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Abstract

Effective surface cooling techniques are in demand by various industries. Such techniques improve system performance and keep it within
the safe thermal threshold. Thus, active heat dissipation methods are of utmost importance. One such method involves the use of an extended
surface. Extended surfaces, like fin, improve the heat transfer rates by increasing the active heat dissipation area. On the other hand, a vortex
generator enhances thermal dissipation by promoting boundary-layer interactions. Such interactions are strengthened by improving the devel-
oped differential pressure along the flow direction. An effective design of the extended surface helps in this process. Despite significant efforts in
the past, earlier designs of vortex generators have shown limitations. This work presents a novel approach where the incorporation of a trapezoi-
dal-shaped auxiliary surface, AP, onto a rectangular vortex generator, RVG, is proposed. A thorough parametric investigation is conducted using
ANSYS Fluent to study various aspects of the AP, within a modified RVG. It includes a thorough study of its interior angles, width, height, and
inclination angle with the principal part. The conservation equations are solved numerically. The proposed design yields improved performance.
Configuring the interior angles of the AP at 120° increases the convective heat transfer coefficient by 11.13%. The modification also enhances the
thermal performance factor by 9.9%. However, this enhancement is accompanied by a 3.53% rise in frictional losses. Further, a width of 0.01 m
of the AP produces increments of 27.16% and 22.4% in the convective heat transfer coefficient and the thermal performance factor, respectively,
as compared to the RVG. The corresponding frictional losses show an increase of 11.98%. Introducing the AP at the top of the principal part of
the modified RVG results in a 27.16% increase in the Nusselt number. Moreover, varying the inclination angle of the AP produces a maximum
increase of 27.64% in the Nusselt number and a 22.4% enhancement in the thermal performance factor.
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1. Introduction

In the modern world, every technological development de-
mand sustainability. Reduction of system size and optimiza-
tion of its energy consumption are two major factors toward
such goals. However, in most industries, it is observed that
power consumption increases along with the demand for
smaller and lighter systems. Therefore, the miniaturization of
systems with improved efficiency is the need of the hour. High-
er energy consumption demands an effective heat dissipation
system to avoid any thermal failure. Fins and vortex generators
(VGs) are two popular components of such heat dissipation
systems. Implementation of fins augments surface area and
subsequently improves heat transfer. The use of VGs gener-

ates various helical fluid motions to enhance the convective
thermal performance. This method is particularly effective and
thus requires serious consideration.

The effectiveness of using VGs to improve heat transfer is reli-
ant on various factors, including geometrical shapes [1-4]. Sa-
madifar and Toghraie [5] studied the impact of different VGs,
viz., RVG, wavy VG, etc. The investigation has been carried out
numerically using the finite volume method (FVM), on a fin-
plate heat exchanger with a triangular channel cross-section.
The results show that the RVG improves the thermal perfor-
mance of the system by 7%. However, the presence of VG in
the system results in a higher-pressure drop. A 45° angle of at-
tack (¢) is found to provide the best performance, with height
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of the VG contributing to the thermal enhancement. Qian et al. [6]
studied the heat exchangers with rectangle winglet VGs. The study
found that the rectangle winglet helped in strengthening the weak
areas of flow at the rear side of the tubes. This improves the thermal
performance and resistance characteristics of the system. Biswas
and Chattopadhyay [7] numerically studied the delta wing VGs in
a rectangular channel. The Navier-Stokes equations and the energy
equation were used to analyze thermal exchange between the fluid
and the channel wall. The impacts of pierced holes, and Reynolds
number (Re) were investigated. The average Nusselt number (Nu) is
found to increase by a maximum of 34%. It was further reported that
the improvement in thermal performance occurs at ¢ = 26°.

Numerous works reported the application of VGs in heat exchang-
ers with improved thermal performance. Different shapes of VGs
have been tested using both numerical and experimental studies.
The results indicate improved thermal behavior and better ther-
mo-hydraulic performance. In addition, the placement and the ori-
entation of the VGs are found to affect performance further. Luo et
al. [8] focused on a new combination of a wavy fin and VG for heat
exchangers to increase thermo-hydraulic performance. The findings
indicate that the combination of VGs with wavy fins resulted in
an increase in Nu by up to 33%. The thermal performance factor
is also improved by a maximum of 26.4%. The study investigated
different flow regimes and the impact of corrugation angles along
with ¢. In the laminar flow regime, the configuration with ¢ = 45°
provides the best thermal performance. Sarangi and Mishra [9],
in a separate study, evaluated the thermal behavior of rectangular
winglet pairs (RWP). Positioning RWPs in a common-flow-up
configuration enhances the heat transfer rate near the central tube.
Thermal performance improves with ¢ up to 20°, which resulted in a
60% increase in Nu. The winglets are found to perform better, when
placed at 3.201 mm upstream in the streamwise direction and 7.2
mm spanwise. However, increased winglet numbers and upstream
placement result in higher pressure drops. Thermal performance
increased by 12%, 37% and 47%, with one, two and three winglet
pairs, respectively.

Modi and Rathod [10] studied different rectangular winglet VGs
(RWVGs) in heat exchangers, with different Re, varying between
400 and 1000. Compared to a reference case without VGs, RWVGs
(wavy-up, wavy-down, curved-up, curved-up, curved-down) show
an enhancement of heat transfer. Results show that the wavy-up set-
up provided the highest Nu. This indicates an increased thermal per-
formance. However, curved-down RWVGs show a better balance in
terms of thermo-hydraulic performance. In a separate study, Fiebig
et al. [11] investigated wing-type VGs in heat exchangers for Re =
600-2700. Delta winglets were used in both inline and staggered
tube systems. In the case of inline systems, VGs enhance thermal
performance by up to 65%. However, these devices also increase the
friction factor (f) by up to 45%. In the staggered setup, the thermal
performance is found to increase by 9%. Gholami et al. [12] studied
wavy rectangular winglets for a potential increment in thermal ex-
change. The Re varied between 400 and 800, with the ¢ as 30°. The

results show that the wavy rectangular winglet improves the thermal
performance over the traditional VGs. The wavy-up setup improves
thermal exchange better, with additional flow losses. Pressure drop
is noticed with the wavy-down setup. In a different study, Sharma
et al. [13] investigated a single triangular shaped winglet VG in a
heat exchanger. The authors used triangular structures as auxiliary
fins. The VGs were placed on the top and bottom parts of the sys-
tem under a laminar flow condition. The results show that adding
thickness, along with tilting of the VG at 45°, enhances heat transfer
by 19.7%. However, it also increases the pressure loss by 7.8%. This
VG configuration reduces the size of the heat exchanger by almost
50%. Gonul and Okbaz [14] conducted a study on how VGs im-
pact thermal performance. Different VG configurations were tested
to enhance the flow structure and heat transfer efficiency. Higher
vortex intensity and longer VGs are found to affect heat transfer. The
expansion of secondary flow regions in the microchannel with an
increasing number of VG pairs was also studied [14]. A maximum
heat transfer enhancement of 230% was observed, with an increment
in pressure loss of 950%. The maximum thermo-hydraulic perfor-
mance factor was obtained at around 1.38. Vilikangas et al. [15]
studied delta winglet VGs for a possible enhancement in thermal
characteristics. The study reported that the presence of VGs helps
in forming longitudinal vortices and improves thermal exchange. It
also shows reduced flow losses. The improved design yields a 5.23%
improvement in overall performance as compared to the plain fin.

Researchers today emphasize the use of longitudinal VGs (LVGs)
more than ever because of the potential of these devices to increase
heat transfer efficiency in thermal systems. The LVGs generate
vortices that disrupt the thermal boundary layer and enhance flu-
id mixing. Therefore, LVGs are considered as one of the effective
solutions for improving thermal performance [16-18]. Liu et al. [19]
investigated LVGs inside a rectangular microchannel to study the
thermal behavior at Re up to 1200. The study reports a heat transfer
enhancement of 9-21% for the laminar regime and of 39-90% for the
turbulent regime. It was further reported that pressure losses are also
found in the ranges of 34-83% for the laminar regime and 61-169%
for the turbulent regime. Wang et al. [20] investigated optimizing
an LVG in a circular tube under laminar flow. By varying spacing
length, central angle, and slice height, significant enhancements in
the Nu and f were found. Ebrahimi et al. [21] conducted numerical
investigations on rectangular microchannels with LVGs. The anal-
ysis considers single-phase laminar flow. Conjugate heat transfer
with temperature-dependent thermo-physical properties is taken
into consideration. The study shows a 2-25% increase in the mean
Nu and a 4-30% increase in the f with LVGs compared to smooth
microchannels, over Re = 100-1100.

