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Flow and heat transfer characteristics of NACA vortex generator with curved-
divergent walls are numerically studied and the corresponding heat transfer 
enhancement mechanism is also analyzed by local streamlines, velocity vector 
diagram and velocity contour diagram. The variation of vortices at different 
positions along the flow direction is also illustrated. The impacts of the width, W, 
and height, H, on the heat transfer as well as pressure loss are investigated with 
Reynolds number ranging from 3602 to 9004. Additionally, both Nusselt number 
and Δp are considered when evaluating the comprehensive performance. The 
results show that as the width and height increase, the average Nusselt number 
and Δp increase as well. Compared with the channel without the NACA vortex 
generator, the average Nusselt number and Δp increased by about 7.3% and 
about 3.6%, respectively, by W = 30 mm; the average Nusselt number and Δp 
increased by about 7.6% and about 4.5%, respectively, by H = 10 mm. The 
variation of comprehensive performance shows an opposite trend. The η obtained 
the largest value of about 1.042 and 1.04 in the case of W = 10 mm and H = 4 
mm, respectively. Additionally, the variation of the local Nusselt number is 
similar to that of the Y-vorticity.  
Key words: NACA vortex generator, pressure los, heat transfer, comprehensive 

performance 

Introduction 

In the field of heat exchangers research, it is becoming increasingly important to 
improve heat transfer performance as much as possible with minimum pressure loss. As a 
kind of passive heat transfer enhancement device, the vortex generators (VG) have been 
widely used to reduce the air-side thermal resistance. The vortices will be generated as the 
fluid-flows through the VG, which will increase the turbulence of the fluid and destroy the 
thermal boundary-layer near the wall, thus enhancing the heat transfer ability [1]. Figure 1 
shows several types of VG. 

The VG are small aerodynamic devices that are commonly used to improve the 
performance of aircraft, wind turbines, and other structures that interact with fluid-flow. 
They are designed to manipulate the air-flow around these structures and achieve specific 
goals, such as increasing lift, reducing drag, or improving stability [2]. Since then, 
–––––––––––––– 
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researchers have conducted many experimental investigations and numerical simulations on 
heat transfer and pressure loss of winglet VG. The effects of arc-shaped and straight delta-
winglet VG on the characteristics of finned tube heat exchangers are investigated by Su et 
al. [3]. As the Reynolds number changes from 500 to 5000, both VG can improve the heat 
transfer ability. As well, the straight delta-winglet has a slightly stronger enhancement effect 
than an arc-shaped one, but it has a higher pressure loss. For delta-winglet and rectangular-
winglet configurations, Silvia et al. [4] analyzed the comprehensive characteristics of heat 
transfer and flow. When the angle of attack is 45°, both VG exhibit the best heat transfer 
performance, but the rectangular-winglet VG is more pronounced. Song et al. [5] claimed 
that the delta-winglet with a concave curved shape is helpful to improve heat transfer 
performance, while the delta-winglet with a convex curved shape has the reverse impact. 
The thermal characteristics of the wavy finned tube heat exchanger with a staggered 
concave curved VG are investigated by Hu et al. [6]. The VG can produce longitudinal 
vortices and improve heat transfer by 30.4%. In addition, the influence of the pair roll angle 
of the rectangular winglet on the distribution of local Nusselt number was also studied by 
Khanjian et al. [7]. Geometric optimization of VG still has great potential for improving 
heat transfer. The genetic algorithms are used to optimize the geometry of VG by Moreno et 
al. [8], and the positions and angles of the winglet-type VG are also optimized by RSM and 
DOM by Leandro et al. [9]. 

Although the winglet VG can increase the local Nusselt number, their pressure loss 
is large. This is not very desirable. Some researchers have studied the performance of 
cylindrical VG (such as cylinder, elliptic cylinder, oblique-cut cylinders, etc.). Esmaeilzadeh 
et al. [10] numerically deliberated that trapezoidal winglet pair (TWP) has a higher pressure 
loss and a worse overall performance compared to curved (TWP) (CTWP). According to their 
findings, CTWP outperforms TWP in terms of overall performance and pressure loss. 

