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Abstract

The relative positions of leading edges and trailing edges of rectangular vortex generators (VG) in the winglet form play a crucial role
in modifying thermal and hydraulic boundary layers thereby affecting the heat transfer augmentation and pressure drop in a sudden ex-
pansion channel having expansion ratio (ER) 2:1. A numerical simulation was carried out for solving the momentum and energy equa-
tions of a three dimensional vortex- laminar flow (Reynolds number < 190) with a finite volume method based commercial code
FLUENT 16.2. Reynolds number, angle of attack and VG configuration have been considered as influential parameters affecting the
thermo-hydraulic performance of the sudden expansion channel due to the combined effect of primary recirculation and secondary vortex
flow. The heat transfer enhancement along with corresponding pressure drop penalty was compared for the toe-out and toe-in configura-
tions at various Reynolds (Re) numbers and angle of attacks (). Eventually irrespective of configurations, rectangular winglet VGs are
found to have better overall performance at § = 30° and = 45° in both toe-out and toe-in configurations due to strong secondary vortex

flow.
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1. Introduction

Convective heat transfer enhanced through a large number
of techniques has been the subject of study seen in literature
for realizing better performance of devices dissipating heat as
part of working. Active, passive and combination of both are
the major classifications of heat transfer augmentation tech-
niques according to Bergles [1, 2]. As passive methods do not
require any external power or energy for enhancing heat trans-
fer and make use of a secondary heat transfer surfaces like
plain, louvered, slit, wavy, annular, longitudinal and serrated
fins or fluid additives to increase effective thermal conductiv-
ity of fluid [3-5], and for reducing the energy of thermody-
namic system [6], it is the most sought after method for in-
creasing the heat transfer rate. Flow detachment in sudden
expansion, and vortices created by VGs and parameters affect-
ing these two were seen as the cause for inducing a drag in the
engineering system [7, 8]. Later flow detachment and vortices
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were viewed as agents for the promotion of heat transfer en-
hancement. Researchers all over the world in last two decade
have paid considerable attention to sudden expansion as one
of the classical geometries due to its wide range of application
comprising electronic equipment, cooling of turbine blades,
combustion chamber, heat exchanger, refrigeration and air-
conditioning system, solar collector and nuclear reactors [9-
17]. Cherdron et al. [18] came up with a breakthrough conclu-
sion almost four decades back that, at fixed ER, decreasing
aspect ratio of sudden expansion channel results in a higher
critical Re number due to side wall proximity. Ouwa et al.
[19] found the transition of primary vortex flow from two
dimensional into three dimensional at a higher Re number
through loss of its stable growth with Re number. Chiang et al.
[20] proposed that at aspect ratio above 12, the flow is pre-
dominantly two dimensional on center plane of a sudden ex-
pansion channel and side walls had lost its influence com-
pletely on this mid plane. Zhang et al. [21] reported increasing
Re number and heat flux accompany heat transfer enhance-
ment which was maximum around the reattachment point and
increase in reattachment length. Kanna et al. [22] predicted
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enhancement of heat transfer in both fluid and solid region in
the presence of nanoparticle in base fluid. Nu was also seen
having a peak and asymptotic value within the recirculation
region and in the downstream respectively. Togun et al. [23]
found increase in the size of primary recirculation zone with
increase in Re number and ER, and volume fraction of
nanoparticle in base fluid had a significant effect on increasing
heat transfer due to nanoparticle heat transport. Kimouche et
al. [24] also confirmed increase in the volume fraction and Re
number increase the heat transfer rate, whereas for Re > 5000,
volume fraction did not affect size of primary recirculation
zone considerably. Sayed ahmed et al. [3] compared the heat
transfer characteristics of wing-shaped tube heat exchanger
with circular and elliptical tube heat exchanger and concluded
that effectiveness and efficiency index of wing-shaped tube
heat exchanger have maximum value at zero angle of attack,
and efficiency index of wing-shaped tube heat exchanger at
zero angle of attack is maximum compared to circular and
elliptical tube heat exchanger at all angle of attack. In connec-
tion with their previous work, Syed ahmed et al. [4] investi-
gated the effect of angle of attack and cone angle of wing-
shaped tubes on flow characteristics and concluded that ar-
rangement with zero angle of attack has the least air flow
pressure drop co-efficient and pumping power whereas the
arrangement with cone angle = 90° has the highest value of
pressure drop coefficient and pumping power in the Reynolds
number range considered. Gong et al. [25] found heat transfer
augmentation could be better if transversal axis of tube is
aligned with the leading edge of curved rectangular winglet
vortex generators (CRWVGs) and diameter of base arc of VG
as larger. Lin et al. [26] conducted the same experiment but
with a curved delta winglet vortex generator (CDWVG) and
agreed that better heat transfer augmentation could be ob-
tained if the leading edge of CDWVG is offset by a distance
equivalent to 5° from transversal axis of pipe in the down-
stream, and length and height of CDWVG had no significant
effect on Nu and friction factor. Wu et al. [27] declared that,
with CDWVG, Nu and friction factor increased with increase
in fin pitch when tube diameter remained constant and, at the
same time, heat transfer enhancement with fin pitch was
closely related to Re number and tube diameter. Dang et al.
[28] reported the superiority of thermo-hydraulic performance
of fin with VG and flow re-distributors to that of plain fin and
plain fins with only VG due to secondary flow and reduction
in pressure drop penalty, respectively. Flow re-distributors
play a crucial role in enhancing heat transfer at small fin spac-
ing irrespective of the geometry of VG with flow-
redistributors. Hatami et al. [29] while trying to recover en-
ergy from a diesel exhaust using delta winglet vortex genera-
tors (DWVGs) at angle of attack of 30° being perceived to be
best as seen from findings from literature, concluded that VGs
could effectively recover the energy more than 50 % com-
pared to a simple heat exchanger without VGs. Investigation
done by Yang et al. [30] lead to their conclusion that the use
of delta wing pair in a rectangular channel did not deteriorate

