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Vortex generators have been used to enhance heat transfer in numerous industries. 
Vortex generators improve flow mixing by destroying the thermal boundary layer, 
which improves heat transfer. This study aimed to improve heat transfer in circular 
channels by installing delta-winglet vortex generators. Accordingly, delta-winglet 
vortex generators with different angles – 90°, 105°, 120°, 135°, and 150° – were 
installed in an in-line arrangement. The k–ω turbulent SST model was applied to 
Reynolds numbers ranging from 4,000 to 12,000, varied at an interval of 2,000. The 
results indicated that a delta-winglet vortex generator with an angle of 90° increased 
heat transfer by 4.05% compared to that with an angle of 150°, while the flow 
resistance also increased by 7.18%. The delta-winglet vortex generator with an angle 
of 90° achieved the highest thermal enhancement factor of 2.55, whereas that with an 
angle of 150° provided the lowest cost–benefit ratio of 0.61. 
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1. Introduction 
 

Heat exchangers with vortex generators (VGs) are increasingly being used in manufacturing owing 
to their ability to effectively increase heat transfer [1–3]. The installation of VGs can reduce operating 
costs and increase efficiency in power plants and central cooling rooms. Owing to the increased 
efficiency of such heat exchangers, they can be designed to be more compact and cheaper [4].  

VGs disturb the thermal boundary layer, forming vortices. These vortices cause turbulent flow, 
which impacts the mixing between hot and cold fluids and increases the heat transfer rate [5–9]. The 
heat transfer rate is also affected by the surface area of the VG. A VG with a wider frontal area 
improves heat transfer in the channel [10, 11]. 

Da Silva et al., [12] evaluated the effects of different VG shapes, using delta winglets (DW) and 
rectangular winglets (RW) oriented at various angles of attack in circular channels. The results 
indicated that RW VGs at an angle of attack of 45° provided the highest increase in heat transfer. 
However, DW VGs at an angle of attack of 30° provided a reasonably small ratio between the heat 
transfer and pressure drop. Further research was conducted by Luo et al., [13], who optimised the 
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wavy fin attached to DW VGs. The corrugation angle on the wavy fin and the angle of attack of the 
DW VGs were varied. The results indicated that DW VGs with a corrugation angle of 20° and an angle 
of attack of 45° were the optimal configuration, as indicated by the high thermo-hydraulic 
performance. In a subsequent study, Ke et al., [14] investigated and compared a common-flow-up 
(CFU) and common-flow-down (CFD) configuration in a rectangular channel. The aim of their study 
was to predict the longitudinal vortex (LV) produced by DW VGs in each configuration. The results 
indicated that the DW VG in the CFU configuration produced higher LVs than the other configurations 
because the vortices produced on the lower channel wall forced the vortices to move towards each 
other, thereby strengthening the LV along the channel. 

Lin et al., [15] investigated the performance of VGs with a curved delta winglet (CDW) shape at 
Reynolds numbers (Re) of 1,100, 1,500, 2,000, 2,500, and 3,000. The results indicated that the CDW 
VGs provided optimal performance at Re = 3,000, with a thermal enhancement factor (TEF) of 1.35 
compared to a plain fin. Luo et al., [16] experimentally investigated heat transfer in a U-duct with DW 
VGs at various angles of attack – 30°, 45°, 60°, and 90°. The results indicated that an angle of attack 
of 45° provided optimal thermal–hydraulic performance, which was characterised by an increase in 
performance by 24% compared to the smooth U-channel. In a subsequent study, Zhao et al., [17] 
built on the research of Luo et al., [16] by varying the spacing and aspect ratios (ARs) of the DW VGs, 
and performed numerical simulations to evaluate their performance. They observed that a spacing 
of 20 mm and an AR of 2 was the optimal design. Perez et al., [18] studied the effects of VG mounting 
by varying the mounting position, angle of attack, temperature changes, and pressure drop. Their 
results indicated that a smaller AR impacts heat transfer. This can be attributed to the wider cross-
sectional area of a VG with a lower AR. Syaiful et al., [19] evaluated the performance of VGs with two 
configurations of convex strips – four convex strips and eight convex strips with tubes. The results 
indicated that eight convex strips produce higher LVs than four convex strips, with a 44% increase in 
the convection coefficient compared to VGs without convex strips. 

Despite this wealth of research, studies on DW VG geometries with different angles are rare. 
Therefore, in this study, we analyse the effect of various angles of DW VGs installed on a flat plate 
positioned in the middle of a circular channel. The Nusselt number characteristics of each 
configuration are used as one of the parameters to identify the heat enhancement effect. 
Furthermore, the flow resistance is measured by considering the friction factor of each configuration 
and the Reynolds number. 