Figure 1. Geometry of common VG; (a) straight delta-winglet and arc-shaped VG [3],  
(b) delta-winglet and rectangular-winglet VG [4], (c) plane VG, concave VG, and convex VG [5],  
(d) staggered curved VG [6], (e) rectangular winglet [7], and (f) simple trapezoidal VG and curved 
trapezoidal VG [11] 

In summary, there are many studies on heat transfer enhancement using VG, most of 
which are winglet or cylindrical type. However, according to our previous investigations [12], 
very little research has been published on the newly designed NACA vortex generator (NVG). 
The main idea of this study is to predict the flow and heat tansfer characteristics in the range 
of Reynolds number from 3602 to 9004 using the verified CFD scheme. The mechanism of 
heat transfer enhancement is analyzed by the velocity streamlines and vorticity distribution 
contours. The effects of width and height on its performance are also discussed. 
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Computational models 

Figure 2 illustrates the computational models of the rectangular channel with the 
NVG. The test section is 1000 mm × 200 mm × 50 mm, fig. 2(a). In consideration of the 
complete turbulence in the test section and to avoid backflow, two extended sections are 
added. The NVG is placed in the center of the bottom surface. Utilized is a curved-divergent 
wall, fig. 2(b), and the co-ordinates of control points are shown in [13]. The NVG is 
characterized by height, H, fig. 2(c), length, L, and width, W. The parameters and values of 
the NVG for numerical simulations are shown in tab. 1. The initial parameters are H = 6 mm, 
W = 30 mm, and L = 100 mm.  

Figure 2. The schematic views of the rectangular channel with NVG: (a) computational domain and 
(b) the details of the W, L, and H 

Table 1. Parameters and values of NVG 

L [mm] W [mm] H [mm] 

100 30 6 

100 10, 20, 25, 30 6 

100 30 4, 6, 8, 10 

Numerical method 

Governing equation 

The air in the rectangular channel is regarded as incompressible fluid and in a 
completely turbulent state. Governing equations are written as follows [14]: 

Continuity equation 
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where u is the velocity and ρ – the density. 
Momentum equation 
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where μ is the dynamic viscosity, p – the pressure, and μt – the turbulent viscosity. 
Energy equation 
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where Pr – is the Prandtl number and T – the temperature. 
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The numerical simulation is carried out by the commercial software FLUENT. The 
second-order upwind scheme and the coupled algorithm are chosen. The residuals of the 
equations are controlled at 10-6. The validated turbulence model of k-ε will be used [15]. 

Mesh 

 As shown in fig. 3(a), a polyhedral grid is used in the computational domain. To 
balance the calculation accuracy and computational efficiency, the grid near the NVG is as 

dense as possible, while the grid is relatively 
sparse in other areas. Considering that the 
turbulent viscosity of the fluid close to the wall 
is much smaller than the molecular viscosity, 
and the vortex structure near the NVG should 
be observed, the computational grids close to 
the wall are processed by the wall function. The 
prism grids are shown in fig. 3(b). The growth 
rate is 1.2, the number of prism layers is 10, the 
total boundary-layer thickness is 1 · 10–3 m, and 
the number of cells are about 1000000. 

Boundary conditions 

The type of fluid is air, its working temperature is 318 K, density is 1.1105 kg/m3, 
viscosity coefficient is 17.455 · 10–6 m2/s and Prandtl number is 0.6985. The inlet velocity is 
0.431 m/s, 0.539 m/s, 0.647 m/s, 0.862 m/s, 0.970 m/s, 1.078 m/s. The corresponding 
Reynolds number is 3602, 4502, 5402, 6303, 8104, and 9004, respectively. The pressure of 
the outlet is 1 atmosphere. The temperature of the bottom wall is 343 K, and the other walls 
are set up as adiabatic wall. To eliminate the influence of heat conduction on the temperature 
field and flow field, the surface of the NVG is also set as an adiabatic wall. In addition, all the 
walls of the rectangular channel and the NVG surface are set as non-slip walls. 

Dimensionless parameter 

The formula for calculating pressure loss is [16]: 

test-in test-outp p p∆ = − (4) 

where subscript test-in and test-out represent the inlet and outlet of test, respectively, and p is 
the area-averaged total pressure. 

Although the VG can enhance heat transfer, this process is often accompanied by a 
large pressure loss. Therefore, it is not comprehensive to just consider the heat transfer 
enhancement and ignore the pressure loss increase. A comprehensive criterion is used, whose 
definition [17] is: 
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where h is the heat transfer coefficient and subscript 0 represents the smooth rectangular 
channel (without NVG). 

