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Abstract: To improve heat dissipation performance of
panel-type radiator for transformer, this study investigated
the flow and heat transfer characteristics of semi-detached
inclined trapezoidal wing vortex generator (SDITW) in a
closed channel on the air-side of the radiator. The SDITW
was compared with the inclined delta wing (IDW) and
inclined trapezoidal wing (ITW) channels. The effects of
SDITW relative separation height (e;/e,), longitudinal pitch
(pY, blockage ratio (e/(0.5H)), and inclination angle (a) were
analyzed. First, compared with the IDW and ITW channels,
the SDITW channel generates stable corner vortices and
produces weaker transverse vortices and lower flow resis-
tance due to the semi-detached structure of the wing. For
Re = 5125-15,375, the overall heat transfer performance
(performance evaluation criteria; PEC) of the SDITW channel
increases by 0.5-8.9 and 1.7-4.9% as compared with IDW and
ITW channels, respectively. Furthermore, for the same e/(0.5H)
and a, both the Nusselt number ratio and friction factor ratio
of SDITW channel increase as e;/e, and p; decrease. For p, =
70 mm, the SDITW channel exhibits a relatively better overall
heat transfer performance. For the same ey/e, and pj, the PEC
of SDITW channel is maximum and the overall heat transfer
performance is best when e/(0.5H) = 0.3 at Re = 10,250 and
a = 30°-60°.
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Nomenclature

Ay heat transfer area (m?

Co specific heat (J/(kg K))

Dy hydraulic diameter (m)

e vortex generator height (m)

e vertical distance between trapezoidal wing
trailing edge and vertical rib (m)

e vertical distance between trapezoidal wing

leading edge and vertical rib (m)
f friction factor
h convective heat transfer coefficient (W/(m*K))
H panel spacing (m)
k turbulent kinetic energy (m?%s?)
L panel length (m)

L, length of entrance section (m)
L, length of outlet section (m)

m mass flow rate (kg/s)

Nu Nusselt number

p pressure (Pa)

D longitudinal pitch of vortex generator (m)
Pr Prandtl number

Re Reynolds number

T temperature (K)

wv,w  velocity components (m/s)

U average inlet velocity (m/s)

w panel width (m)

Greek letters

a inclination angle of vortex generator (°)
é vortex generator thickness (m)
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A thermal conductivity (W/(m-K))
Adi swirling strength (s™)

u kinetic viscosity (Pas)

p density (kg/m®)

W specific dissipation rate (s™)
Abbreviations

IDW inclined delta wing

ITW inclined trapezoidal wing

PEC performance evaluation criteria
SDITW  semi-detached inclined trapezoidal wing
TEF thermal enhancement factor
Subscripts

avg average

in inlet

out outlet

t turbulent

w wall

0 smooth channel

1 Introduction

Oil-immersed transformers are essential devices for the
power system, as they enable efficient transmission, flex-
ible distribution, and safe utilization of electrical energy.
To ensure their reliable operation, the heat generated
by the internal windings and core must be dissipated
promptly to avoid overheating damage. Panel-type radia-
tors are widely used for cooling oil-immersed transfor-
mers. Increasing the air velocity between the panels with
fans is a typical way to augment heat dissipation. However,
when the heat dissipation demand of the transformer is
higher, other heat transfer enhancement techniques are
also required. Vortex generators are widely used as a pas-
sive heat transfer enhancement technique, which usually
consist of metal plates attached to the pipe or fin surface at
a certain angle of attack concerning the main flow direc-
tion. They induce secondary flows (mainly longitudinal
vortices) that disrupt or delay the boundary layer develop-
ment along the wall, enhancing the mixing of hot and cold
fluids and thus improving the heat transfer [1].
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The flow and heat transfer characteristics in the
channel with vortex generators and the effects of their struc-
tures have been investigated by many studies. For example,
Tiggelbeck et al [2] compared the performance of different
types of vortex generators, such as delta wing, rectangular
wing, delta winglet pairs, and rectangular winglet pairs.
They found that the winglets achieved higher heat transfer
than the wing vortex generators but at the expense of higher
flow resistance. Fiebig et al [3] reported that the delta wing
was the most effective vortex generator in terms of heat
transfer enhancement per unit area, followed by delta
winglet pairs, while rectangular wing and winglets were
less effective. To reduce the pressure drop caused by the
vortex generators, some methods such as using holes or
curves on the vortex generators or cutting the wing edges
are often employed. Skullong et al [4] conducted experi-
mental and numerical studies on the flow and heat transfer
performances of perforated rectangular and trapezoidal
winglet vortex generators. They found that the perforated
jet reduced the vortex intensity and the heat transfer per-
formance, but it also decreased the flow resistance consid-
erably. Hence, the overall heat transfer performance of the
perforated winglets was higher than that of the non-perfo-
rated winglets. Promvonge and Skullong [5] performed an
experimental investigation on heat transfer ducts equipped
with perforated winglets.

