
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

186,000 200M

TOP 1%154

6,900



Chapter

Numerical Investigation of Heat
Transfer and Fluid Flow
Characteristics in a Rectangular
Channel with Presence of
Perforated Concave Rectangular
Winglet Vortex Generators
Syaiful and M. Kurnia Lutfi

Abstract

The high thermal resistance of the airside of the compact heat exchanger results
in a low heat transfer rate. Vortex generator (VG) is one of the effective passive
methods to increase convection heat transfer by generating longitudinal vortex
(LV), which results in an increase in fluid mixing. Therefore, this study aims to
analyze the convection heat transfer characteristics and the pressure drop of airflow
in a rectangular channel in the presence of a concave rectangular winglet VG on a
heated plate. Numerical calculations were performed on rectangular winglet pairs
vortex generators (RWP VGs) and concave rectangular winglet pairs vortex gener-
ators (CRWP VGs) with a 45° angle of attack and one, two, and three pairs of VGs
with and without holes. The simulation results show that the decrease in the value
of convection heat transfer coefficient and pressure drop on CRWP with three
perforated VG configuration is 4.63% and 3.28%, respectively, of the three pairs of
CRWP VG without holes at an airflow velocity of 2 m/s.

Keywords: heat transfer, pressure drop, vortex generators, vortex intensity,
synergy angle

1. Introduction

A compact heat exchanger is a heat exchanger with a large area to volume ratio
so that it has a high surface area of heat transfer to volume [1]. Compact heat
exchangers are widely used in the air conditioning, refrigeration, chemical, petro-
leum, and automotive industries. Fin and tube heat exchanger is one type of com-
pact heat exchanger that is often encountered. One example is the condenser in air
conditioning, where air is used as a refrigerant cooling medium. However, the high
thermal resistance on the airside results in a low heat transfer rate [2]. Therefore, to
increase the heat transfer rate, the thermal resistance needs to be lowered by
increasing the convection heat transfer coefficient [3].
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The method of increasing the convection heat transfer coefficient has become an
interesting thing to investigate [1]. In general, the method of increasing the con-
vection heat transfer coefficient is divided into two, namely the active method and
the passive method [4]. The active method is a method that uses external energy to
increase the rate of convection heat transfer, for example, by electrostatic fields,
fluid vibration, and flow pulsation [1, 5]. In contrast, the passive method is a
method that does not use external energy to increase the convection heat transfer
rate. Passive methods are more often used than active methods because they are
simpler and more effective [6]. The increase in the convection heat transfer rate in
the passive method is performed by adding an insert structure and surface modifi-
cation, which results in the formation of swirl flow [4, 6].

Vortex generator (VG) is an insert that produces vortices due to the formation
of swirl flow, which increases the heat transfer rate [7–9]. The vortex can be divided
into two, namely the transverse vortex and the longitudinal vortex [9]. The trans-
verse vortex has a vortex axis that is perpendicular to the main flow. Meanwhile,
the longitudinal vortex has a vortex axis parallel to the main flow. Longitudinal
vortices are more efficient in increasing convection heat transfer because they can
improve thermal performance better than transverse vortices with the same pres-
sure drop. Longitudinal vortex causes increased fluid mixing, boundary layer mod-
ification, and flow instability resulting in increased convection heat transfer
coefficient [10].

Various studies regarding the use of VGs to improve convection heat transfer
have been carried out. A. Datta et al. (2016) conducted a numerical investigation of
heat transfer on a rectangular microchannel installed with VGs with angle position
variations in two VGs with a Reynolds number range of 200–1100 [11]. The simu-
lation results proved that the increase in heat transfer is directly proportional to the
increase in the Reynolds number and the angle of attack of VG. Installation of angle
of attack of 30̊° with Reynolds number 600 is the best combination. In addition, H.
Y Li (2017) conducted an experimental and numerical study on the case of fluid
flow in a pin-fin heat sink mounted with a delta winglet vortex generator (DW
VGs) [12]. The study was conducted to determine the effect of Reynolds number,
angle of attack of VGs, and height of VGs on convection heat transfer. The results
show that the increase in the Reynolds number causes a decrease in thermal resis-
tance resulting in an increase in the convection heat transfer coefficient. The results
of these studies also indicate that the angle of attack of 30̊° is the best. Meanwhile,
the optimum VGs height is 3/2 H.

In 2017, H.E. Ahmed et al. conducted a heat transfer study on a triangular duct
with a DWP VGs in three-dimensional modeling with nanofluid flow [13]. The
simulation results showed an increase in heat transfer and pressure drop of 45.7%
and < 10% respectively due to the installation of VGs and 3% Al2O3 nanoparticles.
Overall, the use of VGs and nanofluids can improve heat transfer with lower
pressure drops. In addition, Syaiful et al. (2017) conducted a numerical study of the
installation of CDW VGs on rectangular channels [14]. The results showed that the
increase in the heat transfer coefficient due to the installation of CDWP VGs is
much better than DWP VGs. However, the use of CDWP VGs results in a higher
increase in pressure drop. In general, the results showed that the increase in con-
vection heat transfer coefficient and pressure drop due to the installation of three
rows of CDW VGs are 42.2–110.7% and 180–266.9%, respectively.