Various VG geometries, including curved delta winglets, curved
rectangular winglets and others, have been analyzed for heat trans-
fer performance in various literature. Zhou and Feng [22] experi-
mentally compared plane and curved winglet VGs of rectangular,
trapezoidal, and delta geometries. The study was carried out both
with and without punched holes. The curved winglet VGs show
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better thermal performance, with lower pressure loss than that of
the plane winglet VGs. This was noticed in both laminar and tur-
bulent flow. The curved delta winglet pairs yield a better result. On
the other hand, the VGs with punched holes improve thermo-hy-
draulic performance and reduce the flow resistance. It has been
observed that the holes placed at lower and central positions of the
VG improve the heat transfer rate and the overall thermo-hydraulic
performance. Al-Dulaimi et al. [23] investigated the performance of
detached square VGs inside a square duct at Re = 5000. The study
varied several parameters such as the blocking ratio, ¢, VG number
and aspect ratio. The work was carried out numerically using ANSYS
Fluent 15. The results indicate that RVGs increase heat transfer by
up to 40% due to increased turbulence. A better heat transmission
is achieved with the blocking ratio. Thermal performance increases
by 17% and 28% for one and three VGs at a blocking ratio of 0.2.
At ¢ =45°, VGs provide an improved heat transfer. However, higher
aspect ratios reduce the heat transfer rate.

Mundhe and Bindu [24] investigated the heat response and flow re-
sistance of Conical Oftset VGs (COVGs). The study was carried out
in a heated steel pipe with turbulent airflow. Numerical simulations
were conducted for Re ranging from 4000 to 50000. Both pitch to
diameter ratios and ¢ (15°, 30°, 60°) were varied. A COVG at ¢ =
60° shows the maximum thermal enhancement. The study reports
that the experiment was conducted with different pitches relative to
diameter values (1.18, 1.97, 3.94). Nu increased from 3.46 to 6.7 be-
cause of increased mixing of the fluid near the wall surface. Zhou and
Ye [25] conducted an experimental study on a curved trapezoidal
winglet (CTW). It was compared with traditional types of VGs, i.e.,
rectangular, trapezoidal, and delta winglets. The study reported that
the delta winglet performs better both in laminar and transitional
flows. However, the CTW shows an improvement in thermo-hy-
draulic performance in the case of fully turbulent flows. This is due
to its streamlined shape and low pressure drop. Parametric study
on CTW indicates that smaller ¢ at 0° and 15° enhances its perfor-
mance. A greater curvature of 0.5 and a higher inclination angle of
20° enhance its performance. The study also reported that double
rows of CTW do not improve thermo-hydraulic performance due
to increased pressure drop. Therefore, optimized spacing between
the rows is necessary. Gentry and Jacobi [26] performed an analy-
sis of delta wing VGs for flow over a flat plate at low Re. The study
showed an increment from 50% to 60% in heat and mass transfer.
The optimal delta-wing geometries were identified for various val-
ues of Re. Wing chord size was used in the analysis. The results show
that stronger vortices formed at the boundary layer border. These
vortices pulled the outer flow into the boundary layer and reduced
its thickness. Xu et al. [27] investigated thermal behavior in a circu-
lar tube with the help of VGs. The flow behavior was also analyzed
inside the tube. The study considered various parameters such as
¢, blockage levels and a few other related geometric variables. The
experiments covered airflows with Re = 6000-33000 under uniform
heat input. The findings indicate that heat transfer decreases with
pitch ratio. However, it increases with Re, ¢ and blockage levels. The
study showed that heat transfer enhancement is about twice that of

the base case. The maximum improvement in thermal performance
is 1.45.

Salhi et al. [28] analyzed natural convection in a nanofluid (water
with silver or titanium dioxide) in an inclined wavy cavity using
FVM. A parametric analysis of variables such as volume fraction,
Rayleigh number (Ra), etc., was performed. It was found that the
presence of nanoparticles improves heat transfer. The study further
reported improved results at higher volume fractions and Ra. The
modification of the wavy surface geometry also helps in optimiza-
tion of thermal performance.

In recent years, researchers have been finding ways to improve heat
transfer performance using nanofluids. Many studies apply nanoflu-
ids to natural convection systems. These investigations are typically
conducted in laboratory flasks to study thermal performance. Cha-
fai et al. [29] studied buoyancy-driven flow of nanofluids in a tilted
flat-bottom flask using the FVM. Copper (Cu) and aluminium oxide
(Al,O3) nanoparticles with various volume

fractions were considered. The results show that Cu nanofluids pro-
vide better heat transfer than Al O, nanofluids, especially at higher
nanoparticle volume fractions and Ra. Baiti et al. [30] investigated
turbulent mixed convection of a graphene-carbon nanotube hybrid
nanofluid inside a round-bottom flask. Thermal performance was
found to be impacted by Ra and the nanoparticle volume fraction.
However, the agitator speed showed a minor impact. Salhi and Ch-
afai [31] numerically investigated laminar natural convection in a
square cavity filled with a water-based hybrid nanofluid containing
Ag and Ag-TiO, nanoparticles. The cavity featured one heat source
and one heat sink with adiabatic walls. The FVM was used to study
parameters such as volume fraction of nanoparticles. The type of
hybrid nanofluid was also studied. It was found that thermal perfor-
mance improves when the nanoparticle volume fraction is raised.

Previous studies have investigated the influence of VGs on heat
transfer in solar air heaters. These studies show that VGs improve
mixing, which in turn increases heat transfer and overall thermal ef-
ficiency [32-35]. Alnakeeb et al. [36] investigated a corrugated plate
solar air heater fitted with VGs. A 3D numerical model was used
to analyze various shapes of VGs, such as rectangular, trapezoidal,
and delta-shaped VGs. The study was conducted at various values
of ¢. The results indicate better thermo-hydraulic performance than
that of a corrugated plate alone. Better performance was obtained
with RVGs at Re = 7000 and ¢ = 30°. The study showed that VGs
with corrugated plates improve solar air heater efficiency. Hu et al.
[37] studied the optimization of solar air heaters by integrating one-
eighth sphere VGs into the absorber plate. An electric plate was used
to mimic the solar heat input. The study was conducted to find the
impact of deflection angle and pitch. Improved performance was
achieved at a deflection angle of 180°. A performance factor of 2.03
was also obtained in the study. In comparison to the plain duct, Nu
and f are found to increase by factors of 2.45 and 1.96, respectively.
The configuration shows an effective method of enhancement for
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solar air heaters. Sawhney et al. [38] conducted experiments on a
solar heater to study the effect of VGs on thermal performance.
The study focused on wavy up delta winglet VGs. It was found that
placing the VGs at a suitable location in the fluid domain improves
system performance. The study further reported that the thermal
performance is best at ¢ = 60°. This results in an increase in Nu by
approximately 223% compared to a flat plate, with a particular setup
at Re = 4000. Tian et al. [39] investigated novel winglet VGs within
heat exchangers used for flue gas. It was found that VGs increase
surface heat flux by 15.8% and pressure drop by 78.9%, compared
to plain fins. Rectangular winglets perform better, increasing sur-
face heat flux by a significant amount. Fahad et al. [40] numerically
studied five novel VG shapes in a rectangular channel to improve
thermal behavior. The angular orientations of the VGs were also
considered in the study.

Recently, studies on VGs with perforations have gained a lot of focus
and have been shown to provide enhanced thermal performance.
This technique has improved system efficiency by enhancing fluid
mixing and flow dynamics. The effects are visible in the system in
terms of thermo-hydraulic efficiency and pressure drop character-
istics [41-44]. Saini et al. [45] investigated curved delta winglet VGs
(CDWVGs), in both perforated and solid forms. The work was done
to enhance thermal performance in heat exchangers. Thermo-hy-
draulic performance across Re = 400-2000 was evaluated with
the help of 3D numerical analysis. Among the cases considered,
CDWVGs with 6 circular perforations are found to provide the
best efficiency. Studies show that modifying the surface of VGs may
enhance heat transfer. Kashyap et al. [46] conducted a study on con-
vex and concave surface modifications on both sides of VGs, which
resulted in the primary vortex being placed in the right position on
the downstream side of the flow, making it stronger than RVG. The
cross-sectional area at the vertical belly part was found to be crucial
in enhancing heat transfer, while the width towards the upper and
lower ends did not affect much. Several concave profiles on the lead-
ing side of the VG enhance the heat transfer, whereas convex profiles
on the leading and trailing surfaces do not help to improve the ther-
mal performance. Another study introduced modifications to the
trailing surface in the form of a step, which increases the intensity of
the primary vortex, resulting in increased heat transfer [47]. The VG
with a concave semi-circular texture showed the greatest increase in
the Nu at 14.4%, while the coeflicient of pressure increases by 3.24%.
Apart from surface modifications, different modifications, such as
an attached surface on the RVG, have enhanced heat transfer signifi-
cantly. Kashyap et al. [48] numerically investigated on an extended
surface attached to the VG. It reported an increase in Nu of 8.9%.
The authors [48] indicated that the presence of an additional surface
helped to produce stronger vortices with increased shear within the
flow, resulting in an improved heat transfer rate.

