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 In this study, the effect of the vortex generators on the heat transfer and flow characteristics 
in a rectangular channel is investigated numerically by finite volume method. The 
governing equations are discretized using QUICK scheme. The numerical results are 
validated against published experimental data. In this paper, the effects of the winglet 
aspect ratio and the distance between the vertices of the winglets on the heat transfer and 
hydrodynamic characteristics of the flow are surveyed. In addition, to achieve the optimum 
amount of heat transfer, it is important to know the proper arrangement of the triangular 
winglet pairs as well as their suitable position. Therefore, the appropriate values of the 
longitudinal and transverse pitch are presented in this paper. The results show that the 
winglet with the aspect ratio of 1.75 has the best thermal and hydrodynamic performance. 
Furthermore, the transverse pitch of 1.24 causes 6.5% growth in the average Nusselt 
number. 
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1. INTRODUCTION 
 

Compact plate heat exchangers are widely used in the 
industries of petroleum, petrochemical, automotive, air 
conditioning, refrigeration and data center cooling systems [1, 
2]. The heat transfer performance of conventional heat 
exchanger devices can be substantially improved by a number 
of heat transfer enhancement techniques [3]. Among the most 
effective ways to increase the efficiency of these heat 
exchangers, increasing the rate of turbulence and developing 
turbulent flow, play an important role. Optimizing and 
increasing the performance of the heat exchangers according 
to the importance of reducing energy consumption and costs 
has many technical, economic and environmental advantages. 

 In this context, many researchers have tried to use different 
types of vortex generators to investigate the heat transfer in the 
heat exchangers. In 1969, Jonson and Joubert [4] reported the 
first results about the effects of longitudinal vortices on the 
heat transfer. They studied the effect of one row of triangular 
winglet on the drag and heat transfer of a cylinder that was 
perpendicular to the airflow. They found that the drag force on 
the cylinder was decreased because of the delayed separation 
due to the presence of longitudinal vortices and accordingly 
the heat transfer was increased. Russell et al. [5] developed 
plate fin surfaces on which local rectangular vortex generators 
produce a set of contra-rotating vortices between the fins. 
They showed that small angles of attack have disappointing 
performance. Turk and Junkhan [6] investigated a row of 
rectangular winglets so that the heat transfer was decreased at 
the back of the winglet and was increased continuously at the 
downstream. Chen et al. [7] studied the influence of triangular 
vortex generators on the thermal performance of elliptical fin-
tubes. They solved the Navier-Stokes and energy equations by 

the use of finite volume method. They found that the presence 
of delta winglet pairs, intensified the pressure drop and the 
winglet had the best thermal performance, when its angle of 
attack and aspect ratio were equal to 30o and 2, respectively. 
Wang et al. [8] used triangular and annular vortex generators 
in their experimental investigation of fin-tube heat exchangers 
and concluded that the triangular types are more efficient than 
the annular ones. Pesteei et al. [9] measured the heat transfer 
coefficient in fin-tube heat exchangers by the use of triangular 
winglets. They determined the best location to install the 
barriers around the tubes. Biswas et al. [10] studied 
numerically and experimentally laminar flow through the 
channel that has one triangular winglet on the one of its walls. 
The main objective of their work is to determine the optimum 
angle of attack. Hiravennavar et al. [11] surveyed the influence 
of triangular winglets on the flow characteristics and the heat 
transfer rate of the laminar flow. They found that a pair of 
winglet is more efficient than the single winglet. Yang et al. 
[12] measured the heat transfer rate of a channel with 
triangular winglets by the use of thermo-chromatic liquid 
crystal method. They changed the angle of attack in the 
common flow down and up cases and concluded that putting 
barriers in the common flow down is more efficient. Wu and 
Tao [13] simulated the convection heat transfer in the channel 
with the laminar flow through it. They studied the effect of 
holes created by punching and concluded that in this case the 
pressure drop is decreased and the rate of heat transfer is 
increased. Soltanipour et al. [14] investigated heat transfer and 
pressure drop in compact heat exchangers using vortex 
generators. They did their calculations at the different angles 
of attack and investigated the effect of the vortices that occur 
on the fin. Promvonge et al. [15] studied experimentally the 
combined effects of ribs and vortex generators on the forced 

International Journal of Heat and Technology 
Vol. 39, No. 4, August, 2021, pp. 1305-1312 

 

