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In the present work, the effect of the angle of a triangular vortex generator on the heat transfer 

of a flat plate is investigated. Incompressible three-dimensional fluid flows in a channel with 

constant temperature boundary condition. The results showed that the Nusselt number 

increases and the pressure decreases with the Reynolds number. It is demonstrated that the 

increase in the angle from 30° to 90° has a significant effect on the Nusselt number. The 

pressure drop remains constant at a 60° angle with increasing Reynolds number. The results 

revealed that the longitudinal vortices that have an important effect on the heat transfer become 

stronger at larger angles of the vortex generator. 
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1. INTRODUCTION

Heat transfer considerations are the main goal in various 

industries related to energy conversion such as petrochemicals, 

oil and gas, nuclear, air conditioning, etc. The main goal is to 

enhance heat transfer rate which can be done in a variety of 

ways, including increasing the heat exchange rate or 

increasing mixing. One of these methods is to employ the 

vortex generators. The vortex generators change the 

distribution of fluid velocity and flow pattern along the wall. 

They provide a laminar fluid mixing close to the wall and high 

velocity outside the boundary layer, which has a significant 

effect on the improvement of heat transfer.    

The vortex generator and its effects on the behavior of the 

boundary layer have probably been studied for the first time 

by Schubauer and Spangenberg [1]. They found that the 

longitudinal vortex leads to separation delay in the boundary 

layer. This phenomenon can be suited for conditions like 

cross-sectional aerodynamics. The effect of the vortex 

generator on the heat transfer rate was first carried out by 

Johnson and Joubert [2]. Their research on a delta-shaped 

vortex generator on a cylindrical surface was carried out. The 

results showed that the local Nusselt number for the vortex 

generator increases by about 200% while the total Nusselt 

number remains constant. Dupont et al. [3] experimentally 

studied an isothermal flow in a compressed heat exchanger 

with a vortex generator and concluded that smooth-shaped 

vortex generators results in an increase in heat transfer. Fiebig 

et al. [4] conducted a numerical and experimental study on a 

delta-shaped wing along with a rectangular wing in a laminar 

for for different attack angles and various Reynolds numbers. 

They found that local heat transfer for the delta-shaped wings 

is higher than that for a rectangular one. Russell et al. [5] 

studied experimentally the effect of a pair of vortex generators 

in a channel and evaluated the characteristics of heat transfer 

and pressure drop. Influence of geometric parameters on heat 

transfer enhancement has been studied by many researchers 

[6-8]. Also, the effect of vortex generator height [9, 10], their 

arrangement [11-12], and the ratio of the vortex generator size 

to the channel height [13] have been considered. Wang et al. 

[13] experimentally studied the increase of heat transfer in a

low width rectangular channel with longitudinal vortex

generators. They found that heat transfer increases by 10 to 45

percent. Wu et al. [14] examined the effect of vortex generator

position in a channel on improving the heat transfer and

pressure drop in a rectangular channel and concluded that

increasing the surface of the vortex generator leads to an

increase in heat transfer and Pressure drop. Wu and Tao [15]

found that heat transfer of a laminar flow in a channel with a

rectangular wing increases with the Reynolds number and

angle of attack. They also demonstrated that he pressure drop

increases rapidly with increasing attack angle. Tiggelbeck et

al. [16] investigated the improvement of heat transfer and

pressure drop for various vortex generators in turbulent flow

and found that a vortex rectangular in a rectangular channel

leads to better performance than other geometries. Jentry and

Jacobi [17] experimentally investigated the heat transfer of a

channel with delta-shaped wings and found that the increase

of local heat transfer coefficient in the secondary flow region

is up to 300%, the enhancement of average heat transfer

coefficient in the channel is up to 55% and the increase in the

pressure drop is up to 100 %. Yang et al. [18] studied the effect

of different attack angles of the delta-shaped vortex generators

on the increase in heat transfer. Their research showed that the

highest increase in heat transfer occurs at an angle of 45°. Liou

et al. [19] experimentally studied the use of crystalline

thermosetting of heat transfer and fluid flow in a square-

shaped channel with 12 different types of vortex generators.

Zhu et al. [20] numerically evaluated turbulence flow and heat

transfer in a channel with longitudinal vortex generators using

the k-ε turbulence model. Fiebig [21] experimentally

investigated the flow and heat transfer characteristics in a

rectangular channel with four longitudinal vortex generators.