The literature demonstrates that a suitable modification of VG en-
hances the heat transfer rate by strengthening vortices. At the same
time, extended surfaces are known to improve heat transfer rates.
However, detailed parametric studies on VGs with auxiliary surfaces

are still limited. Very few studies have analyzed how these auxiliary
surfaces affect heat transfer under different configurations. There-
fore, this work focuses on the influence of newly designed trapezoi-
dal-shaped auxiliary surfaces on heat transfer. In the current study,
the numerical model is initially validated using existing literature
data for an RVG fitted on a plate. The primary objective is to ex-
plore the effect of four different geometric parameters on thermal
and flow behavior of the system. The volumes of the VGs across all
the studies are kept constant to facilitate a justifiable comparison.
This study focuses on improving heat transfer for a wide range of
engineering applications. The new design may help in enhancing
the performance of heat exchangers, HVAC systems, car radiators,
aerospace cooling systems, power generators, and chemical reactors.
It will also offer better cooling for high heat flux components in elec-
tronics by disrupting the boundary layer and mixing fluids more
effectively.

2. Geometry and formulations

The rate of heat transfer is greatly influenced by the addition of
an extended surface. The type and the orientation of the extended
surface play an essential role in quantifying the heat rejection rate.
In the current study, a VG is placed over a heated surface. Figure
la shows the schematic diagram of an array of rectangular VGs
in a channel with flow between two parallel plates. Owing to the
symmetry of the system, the computational domain (Figure. 1b) is
selected in a way to accommodate only a single VG over the base
plate. To analysis, a computational domain of L x L x L is taken
into consideration (Figure. 1b). A rectangular vortex generator (h,
x 1 xt ) (Figure. 1c) is placed at an angle of ¢ to the incoming flow
over a heated flat plate (L_x L ) (Figure. 1b). With an aim to improve
the thermal performance of the system, the principal part (PP) of an
RVG is modified with the help of an extended auxiliary part (AP) of
trapezoidal shape. Figure 1d shows various configuration parame-
ters of such a modified RVG (MRVG). The trapezoidal AP is placed
over the PP at a height of h . With an angle of (a, = a,), the base of
the trapezoid is shared with PP and is same as 1, for all the cases. The
other base, the width and the thickness of the trapezoid are taken
asl,w t,

The thermo-hydraulic performance of a system is commonly eval-
uated with the help of its various characteristics of temperature and
velocity fields. In any fluid and thermal system, the solution of the
conservation of the mass, the momentum and the energy equa-
tions will pave the way to understand the behavior of parametric
fields. Assuming the flow to be laminar, to obtain the velocity and
temperature distributions of the system (Figure. 1b), the following
general forms of conservation equations are solved [49].

)

Mass: =0 (1)

V.
Momentum: 88_ +(V:V)V=-—"24yV?V 2)
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Energy: 3)

pcp<%+(\7° V)T>=kv2T

Here, the generation of volumetric heat and the radiative mode of
heat transfer are neglected. Ignoring the thickness of the bottom
plate, the S_-plane of the computational domain is supplied with
heat flux of |G, | (Figure. 1b). The top plate (Sy, - plane) is considered
to be insulated. Water enters the domain through the S_-plane with

Computational
Flow ouge\t\\\\\/E//// domain
BRI N

S

(o)

normal velocity V. and isothermal temperature T, . After inter-
acting with the VG, the bottom and the top plate, the fluid leaves
through the outlet (S, -plane) at the atmospheric condition of P
and T . Therefore, a forced convection scenario is achieved over
the base plate. The flowing fluid is considered to experience a no-
slip condition due to the top and the bottom plates. The S and the
S, —planes of the computational domain are considered symmetry
for both the velocity and temperature field.

Flow
outlet

Palm
{

Computational
domain - z

- /

i - ‘~ 2
o a;', W {i_[j ) ‘-.--."T
S ) o

Auxiliary part (AF) ||

(d)

Figure 1. Schematic diagram of (a) physical domain with an array of RVGs fitted over a baseplate, and (b) the computational
domain, (c) the RVG and (d) the MRVG

In the present work, the governing equations (Eqs. 1-3) are solved
using the FVM, with the help of the above-mentioned conditions
at the boundary. The ANSYS Fluent 19.2, a commercially available
FVM solver is used. Initially, the solver, the governing equations, the
boundary conditions, and the considered assumptions are validated
using the results of available literature. A grid dependency test is
performed prior to the validation work. With the knowledge of u,
v, w, and T, from the solution of Eqs. 1-3, various thermo-physical
parameters, viz., the Nu, co-efficient of friction C, drag coefficient
C,, and thermal performance factor (TPF) # are evaluated. The Nu
represents the strength of the convective thermal current in the sys-
tem. To compare the thermal performance of the various systems
considered in the present work, a surface average value of Nu is
analyzed and is represented as [49].

Nu" = K (4)

The hydraulic diameter D, of the system is taken as the height of the
computational domain L [46]. The coefficient of thermal enhance-
ment h” is defined as [49]

LGyl
b =TTy 5)

The Re at the inlet of the flow is evaluated using [49]

_ oV, Dy

Re
In a fluid flow system, flow losses are important aspects to character-
ize the system performance. The nature of flow interaction with the
contact surfaces is given by the non-dimensional number known
as the surface average skin friction coefficient. Mathematically, it is
denoted as [49],

2T,

Co=ove @)
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The coefficient of drag, or C,”, provides valuable information about
the resistance encountered by the VG from the incoming flow.
Mathematically, coefficient of drag is expressed as [49],

2F,
PVLA, (8)

Cd" =

A system with desirable enhancement in heat transfer rate in com-
parison to the reduction in frictional flow losses is characterized by
the TPF (). Considering the case of a simple RVG as the reference
system, the ratio of the normalized Nu to C, yields # [47]

Nu' ][ cf' ]—
Nuref Cfref (9)
ref C’ef
where, Nu~ and are the surface averaged Nu and C, for the

reference case with the RVG, whereas Nu” and C,” are the equivalent
parameters for the MRVGs.

3. Results and discussion

The present work aims to analyze flow over MRVG under the ef-
fect of thermal perturbations in the system. The work is carried
out numerically to solve the governing equations (Eqs. 1-3) of the
considered physics. Any computational work requires validation of
the considered mathematical model. An RVG of dimension (h X 1P
x 1) 0.02 X 0.04 x 0.002 m is placed at an angle (¢) of 45° over the
bottom plate (L = 1.5 m, L =0.06 m) [50]. The height of the com-
putational domaln (L) is taken as 0.04 m. Water is considered to
enter the channel at 293 K (T, ) with Re = 350. The incoming fluid
leaves the channel through the outlet maintained at 293 K (T, ) and
atmospheric pressure condition (P_ ). The S, - plane of the domam
is supplied with a constant heat ﬂux of 1000 W/m”. To validate the
numerical model, all parameters are considered with reference to

(a)

Abdollahi and Shams [50]. The considered grid is tested to assess its
effect on the results prior to the validation of the numerical solver.

3.1. Solution strategy and grid dependency test

For the conjugate heat transfer problem, the present computation-
al domain is discretized using a staggered grid. The staggered grid
helps to obtain the velocity components at the center of the control
volume faces. At the same time, the values of pressure and tempera-
ture are acquired at the center of the control volumes. A double-pre-
cision solver with a higher-order scheme performs the discretization
of the governing equations. The first and second-order accuracy are
opted for time and space, respectively. To couple the velocity and the
pressure terms, SIMPLE algorithm is taken. Further, to discretize
the convective terms, a second-order upwind scheme is used. The
under-relaxation factors for convergence are 0.3, 0.7, and 1.0 for
the pressure, the momentum, and the energy equation, respective-
ly. The convergence criteria for the continuity and the momentum
equations are 10", and for the energy equation is 10°, respectively.
The above equations are solved using the implicit time-dependent
method until the residuals are stabilized at constant values. An ap-
propriate mesh is a requirement to obtain the desired results with
good accuracy. Due to the difference in the order of the dimensions
of the computational domain and the VG, refinement of the grid
is essential. Moreover, the effect of viscosity in the flow domain is
mostly realized near the wall. Therefore, refinement of the grid is
performed in such zones of the domain. Figure 2a shows the con-
sidered mesh in the vicinity of the VG. The grid dependency test
is performed using control volumes 2057059, 3029109, 4029643,
5073631, 6047152, and 7981769. Figure 2b shows the effect of the
grid on the surface average Nusselt number (Nu”). It has been found
that a grid size above 5x10°, yields a grid independent solution.
Hence, in all the upcoming analysis, a grid size above 5x10°is used.

