhance-
ment. For α = 20°, there is an increase in the thermal enhance-
ment factor reaching its maximum value of 1.043 representing
4.3% of enhancement for the case α = 25°, beyond which the
enhancement factor slightly drops. This increase in the

enhancement is supported by the helicity curve represented
in Fig. 6, where secondary peaks are generated for
20° ≤α ≤ 30°.

Thus it can be considered that for the operating condition
Re = 456, the optimum angle of attack providing the best ther-
mal enhancement is 25° and not the highest angle, this is
supported by the helicity study which have shown the detected
secondary vortices where the curve of α = 25° sustains higher
values along the channel compared to the other tested angles.

4 Conclusion

In this study, the heat transfer and fluid flow behavior in a
parallel plate channel with rectangular wing vortex generator
(RWVG) inserted on the bottom wall is numerically investi-
gated. For different values of angle of attack α both the local
and the global parameters are calculated and studied to figure
out the effect of the angle of attack on the heat transfer en-
hancement. The main outcomes of this study can be summa-
rized as followed.

First, for high values of angle of attack (close toα = 30°), the
generated vortices get wider and more energetic along the lon-
gitudinal direction compared with low values (i.e. α = 10°).

Second, it is observed that the helicity increases just after
the flow encounters the VG where the vortices are first
formed. The helicity peak for α = 30° is about 6 folds higher
than that for α = 10° meaning higher energetic vortices.

Third, it is observed that for α in the range [10°–25°], the
dimensionless vertical position X/H of the main vortex starts at
low position and increases along the channel until it reaches a
maximum value at the outlet of the channel (Z = 15H) around
X = 0.5H representing themiddle of the channel, for the caseα=
25°, it reaches a maximum value of X = 0.58H. On the other
hand, for the case α = 30°, the dimensionless X/H position
reaches amaximum value ofX = 0.68H before the outlet channel
and then drops back to attain 0.55H at the end of the channel.
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Finally, the thermal enhancement factor starts to increase
with the angle of attack until it reaches a maximum value of
1.043 representing 4.3% of enhancement at α = 25°, beyond
which its value decreases. It can be considered that the opti-
mum angle of attack of the vortex generator which leads to the
best enhancement under these operating conditions is 25° and
not the highest angle.
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