Journal homepage: http://iieta.org/journals/ijht 
 

1305

https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.390429&domain=pdf


 

convection heat transfer and the pressure drop through a 
channel with constant heat flux. The results showed the 
significant influences of the combination of the ribs and vortex 
generators on the heat transfer rate and the friction losses. Wu 
and Tao [16] studied experimentally and numerically the flow 
characteristics in a channel with a triangular vortex generator 
and investigated the angle of attack and the Reynolds number 
effects on heat transfer rate. Chomdee and Kiatsiriroat [17] 
used the triangular winglets to increase heat transfer in 
electrical circuits. Ferrouillat et al. [18] surveyed the effects of 
vortex generators and rectangular winglets. The analysis was 
done based on k-ε model and the influences of different angles 
of attack and the Reynolds numbers on the Nusselt number and 
the pressure drop were studied. Luo et al. [19] studied 
numerically the effect of delta winglet vortex generators and 
the combination of delta vortex generators and obstacles on a 
solar receiver heat exchanger. They revealed that the use of the 
delta winglet vortex generators induced pressure gradients on 
more than one direction and thus vortices were generated. 
Thus, the flow velocity is increased. In addition, they 
concluded that using the semi-cylinder ribs would lead to the 
highest heat transfer rate. Salviano et al. [20] studied 
numerically the optimum designs of the delta winglet vortex 
generators in compact heat exchangers. They concluded that 
by using non-symmetric delta winglet vortex generators, the 
highest heat transfer is obtained. Zhou and Ye [21] compared 
experimentally the performance of the vortex generators in the 
laminar, transitional and turbulent flow regimes. Their results 
showed that delta winglet pair was the best in laminar and 
transitional flow region, while curved trapezoidal winglet pair 
had the best thermohydraulic performance in fully turbulent 
region. Lu and Zhou [22] carried out a 3D numerical 
simulation in a channel with a pair of vortex generators with 
the Reynolds number varying from 700 up to 26500. In 
addition, they investigated the effect of the vortex generators 
with and without holes on their surfaces. They concluded that 
the vortex generators with the punched holes provide higher 
heat transfer and lower flow resistance. Chen et al. [23] 
conducted some experiments on the pressure drop and the heat 
transfer in micro-channels equipped with vortex generators. 
They found that the heat transfer was enhanced significantly. 
Gong et al. [24] enhanced heat transfer by the use of curved 
vortex generators in the wake region.  

In the present work, the performance of triangular winglet 
pair vortex generators on the heat transfer in a rectangular 
channel is investigated. The effect of the winglet aspect ratio 
is studied and different winglet pair arrangements and 
positions are examined. 

 
 

2. THE COMPUTATIONAL TECHNIQUE 
 
The winglets are arranged on a fin that is placed in the 

middle of the channel according to the experimental model 
[16]. Flow in the channel is generally laminar, because of low-
speed fluid flow and the small size of the generators. Air is 
considered as an incompressible fluid with constant physical 
properties, and it is also assumed to be three dimensional, 
steady and without viscous dissipation. 

 
2.1 The governing equations 

 
The governing equations of flow, including conservation of 

mass, momentum and energy, are expressed as follows: 
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2.2 The geometry of the model 

 
The model that was investigated by Wu and Tao [16] is used 

as a reference case in the present work. The winglets and the 
channel dimensions can be seen in Figure 1. 

 

 
 

Figure 1. View of the based model 
 

2.3 The boundary conditions 
 
The inlet boundary condition is defined as velocity inlet. Air 

with the uniform temperature and velocity enters the channel 
in the direction of x axis. In the present work, outlet boundary 
condition is pressure outlet. The temperature of the fluid in the 
inlet of the channel is assumed to be known and it is equal to 
20 °C. No-slip condition is imposed on the upper and lower 
walls of the channel. All components of the velocity will be 
equal to zero, by imposing this boundary condition. The 
thickness of the upper and lower walls and the heat dissipation 
is negligible. According to the experimental model, the 
constant heat flux of 35 W is applied to the surface of the fin 
placed in the middle of the channel. The vortex generators 
used in this study are in the shape of delta winglet pairs. 
According to the previous studies [16, 25, 26] triangular 
winglets show the best performance in this arrangement. 

 
2.4 Model gridding 

 
As it can be seen in Figure 1, the computational region is 

three-dimensional and the channel is separated to two different 
volumes by the internal fin. The geometry of the model is 
rather complicated, because the vortex generators have 
triangular shape and they are punched to the fin plate. The 
channel volume is divided into 90 to 120 smaller volumes. For 
meshing the computational domain, unstructured grids are 
generated. About 8× 105 to 1.3× 106 meshes are used for the 
whole of computational domain in different cases. 
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3. MODEL VALIDATION 
 
The solution was obtained based on the SIMPLE algorithm. 