They showed that the perforated delta winglets enhanced
the overall heat transfer performance by 7% over the non-
perforated delta winglets. Zhou and Ye [6] introduced a curved
trapezoidal winglet vortex generator and tested its flow and
heat transfer performances in different flow regimes, which
were compared with the conventional rectangular winglet,
trapezoidal winglet, and delta winglets. The comparison
showed that the delta winglet had the highest overall heat
transfer performance in the laminar and transition flow
regimes, while the curved trapezoidal winglet had the
highest overall heat transfer performance in the turbulent
flow regime. Lu and Zhou [7] numerically investigated the
flow and heat transfer for a variety of plane and curved
vortex generators. They compared the performance of tri-
angular, rectangular, and trapezoidal winglet vortex genera-
tors. The results indicated that plane vortex generators had
not only higher heat transfer performance but also higher
pressure losses. Among the vortex generators, the curved
trapezoidal winglets showed the best overall thermal per-
formance. Min et al. [8] improved the rectangular winglet by
cutting the edges and experimentally investigated its flow
and heat transfer performances in a rectangular channel. The
results showed that the flow and heat transfer performances of
the improved rectangular winglet were better than those of the
conventional rectangular winglet. Moreover, the down-sweep
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of the longitudinal vortices enhanced the heat transfer, ie., the
distance from the main vortex core of the improved rectan-
gular winglet channel to the heated wall was slightly smaller
than that of the conventional rectangular winglet. Dogan and
Erzincan [9] experimentally investigated the thermal perfor-
mance of a novel vortex generator and analyzed the effect of
transverse pitch ratio and longitudinal pitch ratio of the vortex
generator. The results showed that the maximum thermal
enhancement factor (TEF) of the vortex row was 159 at the
transverse pitch ratio of 0.16 and the longitudinal pitch ratio of
1.5. Demirag et al [10] experimentally and numerically inves-
tigated the heat transfer enhancement and the Darcy friction
factor characteristics of a novel-type conical vortex generator
in solar air heater and analyzed the effect of various geome-
trical parameters on the TEF. The TEF is up to 1.316 at optimum
geometric conditions. Although many new vortex generators
have been designed in the literature, there are still shortcom-
ings in revealing the flow and heat transfer enhancement
mechanisms of the new structures, and the analysis of the
vortex distribution behind the vortex generator, which plays
a crucial role in the flow and heat transfer performance in the
channel, is still unclear in most of the available literature.
Vortex generators are widely used in channel heat
exchangers such as solar air heaters and fin-tube heat
exchangers [11-15]. For example, Promvonge et al. [12] con-
ducted an experimental study on the thermal behavior in
heat exchanger channels with rib-groove devices on the
surface, comparing rib/baffle-groove channels with dif-
ferent rib heights and rib pitches, and the results showed
that the baffle-groove yields the highest combined heat
transfer performance around 2.14 or about 13% higher
than the rib-groove, compared with the thin rib (called
“baffle”). Skullong et al. [13] experimentally investigated
the flow and heat transfer performances of a combined
wavy groove-perforated delta wing vortex generator in a
solar air heater channel. They found that the overall heat
transfer performance of the combined wavy groove-perfo-
rated delta wing vortex generator was 12.4 and 45.5%
higher than that of the combined wavy groove-delta wing
and single wavy groove at different Reynolds numbers.
Promvonge et al. [14] performed experimental and numer-
ical investigations on the flow and heat transfer character-
istics of the combined trapezoidal louvered winglets-wavy
groove vortex generator in a solar air heater channel. The
louver structure was created by punching square holes at the
mass center of the trapezoidal winglet and then bending it
over. They found that the overall heat transfer performance
of the combined trapezoidal louvered winglets-wavy groove
vortex generator was 6.3 and 114% higher than that of the
combined trapezoidal winglets-wavy groove and single wavy
groove at different Reynolds numbers. Hu et al. [15] numerically
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investigated the effect of staggered concave curved vortex gen-
erators on the thermal performance in a wavy finned-tube heat
exchanger. The results showed that the Nusselt number and
thermal performance factor of the wavy channel with concave
curved vortex generator increased by 30.4 and 25.9%, respec-
tively, compared with that of the wavy smooth channel. The
application of vortex generators in closed channels for heat
transfer augmentation is well-studied in the literature, while
the air-side heat dissipation channel of the panel-type radiator
for transformers is typically an open channel. The effect of
vortex generators on the air-side heat dissipation augmenta-
tion of the panel-type radiator has received relatively less
attention. Min et al [16] numerically investigated the heat
transfer performance of a panel-type radiator with rectan-
gular winglet vortex generators in the air-side channel. They
reported that the heat transfer coefficients of the radiator
with different sizes of rectangular winglet vortex genera-
tors increased by 23.6-32.0% under natural convection
conditions. However, they neglected the effect of the air
intake at the side of the radiator. Garelli et al. [17] numeri-
cally investigated the heat transfer performance of a
panel-type radiator with delta wing vortex generators in
the air-side channel. The vortex generator was placed at
a certain height above the panel surface. The results
showed that the heat transfer of the radiator improved
by 12% under natural convection conditions. They also
observed that the air intake at the side of the radiator
influenced the longitudinal vortex formation behind the
vortex generator, which also affected its heat transfer
performance. These studies have demonstrated that the
natural convection heat dissipation of the panel-type
radiator can be significantly improved by arranging vortex
generators in the air-side channel. However, the forced con-
vection heat transfer in the air-side vortex generator
channel of the panel-type radiator was still not reported
in the literatures.

Based on the above analysis, this study intends to
investigate the forced convection heat transfer in the air-
side vortex generator channel of the panel-type radiator
for the transformer with numerical method. To eliminate
the adverse effect of the air intake from the side of the
radiator, the baffle plates on both sides of the panel-type
radiator are added to form a closed air flow channel.
Improvement of trapezoidal wing in literature review
has a greater potential to improve the heat transfer per-
formance of the channel, while the delta wing has a simple
structure and is more studied and applied. In the present
study, the traditional inclined trapezoidal wing (ITW) is
structurally improved and the semi-detached inclined tra-
pezoidal wing vortex generators (SDITW) were designed
and arranged on the surface of the radiator. The SDITW
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is obtained by cutting the trailing edge of the ITW, which
can separate the ITW from the radiator surface and enhance
the heat transfer in the channel while reducing the flow
resistance. First, the flow and heat transfer characteristics
of SDITW in closed channels at the air-side of the panel
radiator were investigated and the performance of SDITW
was compared with that in the inclined delta wing (IDW)
and ITW channels with the same geometrical configuration.
Second, the effects of SDITW relative separation height
(e/e;), longitudinal spacing (py), blockage ratio (e/(0.5H)),
and inclination angle (a) on the flow and heat transfer in
SDITW channels were analyzed in detail. This study can act
as an important reference for the heat transfer enhancement
on the air-side of the panel-type radiator used for transfor-
mers and structure design of corresponding vortex generator.