He found that longitudinal vortices reduce the critical

Reynolds number. He also showed that under constant heat

flux, rectangular-shaped wings produce a lower pressure drop

than rectangular ones. Hiravennavar et al. [22] performed

numerical simulations for a laminar flow passes over delta-
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shaped wings at different Reynolds numbers. Their results 

showed that the difference between the increase in heat 

transfer between a narrow-thickness vortex generator and a 

vortex generator with zero thickness (ideal vortex generator) 

is negligible. Ferrouillat et al. [23] studied the turbulent flow 

passes over a delta-shaped vortex generator. They found that 

the delta-shaped one has a better performance than a 

rectangular one. They revealed that the heat transfer and, 

consequently, the mixing efficiency is optimal when the 

distance between the rows of generators is seven to ten times 

of the height of the entire channel. Abdollahi and Shams [24] 

performed a numerical study for the shape and the angle of 

attack of the vortex generators and provided the effect of 

vortices on the overall performance of the heated wells. The 

results showed that at low Reynolds numbers, the angular 

momentum of the attack has no significant effect on the heat 

transfer coefficient, but at high Reynolds numbers, it has an 

important effect on heat transfer. 

There are two ways to increase convective heat transfer: an 

increase in the heat transfer area and an increase in the 

convective heat transfer coefficient. In order to promote 

thermal performance, there are several methods that are 

classified into three broad categories: active methods, passive 

methods, and hybrid methods (combining active and passive 

methods). In active methods, high-power equipment are 

needed in order to achieve high heat transfer rates. However, 

they are not used due to high costs. The passive methods 

usually utilize geometrical and surface-related modifications 

by additional devices and connections, and by changing the 

flow behavior. They increase the heat transfer and also the 

pressure drop. The use of vortex generators is one of the most 

innovative passive methods. These devices make the vortexes 

of different sizes formed on the back of that device, which 

makes the flow of fluid flow and heat transfer better. There are 

three different methods. Based on their applications, these 

methods are divided into different groups: active vortex 

generators, generating vortex generators and hybrid vortex 

generators. There are three distinct mechanisms to intensify 

convection heat transfer: Reducing the thickness of the 

boundary layer, vortex generation, and flow destabilization. 

All of these three mechanisms may be generated by vortex 

generators. 

In the present study, forced heat transfer from a flat plate 

with a delta-shaped vortex generator with a constant attack 

angle relative to the flow and variable angles relative to the flat 

plate is investigated. The delta-shaped vortex generator are 

usually used in practical situations. Also, changing the angle 

to the surface creates different size of the vortices behind the 

walls results in better mixing of fluid flow and heat transfer. 

The main objective of this research is to investigate the angle 

effect on the heat transfer and vortex pattern. The variables 

studied are the angle, Reynolds number and Nusselt number.  

 

 

2. GOVERNING EQUATIONS 

 

The governing equations for the present problem are 

continuity, momentum and energy equations. The fluid is 

assumed to be Newtonian and incompressible. Also, its 

properties do not change with the temperature. The flow 

regime is laminar and the volumetric forces are neglected. The 

governing equations are as follows: 

 

. 0u
→

 =  (1) 

 

( ) 2
.u u p u  = − + 

 (2) 

 

( ) ( ). .C uT k TP f
  =  

 (3) 

 

where, u indicates the velocity vector, CΡ is the specific heat 

at constant pressure, 𝑝  the pressure, μ the fluid dynamic 

viscosity, T the temperature, ρ the fluid density, and 𝑘𝑓  the 

thermal conductivity of the fluid.  

In the present work, the input boundary condition is defined 

as the inlet velocity and the boundary condition of the output 

as outflow. Since the geometry is symmetrical, one half of the 

channel is considered to reduce the computational costs. 

Therefore, the boundary condition of symmetry is used, as 

shown in Figure 1. No-slip boundary condition is imposed on 

the walls. The channel includes two delta-shaped vortex 

generators that are located on its lower surface. The 

calculations are done for two Prandtl numbers of 0.707 and 

5.83. The input fluid temperature is assumed to be equal to 293 

K and the temperature of the channel walls, as well as the wing 

surface is 333 K. The SIMPLE algorithm is used to solve the 

governing equations. It should be noted that the results are 

numerically accurate to 10-5.  