Then, M. Oneissi et al. (2018) conducted a numerical study on the increase in
heat transfer due to the installation of DWP VGs and inclined projected winglet pair
VGs with the k-ω turbulent model [15]. In this three-dimensional simulation, the
increase in heat transfer was viewed from the distribution of the Nusselt number,
the coefficient of friction, and the vortices. The simulation results showed that the
inclined projected winglet pair produces 7.1% better performance in increased heat
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transfer than that of the DWP VGs. Zhimin Han et al. (2018) conducted a three-
dimensional simulation study of the heat transfer characteristics through the perfo-
rated rectangular type of VGs [16]. In this study, the flow velocity was varied in the
Reynolds number range of 214–10,703. The simulation results showed that giving
holes to VGs can reduce pressure drop. The optimal thermo-hydraulic performance
was observed for VGs with a hole diameter of 5 mm.

In addition, M. Samadifar et al. (2018) studied the effect of a new type of VG
with variations in the angle of attack on the increase in heat transfer in the plate-fin
heat exchanger in the triangular channel [17]. Six types of VGs were used in this
numerical simulation, namely rectangular VG, rectangular trapezius VG, angular
rectangular VG, wishbone VG, intended VG, and wavy VGs. M. Samadifar et al.
performed a numerical simulation approach with turbulent k-ω SST modeling. The
simulation results showed that rectangular VGs provide a better heat transfer
increase than other VGs, with an increase of 7%. The simulation results also showed
that the best VGs installation is VGs with an angle of attack of 45°. Jiyang Li et al.
(2019) investigated the increase in heat transfer in finless flat-tube heat exchangers
due to the installation of double triangle, triangular, and rectangular VG [18]. In
modeling, VGs were installed in front of the finless heat exchanger with a distance
of 1 mm so that the condensation water does not hit VGs. The results showed that
VGs could disturb the thermal boundary layer so that the mixing of cold and hot air
increases, which results in an increase in heat transfer performance. In addition, the
results also showed that the double triangle VG increases the heat transfer coeffi-
cient by 92.3% at an air velocity of 2 m/s. The double triangle VGs increase the heat
transfer coefficient by 20% greater than that of the triangular and rectangular VGs
but also an increase in pressure drop.

G. Lu and X. Zhai (2019) conducted a numerical investigation of the flow charac-
teristics through the curved VG on the fin and tube heat exchanger [19]. G. Lu and X.
Zhai varied the curvature and angle of attack of VG in their research. Flow charac-
teristics were reviewed based on several non-dimensional parameters, namely Nu/
Nu0, f/f0 and R = (Nu/Nu0)/(f/f0)

1/3 with a Reynolds number range of 405–4050.
Their results showed that the best thermal–hydraulic performance was obtained for
VG at a curvature of 0.25 with a value of R = 1.06 at a 15 ̊ angle of attack. R.K.B.
Gallegos and R.N. Sharma (2019) also conducted heat transfer experiments due to the
installation of VG flapping flags on the rectangular channel [20]. Their experimental
results showed that VG increases the flow instability and the turbulence rate so that
the Nusselt number increases by 1.34 to 1.62 times. However, VG also causes an
increase in pressure drop because of the resistance to VG. This can be identified by an
increase in the friction factor, which increased by 1.39–3.56 times.

The use of VG causes an increase in thermal performance, but its use has an
impact on an increase in pressure drop, which results in low hydraulic flow perfor-
mance. This study discusses the effect of installing RWP VGs and CRWP VGs on
thermal and hydraulic performance. Thermal performance is investigated through
analysis of the field synergy angle, spanwise average Nusselt number, and convection
heat transfer coefficient values. Meanwhile, the hydraulic performance is analyzed
through an increased pressure drop. This study aims to determine the effect of the
type of VG and the effect of giving a hole on VG on thermal–hydraulic performance.