The novelty of this study is emphasised by the numerical studies and variations in the angle of 
the DW VGs, which affect the heat transfer and flow resistance. These parameters have a direct 
impact on the thermal–hydraulic performance and economic value of VGs installed in circular 
channels. Future studies can build on this research by using nanofluids and different VG 
configurations and channel geometries. 
 
2. Model description 
2.1 Physical Model 
 

The numerical study was carried out by modelling three-dimensional fluid flow in a circular 
channel. The various VG geometries were compared at different Reynolds numbers. The VGs were 
placed on a flat plate in the centre of the channel in an in-line configuration, as shown in Figure 1(a); 
the orientation of the VGs on the flat plate is shown in Figure 1(b). The modelling characteristics refer 
to the simulation performed by Tian et al., [20]. In total, 56 pairs of DW VGs were placed on the top 
and bottom surfaces of the flat plate in the circular channel, which had a hydraulic diameter of 47 
mm. The distance between each VG with longitudinal and latitudinal pitch was 30 mm and 20 mm, 



CFD Letters 

Volume 15, Issue 3 (2023) 97-111 

99 
 

respectively. The angle of each VG was varied from 90° to 150° at intervals of 15°, with a set angle of 
attack of 30°, as shown in Figure 2. Details regarding the side sizes of the VGs are shown in Figure 3 
and Table 1. 
 

 
(a) 

 
(b) 

Fig. 1. Geometries of circular channel and flat plate 
with VGs: (a) isometric view of circular channel and 
(b) top view of flat plate 

 

 
Fig. 2. Various angles used for VGs 

 

 
Fig. 3. Dimensions of VGs 
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Table 1 
DW VG side dimensions 

Angle of 
VG (α) 

Side 
(b) 

Side  
(c) 

Side 
(d) 

Side 
(e) 

90° 16 mm 4 mm 4 mm 16.49 mm 
105° 16 mm 4.14 mm 4 mm 17.53 mm 
120° 16 mm 4.62 mm 4 mm 18.74 mm 
135° 16 mm 5.66 mm 4 mm 20.40 mm 
150° 16 mm 8 mm 4 mm 23.27 mm 

 
2.2 Governing Equations 
 

The flow conditions in the channel are assumed to be steady state and incompressible flow. The 
winglets were modelled as baffle walls with the adiabatic condition. The Reynolds number was varied 
from 4,000 to 12,000, which represents turbulent flow. The SIMPLE pressure–velocity coupling and 
the k–ω SST (shear stress transport) model were applied in this study because the Nusselt number of 
the k–ω SST number is close to the result of the Dittus–Boelter correlation. The equations of 
continuity, momentum, energy conservation, and k–ω SST can be expressed as follows. 
 
Continuity equation: 
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Momentum equation in the direction of θ: 
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Momentum equation in the direction of z: 
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Energy conservation equation: 
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Transport equation for k–ω SST: 
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2.3 Parameter Definitions 

 
The main parameters considered in this study are defined as follows. 

 
Reynolds number: 
 

Re =
𝜌uDh

𝜇
              (8) 

 
Nusselt number: 
 

Nu =
hDh

𝜆
              (9) 

 
Friction factor: 
 

f =
ΔPDh

1

2
𝜌u2L

            (10) 

 
where 𝜌, u, Dh, 𝜇, 𝜆, and L are the density, intake airflow velocity, hydraulic diameter, dynamic 
viscosity, thermal conductivity of air, and length of the channel, respectively. 
 
Thermal enhancement factor (TEF): 
 

TEF =

Nu

Nu0

(
f

f0
)

1
3

            (11) 

 
Cost–benefit ratio (CBR): 
 

CBR =
%ΔP

%Nu
            (12) 

 
where the subscript 0 and ΔP are the plane tube (without VG) and pressure drop conditions, 
respectively. 
 
2.4 Boundary Conditions 
 

The thermophysical properties of the air fluid listed in Table 2 and the boundary conditions that 
follow were used to solve the mathematical equations used in this study. 

 
Table 2 
Thermophysical properties of air fluid at 300 K 
Density (kg/m3) Dynamic viscosity (kg/m⸱s) Heat capacity (J/kg⸱K) Thermal conductivity (W/m⸱K) 

1.225 1.789 x 10-5 1006.44 0.0242 
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Inlet: 
 
uz = uz, in;  uθ = uR = 0;  p = pin;  Tin = 300 K       (13) 

 
Outlet: 
 
𝜕u𝑧

𝜕z
= 0; 

𝜕p

𝜕z
= 0; 

𝜕T

𝜕z
= 0         (14) 

 
Wall: 
 
Tw = 500 K           (15) 
 
2.5 Computational Domain 
 

The computational domain consists of an upstream extended region, the test region, and an 
extended downstream region. Before entering the test section, the extended upstream region is used 
to obtain fully developed flow [21, 22]. Subsequently, the air passes through the test section, which 
contains 56 pairs of the DW VGs arranged on the top and bottom surfaces of the flat plate in an in-
line configuration. The surface of the circular channel is subjected to heat induction along the test 
section. The air passes through the extended downstream region, which helps prevent reverse flow 
[21, 22]. The schematic of this computational domain is shown in Figure 4. 
 