Nu"
—_
—_
~

116 1158
1158 1156
T

11.5 T T
2 3 4 5 6 8
Number of control volumes x 10°

(b)

Figure 2. (a) Generated FVM mesh, and (b) effect of grid on Nu”
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3.2. Validation

Considering the computational set-up as mentioned by Abdollahi
and Shams [50], the validation of the current model is performed
using Nu” for various values of ¢. Figure 3 shows the variation of
Nu” with ¢ varying from 15° to 75°. Consideration is given to inlet
Re of 233 and 350. A maximum deviation of 3.5% is achieved while
comparing the results with that of the literature [50]. The surface-av-
eraged Nu, Nu” shows a rising trend as the inlet Re increases. The
maximum Nu” is achieved at ¢ = 45° for Re = 350, as reported by
the literature [50]. Figure 3 also shows the value of Nu” for the cases
without RVG. Maximum enhancements of 22.8% and 28.4% in Nu”
are achieved at Re = 233 and 350, respectively, due to the use of the
RVG over the bottom plate.

12

.__/‘\
1} Re=350°

101 Re=233 ¢ . ° o
Jedie b 2 e

39 F
= Re=350
8 L
Re=
7 b —Present Result (with VG) e=233
-+ Present Result (without VG)
6 L[] Ab‘dollahi gnd Shams [50]‘(with YG) ‘

10 20 30 40 50 60 70 80
¢ (degree)

Figure 3. Numerical Validation

To save computational time, the given model is optimized by short-
ening the length, L_of the considered system to 1 m. To understand
the various geometrical modifications of the vortex generator used in

z-velocity (m/s)

T
z(m)

(a) x,=0.005m

(b) x, = 0.03 m

the system, block meshing has been used to get accurate results near
the vicinity of the vortex generator. The same set of formulations
and boundary conditions have been used to perform the computa-
tion. To have a better insight into the thermal and flow dynamics of
the system, next, the z-velocity and temperature distribution in var-
ious flow sections are analyzed for Re = 350. Figure 4a-d shows the
z-velocity contour at various x, locations. Considerations are given
to x, of 0.005, 0.03, 0.05, and 0.12 m. Figure 4a shows the primary
vortex P and high-pressure side horse-shoe vortex HPH. The dotted
lines used in P and HPH portray the clockwise (CW) movement.
On the other hand, the low-pressure side horse-shoe vortex LPH
is an induced vortex, showing an anticlockwise (ACW) movement.
It is depicted by the solid lines in the velocity contours. The vorti-
ces P and HPH formed induce another vortex, I, in the vicinity of
the top plate. It has similar characteristics to those of LPH. At x,
= 0.005 m (Figure. 4a), both P and HPH show good strength. The
strength and span of HPH are found to be more than LPH. Figure
4b-d shows the transformation of the vortices. The HPH is losing
strength as the fresh flow of fluid comes through the side adjoining
the VG. This flow nudges the primary vortex towards the center
of the cross-sectional plane, where the offset between the induced
vortex and primary vortex reduces. This presses the primary vortex
to increase its size and more toward the surface of the plate. It has
been observed that the HPH and LPH vortices are nonexistent in x;
= 0.05 m (Figure. 4c). The HPH loses its strength due to the viscous
effect, whereas the incoming mass flow of fluid takes out LPH. The
centers of both P and I get closer. Further downstream, the span of
the P increases, and its center is almost zero offset with the I. The
vortex P during its existence disturbs the thermal boundary layer
and improves the thermal potential between the plate and the fluid.

N [ | .

-0.0045

-3.44828E-05 0.0015

N : z 3
(0)x,=0.05m (d)x,=0.12m

Figure 4. Sectional distribution of z-velocity at various flow downstream distances (x,)

The primary goal of the current work is to improve the system’s
thermal performance. Understanding the temperature distribution
will help in the geometrical modification of the RVG to obtain an
improved performance. Figure 5a-d shows the distribution of tem-
perature for a rectangular vortex generator having inlet Re =350. It
has been observed that the variation of temperature is limited to a

very small thickness away from the bottom plate. Most of the flow
Wsection is filled with isothermal fluid at 293 K. With the progres-
sion of the flow, as the span of P enhances, more perturbations are
introduced in the flow and improve the mixing behavior. This will
help the cold layers of fluid in the upper parts of the domain to meet
the heated plate. A higher amount of low temperature fluid in the
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vicinity of the heated plate increases the temperature gradient. It
helps in increasing the convective heat transfer rate. Therefore, com-

Temperature (K)

293.5 295 296.5 298

0.04

=
(=]

oz{m) =

02
0.06

(a) x, =0.005m

(b) x,=0.03 m

pared to a bare plate, a heated plate with RVG improves the thermal
performance [50].

299.5

048

3 =
z(m)
() x,=0.05m (d)x,=0.12m

Figure 5. Temperature distribution at various flow downstream distance (x,)

3.3. Modification of RVG

Following the validation of the solver with grid independent solu-
tion, next, the consideration is given to the modification of the RVG.
With the aim of improving the thermal and flow performance of the
system, an auxiliary part (AP) is added to the principal part (PP) of
the RVG. The various configuration parameters of the AP and the
ranges are presented in Table 1. Considerations are given to four
parameters of the AP geometry, viz., the angles a, «, and B, the
width w and the height h . As the parameters are varied, to maintain
uniform volume of 16 x 10" m” of the VGs, the thickness of the PP
(tP) and the base (1) and the thickness (t)) of the AP are also var-
ied. To reduce the effect of change in the flow cross-sectional area
on the performance parameters of the system, effort is also given
to maintain the same projected area (= 5.66 x 10" m?) of the VGs,
when viewed from the inlet of the computational domain. However,
for the cases with a, (= a,) beyond 90°, the projected area enhances
to a maximum value of 3.25%. The MRVG is analyzed by varying
geometric parameters. The analysis starts with angles a, and o, con-
sidering a, = a, followed by w, h_and f.

Table 1. Geometric parameters of the AP and the ranges

Parameter Range Unit
a=a, 30 - 150 degrees
w 0.002 - 0.01 m
h, 0-0.0187 m
B 45-315 degrees
t=t 0.0013 - 0.002 m

3.3.1. Effect of interior angles of auxiliary surface (a, and
a,)

The angles «, and o, define the projected area of the AP on the xz-
plane. This area will be responsible for obstructing flow in the up-
stream, over the VG. With an aim to obtain an enhanced pressure
drop in the flow direction, the current study varies the angles o and
a, between 30° and 150°. Table 2 shows the various geometric pa-
rameters of the MRVG used in this study. It is to be noted that w and
B are considered same throughout. However, to maintain uniform
volume of the MRVG, the t_(= tp) must be varied. It leads to change
ofh.

Table 2. Considered ranges of a = a, along with variation of other
geometric parameters of AP of MRVG

a, = a, (rad) w (m) h_(m) B (rad) =t (m)
/6 0.0183 0.0017
/3 0.0184 0.0016
/2 0.005 0.0184 /2 0.0016
2m/3 0.0184 0.0016
5m/6 0.0185 0.0015

3.3.1.1. Variation of Nu”, Cf” and C d”

The thermal performance of the system considered is quantified
by the dimensionless number Nu. The average value of Nu of the
system is evaluated considering the area of the bottom plate. Figure
6a shows a comparison of the Nu” of the configurations having a,
(= a,) varying between 11/6 and 57/6. Nu depicts the relative rate of
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convection to the conduction heat transfer in the fluid domain. The
Nu” is found to increase with angles a and o, (Figure. 6a). The be-
havior of surface average skin friction coefficient (C,”) is also found
to follow a similar trend. As the angles a and a, are varied from /6
to 57/6, the surface area of the AP of the MRVG is found to increase
by 56.13%. This increment in area may have resulted in a change in
the dynamics of the vortices and it changes the flow behavior over
the bottom plate. Due to the modification of the RVG, a maximum
rise in Nu” is observed to be 11.13% for the case with a, (= ) =
2m/3. The corresponding value of the convective heat transfer coef-
ficient h” for the MRVG, which measures the rate of convective heat
transfer, is found to be 207.37 W/m’K. Meanwhile, the value of h”

0.0705

0.069

0.066

0.0645

(a)
Figure 6. Comparison of (a) Nu” and C,” and (b) C,” of RVG and different MRVGs with angles a (= a,) varying between 7/6 and 51/6

3.3.1.2. Flow analysis

The modification performed on the RVG is based on the angles
a, and a, showing that the current configuration has the potential
to improve the thermal performance of the system. Therefore, an
effort is made to understand the flow and thermal behavior of the
system by analyzing the velocity and the temperature profiles of the
system. Like the previous section, comparative plots of z-velocity
and temperature contours are presented in Figures. 7 and 8. Figure
7 shows the sectional distribution of z-velocity at the flow down-
stream distance (x,) of 0.005, 0.03, 0.05, and 0.12 m for different
cases of MRVGs with various a, and a,. The dynamics of the vorti-
ces, as appeared during the propagation of the flow over an RVG are
already elaborated in the previous section. Figure 7A.1 - A.4 show
the velocity contour of a case of MRVG with a, (= a,) of 71/6, at VG
downstream distances of 5 mm - 120 mm. It has been found that
the presence of the AP of the VG at an angle of n1/6 on the leading
(high-pressure) surface of the VG leads to the formation of stronger
vortex profiles compared to an RVG.