2. Physical model

2.1 Experimental set-up

Experiments on the effect of VG on heat transfer and pressure drop flow were
carried out in a rectangular channel made of glass with a thickness of 1 cm and a
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length of 370 cm, a width of 8 cm, and a height of 18 cm, as shown in Figure 1. The
blower sucks air into the channel from the inlet side through a straightener com-
posed of pipes with a diameter of 5 mm and wire mesh to equalize the flow velocity.
The flow velocity in the channel was varied in the range of 0.4 m/s to 2.0 m/s with
an interval of 0.2 m/s using a motor regulator controlled by an inverter (Mitsubishi
Electric-type FR-D700 with an accuracy of �0.01 Hz) and measured with a hotwire
anemometer (Lutron type AM-4204 with an accuracy of �0.05). In this study, the
airflow flowed through VGs with variations in the number of rows (one, two, and
three rows) as well as variations with/without holes to investigate the effect on heat
transfer rate and pressure drop. The VGs were mounted on a flat plate that was
heated at a constant rate of 35 W using a heater that was regulated by a heater
regulator and monitored by a wattmeter (Lutron DW-6060 with an accuracy of
�0.01). Thermocouples K type was used to measure surface temperature, inlet and
outlet temperatures, which were connected to data acquisition (Advantech type
USB-4718 with accuracy �0.01) and were monitored and stored in the CPU. In the
pressure drop test, two pitot tubes were installed at the inlet and outlet of the test
section and connected to a micro manometer (Fluke 922 with accuracy �0.01) to
monitor the pressure drop due to the installation of VGs. Flow visualization tests
were also carried out to observe the longitudinal vortex formed as a result of VGs
insertion. The longitudinal vortex was formed when the smoke resulting from the
evaporation of oil in the heater was flowed through VGs and captured by the
transverse plane formed by the luminescence of the laser beam. The camera was
used to record the longitudinal vortex structure that was formed.

2.2 Computational model

In this study, the effects of the installation of RWP and CRWP VGs in the
rectangular channel on thermal–hydraulic performance were compared. The geom-
etry of the VG used in this study can be seen in Figure 2. In this simulation, VGs
were made from an aluminum plate with a thickness of 1 mm with/without holes

Figure 1.
Schematic of experimental set-up.
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with a diameter of 5 mm. Table 1 shows the geometric parameters of the CRWP
and RWP VGs. Figure 3 is a top view of the RWP and CRWP VGs. VG with the
angle of attack (α) 45° arranged in-line in common flow-down orientation with a
longitudinal pitch of 125 mm. The distance between the first row and the inlet
channel is 125 mm. Meanwhile, the leading-edge transverse distance between
winglet pairs VG is 20 mm. The rectangular channel modeled in this simulation has
dimensions of length (P), width (L), height (H) of channels of 500 mm, 75.5 mm,
65 mm, respectively.

Figure 4 shows the computational domain used in this modeling. This domain
consists of an inlet extended region and an outlet extended region. An inlet
extended region was provided to ensure that the airflow entering the channel is a
fully developed flow. Meanwhile, an extended region outlet was added so that the
air does not experience reverse flow in the channel.

2.3 Governing equations

In this 3-D flow modeling, air was assumed to be steady state, incompressible
and has constant physical properties. Flow can be laminar or turbulent based on its

Figure 2.
Geometry of RWP and CRWP VG with and without holes.

VGs α

(°)

a

(mm)

cv

(mm)

dv

(mm)

ev

(mm)

ch

(mm)

dh

(mm)

eh

(mm)

t

(mm)

R

(mm)

CRWP without

holes

45 59 — — — — — — 40 58

CRWP with

holes

45 59 15 14.56 — — 20 9.85 40 58

RWP without

holes

45 60 — — — — — — 40 —

RWP with holes 45 60 15 — 15 20 — 10 40 —

Table 1.
Geometry parameters of vortex generator (VG).
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Reynolds number value. Flow velocities were set in the range of 0.4–2 m/s with
0.2 m/s intervals. The Reynolds number is determined from R ¼ ρumDh=μ in the
range of 1800 < Re <9100. Therefore, the flow was assumed to be laminar at a
velocity of 0.4 m/s with Re = 1800 and the others were turbulent. Based on these
assumptions, the governing equations used to solve this case are:

Continuity equation

∂u j

∂x j
¼ 0 (1)

Momentum equation

∂

∂x j
ρuiu j

� �

¼
�∂p

∂xi
þ

∂

∂x j
μ
∂uk
∂xi

� �

(2)

Figure 3.
Top view of (a) RWP VG, (b) CRWP VG.

Figure 4.
Computational domain.
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Energy equation

∂

∂xi
ρuiTð Þ ¼

∂

∂xi
Γ
∂T

∂xi

� �

(3)

where ρ, p, ui, and μ are the density, pressure, mean velocity on the x-axis, and
dynamic viscosity, respectively. Meanwhile, Γ is the diffusion coefficient

Γ ¼ λ=cp

where λ is the thermal conductivity, and cp is the specific heat of air.
The turbulent flow modeling used in this simulation is the standard k-ω model.

The transport equation for the standard k-ω model consists of the turbulent kinetic
energy (k) and specific dissipation rate (ω) equations, respectively, which are
stated as follows:

∂

∂xi
ρkuið Þ ¼

∂

∂x j
Γk

∂k

∂x j

� �

þ Gk � Yk þ Sk (4)

∂

∂xi
ρωuið Þ ¼

∂

∂x j
Γω

∂ω

∂x j

� �

þ Gω � Yω þ Sω (5)

where Γω is the specific dissipation rate and Γk is the diffusion effectiveness of
turbulence kinetic energy. The Γω and Γk equations are stated as follows:

Γω ¼ μþ
μt

σω
(6)

Γk ¼ μþ
μt

σk
(7)

σ and μt are the turbulent Prandtl number and turbulent viscosity, respectively.
In this governing equation, the turbulent intensity can be formulated as follows:

I ¼ 0:16R�1=8
Dh

(8)

2.4 Boundary conditions

The boundary conditions used in this computational domain are described as
follows:

Inlet upstream extended region

u ¼ u, v ¼ w ¼ 0,T ¼ T ¼ Const: (9)

Outlet downstream extended region

∂u

∂x
¼

∂v

∂x
¼

∂w

∂x
¼

∂T

∂x
¼ 0 (10)

Wall

u ¼ v ¼ w ¼ 0,T ¼ Tw (11)
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Symmetry

v ¼ 0,
∂u

∂y
¼

∂w

∂y
¼

∂T

∂y
¼ 0 (12)

2.5 Numerical method

The finite volume method (FVM) was used to analyze the thermo-hydraulic
characteristics of the rectangular channel installed with VGs. Laminar flow was
simulated using a laminar model, while the turbulent flow was simulated using the
k-ω model. The turbulent k-ω model was used in this simulation because this model
is suitable for modeling fluid flow in the viscous region [21]. The SIMPLE algorithm
was chosen to obtain a numerical solution of the continuity and momentum equa-
tions. The governing equations for momentum, turbulent kinetic energy, specific
dissipation rate and energy were discretized with a second-order upwind scheme.
The convergence criterion assigned to the continuity, momentum, and energy
equations was 10�5, 10�6, 10�8, respectively.

In this numerical simulation, the mesh type was differentiated between the
upstream extended and downstream extended regions with the computational
domain, as shown in Figure 5. The hexagonal mesh was used in both parts of the
extended region because it has a simple geometric shape. Meanwhile, the part of the
computational domain, namely the fluid and plate, uses a tetrahedral mesh because
it has a more complex geometry due to the presence of VGs. The tetrahedral mesh
was also used to obtain more accurate results in this area so that it can show flow
separation and secondary flow in the test section.

2.6 Parameter definitions

The parameters used in this study are as follows:
Reynolds number

R ¼
ρumDh

μ
(13)

Figure 5.
Mesh generated.
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Nusselt number

Nu ¼
hDh

λ
(14)

where ρ, um, μ, Dh, and λ are the density, average fluid velocity, dynamic
viscosity, hydraulic diameter, and thermal conductivity of the fluid, respectively.
h is the convection heat transfer coefficient obtained from the following equation:

h ¼
q

AT Tw � T f

� � (15)

q, AT, and Tw are the convection heat transfer rate, heat transfer surface area,
and hot wall temperature, respectively, while Tf is the bulk fluid temperature which
is defined as follows:

T f ¼
T þ Tout

2
(16)

Tin is the inlet temperature and Tout is the temperature at the outlet side which is
determined by the following equation:

T ¼

ÐÐ

Au x, y, zð ÞT x, y, zð ÞdA
ÐÐ

Au x, y, zð ÞdA
(17)

Tout ¼

ÐÐ

Aout
u x, y, zð ÞT x, y, zð ÞdA
ÐÐ

Aout
u x, y, zð ÞdA

(18)

∆P is the pressure drop of fluid flow which can be formulated as ΔP = Pin-Pout in
which Pin and Pout can be described as follows:

P ¼

ÐÐ

ApdA
ÐÐ

AdA
(19)

Pout ¼

ÐÐ

Aout
pdA

ÐÐ

Aout
dA

(20)

2.7 Validation

An independent grid test was performed to ensure that the number of grids
does not affect the numerical simulation results. Four different grid numbers were
used for grid-independent testing. The test was carried out on the computational
domain with three CRWP pairs at a velocity of 0.4 m/s. Table 2 shows the
simulation results of the variation in the number of different grids on the convec-
tion heat transfer coefficient. Because the convection heat transfer coefficient of
the simulation results shows a slight difference, the optimum number of grids is
determined by comparing the heat transfer coefficient from the modeling results
and the results from the experiment. The smallest error from the simulation
results and experimental results is used as an independent grid. Based on the
comparison of the simulation results for the various numbers of grids with the
experimental results, it is found that the grid with the number of elements close to
1,600,000 was chosen for use in this numerical simulation because it has the
lowest error, namely 0.337%. Validation was also carried out by comparing the
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experimental results of Wu et al. (2008) and current experimental results with
slightly different conditions, see Ref. [22].

3. Results and discussion

This study aims to investigate the effect of holes on VGs and the number of pairs
of VGs on airflow and heat transfer characteristics. The installation of VG generates
vortices and forms swirl flow so that the convection heat transfer rate on the airside
increases [7–9].