 
Fig. 4. Computational domain of the model – three-dimensional view 

 
2.6 Grid Independence Test 
 

A grid independence test was performed to determine the optimum grid for the simulation. The 
aim of this test is to optimise the calculation process of the computational domain [23]. The 
polyhedral mesh type was chosen in this study because it reduces the mesh number and speeds up 
calculations involving complex domain geometries [19]. The mesh size used in the test section area 
was 0.5 mm, as shown in Figure 5. The results of the grid independence test revealed that the optimal 
number of grids at Re = 12,000 considering the DW VG geometry with an angle of 150° is 1.8 million, 
as shown in Figure 6. 
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Fig. 5. Polyhedral mesh of the computational grid 

 

 

Fig. 6. Relationship between Nusselt number 
and friction factor and the number of grid cells 

 
3. Numerical Methods and Validation 

 
The SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm was employed to 

solve the pressure–velocity coupling problem. The second-order upwind scheme was used to 
discretise the pressure, momentum, and energy equations considering turbulent flow. The k–ω SST 
(Shear Stress Transport) turbulent model was modelled with the criteria of convergence of continuity 
equations, velocity (X-, Y-, and Z-axes), k, omega < 10−5, and energy < 10−8.  

The validation process made use of two parameters – the Nusselt number and the friction factor 
– considering the flow conditions with and without VGs. The Dittus–Boelter correlation for the 
Nusselt number and the Blasius correlation for the friction factor were applied in the plane tube 
condition (without VGs), as shown in Figure 7. A previous study by Tian et al., [20] was used to 
compare the geometry of the circular channel with the air fluid between the DW VGs for validation 
of the second condition (with VGs), as shown in Figure 8. Both methods indicated that the two 
parameters have similar trends, with error deviations of 3.58% and 7.12% under each condition. 
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Fig. 7. Validation comparing plane tubes 

 

 
Fig. 8. Validation of Nu and f values by comparing 
with values obtained by Tian et al., [18] 

 
4. Result and Discussion 
4.1 Flow Structures 
 

Figure 9 shows the velocity vectors in the YZ plane at X = 900 mm and Re = 12,000 from the inlet 
of the test section for DW VGs with angles of 90°, 105°, 120°, 135°, and 150°. As shown, the velocity 
vector plots have common features. Four main vortices of almost the same size are visible in each 
case. However, the tangential velocity varies with the DW VG angle. The DW VGs with an angle of 90° 
produce the highest tangential velocity strength; the others, in decreasing order, are the DW VGs 
with angles of 105°, 120°, 135°, and 150°. This is because installing the DW VGs at an angle of 90° 
produces a stronger main vortex resulting from the downstream fluid flow above the DW VGs. The 
90° DW VG can also generate turbulence to increase heat transfer [24]. The 150° DW VG produces 
the worst LV, as indicated by the low tangential velocity, as the VG length is considerably more than 
that of the 90° DW VG configuration. 
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(a) (b) 

  
(c) (d) 

  
(e)  

Fig. 9. Velocity vectors in the YZ plane at X = 900 mm for DW VGs with angles of: (a) 90°, 
(b) 105°, (c) 120°, (d) 135°, and (e) 150° 

 
4.2 Heat Transfer and Temperature Distribution 
 

Figure 10 shows the variation in the Nusselt number with the Reynolds number at different DW 
VG angles. In general, the results suggest that the higher the Reynolds number, the higher the heat 
transfer, as indicated by the increase in the Nusselt number. Furthermore, the lower the DW VG 
angle, the higher the heat transfer. For example, at Re = 4,000, the heat transfer from the DW VG 
decreases by 0.94%, 1.65%, 2.56%, and 4.05% for angles of 105°, 120°, 135°, and 150°, respectively, 
compared to that with an angle of 90°. This is supported by previous research by Awais and Bhuiyan 
[25], who stated that a higher Reynolds number affects the amount of heat transfer. Notably, at Re 
= 6,000 the increase in heat transfer is higher than that at the other Reynolds numbers. Considering 
only the Nusselt number, this Reynolds number appears to be optimal. 
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Fig. 10. Variation in Nusselt number with 
Reynolds number at different DW VG angles 

 
Temperature contours depicting the variation in heat transfer are shown in Figure 11. The plots 

are in the YZ plane at X = 150 mm, 300 mm, 450 mm, 600 mm, 750 mm, and 900 mm, and Re = 
12,000. As shown in Figure 11 (a), the 90° DW VG provides effective fluid mixing compared to the 
other DW VGs. This is depicted by the even colour of the temperature contour, which indicates that 
hot and cold fluids mix and increase heat transfer in the channel [7, 25]. In contrast, as shown in 
Figure 11 (e), the temperature contour of the 150° DW VG appears more varied; this is also reflected 
in Figure 9 (e), which has the lowest tangential velocity compared to the other DW VGs. 