The momentum and energy equations were discretized by 
QUICK scheme. To validate the computational code used in 
this study, several numerical simulations were carried out to 
reproduce the results reported by Wu and Tao [16]. The 
Conservation equations for the mass, momentum and energy 
with proper boundary conditions for the domain were solved 
using finite volume method. 

 As it can be seen in Figure 2, the results obtained from the 
solution of the laminar flow are more accurate than the 
numerical work presented by Wu and Tao [16] and they are in 
a good agreement with the experimental data. In addition, the 
results obtained using the SST turbulence model are shown in 
this figure. The laminar model presents valid results in this 
range of Reynolds numbers. Therefore, the laminar flow 
regime is chosen for the simulation and obtaining further 
results. 

 

 
 

Figure 2. Average Nusselt number variation with the 
Reynolds number in a channel with vortex generators 

obtained from different methods 
 
 

4. RESULTS AND DISCUSSION 
 

4.1 The influence of the winglet aspect ratio 
 
To investigate the effect of the aspect ratio on the flow field 

and heat transfer, delta winglet pair on the channel with 
different aspect ratios (Λ=1, 1.33, 1.75, 1.867, 2 and 4) are 
modeled. Figures 3 to 5 show the temperature contour for 
Re=1550 on the fin which winglets are installed on with aspect 
ratios of 1, 1.75 and 4, respectively. 

 

 
 

Figure 3. Temperature contour on the fin with a triangular 
winglet pair for Λ=1 and Re=1550 

 
 

Figure 4. Temperature contour on the fin with a triangular 
winglet pair for Λ=1.75 and Re=1550 

 

 
 

Figure 5. Temperature contour on the fin with a triangular 
winglet pair for Λ=4 and Re=1550 

 
Due to small height of the winglet in low aspect ratios, they 

are located within the heat boundary layer. This increases the 
surface temperature. Increasing the aspect ratio causes the 
created vortices become stronger. This does not occur for the 
aspect ratios bigger than 2. To clear up this, the variation of 
the average Nusselt number ratio, Nu/Nu0, in terms of the 
Reynolds number for different aspect ratios is shown in Figure 
6. In this figure, Nu0 is average Nusselt number over the fin 
without winglet. 
 

 
 

Figure 6. Average Nusselt number ratio variations in terms 
of the Reynolds number for the winglets with different aspect 

ratios 
 

As it is obviously clear in Figure 6, the aspect ratios between 
1.5 and 2 have better results and the winglet with the aspect 
ratio of 1.75 has the highest Nusselt number ratio. In low 
Reynolds numbers, the performance of the winglets with the 
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aspect ratio of 1.75 and 1.867 are close to each other but by 
increasing in the Reynolds number, the winglet with the aspect 
ratio of 1.75 has better thermal performance. The delta winglet 
pair with aspect ratio of 1.75 increases the heat transfer up to 
14.2% in comparison with the smooth channel for Re=1550. 
This amount for the winglet with the aspect ratio of 1.867 is 
about 13.1%. 

The variation of the pressure drop coefficient, f/f0, with 
different aspect ratios in terms of the Reynolds number is 
illustrated in Figure 7. In this figure, f0 is pressure drop over 
the fin without winglet. As it is shown by increasing the aspect 
ratio, the pressure drop coefficient rises, because any increase 
in the dimensions of the winglets causes more pressure drop in 
the flow. It is considerable that the winglet with the aspect ratio 
of 1.867 has more pressure drop in comparison with the aspect 
ratio of 1.75. 
 

 
 

Figure 7. Pressure drop coefficient variation in terms of the 
Reynolds number for the winglets with different aspect ratios 
 

 
 

Figure 8. Thermal performance variation in terms of the 
Reynolds number for the winglets with the aspect ratios of 

1.75 and 1.867 
 
The average Nusselt number ratio to pressure drop 

coefficient, (Nu/Nu0)/(f/f0), is used to evaluate the thermal 
performance of a channel with the vortex generator in 
comparison with a smooth channel. Figure 8 shows the 
variation of this value for the aspect ratios of 1.75 and 1.867. 
As the Reynolds number increases, the thermal performance 

ratio reduces because of the increment of the pressure drop. 
The results show that the winglet with the aspect ratio of 1.75 
has better thermal performance. 