the thermal boundary layer as much as the deterioration of
hydraulic boundary layer due to the lifting effect of vortices
from the bottom wall. Arora et al. [31] optimized the location
of DWVG and proposed heat transfer enhancement as maxi-
mum when VG was placed around the center of each inline
pipe in the stream wise direction as the secondary flow along
with shed corner vortex washed away the fluid tapped be-
tween the wall of pipe and VG, and was poor in the wake
region of each pipe. Pal et al. [32] have reported that heat
transfer enhancement was poor when DWVG was located at
the rear and relative to that located at the front end, whereas an
increase in the angle of attack caused decrease in heat transfer
enhancement due to wake formation and weak swirl. Pesteei
et al. [33], while enhancing the heat transfer in fin-tube heat
exchangers, found DWVG at an angle of attack of 45° in-
creasing the heat transfer coefficient up to 46 % with the ac-
companiment of an additional pressure drop of 18 %. Li et al.
[34] have, in their numerical study of heat transfer on fin-and-
tube heat exchanger, explained that rectangular winglet vortex
generators (RWVGs) produced more heat transfer than
DWVGs for the same angle of attack and, in general, heat
transfer enhancement by punched VGs was more effective
than mounted ones. Investigation of Bekele et al. [35] was
with delta shaped obstacles in solar air heater for higher Re
number range. Their conclusion was that the maximum
thermo-hydraulic performances could be obtained at an angle
of incidence of 30° as the length of the obstacle for the same
relative obstacle height as higher than that for the remaining
angle of attack holding a large quantity of fluid in the obstacle
region thereby enhancing heat transfer.

An indepth study of the relevant literature shows, Zohir et al.
[36] as the first to investigate experimentally the combined
effect of recirculation arising from a sudden expansion and
secondary vortex flow as a result of helical and propeller
swirler on heat transfer enhancement in sudden expansion
pipe and inferred propeller and helical swirlers as effective in
augmenting heat transfer when located nearest to a sudden
expansion in downstream and downstream of reattachment
region respectively. Zohir et al. [37] extended the earlier work
for propeller swirler with different angle of attacks and de-
clared heat transfer enhancement as maximum for swirler with
angle of attack of 45°. An elaborative research has been car-
ried out for predicting the influence of rectangular and delta
winglet type VGs on heat transfer and fluid flow characteris-
tics in toe-in [25-32] and toe-out [33, 34] configurations sepa-
rately. A comparison performed by Tian et al. [38] in their
numerical study showed overall performance of rectangular
winglet pair with toe-out configuration as better than that of
toe-in configuration though toe-in configuration had very
strong interactive longitudinal vortices to reduce the thickness
of thermal boundary layer in the flow domain as it accompa-
nied a tremendous pressure drop. The same feature could be
attributed to the performance of delta winglet pair when com-
paring it to that of rectangular winglet pair especially at higher
Re numbers. The above discussions clearly show the perform-
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Fig. 1. Physical model in (a) toe-out; (b) toe-in configurations; (c)
computational domain of the channel with VG.

