
J Ther Eng, Vol. 8, No. 1, pp. 1–13, January 2022

ABSTRACT 

This paper investigates numerically the influence of detached square vortex generator (VGs) 
on the heat transfer and pressure drop inside a square duct. Reynolds number is fixed at 
5000. The geometrical parameters in this investigation are: i) The blocking ratios are 0.1, 
0.15 and 0.2), ii) Vortex generator numbers are 1, 2, and 3), iii) Attack angles are 0, 30, 
and 45, iv) The aspect ratios are 1, 1.5 and 2. The numerical simulation is carried out using 
ANSYS FLUENT 15 . The results show that the rectangular vortex generators have a positive 
influence on heat transfer as a result of the augmentation in turbulence level. The maximum 
enhancement in average heat transfer could reach 40%. The heat transfer is found to increase 
with the blocking ratio. The heat transfer enhanced by 17% for one VG and 28% for 3 VGs 
for blocking ratio = 0.2. The VGs at angle value of 45° produce the highest heat transfer 
enhancement. The aspect ratio is found to have an adverse effect on heat transfer rate.
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INTRODUCTION

Heat transfer enhancement is any process objectives to 
improve the performance of a heat system or to increase 
heat transfer coefficient through utilization of various tech-
niques. Heat transfer enhancement grows significantly in 
recent years as it contributes in reducing the use of the fossil 
fuel which lead to a reduction in emissions of carbon-diox-
ide and the effect of greenhouse reduced. Furthermore, save 

fuel as the worldwide increase in energy demand as popula-
tion increased [1]. Heat transfer enhancement techniques 
segregated in two major categories: passive and active 
techniques. In active techniques external power contribu-
tion during operation is required to improve heat transfer 
such as electric or acoustic fields, surface fluid vibration 
etc.. .In passive techniques, no additional power input 
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during operation is required but special surface geometries 
were fitted throughout the various industrial processes. 
The additional power needed to enhance heat transfer is 
taken from the power in a system, which eventually leads 
to increase in pressure drop. It is essentially employed by 
inserting simple geometry in the flow passage or adding 
fluid additives. These surfaces perform good fluid mixing 
and increase both turbulence and heat transfer area [2]. 
Passive techniques can be achieved by providing various 
roughen surfaces or tabulators in addition to adding vortex 
generators, which create three-dimensional fluid mixing 
through generating transverse or longitudinal vortices in 
the flow field [3]. 

Mundhe and Bindu [4] investigated experimentally and 
numerically the enhancement of convection heat transfer 
inside a heated pipe by using conical vortex generators . 
Fluent software was implemented to investigate the effect 
of ratio of pitch to diameter and the angle of attack for 
Reynolds number in range of 4000-5000. The results showed 
that Nusselt number increases with the decrease of the ratio 
of pitch to diameter. Maximum heat transfer enhancement 
was found when the angle of attack is 60°. Zeeshan et al 
[5] conducted a numerical study to examine the effect of 
introducing rectangular vortex generators incorporated 
with circular , flat and oval tubes on the heat transfer inside 
a heated channel .Three configurations ,rectangular VGs 
behind circular tubes , rectangular VGs behind flat tubes 
and rectangular VGs behind oval tubes, were tested to reach 
the optimum configuration . The results showed that there 
was a significant enhancement in thermal performance. 
The shape of the tube had a significant influence on the heat 
transfer. The optimum configuration was rectangular VGs 
with oval tubes which increase the heat transfer by 13.8% 
and 10% for Re = 400 and 900. Sheikzadeh et al [6] inves-
tigated numerically the effect of introducing different wing 
shape vortex generators on the heat transfer of nanofluid 
inside a heated channel. Three different shape of VGs are 
implemented including trapezoidal, rectangular and trian-
gular. The VGs were fixed in rows of three elements, one 
row was fixed on the top plate and one on the bottom plate 
of the channel. The working fluid consisted of ethylene gly-
col as a base fluid and MgO-MWCNT as suspended nano 
particles with volume fraction of 0.1%, 0.2% and 0.4%. For 
Reynolds number in range of 200–1600, the results showed 
that the rectangular VGs led to the highest heat transfer 
enhancement and this enhancement increases with the 
nanofluid volume fraction. 

