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Abstract: The generation of longitudinal vortices is an effective method for promoting thermal
performance with a relative low-pressure penalty in heat exchangers. The winglet pair can
generate symmetrical longitudinal vortices on the cross-section of the channel. The heat transfer
and pressure-loss characteristics of a pair of winglet vortex generators with different transverse
pitches are numerically studied in this paper. The winglet pair arranged in a common flow up
configuration generates a pair of symmetrical longitudinal main vortices with counter-rotating
directions. The symmetrical flow structure induces fluid to flow from the bottom towards the top of
the channel in the common flow region between the longitudinal vortices. The flow symmetry of the
longitudinal vortices and the heat transfer performance are strongly affected by the transverse pitch
of the winglet pair owing to the interaction between the longitudinal vortices. The optimal transverse
pitch of the studied winglet pair with the best thermal performance is reported. The increments in
the vortex intensity and the Nusselt number for the optimal pitch are increased by up to 21.4% and
29.2%, respectively.
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1. Introduction

Heat exchangers are extensively applied in the chemical, engine, petroleum, power, and food
industries. The thermal resistance in a heat exchanger is mainly dominated by the gas side [1].
The generation of longitudinal vortices by vortex generators (VG) is an effective method for enhancing
the gas-side performance with relatively low-pressure loss and has received extensive attention in
the field of heat exchange [2–11]. Several parameters, including VG geometry, attack angle, and
channel spacing, can influence the thermal performance. Wu and Tao [12] reported that the best heat
transfer performance of the studied channel with VG was obtained when the attack angle was equal to
45 degrees. Min et al. [13] developed an improved rectangular VG by cutting all of the corners of the
normal VG. Their experimental results showed that the new VG has higher heat transfer performance
than the reference VG. Tian et al. [14] compared the thermal performance between the winglet pairs
arranged in both CFU and CFD configurations and fond that the increment of Nu of CFU is higher
than that of CFD. Wu and Tao [15] also numerically studied a two-row tube-fin heat exchanger with
the VGs arranged in pairs in a common flow up (CFU) or common flow down (CFD) configuration.
The results showed that better heat transfer performance and lower pressure loss can be obtained by
the optimization of the VG location, size and attack angle. Li et at. [16] experimentally studied a fin
with radiantly arranged VGs and showed that the fin with the radiantly-arranged VGs had a better
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comprehensive performance than the studied wavy fin. Naik and Tiwari [17] studied the location of
VGs in the CFD configuration and reported that heat transfer is the highest for the VGs located in the
adjacent region.

Song et al. [18] studied curved VGs with different baseline lengths and locations. The experimental
results showed that a curved VG with a large size is beneficial for heat transfer when the Reynolds
number is large, and a small VG is conducive to heat transfer improvement for a small Reynolds
number. The results for the thermal–hydraulic performance of curved concave and convex VGs with
different center angles and attack angles are presented in [19]. The curved concave VG has better
thermal performance than the normal plane VG, and an optimal center angle exists with the highest
thermal performance. Meanwhile, the curved convex VG has lower thermal performance compared
with the plane VG. Lu and Zhai [20] also reported the heat transfer performance of curved VGs.
Better performance was attained with three VGs located at certain horizontal and vertical distances.
Han et al. [21] numerically compared the performance of the planar and curved arc VGs and found
that a curved VG can introduce more fluid into the zone behind the tube and has better performance.
Lu and Zhai [22] studied the performance of tear-drop VGs arranged in a CFU configuration. They
found that tear-drop VGs can enhance the heat transfer with a negligible increase in the pressure drop.
Sarangi and Mishra [23] studied the location of the VGs in the common flow up configuration and
found that the placement of the VGs near the central tube was effective for heat transfer enhancement.

Studies of the interaction characteristics between the vortices have rarely been reported in the
literature. Song et al. [24–26] proposed a dimensionless parameter Se to quantify the secondary
flow intensity. The characteristics of the interactions between the two counter-rotating vortices were
quantitatively analyzed using Se in [25]. Quantitative studies of vortex intensity indicate that the
value of Se in the heat-exchanger channel determines the heat transfer intensity [26], and the optimal
VG configuration with the highest thermal performance can be attained by considering the vortex
interaction [27–29].