2 Physical model and
computational methods

2.1 Physical model

A simplified physical model is developed to investigate the
heat transfer performance of the panel-type radiator, based
on the models reported in previous studies [16,17]. Figure 1
shows the panel-type radiator model, where Figure 1(a) pre-
sents the vertical closed channels formed by baffles on both
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sides of the radiator. The baffles avoid side air intake, which
affects the formation of longitudinal vortices in the edge
region [z17]. Figure 1(b) shows the radiator unit extracted
from the panel-type radiator. Considering the symmetry of
the geometry and physical model, a quarter of the air
channel of the radiator unit is simplified as the computa-
tional domain, as shown in Figure 1(c). The physical model
simplifies the air passage as a rectangular duct, neglecting
the trapezoidal oil channel structure on the panel surface
[16]. This simplification is also adopted in other studies
[18,19]. In the physical model, the surfaces at y = 0 and z =
HJ2 are symmetrical. The bottom surface of the channel is
isothermal, and the side wall is no-slip and adiabatic wall.
The dimensions of the flow channel are as follows: the spa-
cing between panels is H = 45 mm, the width of the panel is
W = 450 mm, the length is L = 1,524 mm, and the hydraulic
diameter is 81.82 mm. The flow channel dimensions are con-
sistent with the panel dimensions, detailed dimensions can
be found in the study by Garelli et al [17]. Since most of the
area in the flow channel is fully developed, the entry and
exit sections are set according to the ASHARE standard to
eliminate inlet and outlet effects [20]. The length of the inlet
section L, should be larger than 5/WH and the length of the
outlet section should be larger than 2.5~/WH. Therefore, L,
is set as 800 mm and L, is set as 500 mm.

In this study, the SDITW vortex generators are attached
to the panel surface to enhance the convective heat transfer
of the air-side in the panel-type radiator. Figure 2 shows the
arrangement and geometric structure of the SDITWs. The
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Figure 1: Panel-type radiator and simplified physical model of air channel between panels. (a) Panel-type radiator. (b) Radiator unit. (c) Computational

domain.
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Figure 2: Geometry and arrangement of SDITWSs. (a) Top view. (b) Side view. (c) SDITW.

SDITWs are uniformly arranged along the x-direction with
p1 as the longitudinal pitch, and the first and last rows of
vortex generators are 62mm away from the edge of the
channel. With the trapezoidal oil channel structure of ref.
[16], the SDITWs are mounted along the y-direction corre-
sponding to the locations of the oil channel bumps.

The SDITW is composed of an ITW, a vertical rib, and a
connecting rib. The ITW deflects the fluid to scour the
heated wall and generates longitudinal vortices. The vertical
rib and connecting rib can enhance the disturbance and fix
the SDITW on the heated wall narrow oil channel bump.
According to the delta wing vortex generator design in the
study by Bekele et al. [21] and actual panel structural features
[16], the dimension parameters of SDITW is designed. The
geometrical parameters of the SDITW are as follows: the ver-
tical rib height is 1 mm, the width is 4 mm, the leading edge
width of the ITW is 4 mm, the vertical distance between the

trailing edge and vertical rib is e, the vertical distance
between the leading edge and vertical rib is e,, the total height
of the SDITW is e, and its thickness § is 0.3 mm.

To analyze the flow and heat transfer characteristics of
the SDITW, four main geometric parameters are selected
for parametric analysis, namely, the relative separation
height (e//e,), the longitudinal pitch (p)), the inclination
angle (@), and the blockage ratio (e/(0.5H)). These para-
meters are listed in Table 1.

2.2 Governing equations and computational
methods

The working fluid in this study is air. Due to small variation
in air temperature, the air properties are assumed to be
constant and 303.15 K is set as the qualitative temperature.
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Table 1: Geometric parameters of SDITW

Parameters Values

ei/e; 0, 0.25, 0.5, and 0.75

pi (mm) 40, 50, 70, 100, and 140
a/(°) 20, 30, 40, 50, and 60
e/(0.5H) 0.15, 0.3, 0.45, and 0.6

Radiation and natural convection of air are neglected. The
flow and heat transfer processes are described by the
mass, momentum, and energy equations [22] as follows:

opu;
— =0, 1
ox, M
9 op 0 ou; oy
—(puiit;) = ——— + —|(u + —+ — 2
o (puiu;) o o (w+ pp) ox " ox || @
d d U:Cp) AT
—~(pujc,T) = —|[4 + =2 == 3
o (pujcyT) ox; [A P Jox | €)

where u; is the velocity component in the i-direction. p, g, A,
and ¢, are the density, kinetic viscosity, thermal conduc-
tivity, and specific heat capacity of the fluid, respectively.
The turbulent Prandtl number is Pr; = 0.85, and the turbu-
lent viscosity y is calculated by the turbulence model.