ance of only a few works on a comparative study between toe-
in and toe-out configurations, and the potentials of combined
primary recirculation and secondary vortex flow effects. Thus
present numerical study has been taken up for filling up the
gap seen in the relevant literatures.

2. Problem statement

Physical model of three dimensional sudden expansion of
upstream height 20 mm and downstream height 40 mm with a
line of VGs at inlet in both toe-out and toe-in configurations
are shown in Figs. 1(a) and (b), respectively. The left bottom
corner (viewing from inlet) where backward facing step, bot-

(b)

Fig. 2. Mesh details: (a) Around rectangular winglet vortex generator
in toe-out configuration at f = 45°; (b) around sudden expansion of the
channel.

tom wall and sidewall meet, is fixed as the origin of coordi-
nate system. Toe-out and toe-in configurations have been
defined with respect to the distance between the trailing edges
of VG on the edge of the step of sudden expansion. Rectangu-
lar winglet vortex generator of length 40 mm and height
10 mm has been considered for heat transfer enhancement and
fluid flow analysis in sudden expansion channel. The sudden
expansion channel is assumed to have infinite aspect ratio
which is used for the study of the influence of vorticity, and
geometric parameters and the angle of attack of VG on fluid
flow and heat transfer augmentation without any side wall
effect. 47, 93, 140 and 187 are the Re numbers taken for this
study as the vortices are steady and discernible only if Re <
1700 [39]. A computational domain of width 80 mm has been
considered for the simulation of the laminar and steady flow
of water with constant properties due to symmetry of the
channel. This is shown in Fig. 1(c). The lengths of upstream
and downstream of sudden expansion channel with step height
10 mm are 240 mm and 800 mm ensuring the flow to be fully
developed at inlet for a sudden expansion and at outlet of
channel. 2D planes have been considered along x, y and z
coordinates in the computational domain for interpreting the
results of the investigation [11].

3. Numerical procedure and validation

3.1 Boundary conditions

A fluid with uniform velocity corresponding to the Re
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Table 1. Grid independent study.

Nodes | 446453 | 924691 | 1536984 | 2364181 [,
(Grid1) | (Grid2) | (Grid3) | (Grid4) |”°
Velocity | 002387 | 0002429 | 0002413 | 0002395 | 078
(m/s)
Le(m) | 0.0751381 | 0.0760181 | 0.0763485 | 0.0766283 | 037
T.(K) | 3073925 | 3073802 | 307.3734 | 307.3685 | 0.002
Nu | 10327136 | 10314085 | 10.298512 | 10257074 | 0.40

Table 2. Validation for vortex generator.

G. Zhouetal. |A. Abdollahi| Present
(Experimental) etal. study
J/Jo 1.01285 1.106 1.06244
% Error - 9.196 4.897
Re=650
f/fo 1.40226 1.389 1.26844
% Error - 0.946 9.543
J/Jo 1.08318 1.147 1.08001
%E - .892 292
Re = 1000 % Error 5.89 0.29
f/fo 1.32081 1.506 1.38961
% Error - 14.021 5.209

number considered in this investigation and constant tempera-
ture T;, = 293 K enters the channel. No slip condition is as-
sumed to be prevailing at all the walls of the channel. Uniform
heat flux of 1000 W/m® was applied at the bottom wall and all
other remaining walls were considered as adiabatic. The exis-
tence of fully developed flow at outlet due to long down-
stream length ensured the outflow condition at the exit.