The above review shows that despite an enormous amount of research about the application of
VGs, the vortex interaction and reasonable transverse pitch of a pair of winglet VGs arranged in CFU
configuration have not been reported. The flow field in the channel with a pair of winglet VGs has
perfect symmetry. The flow symmetry of the longitudinal vortices and the heat transfer performance
are clearly affected by the transverse pitch of the winglets owing to the interaction between the
longitudinal vortices. In this work, the symmetrical flow structure and the vortex intensity of a pair of
winglet VGs arranged in common flow up configuration was studied with different transverse pitches.
An optimal transverse pitch with the highest performance is presented by considering the interaction
of the longitudinal vortices. The results can contribute to the design and optimization process of the
heat exchangers.

2. Physical Model, Methods and Formulations

The studied model is schematically presented in Figure 1. Two parallel fins form a flow channel
with a pair of delta winglet VGs arranged on the lower fin. The attack angle of the winglet VGs is fixed
at θ = 35◦. The winglet height is H = 1.4 mm, and the baseline equals 2H. The net height of the channel
is tp = 2 mm. The channel width and length are B = 10H and L = 31.5H, respectively. The winglet
vortex generators are arranged in CFU configuration with a transverse pitch of c and a distance of
D = 10 mm from the inlet. The studied transverse pitches are named c1-c7 with c/(2Hsinθ) ratios equal
to 3.0, 2.5, 2.0, 1.5, 1.0, 0.5 and 0.0, respectively.
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Figure 1. Physical model and arrangement of winglet VGs. (a) physical model, (b) front view, (c) top
view, (d) side view, (e) cross sections.

The compact forms of the governing equations for viscous incompressible air in steady and
laminar developing flow without considering the volume force and viscous dissipation are summarized
as follows:

∂
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The boundary conditions of the studied model in Figure 1 are given by the follow equations.
At the inlet:

uin(x, y, z) = u0, vin(x, y, z) = 0, win(x, y, z) = 0, Tin(x, y, z) = T0 (4)

At the outlet:

∂
∂x

uout(x, y, z) = 0,
∂
∂x

vout(x, y, z) = 0,
∂
∂x

wout(x, y, z) = 0,
∂
∂x

Tout(x, y, z) = 0 (5)

At the solid surfaces:

u(x, y, z) = 0, v(x, y, z) = 0, w(x, y, z) = 0, T = Tw (6)

The fin spacing is selected as the hydraulic diameter, dh = tp. The parameters are as follows:

Re =
ρ.um.dh

µ
(7)

f =
∆pdh

(Lρu2
m/2)

(8)
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Nu = −
dh

Tw − Ts(x)
∂T
∂n

(9)

Here, Ts(x) is area-averaged temperature on cross-section:

Ts(x) =

∫
A u(x, y, z)T(x, y, z)dA∫

A u(x, y, z)dA
(10)

The secondary flow intensity is given by [24–26]:

Se =
ρdhUs
µ

(11)

The secondary flow characteristic velocity is given by:

Us = dh|ωn | (12)

where ωn is the vortex flux along the main flow direction.
The above governing equations were discretized by the finite control volume method with the

second-order central difference scheme and solved by the code written by FORTRAN. The velocity
and pressure are coupled using the SIMPLE algorithm [1]. The interaction of the governing equations
first runs for a thousand steps and then convergence is judged with a residual of 10−6 for the equations
when the relative errors of Nu, f and T between every 200 iterations are less than 0.01%.

The grid independence was tested between three grids 140 × 118 × 26, 194 × 142 × 32 and 234
× 168 × 37 at Re = 1000 and c3 = 2, as shown in Table 1. The differences in Nu and f between the
neighboring grids were smaller than 1%. The numerical results were not dependent on the grid number.
The 194 × 142 × 32 medium-size grid was adopted to obtain the numerical results in the present paper.
The mesh of the model is shown in Figure 2.

Table 1. Grid independence test.

No. Grid (x × y × z) Nu Relative Error f Relative Error

1 140 × 118 × 26 6.738 0.18% 5.864 × 10−2 0.14%
2 194 × 142 × 32 6.726 - 5.856 × 10−2 -
3 234 × 168 × 37 6.739 0.19% 5.896 × 10−2 0.68%
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Figure 2. Grid system.