The SST k—w turbulence model is adopted in this study,
which combines the advantages of both the k-w and k-¢
models. The k—w model is applied in the boundary layer,
while the k—¢ model is applied in the turbulent region
away from the wall, which avoids the sensitivity of the
k—w model to the inlet free-stream turbulence properties.
The turbulence model has high accuracy and reliability in
adverse pressure gradient and separated flow conditions.
Moreover, the SST k-w model has also been used by sev-
eral researchers for the curvature flow similar to this
study, and showed good agreement with the experimental
results [23-25].

The SST k-w model transport equations are as follows:

0 0 ok
—(pkuy) = —|i— |+ Gy - Y, 4
ax,-(p u;) ox; kaxi] Y 4)
d 0 ow
— )= —|I,—|+ G, - Y, 5
an(Pwu]) ox; waxi Q) w ©)

For a detailed discussion of the model, please refer to
the study by Menter [26].

The governing equations are solved based on the finite
volume method using the CFD commercial software Ansys
Fluent. The pressure-velocity coupling is performed by the
SIMPLE algorithm, and the second-order upwind scheme is
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applied for the convective terms in the momentum, energy,
turbulent kinetic energy, and specific dissipation rate equa-
tions to ensure the computational accuracy. The conver-
gence criteria for the continuity and momentum equations
are set to 107, and the convergence criteria for the energy
equation is set to 10%. A uniform velocity profile and a
uniform temperature of 303.15K are given at the inlet. The
pressure outlet boundary condition is used at the outlet. A
symmetry boundary condition is applied on the plane of y =
0 and z = H/2. The heated wall temperature in the test sec-
tion is assumed to be 340 K, which are similar to those in the
study by Garelli et al [17]. No-slip wall conditions are
applied on the channel walls.

In this study, some of the parameters are defined as
follows:

Hydraulic diameter:

2WH
= . 6
Dy W+ H (6)
Reynolds number [27]:
D
Re = M’ )
u
where uy, is the average inlet velocity.
Darcy friction factor [27]:
Ap
e S — 8)
4 (0.5pu)(L/Dy)

where Ap and L are the pressure drop and channel length
of the test section, respectively.
Nusselt number [27]:
Dy

= 9
Nu T (©)]

where the convective heat transfer coefficient h of the
heated wall is defined as follows:
_ mCy(Tou = Tin)
Af(Tw - ];wg) ’
Tin + E)ut
2 b

(10)

Tavg = an
where m is the inlet mass flow rate, T;, and T, are the
average inlet and outlet temperatures, respectively, and A
is the heat transfer area.

The performance evaluation criterion (PEC) [27] is defined
as the ratio of Nusselt number of the enhanced heat transfer
channel (Nu) to Nusselt number of the smooth channel (Nug)
at equal pumping power and is expressed as follows:

NU/NUO

PEC= G

(12)
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where Nu, and fy represent the average Nusselt number
and friction factor for the smooth channel, respectively. It
can be seen that PEC is a comprehensive evaluation index
of heat transfer enhancement effect and pumping power
loss cost. When PEC is greater than 1, the positive benefit of
heat transfer enhancement can be achieved, indicating
that the heat transfer enhancement effect is greater than
the cost of pumping power loss.

3 Grid independence test and
model validations

3.1 Grid independence test

To ensure the accuracy of the numerical simulation, the
computational mesh is first examined for grid indepen-
dence. A 3D hybrid mesh consisting of hexahedral and
polyhedral cells is generated using Fluent Meshing software.
And the mesh near the wall is refined to capture the flow
and heat transfer phenomena within the boundary layer, as
shown in Figure 3. In this study, the SDITW vortex generator
with an inclination angle (a) of 30° a relative separation

hexahedrons

polyhedrons

prisms

Figure 3: Computational grid.
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height (ej/e;) of 0.5, a blockage ratio (e/(0.5H)) of 0.3, and
a longitudinal pitch (p) of 70 mm are selected. Six sets of
computational grids are generated, and the Nu and f values
under different grids are listed in Table 2. When the grid
number increases from 6,238,234 (Case 4) to 9,128,832 (Case 5),
the relative deviations of Nu and f'are 0.06 and 0.64%, respec-
tively. It indicates that the calculation results under this grid
(Case 4) setting are grid independent. Therefore, the grid set-
ting of Case 4 is adopted in this study.

3.2 Model validations

To verify the accuracy of the numerical model and compu-
tational method, the simulation results are compared with
the empirical correlation formula and experimental results.
Figure 4(a) shows the comparison between the present
results in the smooth channel and the predicted results
from the empirical correlations (13) and (14) as reported
by Incropera et al. [28]. The two results agree well with
each other, and the average deviations of Nu and f are 1.8
and 5.1%, respectively. It indicates that the numerical model
used in this study can accurately simulate the flow and heat
transfer process in the smooth channel. Figure 4(b) com-
pares the simulation results with the experimental results
of the study by Skullong et al. [13] for the case with delta
wing vortex generators. Due to the similarities between the
delta wing vortex generator and SDITW, the experimental
results of the study by Skullong et al. [13] can be used to
further validate the accuracy of the numerical model pro-
posed in this study. As shown in Figure 4(b), the two results
agree well with each other, and the average deviations of Nu
and f are 5.1 and 6.2%, respectively. It indicates that the
numerical model can capture the effect of the delta wing
vortex generator on the flow and heat transfer. Therefore,
the numerical model and computational method used in this
study are reliable, which can be used for the subsequent
analysis of flow and heat transfer characteristics of SDITW
channel.

Table 2: Variations in Nu and f with different computational grids
(Re = 5,125)

Case Grid number Nu f

1 1,664,183 73.63 0.1111

2 2,693,174 71.57 0.1169
3 3,755,845 79.96 0.1242
4 6,238,234 81.40 0.1251
5 9,128,832 81.35 0.1259
6 16,734,914 82.19 0.1268
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Figure 4: Model validation for Nu and £. (a) smooth channel. (b) Delta wing vortex generator channel.