3.1 Flow field

To determine the difference in flow structure in the test section, simulations
were carried out on a channel with VGs and without VGs (baseline). Figure 6(a) is
a flow in the baseline case where vortices and swirl flows are not observed. Whereas
in Figure 6(b), the simulation results show that the installation of VGs on the
channel results in the formation of swirl flow [7], which results in longitudinal
vortices due to flow separation along the VGs caused by pressure differences on the
upstream and downstream VGs [10]. Figure 7 illustrates the counter-rotating pairs
of longitudinal vortices due to the installation of RWPs and CRWPs VGs with a 45°
angle of attack. A strong counter-rotating longitudinal vortex forms behind the VG
with the left rotating clockwise and the right rotating counterclockwise [23]. These
two longitudinal vortices result in the formation of downwash flow in the center of
the channel towards the lower wall of the channel and upwash flow on both sides of
the channel to the upper wall of the channel. This longitudinal vortex configuration
is also called common-flow-down.

Number of element h(simulation) h(experiment) Error (%)

1,262,840 18.27726 18.18571 0.503

1,478,060 18.34781 18.18571 0.891

1,661,610 18.24699 18.18571 0.337

1,868,587 18.29429 18.18571 0.597

Table 2.
Grid independent test.

Figure 6.
Velocity streamline in a channel; (a) without VG (baseline), (b) with VG.
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Figure 8 is a comparison of tangential velocity vectors in the cross-plane X1 with
three pairs of RWP and CRWP VGs for with and without holes at 2.0 m/s. The
tangential velocity vector in the use of RWP and CRWP VGs is high in the down-
wash region, which results in improved heat transfer [7]. In the case of CRWP VGs,
the longitudinal vortex radius formed is larger than that of the RWP VGs. This is
because the frontal area of the CRWP is larger, which results in a better heat
transfer rate increase than that of the RWP VGs [24, 25]. The hole in VG causes a jet
flow, which removes stagnant fluid in the back region of VG and increases the
kinetic energy in this area so that the pressure difference before and after passing
VG can be reduced [26]. Because of this decrease in the pressure difference, the
longitudinal vortex strength decreases. The main vortex, induced vortex, and cor-
ner vortex are observed on CRWP VGs installation, as shown in Figure 9. The
structure of the longitudinal vortex is formed due to several factors. The main
vortex is formed due to flow separation when the flow passes through the VG wall
due to the pressure difference [27]. Induced vortex is formed due to the interaction
between the main vortex. Meanwhile, the corner vortex is formed as a result of the
interaction between the VG wall and the main vortex.

Figures 10 and 11 show the counter-rotating longitudinal vortex as the flow
passes through the VGs. Counter-rotating longitudinal vortices are observed in the

Figure 7.
Tangential velocity vector on a channel with three pairs of VG: (a) perforated CRWP and (b) perforated RWP.

Figure 8.
Tangential velocity vector in the cross-section X1.

11

Numerical Investigation of Heat Transfer and Fluid Flow Characteristics in a Rectangular…
DOI: http://dx.doi.org/10.5772/intechopen.96117



Figure 9.
Tangential velocity vector in the cross-section X1 in the channel installed VG: (a) perforated RWP, (b)
perforated CRWP.

Figure 10.
Comparison of the tangential velocity distribution in the channel installed RWP at several cross-section positions
at a velocity of 2.0 m/sec.
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cross-sectional plane at positions X1 to X6 and move spirally downstream to a
certain distance and sweep towards the lower wall of the channel [26]. The strength
of the longitudinal vortex is observed to be greater in CRWP than in RWP. CRWP
has greater longitudinal vortex strength because CRWP has a larger frontal area
than that of RWP, which results in a larger longitudinal vortex radius causing in
better heat transfer performance [19]. From Figures 10 and 11, it is observed that
the longitudinal vortex in the X1 plane is stronger than that in the X2 plane for all
types of VG with/without holes. This is due to viscous dissipation, which causes the
longitudinal vortex to gradually weaken as the flow away from VG [28]. In the X3
plane, the longitudinal vortex strength increases compared to the X2 plane due to
the addition of VGs, which results in an increase in fluid velocity in the downwash
region [29]. The hole in the VG results in the weakening of the longitudinal vortex
strength due to jet flow formation [26].

Figure 11.
Comparison of the tangential velocity distribution in the channel installed CRWP at several cross-section
positions at a velocity of 2.0 m/sec.
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3.2 Longitudinal vortex intensity

The longitudinal vortex intensity is a dimensionless number studied by K Song
et al. [30] and represents the magnitude of the inertia force induced by secondary
flow to the viscous force. In this study, the longitudinal vortex intensity is defined
in Eq. (22)

Se ¼
ρDhU

μ
(21)

where Se is the longitudinal vortex intensity, and U is the secondary flow
velocity characteristic, which can be formulated in the following equation:

Figure 12.
The mean spanwise longitudinal vortex intensity at a velocity of 0.4 m/s for the case of (a) one-pair RWP; (b)
one-pair of CRWP; (c) two pairs RWP; (d) two-pairs CRWP; (e) three pairs RWP; (f) three-pairs CRWP.
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U ¼ Dh ω
nj j ¼ Dh

∂w

∂y
�

∂v

∂z

�

�

�

�

�

�

�

�

(22)

where ωn is the vortices about the normal axis of the spanwise plane. The mean
longitudinal vortex intensity in the spanwise plane at position x (Sex) is defined by
Eq. (24)