3.2 Grid independent study and validation

A numerical simulation was carried out to solve continuity
Eq. (1), momentum Eq. (2), energy Eq. (3) with gravity and
viscous dissipation, and boundary conditions in a commercial
CFD code FLUENT 16.2 based on the finite volume method.
The computational domain was modeled and segmented into a
large number of thin hexahedral elements around walls and
corners, and thick hexahedral elements in the remaining re-
gion in ICEM CFD for the capture of a precise flow of physics
as shown in Figs. 2(a) and (b). SIMPLE algorithm was
adapted to couple pressure and velocity using continuity equa-
tion. Momentum and energy equations were discretized using
second order upwind scheme to get an asymptotic solution of
governing equations. Convergence of numerical simulation
was decided on the basis of the value of normalized residuals
of governing equations and net imbalance across the computa-
tional domain in mass and energy rates. The condition for
convergence was met when order of scaled residuals of mass,
momentum and energy equations was smaller than 10", 10™°
and 10", respectively. The gross imbalance in mass and en-
ergy rates were also verified and found to be negligible.
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Fig. 3. Comparison of (a) velocity; (b) temperature between present
simulation and numerical simulation [12] for sudden expansion channel.

The governing equations are:

Continuity equation

0

“(p¥)=0. (1)
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Momentum equation
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Following are the formulae used to find the simulation re-
sults:
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An iterating grid-density independence study was per-
formed with four different grid density systems at an angle of
attack of 45° for Re = 140 for the choice of a grid volume
which would provide a consistent numerical solution of gov-
erning equations. Table 1 shows the variations in velocity at
x/s =20, z/w = 0.5 and y/s =1 , reattachment length at z/w =
0.5, wall temperature and Nusselt number calculated during
this study, with a difference in those parameters of the third
and the fourth grid schemes less than 1 %. The findings of the
same numerical simulation procedure followed by Abdollahi
et al. [40] and that of experimental study performed by Zhou
and Feng [41] have been considered for validating the results
of this study. As addressed by Table 2 the results of this study
are in good agreement with both experimental and numerical
results, and require only a short time to get converged due to
hexahedral element throughout the domain. Streamwise veloc-
ity and temperature of the flow through sudden expansion
channel of the present study at x/s = 64 and z/LL = 0.5 are used
to compare with those of the numerical simulation carried out
by Thiruvengadam et al. [12]. As shown in Figs. 3(a) and (b),
the results are in good agreement with an error of less than
1.4 % between them.

4. Results and discussion

4.1 Comparison of heat transfer at f = 60° in toe-out and
toe-in configurations

Longitudinal vortices created by baffle in toe-in configura-
tion are perceived to be stronger than those produced in toe-
out configuration, leading to a maximum local heat transfer
enhancement at z = 20 mm plane as shown in Fig. 4(a) and is
vice versa at z= 60 mm plane as shown in Fig. 4(c). Thermal
boundary layer thickness is thinner on X = 0.625 plane at z =
20 mm point due to the existence of strong developing longi-
tudinal vortices in toe-in configuration as shown in Fig. 6(a)
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Fig. 5. Secondary velocity streamline at different locations along the main flow direction at = 60° for Re = 187 in (a) toe-in; (b) toe-out configura-

tions.
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Fig. 6. Temperature distribution at different locations along the main flow direction at p = 60° for Re = 187 in (a) toe-in; (b) toe-out configurations.
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Fig. 8. Limiting velocity streamline distribution for Re = 187: (a) In
toe-out configuration at § = 60°; (b) in toe-in configuration at § = 60°;
(c) in toe-in configuration at § = 30°.

comparing to that on the same plane at z = 20 mm point in
toe-out configuration as shown in Fig. 6(b) and is vice versa
on the same plane at z = 60 mm point. Thermal boundary
layer thickness is kept on reducing till a point in the stream-
wise direction thereafter longitudinal vortices starts loosening
its strength leading to the redevelopment of thermal boundary
layer in the fully developed flow region in both toe-in and toe-
out configurations. Nusselt number on z = 20 mm and z = 40
mm planes initially decreases since the primary recirculation
zone is partially lifted off the bottom wall around the step [12,
17]. As the vortices generated in toe-in configuration as de-
picted in Fig. 5(a), move towards each other, heat transfer rate
decreases suddenly on a plane at z = 20 mm after reaching the
maximum. Local heat transfer rate increases due to recircula-
tion zone near the step and reaches the maximum around the
reattachment point [36, 37], and decreases thereafter on z =20
mm plane in toe-out configuration. Fig. 5(b) shows longitudi-
nal vortices on z = 20 mm plane in toe-out configuration
emerging after a short delay at a point in a streamwise direc-
tion augmenting the local heat transfer coefficient better than
that in toe-in configuration. This consistent vortex on z = 20
mm plane creates the impression of toe-out configuration be-
ing very effective when compared to toe-in configuration in
promoting the average heat transfer as shown in Fig. 7(a). The
magnitude of maximum local heat transfer depends on both