As shown in the figures (Figure 4a and 7A.1), the MRVG yields vor-
tices P and HPH with higher strength and span compared to RVG.
The presence of the AP on the PP leads to a change in the shape of
the vortex P, with an idle zone of fluid. Due to the similar direc-

Q
0.0675 ~=

for an RVG is 186.59 W/m’K. The C,” is maximum for case a (= a,)
= 51/6 with a rise of 5.68%, compared to RVG.

The coefficient of drag C,” shows the amount of drag experienced
by the flow on a normalized scale, due to the presence of the VGs in
the flow path. Figure 6b shows the surface averaged drag coefficient
C,” for the cases with a, (= a,) varying between n1/6 and 57/6 and an
RVG. Compared to the RVG, an MRVG with o, (= a,) = 7/6 shows
approximately same value of C,”. However, as the angles a, and a,
increase, the C,” increases gradually. With 9.43% increment, the
MRVG with a, (= a,) = 57/6 shows the highest value of C "

0.62
0.6
0.58
7 0.56
0.54
0.52

"

2nt/3  5m/6

(b)

tion of rotation of the P and HPH, an additional induced vortex I’
is created. The I’ is visible for the RVG with negligible strength and
span. At later stages of the flow, this induced vortex I starts gaining
momentum from I, with the help of P and HPH (Figure 7A.1-E.4).
With a higher strength, the HPH always occupies more span com-
pared to the LPH (Figure 7 A.1 and E.1). As the flow progresses,
the LPH is positioned to get integrated with the I. Compared to
RVG, the LPH and HPH take a little longer to die out (Figure 4b
and 7A.2), and it helps in making the P stronger by interacting with
it. For all the considered values of a, (= a,) of the MRVGs, the core
strength of P is found to be better in strength compared to RVG.
For MRVG with a, = /3 (Figure 7B.1-B.4), the sectional velocity
distribution is found to be like the case with a, = /6. With identical
shapes and changes in the degree of exposure, Figure 7B.2 shows
identical vortices and their movements in the flow domain. The pri-
mary vortex formed is of higher strength. Compared to the previous
cases, a higher strength of P is helpful in enhancing the perturbation
near the thermal gradient zone. As the o, (=a,) is increased further,
a marginal increase in the span and strength of the P and the HPH
are observed at different downstream sectional planes. Figure 7D.1
- D.4 show the z-velocity contours for the MRVG with a, = 2m/3.
The HPH formed in this case is of higher strength than the earlier
cases, which interacts well with the P. This enhances the strength of
the P further and helps to interact with the thermal boundary layer
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in a better way. Due to a stronger P with the I, an MRVG with a, =
2m/3 yields maximum heat transfer compared to RVG. Raising the
a, (=a,) beyond 2m/3 to 511/6 is found to deteriorate the strength of
P and I marginally. The HPH also dies out in a little shorter span.
The effect is visible in slight reduction in Nu” and increment in C;”
(Figure 6a). However, the current case (&, = 5n/6) still yields 11.05%
and 5.68% higher Nu” and C.”, respectively, compared to an RVG.

3.3.1.3. Thermal analysis
To understand the effect of the flow on the thermal signatures of the
system, the temperature contours are evaluated in the same down-

stream flow sections of the VG. Figure 8 shows the temperature
profiles of the MRVG with considered values of o, (=a,) at a flow

z-velocity (m/s)

o x,=0.03m

/6

/3

/2

-0.0045

x,=0.05 mm

section of 0.12 m downstream. The cases of MRVG with various
values of a and a, are presented in Figure 8a-e. For MRVG with
a, = /6, the thermal fonts are enhanced due to the higher strength
of the P compared to RVG (Figure 5d). Further, as the values of the
angle o, (=a,) are increased, the change in the strength and span of
the P with the I, is found to affect the temperature profiles. It has
been found that the incorporation of an AP helps in the penetration
of colder fluids in the upper region of the domain to reach near the
heated plate. This will increase the thermal potential between the
plate and the fluid locally and increase the local heat transfer rate.
The effect is visible in the change in the Nu”. Substantial change is
visible between cases with RVG and MRVG with « = 27/3, which
justify the enhancement in Nu”

-3.44828E-05 0.0015

xd=0.12m

C3 C4
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21/3
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Figure 7. Distribution of z-velocity at different sectional planes downstream of the MRVG with angles
a, (= a,) varying from m/6 to 511/6
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Figure 8. Temperature contours at downstream of the MRVG with a, (= a,) varying from /6 to 5m/6
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3.3.1.4. Variation of 5

A thermo-hydraulic system is always limited due to its counteract-
ing behavior of thermal output over flow losses. In any convective
system, it is mostly observed that a gain in heat transfer is always
compensated with improved flow interaction. Improved flow inter-
action means more losses. Therefore, to evaluate the overall thermal
and flow performance of the system, # (Eq. 9) is considered. Figure
9 shows the comparisons of # for all the above cases of MRVG with
reference to RVG.

5m/6
27/3

/2

Cases

/3 }
/6
RVG B

Figure 9. Variation of TPF along the flow over the base plate for
different MRVGs

It can be noted that the optimum configuration should have a maxi-
mum heat transfer rate with minimum losses. Any value above unity
assures improved heat transfer over enhanced flow losses compared
to the base case. Compared to RVG, the MRVGs show an improved
thermo-hydraulic performance. As the angles a, and a, increase #
also enhances. With a maximum enhancement of 9.9%, the MRVG
with o =27/3 shows a stronger nature of vortices, which enhances
the heat transfer rate with minimal frictional losses in the system.
However, 7 decreases by a trivial amount for the case of MRVG with
a, =57/6 due to weaker strength of the primary vortex.

3.3.2. Effect of width of auxiliary surface (w)

With an understanding of the effect of the angles a, and a, of the
MRVG on the thermal performance of the system, next, the width
w of the AP is taken into consideration. Considering the case of a,
and a, of 27/3 having maximum #, the width of the AP is varied
from 0.1h to 0.5h . To maintain the volume of the VG uniform, the
t (= tP) is varied, which ultimately affects the h . The cases consid-
ered are shown in Table 3. It is to be noted that all other dimensions
of the system, including the PP of the MRVG are maintained same
throughout the study.

Table 3. Considered values of w with other geometric parameters of
AP of MRVG

a a,(rad) w(m) h, (m) B(rad) t, = tp(m)
O,IhP 0.0182 0.0018
O.2hp 0.0183 0.0017
/3 0.3hp 0.0185 /2 0.0015
O.4hp 0.0186 0.0014
O.5hp 0.0187 0.0013

3.3.2.1. Variation of Nu”, Cf” and Cd”

The width, w, of the MRVG is responsible for increasing the sur-
face area of the AP. As seen in the previous section, the AP blocks
the upstream flow over the top surface of the RVG. Therefore, it is
expected to have a higher pressure drop along the flow direction. A
higher pressure drop in the flow direction improves the strength of
the P and HPH and will ultimately improve the heat transfer rate.
With this key idea, various cases of the MRVG with different values
of w are simulated. Figure 10a shows the variation of Nu” and C”
for the considered cases.