Also, the properties of air are: 𝜌  = 1.1614𝑘𝑔 𝑚3⁄ , 𝜇 = 
510846.1 − 𝑘𝑔 𝑚. 𝑠⁄ , 𝑘  = 

21063.2 − 𝑊 𝑚. 𝑘⁄ , and 𝑐𝑃  = 

1007𝐽 𝑘𝑔. 𝑘⁄ . 
 

 
 

Figure 1. Schematic of the computational domain along with 

the boundary conditions 

 

Table 1. The dimensions of the channel 

 
𝐻 33.6mm 

𝑊 = 1.6 𝐻 61.76mm 

𝐿 = 13 𝐻 561.8mm 

𝛼 300 

𝛽 300, 600, 900 

𝑆 = 1.5 𝐻 57.9mm 

𝑀 = 0.5 𝐻 19.3mm 

𝑅 = 1.55 𝐻 59.83mm 

𝐸 = 0.052 𝐻 2mm 

𝑁 = 0.1 𝐻 3.86mm 

 

In this study, the farthest distance to the end of the 

computational domain is considered so that the vortices 

created behind the wing have the proper dimensions for 

generation and shedding in the flow field and do not affect the 
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upstream flow field. In Table 1, the dimensions of the channel 

are specified. 

Figure 2 shows the grid used in the calculations. The Figure 

indicates that the grid is denser in the vicinity of the vortex 

generator to capture the density boundary layer. 

 

 
(a) 

 
(b) 

 

Figure 2. The grid used in the present simulations: (a) the 

bottom surface of the wing, (b) the vortex generator 

 

The Nusselt number is defined as follows: 

 

𝑁𝑢 = ℎ 𝐷ℎ/𝑘𝑓              (4) 

 

where 𝐷ℎ = 2 𝐻 is hydraulic diameter. 

Convective heat transfer is calculated by: 

 

𝑞 = ℎ 𝐴 ∆𝑇𝑙𝑚                                                                  (5) 

 

where,  

 

𝐴 = (2𝐿𝑊) + (𝐿𝐻) + 𝐴𝑤𝑖𝑛𝑔𝑙𝑒𝑡                                       (6) 

  

𝐴𝑤𝑖𝑛𝑔𝑙𝑒𝑡 = 𝑆𝑀 (7) 

 

∆𝑇𝑙𝑚 =
(𝑇𝑖𝑛−𝑇𝑤)−(𝑇𝑜𝑢𝑡−𝑇𝑤)

ln(
𝑇𝑜𝑢𝑡−𝑇𝑤
𝑇𝑖𝑛−𝑇𝑜𝑢𝑡

)
                                                    (8) 

  

Also, the pressure drop is calculated by: 

 

𝑝𝑙𝑜𝑠𝑠 = |
𝑝𝑖𝑛−𝑝𝑜𝑢𝑡

𝑝𝑖𝑛
|                                                                  (9) 

     

To control the mesh independency of the solution, six 

different grids at Re=911 and the angle of 90° are used. Figure 

3 shows Nusselt number for different grid resolutions. It can 

be seen that by increasing the number of nodes, the Nusselt 

number gradually moves toward a constant number. The 

resolution of 2000000 is used for further simulations. 

      

 
 

Figure 3. Nusselt number for different grid resolutions 

 

In order to validate the present simulation, the experimental 

study of Fiebig et al. [4] considering the effect of a triangular 

vortex generator located on a flat plate fins is simulated. 

Figure4 shows convective heat transfer coefficient on the fin 

centerline for the angle of attack of 40 ֩ and Re = 1815. The 

results depicts very good agreement between the present 

simulation and experimental ones.        