 

  
(a) (b) 

  
(c) (d) 

  
(e)  

Fig. 11. Temperature contours in YZ planes for DW VGs with angles of: (a) 90°, (b) 105°, (c) 120°, 
(d) 135°, and (e) 150° 
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4.3 Flow Resistance and Pressure Drop 
 

Figure 12 shows the variation in the friction factor with the Reynolds number, considering 
different DW VG angles. In general, the results suggest that the higher the Reynolds number, the 
lower the flow resistance in the channel, as indicated by the decrease in the friction factor. The 90° 
DW VG had the highest flow resistance compared to the other DW VGs. For example, at Re = 12,000, 
compared to the 90° DW VG, the friction factor decreased by 1.78%, 3.49%, 5.03%, and 7.18% for 
DW VGs with angles of 105°, 120°, 135°, and 150°, respectively. 
 

 
Fig. 12. Variation in friction factor with 
Reynolds number at different DW VG 
angles 

 
Figure 13 shows the pressure contours of different DW VGs at Re = 12,000. The 90° DW VG 

appears to have the highest pressure drop. This reflects the temperature contour shown in Figure 11 
(a), as an increase in heat transfer can lead to a high pressure drop along the flow [26, 27]. This 
confirms that the LV produced by the DW VGs is highest at an angle of 90°, which is corroborated by 
the velocity vectors shown in Figure 9 (a) which have the highest velocity. At other DW VG angles, 
the pressure drop decreases, as does the heat transfer. 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 
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Fig. 13. Pressure contours along the ZX plane at Y = 1.5 mm considering DW VGs with angles 
of: (a) 90°, (b) 105°, (c) 120°, (d) 135°, and (e) 150° 

 
4.4 Thermal–Hydraulic Performance 
 

The TEF was used to evaluate the thermal–hydraulic performance of the installed DW VGs with 
different angles. The TEF was determined by comparing the ratios of the Nusselt number and the 
friction factor [28, 29]. If the Nusselt number ratio exceeds the friction factor ratio, the TEF value 
tends to be higher. Figure 14 shows the variation in the TEF with the Reynolds number for DW VGs 
with angles of 90°, 105°, 120°, 135°, and 150°. Overall, the TEF tends to decrease in all cases owing 
to the higher flow resistance compared to the heat transfer along the direction of flow. The DW VG 
with an angle of 90° had a mean value of 0.83% TEF, which was the highest TEF value. The TEF value 
of the DW VG with an angle of 150° was the least at all Reynolds numbers. 
 

 
Fig. 14. Variation in TEF with Reynolds number at different DW VG angles 

 
4.5 Economic Value 
 

The CBR was used to analyse the economic value of the increase in heat transfer in this study. 
The CBR compares the percentage increase in the pressure drop with the percentage increase in the 
Nusselt number considering the different DW VG configurations. A low CBR provides better thermal 
performance than the drag force [20]. As shown in Figure 15, the DW VG with an angle of 150° had 
the lowest CBR. On average, the DW VG with an angle of 150° had a 7.18% lower CBR than that with 
an angle of 90°. This is primarily because the percentage increase in the Nusselt number is higher 
than the pressure drop in the DW VG with an angle of 150°. 
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Fig. 15. Variation in CBR with Reynolds number at different DW VG angles 

 
5. Conclusion 

 
This study aimed to enhance the heat transfer and decrease the flow resistance in circular 

channels fitted with VG flat plates. Five different DW VG angles – 90°, 105°, 120°, 135°, and 150° – 
were used in this study, and the Reynolds number was varied between 4,000 and 12,000, at intervals 
of 2,000. The results of this study can be summarised as follows:  

i. The LV produced by the 90° DW VG at Re = 12,000 was characterised by the most uniform 
mixing of hot and cold fluids along the spanwise cross-section of the flow. 

ii. The installation of a 90° DW VG increases heat transfer but leads to a high flow pressure 
drop compared to the 150° DW VG; the heat transfer and friction factor are 84.33 and 
0.089, respectively. 

iii. The best thermohydraulic performance (TEF) was obtained with the 90° DW VG (TEF = 
1.64%). Furthermore, the economic value calculated using the CBR was 11.8%, which is 
the highest of all the configurations considered in this study. 
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