Nu = 0.023Re%8Pro4, (13)

f=0316Re 0%, (14)

4 Results and discussion

In this study, the flow and heat transfer characteristics of
the SDITW vortex generator in a closed channel on the air-
side of the panel-type radiator are numerically investigated.
The flow characteristics and heat transfer enhancement
mechanism of the SDITW were revealed by comparing
with the IDW and the ITW with the same geometric config-
uration. The effects of relative separation heights (e;/e,),
longitudinal pitch (py), blockage ratio (e/(0.5H)), and inclina-
tion angle (a) on the flow and heat transfer for the SDITW
channel were analyzed in detail.

4.1 Comparison of flow and heat transfer
performances in different vortex
generator channels

Three kinds of vortex generators with the same geometric
configuration are selected for comparison and analysis. The
relative separation height (e,/e,), longitudinal pitch (py), blockage
ratio (e/(0.5H)), and inclination angle (@) are fixed at 0.5, 70 mm,
0.3, and 50°, respectively. The flow and heat transfer character-
istics in the channel of the SDITW vortex generator are com-
pared with those of the traditional IDW and the ITW. Figure 5
shows the specific geometric structures of three vortex genera-
tors, which have the same height and pitch angle. The bottom
edges of the IDW and ITW are equal in width, and the SDITW is
obtained by cutting the trailing edge of the ITW.

Figure 6 shows the streamline and the vortex intensity
distributions at different yz planes between two adjacent
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vortex generators at the center of the channel for Re =
5,125. The vortex intensity is quantified by the swirling
strength A, which is the imaginary part of the eigenvalue
of the velocity gradient tensor. The swirling strength A
can visualize the vortex and identify its core and size.
The detailed definition and description of the swirling
strength A can be found in the study by Zhou et al. [29].
The streamline distribution in Figure 6 shows that three
vortex structures are generated behind the vortex gen-
erator, including the main vortex, corner vortex, and
induced vortex. The main vortex is located in the central
region of the channel, which promotes the mixing of hot
and cold fluid. The corner vortex is located in the near-wall
region, which enhances the wall convection heat transfer,
and the induced vortex is induced by the primary vortex,
which is distributed in the edge near-wall region. The IDW
and ITW form the corner vortex at x = 767 mm and x =
769.5 mm, respectively, and then the corner vortex disap-
pears rapidly, while the SDITW forms the corner vortex at
X =764.5mm and it can maintain at a certain distance. The
vortex intensity distribution indicates the location and
intensity of the vortex. Generally, the vortex intensity in
the near-wall region is higher than that in the central
region, and the vortex intensity decreases gradually with
the increase in the flow distance. The vortex intensity dis-
tribution of SDITW also shows that the corner vortex in the
near-wall region spreads to both sides as the flow distance
increases. Among the three vortex generators, the ITW
shows the widest influence range of vortex spreading
and the SDITW shows the narrowest influence range,
which is related to the transverse span of the vortex gen-
erator. The average vortex intensity Agave Of the three
vortex generator channels shows different trends along
the flow direction. At the initial position (x = 764.5 mm),
the ITW channel has the highest Aave, followed by the
IDW channel and the SDITW channel. However, as the
flow moves downstream, Aave Of the IDW channel and
the ITW channel decreases sharply, while that of the SDITW
channel changes slightly. In the range of x = 764.5mm to
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X = 797mm, Agave Of the IDW, ITW, and SDITW channel
reduces by 73.5, 70.93, and 53.74%, respectively. This indicates
that the SDITW channel can preserve better flow mixing
capability than the other two channels. Moreover, the SDITW
channel has the largest local vortex intensity, followed by the
ITW channel, and the IDW channel has the smallest local
vortex intensity. Larger local vortex intensity means better
heat transfer performance, which means the SDITW channel
may have the best heat transfer performance among the
three vortex generators.

To visualize the longitudinal vortex structure for the
SDITW channel and compare it with the IDW and ITW
channels, the Q criterion vortex identification method is
used for analysis. The Q criterion is defined as follows [30]:

1l(ou)? (av) (ow)?
Q0=—=|l—| = +|=—
2[{ox oy 0z
(15)
_ |ouov duow ovow

— + +
dyox 0z ox 0z dy

Figure 7 shows the Q criterion distribution in the
channel of different vortex generators. Regions with Q
values greater than 1 indicate the presence of longitudinal
vortices in the flow field. As shown in Figure 7(a)-(c), long-
itudinal vortices are generated behind all three types of
vortex generators. Near the vortex generator, the vortex
intensity is high and it decreases as the flow distance
increases. When the fluid flows through multiple vortex
generators, the longitudinal vortex gradually strengthens
and reaches a steady state after passing through the third
vortex generator. Then, the longitudinal vortex varies per-
iodically along the flow direction. In different vortex gen-
erator channels, the main vortex behind IDW and ITW, and
the main vortex and corner vortex behind the SDITW can
be clearly observed. The induced vortex is small and
cannot be easily observed. As shown in Figure 7(d), the Q
value of the main vortex on both rear sides of SDITW is
low, which is similar to the IDW and ITW. However, its Q
value of the corner vortex near the central axis is high. The

SDITW

Figure 5: Front view of different vortex generators.