The numerical method and code were validated by comparison with the results of Tian et al. [14].
The model for comparison is the same as that used in [14] and is also a channel formed by two parallel
plates with a pair of winglet VGs in CFU configuration. The comparisons of Nu and f in the range of
Re between 200 and 1200 are presented in Figure 3. The numerical results for both Nu and f are in good
agreement with the results reported in [14]. The largest difference in Nu was approximately 2.1% when
Re = 200 and was less than 1.1% when Re > 200. The largest difference in f was less than 3.8% in the
studied range of Re. Thus, the numerical method and code are reliable.
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3. Results and Discussions

3.1. Symmetrical Vortex Structure and Vortex Intensity

The longitudinal vortices on the selected cross-sections are shown in Figure 4 for c3 when Re = 1800.
The longitudinal vortices are symmetrical about the center of the cross-section. The vortices are the
strongest for the first selected cross-section, s1, which is just behind the VGs, and the interaction
between the vortices on s1 is also the strongest. The vortex size decreases, and vortex interaction also
becomes gradually weaker on the downstream cross-section due to vortex attenuation. The fluid is
induced to flow away from the bottom fin and towards the top fin in the common region. Thus, the
VG pair is called the common flow up configuration. The distance between the symmetrical vortices
decreases gradually due to the upward common flow when the longitudinal vortices are flowing
downstream. The distance between the vortices on s8 is obviously smaller compared with that on
s1. The center of the vortices moves away from the bottom and towards the top fin along the vortex
flow downstream.Symmetry 2020, 12, 247  6 of 15 
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The longitudinal vortices on the cross-section s4 at x/L = 0.53 are presented in Figure 5 for different
transverse pitches. The distribution of the longitudinal vortices with the counter-rotating directions
has perfect symmetry, and the symmetrical flow structures are different for different transverse pitches.
The transverse distance between the main vortices decreases, and the vortex interaction increases when
the transverse pitch changes from c1 to c7. The corner vortices interact first, and then the main vortices
start to interact when the vortices move towards each other. In the common flow region, the fluid
flows from the bottom fin towards the top fin of the channel, which is always called the common
flow up-flow field. The vortex gradually moves from the bottom and towards the top of the channel
during the interaction process. The intensity of the vortex remains unchanged before the effect of the
interaction, and then vortex intensity decreases gradually owing to the vortex interaction. For the
studied range of the transverse pitch c, the vortex for c7 is the weakest owing to its having the strongest
vortex interaction.
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Figure 6 shows the contour plot of Se on the cross-section for c5 when Re = 1800. Se reflects
the vortices on the cross-section compared with those in Figure 4. Except for the main vortices, the
corner vortices are clearly reflected by Se on the cross-section, as indicated in Figure 6b. Both the
value of Se and the zone with a large Se decrease along with the flow downstream. Additionally,
the distance between the vortices also decreases along the flow direction. The vortices, and particularly
the corner vortices, are induced to move away from the bottom fin and towards the top fin along the
flow direction. The corner vortices interact with each other and become much weaker along the flow
direction. The corner vortices nearly disappear on cross-section s7. Meanwhile, the induced vortices
are observed between the main vortices and under the corner vortices as the corner vortices decrease
in size and move upward, as indicated in Figure 6e. The induced vortices also interact, decrease and
move upward along the flow direction.

The distribution of the contour plot of Se for different values of c is shown in Figure 7.
The distribution of the local Se perfectly reflects the cross-sectional distribution of the longitudinal
vortices. When c changes from c1 to c7, the distance between the two regions with the greatest Se values
decreases gradually due to the decrease in the transverse pitch of the vortex generators. The corner
vortices interact obviously for c4, and the corner vortices are lifted up because of the vortex interaction.
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The intensity of Se corresponding to the corner vortex decreases when the vortex interaction becomes
stronger. Finally, the region of Se related to the corner vortex disappears for c5, as shown in Figure 7e,
and the main vortices start to interact obviously with each other and are lifted upward from the bottom
fin due to the vortex interaction. The value of Se related to the main vortices decreases owing to the
vortex interaction, and the Se value in Figure 7g for c7 is the smallest.
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3.2. Distributions of the Span-Average Values of Ses and Nus