DongxuJin [7] investigated numerically the influ-
ence of v-shapedVGs fixed on the absorber plate on the 
thermal and hydraulic performance of solar air heater. 
Three-dimensional simulation was conducted with 
FluentSOFTWARE by implementing the turbulence model 
RNG k-ε. The effect of VGs on the Nusselt number and 
friction factor was investigated. The results showed that 
v-shapedVGs generate helical vortex which lead to better 

mixing of the fluid which in turn enhances heat transfer. 
The thermal performance was almost doubled (1.93) com-
pared to the performance without VGs. Han and et al [8] 
conducted a numerical simulation to investigate the heat 
transfer enhancement and flow characteristics in a heated 
duct in the presence of rectangular VGs with and without 
holes. The range of Re was between 214 and 10703. The 
effects of the diameter and the position of the holes were 
investigated. The results showed that the performance fac-
tor is larger for the VGs with holes. Zhang and Wang [9] 
performed a numerical simulation to investigate the influ-
ence of rectangular winglet pair fixed on the bottom of 
air heated duct on the rate of heat transfer. The range of 
Reynolds number was between 500 and 7000. The effects of 
attack angle and the height of VGs were investigated. The 
results showed that the presence of VGs on the bottom of 
the duct significantly enhances the heat transfer. It was con-
cluded that the maximum heat transfer rate occurs when 
the angle of attack is 29o. Xie et al [10] investigated numeri-
cally the augmentation of heat transfer in a heated chan-
nel downstream the square VGs. Reynolds number ranged 
between 20,000 and 160,000 based on the inlet hydraulic 
diameter. Six configurations of VGs were tested. All cases 
indicated that the VGs presence improves heat transfer rate 
due to the vortices generation and better mixing.Zheng 
et al [11] performed a numerical simulation to study the 
thermal heat transfer performance in a heat exchanger tube 
with double inclined VGs. Preliminary numerical simula-
tions were conducted using turbulence models including 
the realizable k-ε model, the standard k-ω model and the 
SST k-ω model to investigate the effect of the turbulence 
model. The results from all the models were in good agree-
ment with experimental results. The results demonstrated 
that thermal heat transfer and friction factor in the ribbed 
tube was more than smooth tube by approximately 1.8 - 
3.6 times and 2.1–5.6 times respectively. It can be clearly 
observed that vortex or swirl flow pattern generated in the 
tube with VGs due to turbulent mixing between the flow 
regions, improve the thermal heat transfer performance. 
Pourfattah et al [12] performed a numerical simulation to 
investigate the characteristics of heat transfer and flow of a 
nanoparticles fluid flow in a tube in the presence of a rect-
angular VGs. The aim was to investigate the effect of VGs 
attack angle in Reynolds number range of (24,000-60,000). 
The numerical results showed a good coincidence with 
those from empirical equations. The results demonstrated 
that the heat transfer is augmented due to the better mix-
ing caused by eddies created by the VGs. The maximum 
thermal performance coefficient obtained when the attack 
angle is 60o. Yadov and Bhagoria [13] investigated numeri-
cally the effect of the fixing square VGsinside a duct on the 
heat transfer. Fluent software version 15 is used to simulate 
the fully developed turbulent flow using RNG k-ε model. 
The Reynolds number was between 3800 and 18,000. The 
effect of twelve configurations of different pitch and height 
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of the VGs were investigated. All the cases showed signifi-
cant enhancement in heat transfer. The maximum enhance-
ment in Nusselt number was found to be 2.86 times that of 
smooth duct.

Based on the study of literature, it can be concluded that 
vortex generators help to improve the thermal performance 
of thermal systems but at the expense of pressure drop. 
The objectives of this work is to investigate numerically 
the effect of rectangular VGs fixed on the middle distance 
between the bottom and the top of a heated duct using the 
commercial code Fluent software . The effects of blocking 
ratio (BR: height of the VG to the duct height), VGs num-
ber, attack angle (θ) and the aspect ratio (AR) on the heat 
transfer and the pressure drop inside a square duct is inves-
tigated numerically.