Nux

(b)

Fig. 9. Local Nusselt number variation in channel at § = 60° on planes
at z =20 mm, z = 40 mm and z = 60 mm for (a) toe-in; (b) toe-out
configurations.

the size of primary recirculation zone and the intensity of sec-
ondary vortices. Fig. 8(a) shows the limiting velocity stream-
lines on a plane (z = 0.0001m) close to the bottom wall pro-
viding the local flow structure downstream of sudden expan-
sion. The local flow structure shows size of the recirculation
zone behind the VG in toe-out configuration as larger due to
the combined effect of primary recirculation and secondary
vortices than that in toe-in configuration concluding local heat
transfer to be maximum [23] in toe-out configuration at z = 40
mm plane as shown in Fig. 4(b). This is also evident from the
temperature plot where thermal boundary layer thickness on X
= 0.625 plane at z = 40 mm point in toe-out configuration is
thinner than that on the same plane at z = 40 mm point in toe-
in configuration. Following the reattachment of fluid on z =40
mm plane, there was a sudden decrease in the local heat trans-
fer in toe-out configuration. Increase in local convective heat
transfer coefficient on z = 40 mm plane in toe-in configuration
was seen, reaching the maximum around the reattachment
point. There was a decrease thereafter, but the rate of decrease
in heat transfer coefficient was less than that in toe-out con-
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Fig. 10. Local Nusselt number variation at § = 30° in channel for toe-
out and toe-in configurations on plane at (a) z = 20 mm; (b) z = 40
mm; (¢) z= 60 mm.

figuration due to the influence of secondary flow created at z
= 60 mm plane as shown in Fig. 5(a) making toe-in configura-
tion better in overall heat transfer enhancement as shown in
Fig. 7(a).

Fig. 8(b) shows wake region (Von Karman vortex) as pre-
dominating at z = 60 mm plane. The presence of large wake
region [31, 32] over z = 60 mm plane, led to the observation
of heat transfer enhancement as relatively poor in toe-in con-
figuration. The secondary vortex flow at z = 60 mm plane
along with above discussed reasons could be ascribed to the
best performance of VG at B = 60° in toe-out configuration for
Re = 187 as shown in Fig. 7(a).

4.2 Heat transfer at § = 60° in toe-in configuration

Fig. 9(a) shows heat transfer rate as maximum at a point
where the fluid is reattached to the bottom wall in the down-
stream. This maximum local heat transfer rate is relatively
high when compared to that on planes at z = 40 mm and 60
mm as the length of primary recirculation is very large [23] on
plane at z =20 mm. The maximum heat transfer enhancement
on planes at z =20 mm, 40 mm and 60 mm takes the order of
preferences with respect to its reattachment length; reattach-
ment on z = 20 mm being the largest and that on z = 60 mm
being the smallest. Though the maximum local heat transfer
coefficient on z = 60 mm is very low due to its short reattach-
ment length, its average Nusselt number is significantly
greater than that on z = 20 mm due to its consistent strong
secondary vortex flow.

4.3 Heat transfer at = 60° in toe-out configuration

Fig. 9(b) depicts the increase in local heat transfer rate as a
result of the presence of recirculation zone near the step reach-
ing the maximum around the reattachment point on z = 20
mm plane. But, the delayed development of secondary vortex
in streamwise direction around x = 130 mm caused the im-
pression of the local heat transfer being better than that at z =
40 mm plane. The large size primary recirculation flow right
behind the VG caused increase in local Nusselt number to a
high value around a point where the flow reattached and
dropped suddenly thereafter at z= 40 mm plane. As the longi-
tudinal vortices were very strong on z = 60 mm plane, the
average Nusselt number appeared to be better when compared
to that on planes at z =20 mm and 40 mm.