12

ITW
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(a) IDW ITW SDITW
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Figure 6: (a) Velocity streamlines and vortex intensity distributions in different yz planes between adjacent vortex generators in the middle of the
channel and (b) detailed view of the velocity streamlines and vortex intensity distributions in the yz plane at x = 764.5 mm in the SDITW channel
(Re = 5,125).
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Figure 7: Distributions of vortex Q criterion in different vortex generator channels (Re = 5,125). (a) Axial side view of IDW channel. (b) Axial side view of
the ITW channel. (c) Axial side view of the SDITW channel. (d) Top view of SDITW channel.
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Figure 8: Local streamline and velocity distributions at xy plane (z =2 mm) in different vortex generator channels (Re = 5,125). (a) IDW channel. (b) ITW
channel. (c) SDITW channel.
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corner vortex exists stably in the SDITW channel and gra-
dually spreads to both sides as the flow distance increases.
Therefore, compared with the IDW and ITW, the longitu-
dinal vortex generated in the SDITW channel is stronger.

Figure 8 shows the local streamline and velocity dis-
tributions at xy plane (z = 2mm) in different vortex gen-
erator channels at Re = 5,125. It can be seen that a pair of
strong transverse vortices are generated behind the IDW and
ITW, which can cause strong backflow and form a low-speed
recirculation zone. Compared with the ITW, the SDITW
channel has weaker transverse vortices and a smaller low-
speed recirculation zone due to its semi-detached structure.

Figure 9: Local 3D streamline distributions of different vortex generator
channels (Re = 5,125). (a) Front view of the IDW channel. (b) Front view of
the ITW channel. (c) Front view of the SDITW channel.

DE GRUYTER

In addition, the flow velocity in the high-speed region in the
SDITW channel is obviously higher than that in the IDW and
ITW channels, which is beneficial to enhance convective heat
transfer in the near-wall region of the channel.

Figure 9 shows the distributions of local three-dimen-
sional streamline in different vortex generator channels. It
can be seen that, the IDW and ITW generate more trans-
verse vortices due to their larger transverse spans and
projection areas. However, the SDITW generates fewer
transverse vortices and forms a pair of longitudinal vor-
tices. It indicates that the semi-detached structure of
SDITW can reduce transverse vortices and flow resistance
while increase the longitudinal vortex effect.

Figure 10 shows the local temperature and velocity
vector distributions of different channels at yz plane (x =
782mm). As shown in Figure 10, near the vortex genera-
tors, the temperature field shows an alternating distribu-
tion of hot and cold fluids. This is due to the influence of
the longitudinal vortex, which causes the cold fluid behind
the vortex generator moving from the core region towards
the heated surface to absorb heat and then diffuse to the
side regions. Meanwhile, the hot fluid between the two
transverse adjacent vortex generators moves from the
wall to the core region. In addition, the ITW and SDITW
channels show more uniform temperature distributions as
compared to the IDW channel, which indicates they would
have better heat transfer performance. The temperature
distributions in the ITW and SDITW channels are similar,
but thinner thermal boundary layer is observed near the
wall in the middle region between two adjacent ITWs,
which represents higher heat transfer rate. This phenom-
enon is due to the large transverse span of the ITW, which

Temperature *°© =~
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324 W
320
317
314
3
A SDITW
307 :
K] v
)
- > 4

Figure 10: Local temperature and velocity vector distributions at yz plane
(x =782 mm) (Re = 5,125).
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Figure 11: Local heat flux distribution at the heating surface of different vortex generator channels (Re = 5,125). (a) IDW channel. (b) ITW channel.

(c) SDITW channel.
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Figure 12: Variations in heat flux on the heating plate and the tem-
perature rise between the inlet and outlet of different vortex generator
channels with Re.

can induce longitudinal vortices and lead to significant
transverse effect on the flow and heat transfer.

Figure 11 shows the local heat flux distribution at the
heating surface of different vortex generator channels. It is
obvious that the IDW and ITW channels exhibit low local
heat transfer in the wake region of the vortex generators,
which is attributed to the existence of large transverse
vortices. On the other hand, in the SDITW channel, the
semi-detached structure of the SDITW diminishes the trans-
verse vortices and generates a pair of corner vortices, which
will enhance the local heat transfer behind the vortex
generator.

Figure 12 shows the variations in the heat flux on the
heating plate and the temperature rise between the inlet
and outlet of different vortex generator channels with Re.

It shows that the temperature rise decreases, while the
heat flux increases as Re increases, which indicates the
improvement of heat transfer. The temperature rise and
heat flux of ITW and SDITW channels are higher than the
IDW channel, indicating that the heat transfer perfor-
mances of ITW and SDITW channel are better. The heat
transfer performances of the ITW and SDITW channels are
close with each other, where the SDITW channel shows
better heat transfer performance at low Re (Re = 5,125),
while the ITW channel shows better heat transfer perfor-
mance at high Reynolds number (Re = 15,375). According
to previous analysis, it reveals that the SDITW channel
exhibits higher local heat transfer performance behind
the vortex generator, but lower heat transfer performance
in the near-wall zone in the middle of the adjacent vortex
generator, due to the smaller transverse influence range
of the longitudinal vortex. Conversely, the ITW channel
shows the opposite trend, resulting in different heat
transfer performances between ITW and SDITW channels
at different Re. In addition, it is also found that the effect
of heat transfer in the near-wall region in the middle of
the adjacent vortex generator is gradually obvious as Re
increases.