NUMERICAL SIMULATION 

CFD (Computational Fluid Dynamics) is analyzing 
systems which including fluid flow, heat transfer and any 
linked phenomena for example chemical reaction via 
computer-based simulation. Construction for the math-
ematical model is accomplished by grouping of math-
ematical equations which describe the flow. Then these 
equations are solved by means of a computer program 
with the aim of getting flow variables all over the flow 
field. The CFD analysis have a number of stages includ-
ing the creation the domain, mesh generation, setting 

boundary conditions, calculation of solution and post 
processing. The governing equations are presented as well 
as approach that has been used to solve the governing 
equations. 

Figure 1. Side view of 3-D computational domain.

Figure 2. Variation of average Nusselt number with 
elements number.

Figure 3. Side view of the meshed model.

Figure 4. Side view of the meshed test region.
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Model Creation 
The geometry of flow domain has been created using 

SolidWork. The computational domain is represented by 
three regions of square section of 4*4 cm2. The first region 
is the entrance region; its length is 40 cm (10Dh) to ensure 
fully developed flow [14]. The second region is the test 
section, its length is 20 cm. The VGs are fixed in the test 
section at the centre line . The third region is the exhaust 
region which connects the test region with ambient, It is of 
6 cm in length. This region separates the test region from 
the effects of the ambient. Figure 1 shows the side view of 
the 3D model. 

Grid Creation 
The flow region is divided into extremely small compo-

nents, and the governing equations for these small elements 
are solved, resulting in the generation of a computational 
grid or mesh. Structured and unstructured meshing are the 
two types of volume meshing procedures employed [15]. 
Because the entrance and exit areas have the same section, 
structured hexagonal meshing is employed to mesh them. 
Because the test region is non-uniform due to the existence 
of VGs, unstructured Tetrahedron meshing is applied. The 
size of the elements has a substantial impact on the simula-
tion results; however, in this study, the element size is only 
relevant in the test region because it involves fluid flow and 
heat transfer. Figure 2 depicts the effect of element number 
on average Nusselt number in the test section. When the 
average Nusselt number becomes practically constant with 
the change in grid size, 1420557 was chosen as the grid size. 
The boundary conditions were set to each face once the 
model was created, as seen in Figures 3 and 4.

Governing Equations
In Reynolds averaging, the variable in the Navier–

Stokes equations in notation given below are decomposed 
into mean and fluctuation components similar to velocity 
decomposition [11]

 u  = u  + u   i i i′  (1)

Where ui is the instantaneous fluid velocity, uí is the 
velocity fluctuation, and u–i is the time-averaged value of ui 
at a point. 

To solve the problem, the following assumption are 
made 

•	 Steady state flow 
•	 The properties are constant
•	 Radiation is neglected 

Conservation of mass
Continuity equation characterises the law of conserva-

tion of mass which states that the mass of a steady state sys-
tem will remain constant over time

Figure 5. The boundary conditions.

Table 1. Variables of the work

Variable Values

Blocking Ratio (BR) 0.1-0.2-0.3
VGs Number 1-2-3
Attack angle (θ) 0-30-45
Aspect Ratio (AR) 1-1.5-2

Figure 6. comparison of the present CFD prediction with 
experimental data from Afrawi [12].

Figure 7. Variation of local Nusselt number with blocking 
ratio (BR).
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Figure 8. The contours of turbulence kinetic energy for different blocking ratio (BR).
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as the mass density of fluid is constant the above equa-
tion can be written as:
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Then, the continuity equation is stated as:
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Conservation of momentum 
The principle of conversation of momentum states that: 

if objects collide in the isolated system, the total momen-
tum before and after collision is the same. In other word, 
the lost and gained momentum is the same .The momen-
tum equation is stated as [11] 

Figure 9. Variation of friction factor with blocking ratio.
Figure 10. The variation of enhancement of average Nusselt 
number with blocking ratio.

Figure11. The variation of local Nusselt number with VGs 
number.
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Conservation of energy 
The law of energy conservation states that the total 

amount of energy in isolated system remains constant over 
time [11]. The energy equation can be written as.
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Where λ: is thermal conductivity
A number of models is available to simulate the different 

fluid flows in Fluent. K-ε realizable model is implemented 
in the present simulation. This model is recommended [14] 
for the flows with vortices and rotation such as flow inside 
duct with VGs. 