 
 

Figure 4. Local heat transfer coefficient behind a delta 

vortex generator for β = 40 ֩ and Re = 1815 

 

 
3. RESULTS 

      

The numerical simulation based on equations 1-9 is 

developed on ANSYS Fluent to simulate the effect of a 

triangular vortex generator on thermal and flow fields in a 

channel. Figure5 presents the streamlines around the wing at 

different attack angles showing the vortex generation behind 

the vortex generator. It is observed that by increasing the angle 

of rotation, larger vortices are created at the rear of the wing 

results in an increase in the pressure drop. 
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(a) 

 
(b) 

 
(c) 

 

Figure 5. Streamlines for different rotational angles at Re = 

456: (a) β = 30֩, (b) β = 60֩, and (c) β = 90֩ 

 

 

Figures 6 and 7 shows isothermal contours at Re = 456 and 

Re = 911 for different angles of the vortex generator, 

respectively. The figures reveal that the thermal boundary 

layer around the wing is thinner for higher Reynolds numbers. 

As the Reynolds number increases, the low-temperature fluid 

penetrates at the greater part of the channel leads to an increase 

in heat transfer due to higher flow temperature gradient.  

 

𝛽 = 30 ֩            𝛽 = 60 ֩        𝛽 = 90 ֩ 

   
 

Figure 6. Isotherms for different vortex generator angles at 

Re = 456 for the cross section of z = H/8 

 

𝛽 = 30 ֩            𝛽 = 60 ֩        𝛽 = 90 ֩ 

   
 

Figure 7. Isotherms for different vortex generator angles at 

Re = 911 for the cross section of z = H/8 

 

          𝛽 = 30 ֩        𝛽 = 60 ֩       𝛽 = 90 ֩ 

           
 

Figure 8. Vorticity contours for different vortex generator 

angles at Re = 456 for the cross section of z = H/2 

 
          𝛽 = 30 ֩        𝛽 = 60 ֩       𝛽 = 90 ֩ 

         
 

Figure 9. Vorticity contours for different vortex generator 

angles at Re = 911 for the cross section of z = H/2 
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Vorticity contours are presented in Figs. 8 and 9 for 

different angles of the vortex generator. It can be concluded 

that at a constant elevation and constant Reynolds number, the 

longitudinal vortices extend over longer than the length of the 

channel by increasing the angle of rotation and their velocity 

increases. As the Reynolds number increases, the mass flow 

becomes higher. Higher rate of mass flow collide with the 

wing causes longer longitudinal vortices. This phenomenon is 

observed in the comparison of vorticity contours for a constant 

cross section for the two Reynolds numbers 456 and 911. 

Isothermal contours are shown in Figures 10 and 11 for 

different cross sections: y = H/8, 3H/8, and H/2. It is observed 

that the thickness of the thermal boundary layer on the walls 

of the channel decreases along with the channel. The fluid flow 

at a lower temperature, penetrates more in the longitudinal 

direction of the channel due to the effect of the vortex 

generator. The effect of increasing the Reynolds number on 

the reduction of the thermal boundary layer is obvious 

especially at the end of the channel. The input flow initially 

has a low temperature. Its temperature increases due to the 

friction caused by the collision of the fluid with the channel 

walls and the flow is gradually warmed up especially after 

collision with the vortex generator.  

 

𝛽 = 30 

 

𝛽 = 60 

𝛽 = 90 

(a) 

𝛽 = 30 

 

𝛽 = 60 

𝛽 = 90 

(b) 

𝛽 = 30 

 

𝛽 = 60 

𝛽 = 90 

(c) 

                   
 

Figure 10. Isotherms for different vortex generator angles at Re = 456 for different cross sections in the z-direction: (a) y = H/8, 

(b) y = 3H/8, (c) y = H/2 

 

𝛽 = 30 

 

𝛽 = 60 

𝛽 = 90 

(a) 

𝛽 = 30 

 

 

𝛽 = 60 

 

𝛽 = 90 

(b) 

𝛽 = 30 

 

 

𝛽 = 60 

 

𝛽 = 90 

(c) 

                  
 

Figure 11. Isotherms for different vortex generator angles at Re = 911 for different cross sections in the z-direction: (a) y = H/8, 

(b) y = 3H/8, (c) y = H/2 
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Figures 12 and 13 show the isothermal contours in three 

longitudinal sections. It is clearly seen that at a constant 

Reynolds number, the longitudinal vortices (which are seen in 

each longitudinal section in the form of a transverse vortex) 

are stronger with increasing rotational angles and occupy more 

area. It is also seen that the direction of rotation of the vortices 

in the positive direction of the longitudinal axis is 

counterclockwise. At a constant Reynolds number, the 

presence of the wing in the channel increases the mixing of hot 

and cold flows as the angle of rotation increases from 30 to 90. 