Figure 13 shows the variations in the Nusselt number
ratio (Nu/Nuy), friction factor ratio (fify), and PEC with
Reynolds number (Re) in different vortex generator chan-
nels. The Nu/Nu, indicates the enhancement of heat
transfer in the vortex generator channel relative to the
smooth channel. The f]f; represents the increase in pres-
sure loss, and the PEC evaluates the overall thermal per-
formance of the vortex generator channel. As shown in
Figure 13, the heat transfer enhancement (Nu/Nuy) of the
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Figure 13: Variations in Nu/Nuy, f/fo, and PEC with Re in different vortex
generator channels. (a) Nu/Nuy. (b) f/fo. (c) PEC.
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vortex generator decreased, the pressure loss (flfp) increased,
and the overall heat transfer performance (PEC) decreased as
the Reynolds number (Re) increased. The IDW channel showed
the lowest Nu/Nu, and PEC, which indicates that it has
poor flow and heat transfer performance. The heat transfer
enhancement (Nu/Nuy) is increased by 12.6-15.69% and the
pressure loss (flfp) is increased by 39.1-48.3% in the ITW
channel as compared to the IDW channel at different Re.
Due to the larger projected area of the ITW and stronger
disturbance effect, it has a better heat transfer performance
and higher flow resistance. Moreover, the overall heat
transfer performance (PEC) of the ITW channel is 3.9%
higher than that of the IDW channel at low Reynolds
number (Re = 5,125), whereas it is lower than that of the
IDW channel at high Reynolds number (Re = 15,375). At
different Reynolds numbers, the heat transfer enhancement
(Nu/Nuy) of the SDITW channel is 7.4-17.5% higher than that
of the IDW channel, while its pressure loss (ffy) is only
21.9-25.7% higher. The overall heat transfer performance
(PEC) of the SDITW channel is 0.5-8.9% higher than that
of the IDW channel and 1.7-4.9% higher than that of the
ITW channel. The SDITW channel has better overall
heat transfer performance than the IDW and ITW chan-
nels at different Reynolds numbers. Therefore, the SDITW
is more efficient than the delta wing (IDW) and trape-
zoidal wing (ITW).

4.2 Effect of geometric parameters on the
flow and heat transfer performances of
the SDITW channel

4.2.1 Effect of relative separation height and
longitudinal pitch

Figure 14 presents the temperature and vortex intensity
distributions at yz plane (x = 772mm) in the SDITW
channel with different relative separation heights (ej/e;)
when Re = 10,250, p; = 70 mm, ¢/(0.5H) = 0.3, and a = 30°.
As the ej/e, decreases, the projected area of the vortex
generator increases, and the flow disturbance is enhanced.
The intensity and influence range of the main, corner, and
induced vortices are increased, and the average vortex
intensity rises from 19.8 to 34.1s™. The corner vortex in
the near-wall region enhances the convective heat transfer
near the wall, and the main vortex in the core region pro-
motes the mixing of hot and cold air. Therefore, as the e,/e,
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Figure 14: Temperature (left) and vortex intensity (right) distributions at yz plane (x =772 mm) in the SDITW channel with different relative separation

heights (e4/e;) (Re = 10,250, p; = 70 mm, a = 30°, and e/(0.5H) = 0.3).

decreases, the cross-sectional average air temperature
increases and temperature uniformity improves. Further-
more, the triangular region in the left lower corner of
Figure 14 indicates a high-temperature region, which is
a flow deterioration region formed by the movement of
the hot fluid from the wall to the core region. The collision
of two adjacent transverse vortices near the wall causes
flow deterioration, resulting in fluid momentum loss and
heat transfer degradation. As the ej/e, decreases, the
induced vortex in the edge region is strengthened, which
can reduce the fluid momentum loss and the heat transfer
deterioration effect, and narrow the deterioration region.

Figure 15 shows the effects of relative separation
height (ey/e;) and longitudinal pitch (p) of SDITW channel
on the Nusselt number ratio (Nu/Nuy), friction factor ratio
(flfo), and PEC. As ey/e, decreases, both the Nu/Nu, and fify
increase, which means that the heat transfer enhancement
is improved and the pressure loss is increased. A smaller
e,/e, represents a larger projected area and transverse span
of the vortex generator, which can enhance the disturbance
and vortex intensity in the fluid, thereby increasing the
convective heat transfer and the pressure loss. Moreover,
the Nu/Nu, and ffy increase with the decrease in p;. As p
decreases, the fluid disturbance per unit length increases,
and the longitudinal vortex in the SDITW channel is enhanced,
which will enhance the heat transfer and increase pressure
losses. It is observed that a decrease in p; from 50 to 40 mm will
lead to a small increase in the heat transfer enhancement of
the SDITW channel, but a large increase in pressure loss. There-
fore, p; should not be too small. Furthermore, Figure 15(c) shows

that the variation in PEC in SDITW channel is complex at dif-
ferent p and ey/e,. When p = 70 mm, the PEC variation with e,/e,
is insignificant, the PEC value is relatively high and its overall
heat transfer performance is better.

4.2.2 Effect of blockage ratio and inclination angle

Figure 16 presents the temperature and vortex intensity
distributions at yz plane (x = 772mm) in the SDITW
channel with various blockage ratios (¢/(0.5H)) and inclina-
tion angles (a) at Re = 10,250, e,/e; = 0, and p; = 70 mm. As
shown in Figure 16(a), when ¢/(0.5H) = 0.3, both the max-
imum vortex intensity and the vortex influence range in
the cross-section decrease as a increase, while the varia-
tion of average vortex intensity is small. When a increases,
the position of the vortex changes, with the corner and
induced vortex shifting towards the centerline, while the
main vortex moving towards the lower right corner. When
a reaches 60°, three vortices merge into a single large
vortex. Furthermore, as a increases, the airflow tempera-
ture uniformity deteriorates and the average temperature
decreases. The vortex locations can affect the airflow
average temperature in the cross-section, even though
the average vortex intensity is comparable for a = 20°
and 60°. The convective heat transfer is improved due to
the stronger vortex near the wall at a = 20°, while it is
weakened by the weaker vortex near the wall at a = 60°.
As shown in Figure 16(b), when e/(0.5H) = 0.6, the cross-
section averaged vortex intensity increases and the vortex
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influence range expands as a increases. There is a signifi-
cant difference in the local vortex intensity in the near-wall
region at different a. The local vortex intensity is max-
imum when a is 40° and minimum when a is 20°. Conse-
quently, the convective heat transfer near the wall is the
best when a is 40°, where airflow average temperature is
the highest and the temperature distribution is most uni-
form in the cross-section. On the contrary, the heat transfer
is the worst when a is 20°, where the airflow average tem-
perature is the lowest and the temperature distribution is
not uniform. Comparison of Figure 16(a) and (b) reveals
that the effect of e/(0.5H) on the vortex intensity and the
temperature distribution in the SDITW channel varies with
a. When a is relatively large, the effect of e/(0.5H) is
significant.

