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Abstract

Counter rotating longitudinal vortices produced by winglet in a channel are known to enhance heat transfer. In the present investi-
gation the flow structure and heat-transfer enhancement by a winglet pair of non-zero thickness has been studied. A delta winglet pair
type vortex generator is placed in a hydrodynamically developed and thermally developing laminar channel flow. Computations are done
by solving the unsteady, three-dimensional, incompressible Navier–Strokes equations and energy equation using a modified Marker-and-
Cell (MAC) method. The flow structure is complex and consists of main, corner and induced vortices. It is observed that as compared to
a channel without winglets, the heat transfer is enhanced by 33% when single winglet is used and by 67% when a winglet pair is employed.
Effects of thickness of the winglets and Reynolds number on the heat transfer augmentation are presented.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Compact heat exchangers have wide applications in
power, process, automotive and aerospace industries. Per-
formance of these heat exchangers can be improved by
adding protrusion type vortex generators such as fins, ribs,
wings, winglets, etc. on the gas side of the core. When lon-
gitudinal vortex generators are placed near a heat transfer
surface, they increase the heat transfer by transporting fluid
from the wall into the free stream and vice versa. The effec-
tiveness of a vortex generator in enhancing the heat trans-
fer depends on the vortex strength generated per unit area
of the vortex generator. A delta winglets pair kept at an
angle of attack is very effective as the longitudinal vortices
generated by it persist for hundreds of wing chords down-
stream of the winglets in the case of laminar channel flow
(Fiebig et al., 1989). In the case of the heat exchangers
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the flow on gas side is usually laminar, because on this side
the fin spacing is small and the mean velocity is low. With
this application in mind, the delta winglet pair in a laminar
flow is considered in the present investigation.

Edwards and Alker (1974) find that the delta winglets
provided a higher overall heat transfer enhancement, com-
pared to cubes placed on a flat plate. Experimental investi-
gation of Katoaka et al. (1977) shows that the heat transfer
is locally enhanced in the region where two neighboring
vortices impose a flow toward the surface and the heat
transfer locally decreases where the vortices impose a flow
away from the surface. Fiebig et al. (1989) study the struc-
ture of velocity and temperature fields in laminar channel
flows with wing-type longitudinal vortex generators and
conclude that local enhancement of heat transfer coefficient
increases by a factor of three compared to its value in a
wingless channel. Fiebig et al. (1991) carry out an experi-
mental comparison of delta wings, delta winglets, rectangu-
lar wings and rectangular winglets. Biswas and
Chattopadhyay (1992) study heat transfer and skin friction
characteristics in a channel with built-in wing-type vortex
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generators at angle of attack (b) of 26� and Reynolds num-
ber of 500. They conclude that combined spanwise average
Nusselt number shows increase of 34% even at the exit of a
long channel. Deb et al. (1995) study heat transfer and flow
structure in laminar and turbulent flows in a rectangular
channel with longitudinal vortices. Biswas et al. (1996)
carry out numerical and experimental study of flow struc-
ture and heat transfer effects of longitudinal vortices in a
fully developed channel flow. They define a performance
quality factor which indicates heat transfer enhancement
for a given pressure loss penalty. Based on the value of this
factor, they conclude that the performance of the winglet is
best for b of 15�. Same trend is observed by Biswas et al.
(1994), when the performance evaluation is done taking
into account the energy transfer and the losses due to the
thermodynamic irreversibilities. Sohankar and Davidson
(2003) attempt unsteady three-dimensional Direct Numer-
ical Simulation (DNS) and Large Eddy Simulation (LES)
of heat and fluid flow in a plate-fin heat exchanger with
thick rectangular winglet type vortex generators at Rey-
nolds and Prandtl numbers of 2000 and 0.71, respectively.
In the numerical investigations, except for the study of
Sohankar and Davidson (2003), the winglet is idealized
as of zero thickness. In the present study we consider wing-
let of finite thickness to render the computations more
realistic.

2. Computational technique

The computation is performed in a channel, which is
formed by two neighbouring fin-plates, with one pair of
delta winglets placed inside it (Fig. 1). The solution is
obtained by solving the three-dimensional, unsteady,
Navier–Stokes equations and energy equation for an
Fig. 1. Computational model and details of winglet geometry.
incompressible fluid. Hydrodynamically developed and
thermally developing flow is considered.

2.1. Governing equations

The equations for continuity, momentum and energy in
non-dimensional form and standard tensor notation are
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In the above equations, the velocity components are non-
dimensionalised with the average velocity at the channel
inlet (Uavg), all lengths with the channel height (H), and
the pressure with qU 2

avg. The non-dimensional temperature
h is defined as h ¼ T�T1

T w�T1
where Tw is wall temperature and

T1 is entry temperature. Reynolds number, Re, in the
above equations is defined as Re ¼ UavgH

m where m is the kine-
matic viscosity of the fluid. Air is used as working fluid.

2.2. Geometry

With reference to Fig. 1, The geometrical details of the
flow simulation, are: (I) The height of the channel is H;
the length of the channel (L) equals 11.4H and the aspect
ratio of the channel (a = B/H) equals 3, (II) The height
of winglet (b) equals the channel height (H), the chord of
the winglet (l) equals 2.46H, the width of winglet (W) is a
parameter ; the winglets are positioned such that their trail-
ing edges are at x = 2.856H from the inlet and the angle of
attack (b) is 15�.