These Partial differential equations are solved with fol-
lowing boundary conditions as shown in figure 5.

•	 Left face: velocity inlet u = velocity, v = w = 0
•	 Upper and lower face of test section: heat flux q˝
•	 Right face: pressure outlet P = atmospheric pressure.

RESULTS AND DISCUSSIONS

The heat transfer inside a square duct in the presence of 
rectangular VGs is investigated numerically. The numeri-
cal simulation is carried out with the CFD commercial 
 software Ansys Fluent 15. This investigation aims to dem-
onstrate the effect of blocking ratio (BR), VGs number, 
attack angle (θ) and VGs aspect ratio (AR) as in table 1. The 
local convective heat transfer coefficients are estimated on 
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Figure 12. The contours of turbulence kinetic energy (BR = 0.2) for different VGs number.
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the test section. It can be observed that the heat transfer in 
the region near to the entrance of the test section increases 
as the blocking ratio increases. This is due to the turbu-
lence generated by VG and which increases with increase 
of blocking ratio as shown in Figure 8. It can be observed 
that the blocking ratio has a clear influence on friction 
factor as shown in Figure 9. The friction factor is about 
1.5 times of that of smooth duct when the BR is 0.2. The 
increase in friction factor can be explained by the increase 
of fluid retardation as the blocking ratio increases. Figure 
10 shows the enhancement ratio of average Nusselt num-
ber due to the presence of a VG at the entrance of the test 
section. The maximum recorded enhancement could reach 
17% at BR = 0.2.

the upper face of the test section. Average Nusseltnumber is 
then estimated from average heat transfer coefficient. The 
distance (X)  represents the length from the inlet of the test 
section. Figure 6 depicts a comparison of the obtained data 
with experimental data from Afrawi [15].Afrawi correlated 
the heat transfer inside a smooth duct for turbulent flow 
conditions. The comparison reveals that the discrepancy at 
low Reynolds number (Re = 5000) is 35% and decreases to 
reach 6% at Re = 18000. It is concluded that the present 
model is reliable to be used for further predictions. 

Effect of Blocking Ratio (BR)
Figure 7 presents the variation of the local heat transfer 

rate with the blocking ratio of a VG fixed at the entrance of 

Figure 13. The variation of friction factor with VGs  
number (BR = 0.2).

Figure 14. The variation of enhancement of average Nusselt 
number, (BR = 0.2).

Figure 15. The variation of local Nusselt number with attack angle (V = 2 m/s, BR = 0.2, VGs = 3).



J Ther Eng, Vol. 8, No. 1, pp. 1–13, January 2022 9

Figure 16. The contours of turbulence kinetic energy (BR=0.2, VGs=3).
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(BR = 0.2), velocity (V = 2m/s) and VGs number (VGs = 3). 
In the region between X/Lt = 0.025 and X/Lt = 0.2, the 
effect of the attack angle on heat transfer is not clear. This 
significant effect of effect can be observed for X/Lt > 0.2. 
The attack angle has a remarkable effect on of the turbu-
lence of the flow as can be seen in Figure 16. The effect of 
attack angle on the friction factor is shown in Figure 17. 
The friction factor increases with the increase on attack 
angle until = 35°. Then, due to the change of flow around 
the VG from flow on flat surface to more streamlined sur-
face with changing the angle. The enhancement of average 
Nusselt number due to the effect of attack angle is given in 
Figure18 which shows increase by 27%. 

Effect of Aspect Ratio (AR = length/width)
The effect of aspect ratio on local heat transfer can be 

seen in Figure19 for VGs = 2 and blocking ratio, BR = 0.1. 
The local heat transfer is not strongly affected with the 
change of aspect ratio. From Figure 20, it can be observed 
that average Nusselt number is affected adversely with 
aspect ratio. This result can be explained by the change 
in turbulence level given in Figure 21 which shows the 

Effect of VGs Number 
The variation of the local heat transfer and VGs num-

ber is depicted inFigure 11. The results reveal an enhance-
ment of heat transfer with the increase of VGs number until 
certain bounds. This enhancement is due to increased tur-
bulence level. The increase in turbulence level can be seen 
clearly in Figure 12. Also the VGs number has a significant 
effect on the friction factor. As VGs number increases, 
more fluid is obstructed which leads to higher pressure 
drop and higher friction factor as depicted in Figure 13. 
The enhancement of average Nusselt number for different 
VGs number compared to smooth duct is shown in Figure 
14. The enhancement reaches 27% for 3 VGs and BR = 0.2. 
The comparison between the graphs of heat transfer and 
the friction factor shows that the heat transfer increased by 
10% while the friction increased by 30% by adding the third 
VGs. This is an indication that the optimum number of the 
VGs is 2. 