In other words, the heat transfer increases with the rotational 

angle. Also, at a constant cross-section and a constant angle of 

the wing, the turbulence rate increases with increasing the 

Reynolds number leads to an increase in the heat transfer rate. 

 

 𝜷 = 𝟑𝟎 ֩ 𝜷 = 𝟔𝟎 ֩ 𝜷 = 𝟗𝟎 ֩  

 

 

 

 

 

x= 8 

mm 

 

 

   

 

x= 10 

mm 

 

 

x= 12 

mm 

 

 

Figure 12. Isotherms for different vortex generator angles at Re = 456 for different cross sections in the x-direction 

 

 𝜷 = 𝟑𝟎 ֩ 𝜷 = 𝟔𝟎 ֩ 𝜷 = 𝟗𝟎 ֩  

 

 

 

 

 

x= 8 

mm 

 

 

   

 

x= 10 

mm 

 

 

x= 12 

mm 

 

 

Figure 13. Isotherms for different vortex generator angles at Re = 911 for different cross sections in the x-direction 

 

In Table 2, the ratio of heat transfer in channel walls to the 

total heat transfer is given at the wing angles of 30°, 60° and 

90°. In this table, 𝑞𝑏  represents the heat transfer from the 

bottom wall of the channel, 𝑞𝑠 the heat transfer from the side 

wall of the channel, 𝑞𝑡 the heat transfer from the up wall of the 

channel, and 𝑞𝑤  represents the heat transfer from the wing to 

the fluid. It can be seen that at β = 30°, the heat transfer of 

bottom wall, up wall and the wing decreases but the heat 

transfer of the side walls of the channel increases with the 

Reynolds number. At β = 60° and β = 90°, the heat transfer 
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from lower and side walls increases, however the heat transfer 

from the up wall and the wing decreases with the Reynolds 

number. 

At Re = 456, it is observed that the heat transfer from the 

bottom wall and the wing increases with the angle. Also, the 

heat transfer from up and side walls decreases as the angle of 

vortex generator increases. At Re = 911, it is concluded that 

the heat transfer from bottom wall and the wing increases and 

the heat transfer from up and side walls decreases by 

increasing the angle of rotation. 

The simulations are performed for different Reynolds 

numbers. The variation of the Nusselt number as a function of 

Reynolds number is plotted in Figure 14 for different angles. 

It can be seen that the Nusselt number increases linearly with 

the Reynolds number. It is also concluded that the 

enhancement of the Nusselt number increases with Reynolds 

number as the rotational angle increases. It should be noted 

that slight changes are observed in the Nusselt number from 

the angle of 60 to the angle of 90. In other words, it can be 

assumed that the Nusselt number approximately remain 

constant for the range of 60 to 90 degrees. Therefore, the 

rotational angle does not affect the Nusselt number for this 

range of rotational angle. 

 

Table 2. Dimensionless heat transfer from the channel surfaces and vortex generator for different angles and various Reynolds 

numbers 

 
 𝛽 = 30 𝛽 = 60 𝛽 = 90 

𝑅𝑒 456 911 456 911 456 911 

𝑞𝑏 𝑞𝑡𝑜𝑡𝑎𝑙⁄  0.3950 0.3933 0.4024 0.4065 0.4139 0.4234 

𝑞𝑠 𝑞𝑡𝑜𝑡𝑎𝑙⁄  0.1651 0.1758 0.1626 0.1718 0.1586 0.1653 

𝑞𝑡 𝑞𝑡𝑜𝑡𝑎𝑙⁄  0.4156 0.4085 0.4064 0.3959 0.3953 0.3819 

𝑞𝑤 𝑞𝑡𝑜𝑡𝑎𝑙⁄  0.0244 0.0224 0.0286 0.0258 0.0323 0.0293 

 

 
 

Figure 14. Nusselt number versus Reynolds number for 

different rotational angle 

 