Figure 17 shows the effects of blockage ratios (e/(0.5H))
and inclination angles (a) in the SDITW channel on the
Nusselt number ratio (Nu/Nuy), friction factor ratio (f/fy),
and PEC. As shown in Figure 17(a), the variation trend of
Nu/Nu, with e/(0.5H) is different under different a. When
a = 50° and 60°, Nu/Nu, increases with e/(0.5H), indicating
that a higher blockage ratio is beneficial for the heat transfer
enhancement in the SDITW channel at large inclination
angles. In contrast, when a = 20°-40°, Nu/Nu, first increases
and then decreases with the increase in e/(0.5H), suggesting
that there exists an optimum e/(0.5H) in this range of a, which
will maximize the heat transfer enhancement in the SDITW
channel. Furthermore, the sensitivity in SDITW channel
caused by €/(0.5H) will diminish as a decreases. When a =
20°, the variation in Nu/Nuy is minimum. As shown in Figure
17(b), fify increases with the increase in e/(0.5H) at different a,
which indicates that the flow resistance in SDITW channel
increases. The increment of flf, varies with q, and it is small
when qa is small. As shown in Figure 17(c), when a changes
from 30° to 60°, the PEC of SDITW channel increases first and
then decreases with the increase in e/(0.5H), implying that
there exists an optimum e/(0.5H) value, which will lead to
the highest PEC for this range of a. The PEC of SDITW channel
is maximum at e/(0.5H) = 0.3 at Re = 10,250 and a = 30°-60°,
where the overall heat transfer performance of SDITW
channel is the best.

5 Conclusion

In this study, the flow and heat transfer characteristics of
SDITW vortex generator in a closed channel on the air-side
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Figure 16: Temperature (left) and vortex intensity (right) distributions at yz plane (x = 772 mm) in the SDITW channel with different blockage ratios
(e/(0.5H)) and inclination angles (a) (Re = 10,250, e;/e, = 0, p; = 70 mm). (a) e/(0.5H) = 0.3. (b) e/(0.5H) = 0.6.

of the panel-type radiator used for transformer were
numerically investigated. The performance of SDITW was
compared with that of IDW and ITW channels under the
same geometric configuration. The effects of SDITW relative
separation height (ej/e;), longitudinal pitch (p), blockage
ratio (e¢/(0.5H)), and inclination angle (a) on the flow and
heat transfer in the SDITW channel were analyzed in detail.
The major findings are as follows:

1

2)

Among the three vortex generators, SDITW has the
highest local vortex intensity, followed by ITW and
IDW. A stronger longitudinal vortex is formed in the
SDITW channel as compared with IDW and ITW. On
the other hand, more transverse vortices are created
behind IDW and ITW. The semi-detached structure of
SDITW can diminish the transverse vortices and flow
resistance.

For Re = 5125-15,375, the heat transfer enhancement
(Nu/Nuy) of ITW is 12.6-15.69% higher than that of
IDW, while the pressure loss (f/fo) is 39.1-48.3% higher.
The heat transfer enhancement (Nu/Nu,) of SDITW is
7.4-17.5% higher than that of IDW, while the pressure
loss (flfo) is 21.9-25.7% higher. Therefore, the overall
heat transfer performance (PEC) of SDITW is 0.5-8.9%
higher than that of IDW and 1.7-4.9% higher than that
of ITW.

3)

4)

For the same ¢/(0.5H) and a, the vortex intensity and
influence range increase in the SDITW channel as ey/e,
decreases. As p; decreases, the longitudinal vortex in the
SDITW channel strengthens, the heat transfer perfor-
mance improves, and the pressure loss increases. Both
Nu/Nu, and fify of the SDITW channel increase as e;/e;
and p; decrease. The PEC of SDITW channel is relatively
high and its overall heat transfer performance is better
when p, = 70 mm.

For the same ey/e, and pj, the vortex intensity and influ-
ence range in the SDITW channel decrease as a increases
when ¢/(0.5H) is 0.3, and its heat transfer performance
deteriorates. When ¢/(0.5H) is 0.6, the vortex intensity
and influence range in the SDITW channel increase as
a increases, but its heat transfer is the best when a is 40°
due to the difference in local vortex intensity near the
wall region. For Re = 10,250 and a = 30°-60°, the PEC of
the SDITW channel is maximum when e/(0.5H) = 0.3, and
the overall heat transfer performance of the SDITW
channel is the best.

The results obtained in the present study is meaningful

in revealing the mechanism of flow resistance reduction
and heat transfer enhancement for SDITW in a closed
channel on the air side of a panel-type radiator used for
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transformer. It can also provide a useful reference for the
optimal design of vortex generator and corresponding heat
dissipation channel for subsequent researchers.
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