The span-average values of Ses and Nus for different transverse pitches are presented in Figure 8
when Re = 600. Since the fluid at the inlet has uniform velocity, Ses is zero at the inlet. Then, the value
of Ses increases slightly in the zone after the entrance because the flow direction changes ahead of the
winglet VGs. Longitudinal vortices are generated when the fluid flows over the winglets. Ses increases
rapidly from the front point to the winglet trailing end. The peak values of Ses are obtained at the
trailing ends of the winglets. Ses decreases quickly behind the winglets due to vortex attenuation, and
then Ses decreases gradually until the outlet is reached. In the region around the winglets, a slight
difference in Ses for different c values is observed. The differences in Ses are quite obvious between case
c7 and the other cases in the region behind the winglets because the vortex interaction is the strongest
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for c7. Ses generally increases along with the decrease in the vortex interaction, and the Ses value for
c7 is the smallest. The differences in Ses between c1 and c5 are slight, and the value of Ses for c4 is
the largest.
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The span-average value of Nus decreases continuously from the inlet to the front of the winglets
due to the development of a boundary layer, as shown in Figure 8b. There is a slight difference in Nus

for different c values in the region in front of the winglets. Then, Nus increases sharply in the winglet
locations. Peak values of Nus are obtained around the winglet trailing end owing to the occurrence
of the largest vortex intensity, as shown in Figure 8a. Nus decreases quickly immediately behind
the winglets and then gradually decreases until the outlet is reached due to the attenuation of the
longitudinal vortices. Nus increases slightly when c ranges from c1 to c3 owing to the formation of a
common flow region with a decrease in the transverse pitch between the winglets. Vortices start to
interact when the transverse pitch of the winglets is c4. An obvious difference in Nus exists between c4

and c7. Since the common flow region is beneficial to heat transfer [17], the local value of Nus generally
increases in the short region behind the winglets, and the region length with a large value of Nus

decreases, with c changing from c4 to c6. This is because the interaction between the vortices increases
with c changing from c4 to c6, and the intensity of the vortices attenuates rapidly in the downstream
region. Thus, Nus decreases when the transverse pitch decreases from c4 to c6 in the later part of the
simulated channel. For c7, the vortex interaction is the strongest, and the vortex attenuates rapidly,
while Nus is the smallest.

3.3. Distributions of Se, Nu, f and JF

The results of the examination of the effect of the transverse pitch of the winglet VGs on the
average Se and Nu are shown in Figure 9. Both Se and Nu increase with increasing Re. The differences
in Se for different c values are small, and Se is nearly the same for a small Re of 200. When c = c7,
Se has the minimum value owing to the occurrence of the strongest vortex interaction. There is a
clear difference in Se between the c7 case and other cases. The difference between the Se values for
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different cases decreases with increasing transverse pitch owing to the decreasing strength of the vortex
interaction. The difference in Se for cases other than c6 and c7 is quite slight, and the value of Se for c3

is the largest. Se for c3 is approximately 21.4% larger than Se for c7.
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The transverse pitch of the VGs has a similar effect on Nu as that on Se. As shown in Figure 9b,
Nu for c7 is the smallest compared to that for the other cases because of the occurrence of the strongest
vortex interaction. The differences in Nu for the other cases are slight, and the value of Nu for c3 is
slightly larger than that for the other cases. Nu for c3 is approximately 3.7% higher than that for c7.
In the present study, only one pair of winglets were present in the channel, while there are always
many winglets on the fin in real applications in heat exchangers; therefore, a considerable increase in
Nu can be obtained in the practical application by considering the interactions between the vortices
and by optimizing the transverse pitch.

The increments of Se and Nu compared with the corresponding smooth channel without VGs,
which are denoted as ∆Se and ∆Nu, are shown in Figure 10. Both ∆Se and ∆Nu increase with increasing
Re. The values of ∆Se and ∆Nu are quite small because the longitudinal vortex is weak and has only a
slight effect on the heat transfer improvement for small Re values. A clear difference in ∆Se between
cases c6 and c7 is observed owing to the considerable vortex interaction and the attenuation of vortex
intensity. The difference in ∆Se for the other cases is small. ∆Se for c7 and c3 has the smallest and
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largest values, respectively. The largest ∆Se for c3 is approximately 21.4% higher than ∆Se for c7.
The difference in ∆Nu between c1 and c6 is much smaller than that between c6 and c7 owing to the
largest difference in Se caused by the vortex interaction. Similar to ∆Se, ∆Nu for c7 is also the smallest.
∆Nu for c3 is the largest due to the occurrence of the largest vortex intensity and the common flow
structure. ∆Nu for c3 is increased by 29.2% compared with that for c7 when Re = 1800.Symmetry 2020, 12, 247  11 of 15 
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Marginal differences in f are observed for different transverse pitches, as shown in Figure 11a.
Thus, the transverse pitch of the vortex generator has a slight effect on the friction factor. The thermal
performance can be optimized by changing the transverse pitch of the winglets without a corresponding
comparable increase in the pressure penalty.