 
4.2 The effect of winglet vertices distance  

 
Figures 9 and 10 show the temperature contours on the fin 

that a pair of triangular winglets are punched on it with 
different distances between their vertices for Re=1293.  

By comparing the contours of temperature on the fin, it is 
concluded that the distance between the vertices of the 
winglets does not influence the intensity of the vortices 
generated by them but it can change their focus. This means 
that the area of the fin, which is influenced by the vortices, is 
almost unchanged and when the winglets approach each other, 
only the generated vortices become closer. It is found that the 
maximum surface temperature value has not been changed and 
only the locus where the maximum temperature happens is 
displaced. Therefore, the average Nusselt number on the fin 
surface has been investigated to choose an appropriate vertex 
distance in order to achieve higher heat transfer. 

 

 
 

Figure 9. Temperature contours on the fin with a triangular 
winglet pair for Re=1293 and S/H=0 

 

 
 

Figure 10. Temperature contours on the fin with a pair of 
triangular winglet for Re=1293 and S/H=1 

 
Figure 11 shows the variation of the Average Nusselt 

number ratio against the distance between the vertices of the 
winglets. In this figure, the distance between winglet vertices 
is defined as S. It turns out that further increment in heat 
transfer will be achieved in comparison with smooth channel, 
when the winglets are sticking together and the distance 
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between their vertices is zero. This increment will be greater 
if the Reynolds number rises. Consequently, for increasing the 
heat transfer rate, S is chosen equal to zero. Another important 
aspect is a new rise of the Nusselt number at S=30 mm which 
can be related to the distribution of the vortices across the 
channel. 

 

 
 

Figure 11. Average Nusselt number ratio variation with 
respect to the distance of winglet vertices at different 

Reynolds numbers 
 

 
 

Figure 12. Pressure drop coefficient variation with the 
Reynolds number for different distance of winglet vertices 
 

 
 

Figure 13. Average Nusselt number variation with the 
Reynolds number for the channels with and without delta 

winglet pair (Λ=1.74 and S=0) 

The variation of the pressure drop coefficient in the channel 
with respect to the Reynolds number for different distances of 
vertices is shown in Figure 12. The lowest pressure drop is 
obtained when S=0. As the winglets become farther from each 
other, the pressure drop increases. It should be noted that, the 
variation of pressure drop is not too significant in different 
cases, because the barriers on the flow path are the same in all 
cases and the pressure drop is directly related to the shape of 
the barriers. 

As Shown in Figure 13, If the delta winglet pair with the 
aspect ratio of 1.75 and with no distance between its vertices 
is used, the Nusselt number will increase 10.67% for Re=458 
and 15.29% for Re=1550 in comparison with smooth channel. 

 
4.3 Adding second row of winglet pairs  

 
Figure 14 shows the temperature contours on the fin surface 

with two rows of vortex generator with triangular winglets on 
it. 

 

 
 

Figure 14. Temperature contours on the fin with two rows of 
winglets for Re=758 

 
As it can be observed in Figure 14, behind the second row 

of winglets, the fin temperature decreases significantly, that 
represents the effectiveness of adding the second row. In 
addition, maximum temperature is greatly reduced and a more 
uniform temperature distribution can be found on the fin by 
comparing Figure 14 with the temperature contours presented 
in sections 4.1 and 4.2. 

 

 
 

Figure 15. Average Nusselt number variation with the 
Reynolds number for the channels with one or two rows of 

winglets 
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Figure 15 shows the variation of the average Nusselt 
number against the Reynolds number for channels with one or 
two rows of winglets. 

It should be noted that due to the limitation associated with 
the channel length, the efficiency of the vortices generated by 
the second row could not be illustrated. As shown in Figure 15, 
the Nusselt number increases when the Reynolds number rises. 
The second row of winglets is more efficient in higher 
Reynolds numbers.  

Figure 16 shows the local Nusselt number in terms of the 
dimensionless length of the channel with one or two winglet 
pairs for Re=1550 and along the line where the longitudinal 
vortices are dominated.  

 

 
 

Figure 16. Local Nusselt number variations along the 
channel with one or two rows of winglet for Re=1550 

 
As illustrated in Figure 16, the Nusselt number is reduced 

to zero at the point just before the winglets, due to the hole that 
has been created by punching winglets on the fin. In fact, at 
this point there is no surface for heat transfer. Small 
fluctuations observed in the area between two rows are due to 
the turbulent flow. Increasing pressure at the second row of 
winglets causes unfavorable pressure gradient. This leads to 
flow reversal. 