It has been observed that as the w increases from 0.1h_to 0.5h , both
Nu” and C.” increase. Compared to RVG, a rise of 1.28%, 6.65%,
13.62%, 19.79%, and 27.16% in Nu” are observed for MRVG with w
of 0.1h, 0.2h , 0.3h , 0.4h and 0.5h , respec;tively. The corre;;pond—
ing values of h” are found to be 188.98 W/m'K, 198.99 W/m'K, 212
W/m’K, 223.51 W/m’K, and 237.27 W/m’K. A higher convective
heat transfer coefficient (h”) indicates more efficient convective heat
transfer between the surface and the fluid. At w=0.5h , the maxi-
mum heat transfer is achieved. Following a similar trend to that of h”
and Nu’, the C,” rises for the system by 1.08%, 3.07%, 5.22%, 7.07%,
and 11.98%, respectively. A higher interaction of the flow with the
active area in the current study leads to a higher heat transfer rate.
Compared to RVG, the increment in w of the system increases the
surface area of the MRVG by a maximum value of 51.39%, in the
current study. This increment in area is found to affect the drag ex-
perienced by the flow in the domain. Figure 10b shows the variation
of C,” for the considered cases. A rise in C,” by 1.6%, 3.7%, 6.51%,
10.15%, and 14.13%, are observed for MRVG with w of 0.1h , 0.2h
0.3h , 0.4h_and 0.5h , respectively. To understand the effect of w on
the flow behavior, the z-velocity contours at different downstream
flow sections are evaluated, next (Figure 11).
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Figure 10. Comparison of (a) Nu” and C,” and (b) C,” of RVG and different MRVGs with varying w

3.3.2.2. Flow analysis

Figure 11 shows the z-velocity distribution of various cases of
MRVG with wof 0.1h_- 0.5h . The velocity contours are presented at
a flow section located downstream distances from VG, as mentioned
earlier. In Figure 11A.1-A.4 for the cases with w=0.1h, HPH and
LPH are seen to have improved strength compared to RVG (Figure
4a-d), which interacts with the P. Figure 11B.1-B.4 shows the case
with w = 0.2h ; where a higher strength HPH compared to RVG
and w = 0.1hp appears at x, = 30 mm. This HPH interacts with the
P and strengthens it in the flow downstream, which further helps in
better interaction of the flow with the bottom plate. For cases with
w > 0.2hP (Figure 11C.1 - E.4) two prominent induced vortices I

z-velocity (m/s)

w x,=0.005 m

0.1h

x,=0.03m

and T are observed. These two induced vortices, almost of equal
strength, interact with each other for a distance longer than x, =
50 mm. Hence, the induced vortices occupying more space in the
cross-section push the P near the bottom plate with greater strength.
Thus, the squeezing effect helps in increasing the heat transfer rate.
As the flow progresses, unlike earlier cases, the HPH, too, does not
die out quickly and tends to keep interacting with other vortices.
These interactions are responsible for increasing the C”. A steady
rise in the heat transfer rate has also been noticed with an increase
in w in this study (Figure 10a).

-0.0045 -3.44828E-05 0.0015

x,=0.05 mm x,=0.12m
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Figure 11. Distribution of z-velocity at different sectional planes downstream of the MRVG with w varying from 0.1h, to

3.3.2.3. Thermal Analysis

Following the analysis of velocity distribution, the thermal signa-
tures due to MRVGs are presented in Figure 12a-e. The temperature
profiles of the considered cases are at the flow section located at 0.12
m downstream of the VG. It is clear from the temperature profiles
that the MRVGs show a lower concentration of temperature fonts
near the bottom plate. Low temperature fluid in the vicinity of the
heated bottom plate yields a higher temperature gradient. This will
help in obtaining a higher heat transfer rate. Figure 12a shows the
temperature profiles for the case of MRVG with w = 0.1h . The ob-

0.5h
P

tained temperature distribution is found to be better than that of
RVG (Figure. 5d). As the MRVGs yield vortices of better strength
compared to RVG, better mixing of fluids helps in mixing of fluid
at different temperatures. Therefore, MRVGs with w=0.1h - 0.5h
show a better heat transfer rate, which is reflected in Nu” (Figure
10a). As w increases, the improvement in the performance of the
vortices yield improved temperature distribution. Hence, the Nu” is
increased with increasing values of w (Figure 10a).
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Figure 12. Temperature contours downstream of the MRVG with w varying from 0.1h_to 0.5h

3.3.2.4. Variation of 5

An overall idea of the heat transfer and performance of the flow in
the system can be described by #. The values of # for all the consid-
ered cases are shown in Figure. 13. As w increases, the interaction
of the flow with the heat transfer surface increases. Therefore, the
flow losses of the system increase along with the enhancement in
the thermal performance of the system. The net effect is an enhance-

ment in the values of # with an increase in w. Compared to the RVG,
all the cases of MRVG show improvement in the #. The MRVG with
w = 0.5h , shows 22.4% improvement in # compared to an RVG.
From the results, it is seen that the width w of the AP always has a
favorable effect. Without any geometrical constraint in modelling
the MRVG, it is possible to achieve higher values of the performance
parameters of the system.

Figure 13. Variation of # for RVG and MRVGs with w
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3.3.3. Effect of position of AP (ha)

The position of the AP on the PP is expected to influence the flow
behavior downstream of the VG by affecting the pressure drop in
the flow direction. Therefore, with the variation of the angles a and
a, and width w of the AP, the height h_is taken into consideration

next. From the previous study, it has been observed that for a, = a,
=2n/3 and w = 0.5h , the MRVG yields maximum thermal and flow
performance (). Following these parameters, the height h_is varied
from 0 to 0.935hp (Table 4). To maintain uniformity in the volume
of the MRVG, the t and the t are taken as 1.3 mm, and the angle §
is maintained at /2.

Table 4. Considered ranges of h_along with variation of other geometric parameters of AP of MRVG

o a (rad) 21/3
w (m) 0.5h,
h,_ (m) 0, 0,25hp, O.Shp, 0.75hp, 0.935hP
B (rad) /2

t,=t (m) 0.0013

3.3.3.1. Variation of Nu”, Cf”, and Cd”

Figure 14a shows the variation of Nu” and C.” with h . It has been
observed that for the AP located at a height (h ) of 0, 0.25hp, 0.5hP
and 0.75h , the Nu” reduces, even if the flow interaction (C,”) with
the MRVG increases (Figure. 14a). With the AP located at the top
location (0.935hp), the MRVG can surpass the RVG in terms of Nu”

0.0745
0.072

0.0695.
<

"

0.067

0.0645

(a)
Figure 14. Comparison of (a) Nu” and C,” and (b) C,” of RVG and different MRVGs with varying h .

3.3.3.2. Flow analysis

The change in the thermal and flow behavior of the considered cas-
es with different h_are best understood from the process of vortex
formation inside the flow domain (Figure 15). Figure 15 A.1-A.4
shows the velocity distribution for the case with AP located on the
PP touching the base plate, where horse-shoe vortices such as HPH
and LPH have poorer strength. As the flow progresses, LPH dies out
quickly due to the continuous flow of fluid around the VG. How-
ever, vortex HPH tried to interact well with the P, but due to poor
strength and viscous effect, it died out early as well. The P, formed
as the flow progresses, is of poor strength, giving lower heat transfer
rates. For the AP located at 0.25h  (Figure 15B.1-B.4), HPH starts
right on top of LPH, which is attached to the surface of the plate.
With the progression of the flow, HPH dies out earlier than in the

and C,” by 27.16% and 11.98%, respectively, with the highest h” mea-
sured at 237.27 W/m’K for this location. For h of 0,0.25h , 0.5h,,
and 0.75h ; the Nu” reduces by 5.38%, 8. 01%, 8.09%, and 0. 64%,
respectlvely, whereas the C.” enhances by 0.46%, 2.61%, 3.38% and
3.07%, respectively. In a 51m11ar line, the C,” also enhances by 1.75%,
1.73%, 3.04%, 2.18%, and 14.12%, respectively.

0.64
0.62
0.6
058
S 0.56
0.54
0.52
0.5

0.5652 (5605

0.5h, 0.75h, 0.935h,

previous case (h, = 0). The LPH starts interacting with the P. Howev-
er, the vortex P loses its strength as the flow progresses and contrib-
utes less to the heat transfer process compared to the previous case.
Figure 15C.1 - C.4 shows the velocity distributions of the case with
AP located at 0.5h , where two HPH and LPH are created. The LPH
attached to the bottom plate is of poorer strength. The P, and the I,
are observed to strengthen with the progression of the flow and is of
similar strength to the case with AP located at 0.25h . Therefore, the
heat transfer characteristics are also found to be similar in nature
(Figure 14a).

For the AP located at 0.75hp, (Figure 15D.1-D.4), the vortices
formed are stronger than in earlier cases. Compared to RVG, both
HPH and LPH die out early, with almost of similar nature to P and I.
This yields a moderate enhancement in heat transfer rate compared
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to the cases with h = 0, 0.25h ; and 0.5h . Figure 15E.1-E.4 show
improved characteristics of the vortices for the AP positioned at
0.935h , as compared to the earlier cases. The HPH produced is of
higher strength, whereas the vortex I, with better strength and span,
squeezes the P against the bottom plate. This phenomenon improves
the interaction of the flow with the heat transfer surface, and the
thermal performance of the system increases. It has been observed
that at the downstream of the VG, the structure of the vortex forma-
tion is almost similar for most of the cases, with minor differences
in the sections at x, = 0.005 m. Therefore, the focus is diverted to the
upstream of the VG. At the upstream, the velocity gradient in the
y-direction contributes to the formation of a longitudinal vortex.
This vortex is made visible by filtering out the velocity vectors hav-
ing the positive direction of flow.