Effect of Attack Angle (Θ)
The effect of the VGs attack angle on the local heat 

transfer is depicted in figure 15 for case of blocking ratio 

Figure 17. Variation of friction factor with attack angle (BR 
= 0.2, VGs = 3).

Figure 18. The variation of enhancement of average Nusselt 
number with attack angle (BR = 0.2, VGs = 3).

Figure 19. The effect of aspect ratio on local Nusselt number 
( BR=0.1, VGs=2). Figure 20. The enhancement of average Nusselt number by 

aspect ratio (BR=0.1, VGs=2).
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Figure 21. The contours of turbulence kinetic energy for different aspect ratio (BR=0.1, 2-VGs)
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contours of turbulence kinetic energy which decreases 
as aspect ratio increases. Due to the increase of the weak 
region effect with larger aspect ratio, the mixed flow region 
goes further down from the VGs which leads to decreas-
ing in heat transfer as shown in Figure 22. This result sup-
ported by the finding from SedatDogru [16]. The aspect 
ratio (AR) has no significant effect on pressure as shown 
in Figure 23.

CONCLUSIONS

This paper numericallyinvestigates the thermal hydrau-
lic performance of a heated square duct with the influence 
of rectangular VGs (Vortex generators) fitted on theduct-
centre line. The Reynolds number was fixed at 5000. The 
tested parameters are the blocking ratio, BR = 0.1, 0.15, 0.2; 
VGs number = 1, 2, 3; attack angle, θ = 0, 30, 45°; and aspect 
ratio, AR = 1-1.5-2. The main conclusions can be summa-
rized as follows : 

1. In general, the VGs have a positive influence on heat 
transfer due to the augmentation in turbulence level. 
The maximum enhancement in average heat trans-
fer could reach 25 %. 

2.  The heat transfer increases with the increase in 
blocking ratio. The heat transfer enhancement for 
one rib and BR=0.2 is 17%. 

3. The number of VGs has a strong effect on heat trans-
fer. The enhancement ranges from 17% for one VG 
to 28 for 3 VGs for BR = 0.2. 

4. The VGs at angle 45° produce the highest heat trans-
fer enhancement due to the strong mixing.

5. The heat transfer seems to decrease with the increase 
of aspect ratio.

6. The pressure drop of all cases increased faster than 
heat transfer . this need to be considered when using 
the vortex generators in any thermal system. 

NOMENCLATURE 

AR aspect ratio
BR blocking ratio
Cp Specific heat at constant pressure (kJ/kg.K)
Dh Hydraulic diameter of the duct (m)
f friction factor
fs friction factor for smooth duct 
Le Entrance region length (m)
Lex Exhaust region length (m)
Lt Test section length (m)
Nuav Average Nusselt number 
Nusav Average Nusselt number for smooth duct 
Nux Local Nusselt number 
P Pressure (Pa)
Re Reynolds number 
T Temperature (K)
u x-component of velocity (m/s)
ui Instantaneous fluid velocity (m/s)
u–i Time-averaged value of ui at a point (m/s)
uí Velocity fluctuation (m/s)
v y-component of velocity (m/s)
w z-component of velocity (m/s)
VGs Vortex generators
X Distance from the entrance of the test section (m)
θ Attack angle (O)
λ Thermal conductivity (W/m.K)
μ Dynamic viscosity (Pa.s)
ρ Density (kg/m3)

Figure 22. The variation of turbulence kinetic energy with 
Aspect ratio (BR = 0.1 , VGs=2).

Figure 23. The effect of VGs aspect ratio on the friction 
factor (BR = 0.1, VGs = 2).
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