The pressure drop is one of the most important parameter 

that should be considered for the present problem. As shown 

in Figure 15, the pressure drop increases at rotational angles of 

30 and 90. High-pressure areas are formed in front of the wing 

with increasing the Reynolds number. At a constant Reynolds 

number and the specified height, the pressure drop increases 

with the rotation angle. The pressure on the front surface of the 

wing increases as the rotational angle increases. By increasing 

the angle of rotation, the magnitude of the maximum pressure 

difference within the channel increases. In other words, the 

more areas of the channel have the maximum pressure 

difference. It can also be seen that the pressure drop 

significantly increases as the rotation angle increases at a 

constant Reynolds number. It is worth noting that for the 

rotational angle of 60, the pressure drop remains constant as 

the Reynolds number increases. Therefore, due to the variation 

of Nusselt number that is previously described, and the 

changes in the pressure drop, it is concluded that the angle of 

60 results in higher heat transfer than the angle of 90. This is 

due to that the angle of 60 provides the same Nusselt number 

in comparison with the angle of 90, but it experiences less 

pressure drop. With increasing Reynolds number and 

consequently increasing Nusselt number, the pressure drop 

remains constant. 

 
 

Figure 15. Pressure drop versus Reynolds number for 

different rotational angle 

 
 

4. CONCLUSIONS  

 

The Nusselt number increases linearly with the Reynolds 

number for all angles of rotation. As the angle of rotation 

increases, the rate of variation of the Nusselt number increases 

with Reynolds number. Slight changes are observed in the 

Nusselt number as the rotational angle increases from 60 to 90. 

In other words, it can be assumed that the Nusselt number 

remains constant for different Reynolds numbers for the range 

of 60 to 90 rotational angle. So, the change in the angle of 

rotation does not affect on Nusselt number. It was observed 

that the pressure drop increases with the rotational angle. Also, 

at a constant Reynolds number, the pressure drop significantly 

increases with increasing the rotational angle. But, for the 

rotation angle of 60, the pressure drop remains constant as the 

Reynolds number increases. Therefore, due to the variation of 

Nusselt number that is previously described, and the changes 

in the pressure drop, it is concluded that the angle of 60 results 
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in higher heat transfer than the angle of 90. By increasing the 

angle of rotation, larger vortices are generated behind the wing 

results in a higher pressure drop. It was observed that with the 

increase of the Reynolds number, the thermal boundary layer 

around the vortex generator becomes thinner. The fluid with a 

lower temperature penetrates more of the channel, indicating 

an increase in the transfer of heat transfer. At all angles of 

rotation, the boundary layer of the velocity around the wing is 

thinner and the flow penetrates more rapidly in the channel at 

higher Reynolds numbers. As the Reynolds number increases, 

the high-pressure areas are formed in front of the wing. Also, 

at a constant Reynolds number and the specified height, the 

pressure drop increases with the rotation angle. The pressure 

on the front surface of the wing increases as the rotational 

angle increases. At a constant Reynolds number, the presence 

of the wing in the channel increases the mixing of hot and cold 

flows as the angle of rotation increases. In addition, the 

references [26-30] are introduced for different geometries and 

flow characteristics. 
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NOMENCLATURE 

 

A                   area of wall 

𝐴𝑤𝑖𝑛𝑔𝑙𝑒𝑡         area of wings        

CΡ                 specific heat at constant pressure 

𝐷ℎ                  hydraulic diameter  

𝐸                   thickness of the wings 

𝐻                   height of the channel 

h                  Convective heat transfer coefficient 

𝐾                   height of the wings 

fk
                thermal conductivity of the fluid 

𝐿          length of the channel  

𝑁𝑢                Nusselt number 

𝑝𝑖𝑛           inlet pressure 

𝑝𝑜𝑢𝑡               output pressure 

Pr                  Prandtl number   

𝑞                   Total heat transfer 

𝑞𝑏                   heat transfer from the bottom wall of the channel 

𝑞𝑠                 heat transfer from the side wall of the channel  

𝑞𝑡        heat transfer from the up wall of the channel  

𝑞𝑤        heat transfer from the wing to the fluid   

Re
             Reynolds number   

𝑆                  length of the wings 

𝑇𝑖𝑛               inlet temperature   

𝑇𝑜𝑢𝑡              output temperature   

𝑇𝑤                wall temperature and wings temperature 

u                 velocity vector 

𝑊                width of the channel 

𝛼                  angle of attack 

𝛽                  rotational angle 
                 density   


               viscosity 
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