Figure 16 shows the formation of a longitudinal vortex in the xy-
plane located at z = 0.03 m, close to the heat transfer surface. It has
been observed that the span and strength of the vortex reduce as
the RVG is modified with an AP touching the base plate (Figure
16a and b). It is to be noted that the AP, along with the PP surfaces,
are not directly participating in heat transfer process. Therefore, the
produced vortex touching the top surface of the AP does not pro-
mote any heat dissipation (Figure 16b). As the height of the AP is
changed to h = 0.25h and 0.5h, this longitudinal vortex does not
form due to appearance of the stagnation point on the AP close to
the bottom wall (Figure 16c and d). As the h_is increased to 0.75h
the stagnation point on the AP moves away from the bottom wall,
and the longitudinal vortex reappears with strength and span close
to that of RVG (Figure 16e). For the AP located at maximum height
(0.935h ), the span and the strength of the vortex improves (Figure
16f). Hence, a rise in the heat transfer rate has been observed with
increment in Nu”

3.3.3.3. Thermal analysis
The current aim of the study is to enhance the thermal profile of the

system. After analyzing the velocity profiles of the abovementioned
cases, the thermal profiles are studied next. Figure 17 depicts the

z-velocity (m/s)

h x,=0.005 m

x,=0.03m

related isotherms of all the cases at the flow section located at 0.12
m downstream of the VG. Improvement in the heat transfer rate
of the system requires a higher temperature gradient. Figure 17a
shows the thermal fonts for the case with AP located at the bottom
of the PP. The temperature distribution for this case is observed to
be of similar nature, compared to the RVG (Figure 5d). When the
AP is moved to 0.25h and 0.5h_(Figure 17b and 17¢), fluid having
a higher temperature rises above the base plate. However, there is
an accumulation of high temperature fluid near the bottom plate.
It is due to the poor formation of the primary vortex P with lesser
strength, as compared to RVG. As the AP is moved to 0.75h_(Figure
17d), the temperature distribution is found to improve. However,
due to the higher rate diminishing of the P in this MRVG, it could
not surpass the performance of the RVG. As observed (Figure 17¢),
the AP located at maximum h_yields a temperature distribution
with better penetration of the free stream fluid in the vicinity of
the bottom plate. Hence, a higher temperature gradient is obtained,
which results in improved Nu” compared to an RVG.

3.3.3.4. Variation of 5

Considering the RVG as a reference, Figure 18 shows the variation
of # with a change in h,. The MRVGs with AP located at 0, 0.25h ,
0.5h and 0.75h  show thermo-hydraulic performance less than
unity (Figure 18). It means that these configurations show higher
flow losses with respect to the change in Nu”. However, when the
AP is placed at the maximum height (0.935hp), it shows 22.4% im-
provement in 7 as comparison to an RVG. Therefore, from the above
study, an MRVG with a,= a, = 211/3, w = 0.5h , h = 0.935h , and {§
= 11/2 is found to be the best possible configuration (Figure 1d). To
improve the performance of the MRVG further, the angle of inclina-
tion {3 of the AP is considered for study.

E [ 7 .

-0.0045 -3.44828E-05 0.0015

x,=0.05 mm
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Figure 15. Distribution of z-velocity at different sectional planes downstream of the MRVG with h_ varying from 0 to 0.935h
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Figure 16. Formation of longitudinal vortex upstream of the VG for AP located at various heights on PP
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Figure 17. Temperature contours downstream of the MRVG with h,_varying from 0 to 0.935h
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Figure 18. Comparison of 7 of RVG and different MRVGs with height h_ varying between 0% h_and 93.5% h

3.3.4. Effect of angle of inclination of auxiliary surface
with principal surface (p)

The AP placed on the PP of the MRVG is responsible for blocking
the upstream flow above the VG. This hindrance to the flow creates
a pressure drop along the flow direction, across the VG. Pressure
drop in such cases has a favorable effect on the vortex strengths and
improves the heat transfer. With this insight, the effect of angle
between the AP and PP is studied in this section. The work is carried
out using 0 < B < 2m, with a step size of n/4, considering all other
parameters constant (Table 5). For the ease of discussion, the con-
sidered cases may be divided into sets with 0 < f < mand m < < 2m.

Table 5. Considered ranges of p along with variation of other geo-
metric parameters of AP of MRVG

a a, (rad) w (m) h, (m) B (rad) t=t (m)
/4, /2,
2n/3 O.ShP 0.935h 3n/4, , 51/4, 0.0013
3n/2,71/4

3.3.4.1. Variation of Nu”, Cf” and Cd”

The mass movement of the working fluid inside the computational
domain is responsible for the dissipation of thermal energy from
the bottom plate. It is further controlled using the strength and span
of the formed vortices in the upstream and downstream of the VG.
Figure 19a shows the variation of Nu” for various cases of . For =
/4, 3n/2 and 7m/4, the Nu” almost remains the same as compared
to RVG. However, all other cases show a rise in the value of Nu”.
Compared to RVG, the Nu” rises by 27.16%, 27.64%, 13.06%, and
7.05% for B = /2, 3n/4, m and 5m/4, respectively. The corresponding
values of h” are found to be 237.27 W/m’K, 238.17 W/m’K, 210.96
W/m’K, and 199.74 W/m’K respectively. Following a similar trend
to that of Nu”, the flow losses (C,”) in the system also closely matches
with that of the RVG for p = n/4, 3n/2 and 7n/4 (Figure 19a). In
the MRVGs with B = n/2, 3n/4, m and 5m/4, the C.” values rises by
11.98%, 20.58%, 28.87% and 17.82% indicating higher flow resis-
tance experienced by the fluid. As the angle p increases to a value
of i, the MRVG occupies the maximum of the flow cross-section and
behaves as a single RVG having a height 1.5 times that of the original
RVG considered in the study. The increased height in this case (f =

) blocks the flow cross-section to a maximum extent compared to
all other cases of MRVG. Therefore, the MRVG with = rt yields a
maximum rise in C.” of 28.87%. The maximum flow losses in the
system in this case is a result of reduction in flow section, which
could not be utilized to improve the flow characteristics. Therefore,
regardless of highest C”, the Nu” has improved slightly. The C,” also
shows a similar trend (Figure 19b). To understand the interaction
of the heated surface with the flow, the velocity contours at various
sections are presented next.

RVG w4 w2 3w/4 m Sw/4 3n/2 Tw/4

1.6
14
1.2

1
0.8

0.6 |
0.4 03485

S

0.5704 0.5906

0.2
RVG w4 w2 3m/4 =
B

Sm/4 3n/2 Tn/4

(b)

Figure 19. Comparison of (a) Nu” and C,” and (b) C,” of RVG and
different MRVGs with B varying between n/4 and 7n/4
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3.3.4.2. Flow analysis

Figure 20 and 21 presents the z-velocity contours of the cases with 0
< B <mand r < B < 2m, respectively, at various flow sections. Figure
20A.1-A.4 shows the formation of vortices for § = n/4. The formed
vortices, in this case, are almost of the same strength compared to
the RVG (Figure 4a-d). As the angle B is increased to m/2 (Figure
20B.1-B.4), the strength of the HPH and the LPH increases. The
primary vortex P also shows an improved strength and contacts
with the bottom plate initially. However, as the flow progresses,
both P and I start losing their strength. The I, in this case, shows
two vortex cores with increased span at x, = 0.05 m. It pushes the
primary vortex P more towards the bottom plate and disrupts the
boundary layer near the heated surface. As the angle B of the AP
becomes 371/4, the former P and HPH immediately after the VG (x,
= 0.005 m) show an indistinct profile (Figure 20C.1-C.4). However,
as the flow progresses, the P, combined with HPH, yields vortices
of higher strength and distinct zones of appearance. The LPH, in
this case, is of weaker strength compared to RVG. The enhanced I,
of superior strength compared to all previous cases, squeezes the

z-velocity (m/s)

B x,= 0.005 m x,=0.03m

/4

/2

B.1 B.2

vortex P on the base and helps to improve the thermal performance
of the system.