The thermal performance factor [19,27–30] defined in Equation (13) reflects the thermal
performance enhancement for different transverse pitch values of the winglets compared with
the corresponding model without the winglets.

JF =
Nu/ f 1/3

Nu0/ f 1/3
0

(13)
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The value of JF is greater than 1.0 when Re > 400, as shown in Figure 11b. JF > 1 means that the
heat transfer is improved by the vortex generators under the same pump power. The difference in JF
is small when Re is less than 400 owing to the thick boundary layer. Additionally, the longitudinal
vortices are quite weak for small flow velocities, and the longitudinal vortices have a limited effect on
the heat transfer enhancement. A clear difference in JF is observed between the different transverse
pitches of the winglets for large values of Re, and the difference increases with increasing Re. JF first
increases slightly when the transverse pitch changes from c1 to c3 and then decreases with a further
decrease in the transverse pitch from c3 to c7. The value of JF for case c7 is the smallest owing to the
occurrence of the strongest vortex interaction. There is a large difference in JF between cases c7 and c6.
Meanwhile, for other cases, the differences in JF are much smaller than the difference between cases c7

and c6. JF is the largest for case c3 due to the weak interaction between the vortices and the formation
of the common flow region, which is beneficial for heat transfer. The largest value of JF for case c3

is approximately 5.0% larger than that for case c7. In real applications, such as a fin with VGs for a
plate-fin heat exchanger, many pairs of VGs are present on the fin surfaces. Since only a single pair
of winglet VGs is used in our simulation, it is clear that increased enhancement of the heat transfer
performance will be obtained by optimizing the transverse pitch between the VGs in real applications.
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4. Conclusions

The effect of the transverse pitch of a pair of winglet VGs arranged in common flow-up
configuration on the symmetrical flow structure and the thermal performance were numerically
examined. The main conclusions are:

(1) The distribution of the longitudinal vortices of the winglet VGs pair has a perfect flow symmetry
on the cross-section, and the symmetrical vortex structure is affected by the vortex interaction.
The largest vortex intensity of c3 is approximately 21.4% larger than that of c7.

(2) The transverse pitch of the winglet VGs strongly affects the vortex interaction and heat transfer
performance, while the difference in the friction factor is slight. The increment of Nu for c3 is
approximately 29.2% larger than that for c7. Thus, thermal performance can be strongly enhanced
by optimizing the transverse pitch and the interaction between the longitudinal vortices.

(3) An optimal transverse pitch exists for the studied configuration of winglet VGs in terms of
the highest thermal performance factor. JF for the transverse pitch c3 is the largest and is
approximately 5.0% larger than that for c7.
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Nomenclature

A Cross-section area (m2)
B width of simulation domain (m)
cp specific heat at constant pressure (J/(kg·K))
dh hydraulic diameter (m)
D location of VG from inlet (m)
f friction factor (−)
tp fin spacing
H vortex generator height (m)
JF surface goodness factor (−)
L length of simulation domain (m)
Nu Nusselt number (−)
Nus span-average Nusselt number (−)
p pressure (Pa)
Re Reynolds number (−)
S heat transfer area (m2)
Se secondary flow intensity (−)
Ses bulk secondary flow intensity at position x (−)
T temperature (K)
T0 constant temperature at inlet (K)
Ts bulk temperature at position x (K)
Tw fin surface temperature (K)
Us characteristic velocity of secondary flow (m/s)
u, v, w component of velocity (m/s)
u0 constant average velocity at inlet (m/s)
um average velocity (m/s)
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Greek letters
θ angle of attack of VG (◦)
λ thermal conductivity (W/(m·K))
µ viscosity (kg/(m·s))
ρ density (kg/m3)
ωn vorticity along main flow direction (1/s)
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