Sex ¼
ρD2

h

A xð Þμ

ðð

A xð Þ

ωnj jdA (23)

Figures 12 and 13 show the ratio of Sex in RWP and CRWP cases at a velocity of
0.4 m/s and 2.0 m/s. In general, CRWP insertion produces a greater longitudinal

Figure 13.
The mean spanwise longitudinal vortex intensity at a velocity of 2.0 m/s for the case of (a) one-pair RWP; (b)
one-pair of CRWP; (c) two pairs RWP; (d) two-pairs CRWP; (e) three pairs RWP; (f) three-pairs CRWP.
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vortex intensity than that of RWP because the frontal area of the CRWP is larger
than that of the RWP and due to the instability of centrifugal force when the flow
passes over the CRWP surface [19, 31]. The longitudinal distribution of the vortex
intensity is shown in Figure 14 for a velocity of 0.4 m/s and Figure 15 for a velocity
of 2.0 m/s. In the case of CRWP and RWP, the longitudinal vortex intensity tends to
dissipate after passing VGs due to viscous effects [2, 26, 28]. Therefore, the instal-
lation of the second and third rows of VG reinforces the intensity of the longitudinal
vortex as illustrated in Figures 12(c)–(f) and Figures 13(c)–(f) for velocities of
0.4 m/s and 2 m/s, respectively.

The hole in the VG results in a decrease in the intensity of the longitudinal
vortex, as shown in Figures 12–15. The hole in VG causes jet flow formation, which
can interfere with the generation of the longitudinal vortex [26]. For RWP VGs
with a velocity of 2.0 m/s, the intensity of the longitudinal vortex experiences the
highest decrease, namely 17% at x/L = 0.48 for the case of one pair with holes, 11%
at x/L = 0.4 for the case of two pairs with holes and 13% at x/L = 0.48 for the case of
three pairs with holes of ones without holes. Meanwhile, in the case of CRWP VGs
with a velocity of 2.0 m/s, the intensity of the longitudinal vortex experiences the
highest decrease, namely 35% at x/L = 0.48 for the case of one pair with holes, 14%
at x/L = 0.68 for the case of two pairs with holes and 22% at x/L = 0.68 for the case
of three pairs with holes compared to ones without holes.

Figure 14.
The longitudinal vortex intensity for the case of three pairs of RWP and CRWP at locations x / L = 0.34 and
x/L = 0.32 at a velocity of 0.4 m/s, respectively.

Figure 15.
The longitudinal vortex intensity for the case of three pairs of RWP and CRWP at locations x / L = 0.34 and
x/L = 0.32 at a velocity of 2.0 m/s, respectively.
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3.3 Temperature distribution

The temperature distribution for the RWP and CRWP cases with/without holes
and the baseline in the spanwise plane at a certain position with a velocity of 2.0 m/s
is shown in Figures 16 and 17. Visually, the temperature distribution in the channel
in the presence of VG is better than the baseline. The placement of VG in the
channel increases the temperature distribution due to the counter-rotating pairs of
longitudinal vortices, which result in increased fluid mixing [32]. Counter-rotating
pairs of longitudinal vortices produce a downwash that pushes the fluid towards the
surface of the heated plate resulting in increased local heat transfer coefficients and
thinning of the thickness of the thermal and dynamic boundary layers [32, 33].

Meanwhile, counter-rotating pairs of longitudinal vortices also generate upwash
on the outer side of the vortex and push the hot fluid on the plate wall towards the
flow-stream resulting in a decrease in the local heat transfer coefficient and a

Figure 16.
Temperature distribution in channel with: (a) RWP without holes; (b) RWP with holes.

Figure 17.
Temperature distribution in channel with: (a) CRWP without holes; (b) CRWP with holes.
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thickening of the boundary layer as observed in Figures 16 and 17 comparing to the
baseline case, as shown in Figure 18. Visually, the temperature distribution in the
CRWP case is more even than the temperature distribution in the RWP case. This is
because CRWP produces a higher longitudinal vortex intensity than that of RWP
[31]. In addition, the holes in each VG result in the formation of jet flow, which can
reduce the intensity of the longitudinal vortex resulting in an increase in tempera-
ture gradient [26], as shown in Figure 16(b) and 17(b).

3.4 Pressure distribution

Figure 19 shows the pressure distribution for the three-pairs RWP and CRWP
cases with/without holes at a Velocity of 2.0 m/s. Installation of VG in the channel
results in an increase in pressure drop due to drag generated on the flow [34, 35]. As
observed in Figure 3.14, the pressure drop generated by CRWP is higher than that
from RWP. This is because the frontal area of the CRWP is larger than that of the
RWP, which results in a higher longitudinal vortex intensity and results in increased
pressure drop [19]. A low-pressure zone is formed behind VG in the RWP and
CRWP cases [26]. The hole in VG causes in the formation of jet flow, which results
in a decrease in the low-pressure zone. This is because the jet flow reduces the
stagnant fluid in the area behind VG and increases the kinetic energy in this area,
causing the pressure difference before and after passing VG to decrease [26].