At angle B = m, the MRVG occupies the maximum cross-sectional
area of the flow section. This leads to exposure of the maximum
projected area of the MRVG with maximum blockage in the chan-
nel. Figure 21A.1-A.4 shows the vortex formation downstream of
the VG. Interestingly, in this case, I try to move underneath the P
and to move it away from the heated surface. The P is also observed
to hover away from the bottom plate compared to previous cases.
As the P reaches x, = 0.12 m, the vortex is observed to split and
lose its strength. This reduction in strength leads to reduced thermal
performance compared to = 31t/4. The case with = 5n/4 (Figure
21B.1-B.4) also shows similar behavior of the vortices downstream
of the VG. Therefore, the flow in this case interacts with the heated
surface in a similar manner and yields a Nu” close to that in the
case B = 1. For cases B = 31/2 and B = 7n/4 (Figure 21C.1-C.4 and
D.1-D.4), the former vortices are observed to be lower in strength
compared to the earlier cases. This results in poor thermal interac-
tion with the heated plate.

-0.0045  -3.44828E-05 0.0015
x,=0.05 x,=0.12m
mm

B3 B4
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Figure 20. Distribution of z-velocity at different sectional planes downstream of the MRVG where 0 < <t
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Figure 21. Distribution of z-velocity at different sectional planes downstream of the MRVG where 1 < < 2n

3.3.4.3. Thermal analysis

The main motive for using a VG in a thermal system is to introduce
perturbation inside the thermal boundary layer. This perturbation
will try to replace the high temperature fluid near the heated plate
with low temperature fluid in the free stream. From the various stud-
ies in the previous section, it has been observed that the vortices P
and I remain alive downstream of the flow for a longer distance. The
P in the considered system interacts with the heated bottom plate
and remains responsible for dissipation of thermal energy. Figure
22a-g shows the variation in the temperature distribution in a flow
section located 0.12 m downstream of the VG. It has been observed
that for p = 3n/4 and m/2, the free stream fluid reaches closest to the

Temperature (K)

(e) p=5m/4

(f) B = 3n/2

bottom plate, replacing the heated fluid in its vicinity. It helps in
reducing the thickness of the thermal boundary layer. This increases
the temperature gradient between the heated plate and the fluid, and
hence, an improvement in heat transfer rate is obtained compared to
the other variations of p.

3.3.4.4. Variation of 5

Figure 23 shows the # variation with different values of p. It has been
observed that the case with = 1/2 yields the highest #, with a 22.4%
enhancement compared to the RVG. Owing to the increased value
of C”, the MRVG with B = 3nt/4 yields a 19.9% improvement in #.
Due to either reduced Nu” or increased C,” or both, all other cases
show a close value of # to that of an RVG.

299.5

293.5 295 296.5 298

D'z(m)o =]
(c) p=3m/4 (d p=mn
p=s (1) = s
(g) p=7mn/4

Figure 22. Temperature contours at downstream of the MRVG where 0 < p < 21t
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Figure 23. Comparison of #7 of RVG and different MRVGs with
varying

4. Conclusions

The presence of a modified VG can significantly affect heat transfer
from the surface to a cooling fluid. This work evaluates the effect of
geometric modifications of the AP of an RVG, on the thermo-hy-
draulic performance of the system. The work is carried out numer-
ically. The impact of various geometrical parameters of the VG on
the flow and the thermal field is analyzed. The governing equations
are solved using an FVM solver, which is validated using the nu-
merical results of Abdollahi and Shams [50]. A grid independent
solution from the current solver shows good agreement with exist-
ing previous published work by Abdollahi and Shams [50], with a
maximum deviation of 3.5%. The study provides a detailed analysis
of the structure of the formed vortices and the temperature distribu-
tions, due to changes in the VG geometry. The findings have practi-
cal implications in various engineering applications. Following are
the observations taken from the study:

. The interior angles a, and a, have significant impact on
heat transfer. The most significant enhancement occurs
when o (= a)) equals 211/3, resulting in an 11.13% in-
crease in Nu” compared to the conventional RVG. The
maximum values of C.” and C,” are observed, when a, (=
a,) is 5m1/6. However, n reaches its maximum value, when
a; = o, = 21/3. At this condition, the maximum increase
is 9.9%.

. When a; = a, = 271/3, the width is increased from 0.1h_to
0.5h . Asaresult, Nu” increases by 27.16%, as compared to
the RVG. This enhancement is due to the improved vortex
dynamics of the HP and the I.

. The maximum value of h” is 237.27 W/m’K, when w =
0.5h and a; = a; = 271/3. In this case, C,” and C,” also
increase by 11.98% and 14.12%, respectlvely It also yields
a maximum # of 1.224 compared to the RVG.

. An AP closer to the base plate degrades the thermal per-
formance, while positioning it in line with the top surface
of the PP improves C.” by 11.98%. The obtained value of
h” for the conﬁguratlon is 237.27 W/m’K.

. The Nu” decreases and C,” and C,” increase with increas-
ing h . The improvement in n of 22.4% is achieved with an

MRVG having a, = a, = 21/3, w = 0.5h ,and h = 0.935h .

. The B of the MRVG does not necessarlly prov1de 1mprove—
ment in heat transfer rate. The strength of the vortices
reaches its maximum at p = n/2, for 0 < § <n. However,
as P increases from 7 to 7m/4, the strength of the vortices
gradually reduces. It results in a reduction in the overall
heat transfer rate.

. Compared to the RVG, the MRVG with = 31/4 shows
the maximum increase in Nu” by 27.64%. It also shows a
20.58% increase in C;”. The maximum value of h” is found
to be 238.17 W/m’K where p = 31/4. However, the MRVG
configuration with o, = a, = 21/3, w = 0.5h , h =0.935h ,

»
and f =m/2 achieves an overall heat transfer enhancement
(1) of 22.4%.

With the detailed investigation of the considered cases, it has been
found that an MRVG with an AP configured with a ,=a, = 27/3,
w=0.5h, h =0.935h and p= 371/4 yields the highest enhancement
in Nu” with 27.64%. However, compared to an RVG, the case with
a,=a, = 211/3, w=0.5h , h =0.935h and = 7, yields maximum rise
in C” and C,” by 28.88% and 173.85%. Overall, a conjugate heat
transfer system demands a balance of enhancement in heat transfer
rate with minimum flow losses in the system. In the current study,
the MRVG configuration with a =a, = 2n1/3, w=0.5h , h =0.935h
and B= n/2, provides the highest increment in thermal performance
factor by 22.4%, as compared to RVG. The value of h” for the RVG is
186.59 W/m’K. Under the current configuration, the value of h” for
the MRVG is found to be 237.27 W/m’K.

The present work has paved the way for improving the thermal and
flow performance of a system with MRVG that utilizes a trapezoid
AP. The number of considered cases are limited by considering
a,=a,. Moreover, the common surface of AP and PP is always placed
parallel to the bottom plate. Consideration of different angles, a,,
a,, and the inclination angle of the shared face of AP and PP and its
analysis are included as a part of the future endeavor.
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Nomenclature
A, frontal projected area of the vortex generator, m’
<, specific heat at constant pressure, J/kg K
C, coefficient of drag
O surface average coefficient of drag
C, skin friction coefficient
C” surface average skin friction coefficient
D, hydraulic diameter, m
f friction factor
F, force acting on the frontal projected area, N
h” surface average heat transfer coeflicient, W/m*K
h, height of auxiliary part, m
hp height of principal part, m
k thermal conductivity of fluid, W/m'K
1 length of auxiliary part, m
lP length of principal part, m
L, length of computational domain, m
L height of the computational domain, m
L, width of computational domain, m
Nu Nusselt number
Nu” surface average Nusselt number
gy | heat flow rate per unit area (W/m®)
Ra Rayleigh number
Re Reynolds number
t thickness of auxiliary part, m
t, thickness of principal part, m
T temperature, K
T average fluid temperature, K
T, average temperature of the heated plate, K
v velocity vector, m/s
w width of auxiliary part, m
X, downstream of the vortex generator, m
X, upstream of the vortex generator, m
Greek symbols
a a, interior angles of APs, rad
B angle of inclination of AP with PP, rad
n thermal performance factor
m dynamic viscosity, N.s/ m’
n kinematic viscosity, m’/s
o density, kg/m3

2
Ty shear stress, N/m

[0 angle of attack of the flow, degree
Abbreviations

ACW anticlockwise

AP auxiliary part

CDWVG  curved delta winglet vortex generator
COVG conical offset vortex generator

CTW curved trapezoidal winglet

CW clockwise

FVM finite volume method

HPH high pressure side horse-shoe vortex
I induced vortex

LPH low pressure side horse-shoe vortex
LVG longitudinal vortex generator
MRVG modified rectangular vortex generator
p primary vortex

PP principal part

RVG rectangular vortex generator

RWP rectangular winglet pair

RWVG rectangular winglet vortex generator
VG vortex generator

Subscripts

in inlet

out outlet
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