 
Figure 3. Grid system; (a) grids of the 
computational domain and (b) prism grids close 
to the NVG 
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Grid refinement tests 

To ensure that the results are independent of the grid number, grid refinement tests 
are carried out. The results are shown in tab. 2. The Nusselt number only changes by 1% as 
the grids number increase from 1000000 to 1200000. In order to keep a balance between the 
computational efficiency and accuracy, the grid system of 1000000 cells is chosen for the grid 
independence validation. 

Table 2. Grid refinement tests (Re = 9,004) 

Number of cells Nusselt number Number of cells Nusselt number 

800000 34.64 1000000 36.11 

900000 35.52 1200000 36.54 

Numerical method validation 

The numerical results of the smooth rectangular channel were compared with those 
of Gnielikski's correlation [18] for Nusselt number to validate the numerical method: 
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where f is the Darcy drag factor, f = (1.82lgRe-1.64)–2, d and l are the equivalent diameter and 
length of the flow channel, respectively, and ct – the temperature difference correction factor. 

The comparison between the numerical 
simulation results and the results calculated by 
the empirical correlation as shown in fig. 4. It is 
obvious that the results obtained by numerical 
simulations are consistent with those obtained 
by empirical correlation. The average error of 
Nusselt number and f is about 8.4% and 9.2%, 
respectively. The calculation error or 
uncertainty caused by the use of the 
experimental correlation is often more than 
±20%, or even higher [19]. So, the numerical 
method is considered reliable. 

Results and discussion 

Flow field structure 

This part mainly discusses the impacts of NVG on the flow field structure in the 
rectangular channel. Figure 5 shows the velocity streamlines near the NVG at Re = 9004. A 
pair of vortices with the rotation axis parallel to the mainstream direction is generated from 
the side walls of the NVG. The boundary-layer will be captured by the vortices. The 

Figure 4. Comparision of numerical simulation 
and empirical correlation 
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continuous separation of the shear layer on the side walls leads to more gas being sucked 
into the vortex structure, which will reduce the vortex intensity. Therefore, the vortices are 
captured by increasing the height of the NVG’s sidewalls. These vortices sweep towards or 
away from the bottom surface and move downstream, destroying the boundary-layer near 
the wall, strengthening the turbulence, and finally enhancing the heat transfer performance 
of the rectangle channel. 

Figure 5. Velocity streamlines near the NVG  

Furthermore, the distribution of X-vorticity and Y-vorticity on the bottom surface 
along the y-axis at three different positions in the freestream direction is shown in fig. 6. As 
shown in fig. 6(a), a pair of symmetrical vortices of equal size and opposite directions is 
generated in the flow field, which is consistent with the velocity streamlines diagram in fig. 6. 
The vortices are especially significant at x = 0.35 m, while it is very small before the NVG. At 
the back position far away from the NVG, the intensity of the vortices decrease gradually. As 
shown in fig. 6(b), in front of the NVG, the intensity of the transverse vortex is strong. At the 
back position of the NVG, the Y-vorticity has a step change. The Y-vorticity is small near the 
inner wall of the NVG and large near the center. Comparing fig. 6(a) with fig. 6(b), the 
intensity of the Y-vorticity is significantly greater than that of the X-vorticity. The vortices 
induced by the NVG will affect the distribution of the local Nu in the rectangular channel. 

Figure 6. Distribution of vorticity along the y-axis; (a) X-vorticity and (b) Y-vorticity 
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Figure 7 shows the distribution 
contours of X-vorticity and Y-vorticity at 
three different planes. The distribution 
pattern is consistent with fig. 7. 