4.4 Comparison of heat transfer at f = 30° in toe-out and
toe-in configurations

Due to the presence of wake region behind VG at f = 30° in
toe-in configuration as depicted in Fig. 8(c), the local maxi-
mum heat transfer coefficient is smaller than that in toe-out
configuration at a plane z =20 mm as shown in Fig. 10(a). But,
Fig. 7(b) shows the average Nusselt number on that plane z =
20 mm in toe-in configuration as greater than that in toe-out
configuration owing to the strong secondary vortex flow.
Though the core centers of vortices move towards each other
and lift away from the bottom wall as shown in Figs. 11(a)
[38] and (b) in toe-in and toe-out configurations respectively
and as the strong secondary vortex expands in a transverse
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Fig. 12. Local Nusselt number variation in channel at = 30° on planes at z =20 mm, z = 40 mm and z = 60 mm for (a) toe-in; (b) toe-out configu-

rations.

direction in the toe-in configuration, the local and average
Nusselt number in toe-in configuration on a plane at z = 40
mm were found to be very much superior to that in toe-out
configuration as depicted in Figs. 10(b) and 7(b), respectively.
Fig. 7(b) shows the average Nusselt number on z = 60 mm
plane in toe-out configuration as slightly more than that in toe-
in configuration as the streamwise velocity of fluid in toe-out
configuration was high, though local heat transfer enhance-
ment trend in toe-in configuration had the peak value as

shown in Fig. 10(c) due to the effect of secondary vortex ex-
pansion in lateral direction. Thus the secondary vortex flow
created in the region around z = 20 mm plays a vital role in
making toe-in configuration better in heat transfer enhance-
ment than toe-out configuration at 3 = 30° for Re = 187.

4.5 Heat transfer at § = 30° in toe-in configuration

A high intensity secondary vortex flow was generated at f =
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Fig. 15. Variation of average Nusselt number versus the angle of attack
at different Reynolds numbers.

30°. It had a high influence on the flow on a plane around z =
20 mm. Due to this swirling flow, maximum local heat trans-
fer coefficient was large when compared to that on planes at z
=40 mm and 60 mm as shown in Fig. 12(a).

As the vortex on z =20 mm plane expanded in the spanwise
direction along x direction [40] as depicted in Fig. 11(a), local
Nusselt number on z = 40 mm plane exceeded that on z = 20
mm plane at x = 100 mm. Local heat transfer coefficient on z
= 60 mm plane was very poor as the main flow in this region
did not entrain any secondary vortex flow and that, on all the
planes at z = 20 mm, 40 mm, and 60 mm was maximum at
around their respective reattachment points. Core centers of
the secondary vortex flow moved towards each other and
away from the bottom wall as the flow proceeded along x
direction in the toe-in configuration. Average Nusselt numbers
on planes at z =20 mm and 40 mm were greater than those at
z = 60 mm plane due to the presence of a strong secondary
vortex flow making toe-in configuration superior in heat trans-
fer enhancement to toe-out configuration.

4.6 Heat transfer at § = 30° in toe-out configuration

Secondary flow generated by LVG at = 30° was very
dominant on a plane at z =20 mm causing rapid enhancement
of the heat transfer rate as depicted in Fig. 12(b). When this
longitudinal vortex moved further in a streamwise direction, it
shed a new comer vortex [31] by imparting its angular mo-
mentum, thereby losing its intensity as shown in Fig. 11(b).
Longitudinal vortex shed by VG moved in the lateral direction
towards z = 40 mm plane in the downstream giving a local
maximum heat transfer enhancement on a plane at z =40 mm.
As most of regions around z = 40 mm plane lay in the inter-
face between the two counter rotating vortices, the average
heat transfer enhancement in this region was very poor. De-
spite the initial increase in the local heat transfer coefficient, it
started decreasing gradually after reaching the local maximum
around reattachment on plane at z = 60 mm. Due to the spiral
motion imparted by the vortices from z =20 mm plane and its
entrainment by high velocity main flow at z = 60 mm plane,
the average heat enhancement appeared to be better than that
on plane at z = 40 mm as shown in Fig. 7(b). Heat transfer
enhancement and fluid flow structure discussed so far relate
only to the angle of attacks (B = 30° and B = 60°) which was
observed to be most suitable for a good performance of VGs.
The flow physics interpreted for p = 30° and B = 60° can also
be applied to the remaining angle of attack and is not present
here due to space limitations.