3.5 Mean spanwise Nusselt number

The local heat transfer improvement can be identified with the mean spanwise
Nusselt number, as informed by Hiravennavar [36]. The equation used by
Hiravennavar is as follows:

Ńus ¼
Bq H=kð Þ

Ð B
0 Tw � Tbð Þdz

(24)

where B, q, H, and k are channel width, heat flux, channel height, and fluid
thermal conductivity, respectively. Meanwhile,Tw and Tb are the wall temperature
and bulk fluid temperature, respectively.

Figure 18.
Temperature distribution in the channel without VG (baseline).
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Figures 20 and 21 compare the mean spanwise Nusselt numbers in the RWP and
CRWP cases at velocities of 0.4 m/s and 2.0 m/s. The use of VG in the channel
increases the Nusselt number [30]. Figures 20 and 21 show that the mean spanwise
Nusselt number in the CRWP case is higher than that in the RWP case. This is

Figure 19.
Comparison of the pressure distribution at z = 0.41H.

Figure 20.
Average spanwise Nusselts numbers the RWP and CRWP at a velocity of 0.4 m/s.

Figure 21.
Average spanwise Nusselts numbers the RWP and CRWP at a velocity of 2.0 m/s.
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because the longitudinal vortex intensity generated by the CRWP is stronger than
that of the RWP. The holes in VG result in a decrease in the mean spanwise Nusselt
number because the holes in VG reduce the intensity of the longitudinal vortex [16].
The highest decrease of the average spanwise Nusselt number in perforated RWP
and CRWP at a velocity of 0.4 m/s was 24% at x/L = 0.32 and 11% at x/L = 0.56 of
VG without holes, respectively. Whereas for the same case at a velocity of 2.0 m/s,
the highest reduction is 2% at x/L = 0.8 and 7% at x/L = 0.32, respectively.

Figure 22.
Comparison of the convection heat transfer coefficient on RWP with and without holes for installation: (a) one;
(b) two, and (c) three pairs.
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3.6 Convection heat transfer coefficient

Figures 22 and 23 show the comparison of the heat transfer coefficient values
due to the installation of RWP and CRWP. In general, the convection heat transfer
coefficient increases with increasing Reynolds number. From Figures 22 and 23, it
is found that the convection heat transfer coefficient with the CRWP installation is
higher than that of the RWP. This is because CRWP produces a stronger

Figure 23.
Comparison of the convection heat transfer coefficient on CRWP with and without holes for installation:
(a) one; (b) two, and (c) three pairs.
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longitudinal vortex intensity than that of RWP due to the instability of the flow as it
crosses the CRWP surface [25]. The convection heat transfer coefficient in the RWP
and CRWP cases with a three-pair installation configuration with holes is increased
by 198% and 207%, respectively, from the baseline at the highest Reynolds number.

The addition of pairs of VG results in an increase in the convection heat transfer
coefficient because the addition of VG pairs strengthens the longitudinal vortex

Figure 24.
Comparison of pressure drop on RWP with and without holes for installation: (a) one; (b) two and (c) three
pairs.
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strength and interferes with the formation of boundary layers and increases fluid
mixing [29]. Meanwhile, the hole in VG results in a slight decrease in the value of
the convection heat transfer coefficient, as seen in Figures 22 and 23, because the
holes in VG generate jet flow, which can weaken the intensity of the longitudinal
vortex [26]. The decrease in the convection heat transfer coefficient at the highest

Figure 25.
Comparison of pressure drop on CRWP with and without holes for installation: (a) one; (b) two and (c) three
pairs.
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Reynolds number for the perforated RWP and CRWP cases of three pairs is 2% and
8% of the without holes, respectively.

3.7 Pressure drop

A comparison of pressure drop between experiment and simulation for the RWP
and CRWP cases is observed in Figures 24 and 25, respectively. From the two
figures, it is found that the pressure drop for all cases increases with increasing
Reynolds number. The main reason is the increase in the drag generated with
increasing flow velocity [14]. Installation of RWP and CRWP in the channel results
in an increase in pressure drop due to the drag formed on the flow. The pressure
drop due to CRWP insertion is higher than RWP because CRWP produces a stron-
ger longitudinal vortex than RWP [37]. For the perforated RWP case, the increase
in pressure drop with variations of one, two, and three pairs at the highest Reynolds
number is 4.26 times, 8.98 times, and 9.96 times, respectively, from the baseline.
Meanwhile, for the perforated CRWP case with the highest Reynolds number in the
same case, it is 12.52 times, 19.27 times, and 26.31 times from the baseline. The hole
in VG causes a decrease in the pressure drop value because the hole in VG reduces
fluid resistance due to the longitudinal vortex [31]. The highest reduction in pres-
sure drop due to the hole in the RWP with variations of one, two, and three pairs is
7%, 4%, and 13%, respectively. On the other hand, the decrease in pressure drop on
CRWP with the highest Reynolds number for the same case is 5%, 5%, and 11%,
respectively.