Influence of geometric  
parameters on the performance 

Effects of W 

Figure 8 shows the variation of the 
proportion of average Nusselt number in 
the presence and absence of the NVG and 
local Nusselt number at x = 0.4 m along 
the y-direction at Re = 9004 with four dif-
ferent W. As shown in fig. 8(a), the 
Nu/Nu0 shows a consistent trend for NVG 
with different widths, decreasing continu-
ously as the Reynolds number increase. At 
low Reynolds number, the effect of NVG 
is larger than that at high Reynolds num-
ber. On the other hand, the ratio of 
Nu/Nu0 increases regularly with the incre-
ase of W. It shows that the increase of W 
can enhance the heat transfer of the rec-
tangular channel. This can be explaned by 
fig. 8(b). It is observed that the change of 
the local Nusselt number along the y-di-
rection is similar to the distribution of the 
Y-vorticity. At the position of y = 0 m, the 
vortex intensity is strong, so the average 
Nusselt number is also large. With the 
increase of W, it becomes more and more 
obvious. In addition, the vortices develop 
in a relatively wide range towards the 
downstream region. Thus, the increase of 
W leads to a gradual increase in the ave-
rage Nusselt number of the whole channel. 

It is worth noting that, besides the 
peak, two troughs also appear near the si-
de walls of the NVG. With the increase of 
W, the amplitude of the trough increases, 
and the heat transfer here gradually 
deteriorates. The generation of flow 
stagnation zones near the side walls is the 
primary reason for this phenomenon. As a 
result, the velocity is small and the 
turbulence intensity is weak here.  

Figure 7. Vorticity distribution contours on different 
planes: (Ⅰ) X-vorticity and (Ⅱ) Y-vorticity;  
(a) x = 0.15 m, (b) x = 0.35 m, and (c) x = 0.4 m  
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Figure 9 shows the variation of Δp/Δp0 and η/η0 in the presence and absence of the 
NVG with four different W. It can be seen from fig. 9(a) that with the increase of the Reynolds 
number, Δp/Δp0 increases first and then decreases. At high Reynolds number, the velocity in the 
rectangular channel is correspondingly larger, so the pressure loss is also larger. The higher the 
Reynolds number, the smaller the additional pressure loss resulting from the NVG. With the in-
crease of NVG’s width, the pressure loss increases gradually. The NVG with a width of 10 mm 
obtains the smallest pressure loss, while the one with a width of 30 mm obtains the largest pres-
sure loss. As shown in fig. 9(b), as the W decreases, the η increases, indicating that not only the 
heat transfer is enhanced, but also there is only a slight increase in pressure loss. Additionally, 
the heat transfer is not only dependent on W but also negatively related to Reynolds number. The 
largest η value of 1.042 is obtained by Re = 3602 and W = 10 mm in this case. 

Figure 8. Effect of different W; (a) Nu/Nu0 and (b) local Nusselt number along the y-axis at Re = 9004 

Figure 9. Effect of different W; (a) Δp/Δp0 and (b) η/η0: 1 – H = 6 mm, W = 10 mm, L = 100 mm,  
2 – H = 6 mm, W = 20 mm, L = 100 mm, 3 – H = 6 mm, W = 25 mm, L = 100 mm, and 4 – H = 6 mm, 
W = 30 mm, L = 100 mm

Effects of H 

Figure 10 shows the variation of the proportion of average Nusselt number in the 
presence and absence of the NVG with four different H. It can be found that Nu/Nu0 
decreases as the Reynolds number increases. The maximum reduction is 2.8% in the Reynolds 
number range studied. With the increase of H, the average Nusselt number increases, which 
indicates that the increase of H can enhance the heat transfer in the rectangular channel. This 
can be explained by fig. 11. 
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Figure 11 shows the proportion of the 
local Nusselt number along the y-axis at 
three positions at Re = 9004. The three 
positions are x = 0.15 m (before the NVG), 
x = 0.35 m and x = 0.4 m (after the NVG). 
It can be seen from fig. 11(a), that before 
the NVG, the local Nusselt number is 
unchanged, and the NVG have little impact 
on the heat transfer at this position. As 
shown in figs. 11(b) and 11(c), after the 
NVG, the local Nusselt number is 
significantly enhanced, but its magnitude 
decreases as the distance increases. In 
addition, the local Nusselt number is the 
largest at the center of the channel. The 
reason is that the vortex intensity at the 
center of the channel is the largest. This is 
most obvious in the case of H = 10 mm. 
Compared with fig. 6, the local Nusselt number is larger at the position with larger vortices. The 
angle between the velocity vector near the wall and the temperature gradient is very small, so 
the local heat transfer at these positions is strong [20]. This can also be illustrated by fig. 12. 
Figure 12 shows the distribution of velocity on the Z = 0.002 m plane at different H. The local 
Nusselt number distribution in fig. 11 is consistent with the velocity distribution in fig. 12. 