4.7 Overall performance at various angle of attack

Longitudinal VGs promote not only heat transfer, but also
pressure loss. So a performance evaluation parameter
(Nu/Nuo)/(f/fo)”3 has been considered for the quantification of
the overall performance of LVG in augmenting the heat trans-
fer against pressure loss [42, 43], to find out the best condition
where adoption of LVG could be most appropriate. As Fig. 13
reveals RWVGs in toe-out configuration as appearing to have
better overall performance over a wide range of angle of at-
tack for a given Re number [38]. RWVGs in toe-out configu-
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ration are very much superior to those in toe-in configuration
especially at high Re number and at § = 60°. Due to the pres-
ence of strong secondary vortex and low form drag at higher
Re numbers, RWVG at § = 30° and B = 45° respectively were
seen providing the best and a better overall performance in
both toe-in and toe-out configurations. RWVG at § = 60° and
B = 75° in toe-in configuration is not at all suitable for promot-
ing heat transfer as it demands more frictional loss at the same
pumping power. At low Re number, overall performance of
RWVG in toe-in and toe-out configurations is less than unity
almost over a wide range of angle of attack indicating that
RWVG accompanies more frictional loss than heat transfer
enhancement.

4.8 Average friction factor at various angle of attack

With decrease in the thickness of hydrodynamic boundary
layer at a high Re number, the fluid experienced low friction,
in turn increasing with increase in the angle of attack due to
form drag [40, 44] and transverse expansion of longitudinal
vortices [45] as depicted in Fig. 14. The rate of increase in
friction factor increased with decrease in velocity for all an-
gles of attack.

4.9 Average Nusselt number at various angle of attack

Heat transfer enhancement in toe-out configuration is better
than toe-in configuration at all angles of attack analyzed when
Re number is low, but at high Re number as a strong vortex is
present at 3 = 30°, toe-in is observed to be better than toe-out
instead of being inferior to toe-out at all angles of attack as
shown in Fig. 15. Average Nusselt number is maximum at 3 =
60° for all Re numbers [46] studied in toe-out configuration.

5. Conclusion

In the present investigation, a three dimensional numerical
simulation was performed on a sudden expansion channel
with rectangular winglet vortex generators in toe-out and toe-
in configurations for a study of the heat transfer enhancement
and local flow structure and a comparison between them. The
following are the major conclusions drawn from this study.

Rectangular winglet vortex generators in toe-out configura-
tion have a better overall performance than that in toe-in con-
figuration over the range of Re number discussed and are very
much superior to those in toe-in configuration especially at
high Re number and at = 60°.

Irrespective of configurations, rectangular winglet vortex
generators are found to have better overall performance at f =
30° and B = 45° in both toe-out and toe-in configurations due
to strong secondary vortex flow.

Rectangular winglet vortex generators are seen providing
effective enhancement of heat transfer at B = 30° and B = 60°
in toe-in and toe-out configurations, respectively.

With rectangular winglet vortex generators, friction factor

increases with increase in angle of attack and decrease in Re
number.

Nomenclature

a : Transverse distance between the VGs (m)
A : Cross sectional area of channel at inlet (m?)
C : Height of computational cell (or) grid (m)

CRWVG : Curved rectangular winglet vortex generator

CDWVG : Curved delta winglet vortex generator
Dy : Hydraulic diameter (m)

f : Friction factor

g : Gravity acceleration (m/s’)

H : Downstream channel height (m)
h : Upstream channel height (m)

h, : Heat transfer coefficient (W/m’K)
J : Colburn factor

k : Thermal conductivity (W/mK)
L : Downstream channel length (m)
1 : Upstream channel length (m)
Nu : Average Nusselt number

Nuy : Local Nusselt number

P : Pressure (N/m?)

Pr : Prandtl number

q : Heat flux (W/m®)

R : Perimeter of channel at inlet (m)
Re : Reynolds number

S : Step height (m)

T : Temperature (K)

T, : Inlet temperature (K)

u : Velocity (m/s)

U, : Inlet velocity

\% : Velocity vector

VG : Vortex generator

w : Width of the channel (m)

X : Non-dimensional length

X, Z : Cartesian coordinate (m)

Greek symbol

B : Angle of attack (°)

p : Density (kg/nr’)

Cv : Specific heat at constant volume (J/kg K)
p : Viscosity (Ns/m?)

% : Kinematic viscosity (m%s)
Subscripts

b : Bulk

i, k : Index

in : Inlet

m : Average

0 : Free stream

out : Outlet

W : Wall
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