3.8 Field synergy principle (FSP)

FSP is a method for analyzing improvement in heat transfer rate, which was
informed by Guo et al. [38]. In their study, Guo et al. define the increase in the rate
of heat transfer by decreasing the angle of the intersection of the velocity vector and
the temperature gradient. The energy conservation equation used by Guo et al. in
their research are as follows:

ρCp

ðδt

0
U � ∇́T

� �

dy ¼ �λ
∂T

∂y
(25)

where ρ, Cp, and λ are assumed to be constant so that the dimensionless form of
Eq. (25) is

RxPr

ð1

0
Ú � ∇́T

� �

dy ¼ Nux (26)

where Ú ¼ U=U
∞
, ∇́T� ¼ ∇́T

T
∞
�Twð Þ=δt

, y ¼ y=δt. U∞ and T∞ are the velocity and

temperature of the fluid in the free stream region, respectively. Meanwhile, δt is the

thickness of the thermal boundary layer. Vector dot product, Ú � ∇́T, in Eq. (26) can
be described as follows:

Ú � ∇́T ¼ Ú
�

�

�

�

�

� ∇́T
�

�

�

�cosβ (27)

where β is the angle between the velocity vector and the temperature gradient.
Thus, Eq. (27) can be written as follows:
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�

0
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@

1

C

A
(28)

Figures 26 and 27 illustrate the local synergy angle in the RWP and CRWP
cases, respectively, with speeds of 0.4 m/s and 2.0 m/s. In general, inserting VG in
the channel reduces the synergy angle because VG generates a longitudinal vortex
[39]. The longitudinal vortex alters the flow and temperature fields resulting in
improved heat transfer. From Figures 26 and 27, it can be observed that the
decreased synergy angle is higher in the case of CRWP than that of RWP because
the strength of the longitudinal vortex produced by CRWP is stronger than that of

Figure 26.
Synergy angle at a speed of 0.4 m/s for the case of (a) one-pair of RWP; (b) one pair of CRWPs; (c) two pairs
of RWP; (d) two-pairs of CRWP; (e) three pairs of RWP; (f) three-pairs of CRWP.
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RWP [25, 40]. The lowest synergy angle in the case of three pairs of perforated
RWP at a velocity of 0.4 m/s are 78.25°, 77.98°, and 79.33° at x/L = 0.28, 0.52, and
0.76, respectively. Meanwhile, at velocity of 2.0 m/s, they are 81.15°, 79.42°, and
81.19° at x/L = 0.28, 0.52, and 0.76, respectively.

In the case of CRWP with the same configuration, the largest synergy angles are
71.64°, 77.52°, and 79.04° at x/L = 0.24, 0.52, and 0.76 at 0.4 m/s, respectively.
Meanwhile, at velocity of 2.0 m/s, they were 72.68o, 78.81o, and 81.57o at
x/L = 0.28, 0.52, and 0.8, respectively. The hole in VG increases the synergy angle
due to a decrease in the heat transfer coefficient [41]. The increase in the mean
synergy angle due to the addition of holes in the RWP and CRWP three pairs is
0.25° and 0.29° at a velocity of 2.0 m/s, respectively.

Figure 27.
Synergy angle at a speed of 2.0 m/s for the case of (a) one-pair of RWP; (b) one pair of CRWPs; (c) two pairs
of RWP; (d) two-pairs of CRWP; (e) three pairs of RWP; (f) three-pairs of CRWP.
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4. Conclusion

In this study, a numerical fluid flow simulation was performed to determine the
effect of installing RWP and CRWP with/without holes at 45° angle of attack on
heat transfer and pressure drop in the rectangular channel. The hole in VG results in
a slight decrease in the convection heat transfer coefficient. The reduction of the
convection heat transfer coefficient in the channel with the installation of three
pairs of perforated RWP and CRWP for the highest Reynolds number was 2% and
8% of the without holes, respectively. The hole in the VG was able to reduce the
pressure drop in the channel. The highest reduction in pressure drop due to holes in
RWP with variations of one, two, and three pairs was 7%, 4%, and 13%, respec-
tively. On the other hand, the decrease in pressure drop on CRWP with the highest
Reynold number for the same case was 5%, 5%, and 11%, respectively. The hole in
VG caused a decrease in the mean spanwise Nusselt number in all cases. The
decrease in the average spanwise Nusselt number in the perforated RWP and
CRWP cases at a velocity of 0.4 m/s was the greatest of 24% at x/L = 0.32 and 11% at
x/L = 0.56, respectively, from those without holes. Whereas for the same case at a
velocity of 2.0 m/s, the largest decrease was 2% at x/L = 0.8 and 7% at x/L = 0.32,
respectively. The synergy angle increased due to the holes in the RWP and CRWP.
The average synergy angle increase in the use of RWP and CRWP three pairs was
0.25 and 0.29 at a velocity of 2.0 m/s, respectively.
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