Figure 11. Variation of local Nusselt number along 
the y-axis: (a) x = 0.15 m, 

(b) x = 0.35 m, and (c) x = 0.4 m 
 

Figure 10. Effect of different H on Nu/Nu0: 
1 – H = 4 mm, W = 30 mm, L = 100 mm, 2 – H = 6 mm, 
W = 30 mm, L = 100 mm, 3 – H = 8 mm, W = 30 mm,  
L = 100 mm, and 4 – H = 10 mm, W = 30 mm, L = 100 
mm 
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Figure 12. Velocity distribution on the Z = 0.002 m plane at different H; 
(a) H = 4 mm, (b) H = 6 mm, (c) H = 8 mm, and (d) H = 10 mm  

Figure 13 shows the variation of Δp/Δp0 and η/η0 in the presence and absence of the 
NVG with four different H. As can be seen from fig. 13(a), the pressure loss increases 
gradually with the increase of H. The largest and smallest pressure loss is obtained by H = 10 
mm and H = 4 mm, respectively. As can be seen from fig. 13(b), the smaller the H, the larger 
the η. The largest η value of 1.04 is obtained by Re = 3602 and H = 4 mm in this case. 

Figure 13. Impact of different H; (a) Δp/Δp0 and (b) η/η0: 1 – H = 4 mm, W = 30 mm, L = 100 mm,  
2 – H = 6 mm, W = 30 mm, L = 100 mm, 3 – H = 8 mm, W = 30 mm, L = 100 mm, and 4 – H = 10 mm, 
W = 30 mm, L = 100 mm 

Conclusions 

Characteristics of the flow and heat transfer of the NVG in the rectangular channel 
were studied numerically. The distribution of the vortices is investigated. The impacts of the 
W (10 mm, 20 mm, 25 mm, and 30 mm) and H (4 mm, 6 mm, 8 mm, and 10 mm) of the NVG 
on the pressure loss, heat transfer, and comprehensive performance were investigated. The 
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influence of Reynolds number (range from 3602 to 9004) is also studied. The results are 
concluded as follows: 

Improved heat transfer can be obtained due to the use of NVG, which is more 
pronounced at low Reynolds number. 
– The local average Nusselt number can be improved significantly due to the vortices

induced by the NVG. The variation of the local Nusselt number is similar to that of the Y-
vorticity.

– With the increase of W and H, the average Nusselt number and the pressure loss increase
gradually. The average Nusselt number increases by about 7.3%, and the pressure loss
increases by about 3.6% by H = 6 mm, W = 30 mm, and L = 100 mm at Re = 3602. The
average Nusselt number increases by about 7.6%, and the pressure loss increases by about
4.5% by H = 10 mm, W = 30 mm, and L = 100 mm at Re = 3602.

– The variation of comprehensive performance is the opposite. High comprehensive
performance can be obtained by W = 10 mm and H = 4 mm at Re = 3602, respectively.

Nomenclature 
A – heat transfer area, [m2] 
Cp – specific heat 
d – characteristic length, [m] 
f – Darcy drag factor
h – convective heat transfer factor, 

(= Q/A/ΔT) [Wm–2K–1] 
H – height of NVG, [mm] 
L – length of NVG, [mm] 
p – pressure, [Pa] 
Pr – Prandtl number(= Cpμ/λ) 
Q – heat transfer rate, [W] 
Re – Reynolds number(= ρud/μ) 
T – temperature, [K] 
Twall – temperature of the wall, [K] 
u – velocity, [m/s] 
W – width of NVG, [mm] 
Δp – total pressure loss, [Pa] 
Greek symbols 

η – comprehensive criterion 

λ – thermal conductivity, [Wm–1K–1] 
μ – dynamic viscosity, [Pas] 
μt – turbulent viscosity, [Pas] 
ρ – density, [kgm-³] 
Subscripts 

0 – smooth rectangular channel
test_in – the inlet of test section 
test_out – the outlet of test section 

Acronyms 

NVG – NACA vortex generator 
VG – vortex generator
TWP – trapezoidal winglet pair 
CTWP  – curved trapezoidal winglet pair 
NACA – National Advisory Committee for 

Aeronautics 
RMS – response surface methodology 
DOM – direct optimization method 
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