 
4.4 Adding second column of vortex generator  
 

 
 

Figure 17. Temperature contour for two columns and two 
rows of triangular winglets pairs with transverse pitch 

Xt/H=2.83 for Re=785 
 
The transverse pitch is defined as the distance between two 

columns of the vortex generator. If the distance between two 
columns becomes larger, some parts of the fin surface might 
not be affected by the created vortices and thus the heat 
transfer effective area reduces and the surface temperature 

rises. Figure 17 shows the temperature contour on the fin for 
two columns and two rows of triangular winglets pairs with 
transverse pitch of Xt/H=2.83 for Re=785. It is observed that 
the space between two columns is deprived of the effect of 
generated vortices, so the distance between two columns 
should be chosen such that the vortices influenced the entire 
surface of the fin. 

The transverse distribution of the local Nusselt number at 
different sections of a channel with one column of vortex 
generator shows that the effect of the vortices continues to 
z=±0.06 m, and then the Nusselt number decreases sharply. By 
installing the next column at this point, the decrement in the 
Nusselt number is prevented. By a simple geometrical 
calculation, the transverse pitch, Xt/H, is obtained equal to 
1.24. 

Figure 18 shows the temperature contour on the fin with two 
columns and two rows of triangular winglet pairs by transverse 
pitch of Xt/H=1.24 and for Re=785. By comparing the 
temperature distributions on the fin shown in Figures 17 and 
18, it is concluded that the surface temperature of the fin is 
reduced more when a transverse pitch of Xt/H=1.24 is selected, 
because the vortices generated by two columns become closer 
as they approach toward each other. An increase in the fin 
temperature is observed repetitively at the end of the channel. 
It indicates the need for the third row of the winglets because 
the channel is long and the vortex strength reduces at the end 
of it and consequently the temperature increases. 

 

 
 

Figure 18. Temperature contour for two columns and two 
rows of triangular winglets pairs with transverse pitch 

Xt/H=1.24 for Re=785 
 

 
 

Figure 19. Average Nusselt number variation with the 
Reynolds number for the two channels with different 

transverse pitch values 
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Figure 19 shows the variation of the average Nusselt 
number with the Reynolds number for two channels with 
different values of transverse pitch. As mentioned before, the 
Nusselt number in the channel with transverse pitch of 
Xt/H=1.24 is 6.5% higher the values belong to Xt/H=2.83. 
 

 
5. CONCLUSIONS 

 
In this paper, the effect of triangular winglet pairs on the 

heat transfer and flow characteristics in a rectangular channel 
was investigated numerically by finite volume method. The 
Navier-Stokes and energy equations were discretized using 
QUICK scheme. The obtained numerical results were 
validated with the experimental data. They were in good 
agreement. The influence of the winglet aspect ratio was 
studied and different winglet pair arrangements and positions 
were examined. 

By considering the variation of the Nusselt number with the 
winglet aspect ratio, it was found that the aspect ratio of 1.75 
has the best thermal and hydrodynamic performance. The 
results showed that the heat transfer increases when the 
vertices of the winglets are sticking together and the ratio S/H 
is equal to zero. In this case, the pressure drop would be low 
and the Nusselt number will increase 10.67% for Re=458 and 
15.29% for Re=1550 in comparison with smooth channel.  

To choose an optimum longitudinal pitch size, the variation 
of the local Nusselt number along the channel was investigated. 
It was concluded that the next row of the winglet pair should 
be located at the point where the longitudinal vortices behind 
the first row is dissipated. Furthermore, the effect of the 
transverse pitch between two columns of vortex generator on 
the heat transfer was studied the results showed selecting the 
winglet transverse pitch of 1.24 would lead to 6.5% growth in 
the average Nusselt number in comparison with results 
obtained for transverse pitch of 2.83. 
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NOMENCLATURE 
 

B Channel width, m 
f Pressure drop coefficient 
h Winglet height, m 
H Channel height, m 
L Channel length, m 
Nu Average Nusselt number 
P Pressure, Pa 
Re Reynolds number 
S Distance between winglet vertices, m  
T Temperature, K 
ui, uj Velocity components, m.s-1 

x Cartesian component  
Xt Transverse pitch, m 
y Cartesian component  
z Cartesian component  
 
Greek symbols 
 
α Thermal diffusivity, m2.s-1 

β Angle of attack, degree 
Λ Winglet aspect ratio 
υ Kinetic viscosity, m2.s-1 
ρ Density, kg.m-3 
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