Though the geometry is symmetric the computation is
done in the entire domain to capture unsteady flow fea-
tures. Cartesian grid is used. The grid spacing in the three
directions are Dx/H, Dy/H and Dz/H. Their values depend
on the grid size as well as the angle of the winglet and the
channel aspect ratio. As the winglet surfaces are inclined to
the coordinate directions, the grid is chosen such that the
midpoint of grid element falls exactly on the winglet sur-
face (See Hiravennavar, 2004 for details). A 98 · 22 · 97
grid gives grid independent results.

2.3. Boundary conditions

The top and bottom surfaces are treated as no-slip walls
and the side surfaces as free-slip boundaries. At the
entrance to the channel a fully developed velocity profile
is used and temperature is prescribed constant and equals
T1. At the exit of the channel, the continuative boundary
conditions are prescribed by setting second derivatives of
the variables as zero. On the obstacle (winglet pair) no-slip
boundary condition is specified for the velocities. The tem-
perature of the winglet is constant and equals Tw.
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2.4. Method of solution

The governing equations are solved by using modified
Marker and Cell (MAC) method with staggered grid (see
Biswas et al., 1996 for details). The velocity field is solved
till a divergence free solution with an upper bound of
Fig. 2. Cross-stream velocity vectors at different locations along stre
10�4 is obtained. After evaluating the correct velocity field,
the energy equation is solved with a successive over relax-
ation (SOR) technique to determine the temperature field
(see Biswas et al., 1996).

For the purpose of validation the computations are car-
ried for channel with a single winglet at different angles of
amwise direction – Re = 790, W/H = 0.0622, a = 3 and b = 15�.
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attack. The computed results compare closely with experi-
mental data of Biswas et al. (1996). Details can be found in
Hiravennavar (2004).

Following Biswas et al. (1996) the computations are car-
ried at Re = 790 and the winglet thickness (W) to height
ratio (W/H) of 0.0622. Computations at other values of
Re and W/H are also carried out.

3. Results and discussion

3.1. Flow structure

Development of the cross-flow velocity is shown in
Fig. 2 for Re = 790. The plots show the generation of
the vortices, their gradual deformation and decrease in
their strength as they move downstream in the channel.
The maximum cross-flow velocity at a plane is seen to be
nearly equal to the mean axial velocity on that plane.
The deformation of the vortical structure due to the chan-
Fig. 3. Comparison of Nusselt number contours on top and bottom plates – Re

W/H = 0.0622.
nel walls can be seen when the cross-flow at any two sta-
tions downstream of the winglets are compared. Two
counter-rotating main vortices behind the winglets cause
the fluid to churn. This churning motion causes the fluid
near the wall to flow in the central region and vice versa.
It can be seen that the axes of main vortices move down-
ward and away from each other as they (vortices) move
downstream.

3.2. Heat transfer

The churning motion brings the hotter fluid at the walls
to the mid region and increases the core temperature. At
the same time it takes the cooler fluid from the mid region
to the hot walls and increases the temperature gradients at
the walls. The higher temperature gradients at the wall
leads to higher heat transfer rates. In order to obtain a
quantitative estimate of the heat transfer performance,
the Nusselt number contours for the top and bottom plates
= 790, b = 15�, and a = 3. (a) Zero thickness winglet and (b) winglet with
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are plotted. Nusselt number at a point (x,z) on plate is

defined as Nu ¼ hH
k ¼ �

H oT
oyð Þw

ðT w�T bÞ
where Tb is the bulk temper-

ature at a particular x location. Fig. 3 shows the contours
of Nusselt number for winglet pairs of W/H = 0 and
0.0622. Fig. 3(a) shows that the heat transfer rate from bot-
tom plate is more in the central portion as compared to
Fig. 4. Variation of Nusselt number over winglet surfaces – Re = 790, b = 15
facing walls.

Fig. 5. Axial variation of average Nusselt number with and wit
that at the side array-symmetry walls. And for the top plate
the heat transfer rate is lesser in the central portion as com-
pared to that at the side array-symmetry walls. Fig. 3(b)
shows that for winglet of finite thickness, W/H = 0.0622,
the heat transfer rate is increased slightly at side array-sym-
metry walls and decreased slightly at central portion of the
�, a = 3 and W/H = 0.0622. (a) Surface facing center line and (b) surface

hout winglet – Re = 790, b = 15�, a = 3 and W/H = 0.0622.
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channel for both top and bottom plates. Though heat
transfer from top and bottom plates is of practical interest,
the contours of Nusselt number on the surfaces of winglet
are shown in Fig. 4 for the sake of completeness.

3.3. Effect of various parameters on heat transfer
enhancement

We consider three types of parametric studies viz. (I)
channel without winglet, with one winglet and a winglet
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pair, (II) variation of Reynolds number in case of wing-
let pair and (III) variation of the thickness of winglet for
the case of winglet pair. For this study, we compare the val-
ues of spanwise average Nusselt number, Nusa. It is defined
as
Nusa ¼
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Fig. 5 shows the axial variation of Nusa for the first para-
metric study viz. channel without winglet, with single wing-
let and with two winglets. The values of Re, a and W/H are
790, 3.0 and 0.0622, respectively. It is observed that Nusa is
higher for the case with winglet pair as compared to single
winglet case. At the end of the channel (x/H = 11.42) the
winglet pair case shows as increase of 66.6% in Nusselt
number as compared to the plane channel case and
33.1% as compared to the single winglet case. It is interest-
ing to note that the enhancement in heat transfer due to a
winglet pair is twice that of a single winglet.

To examine the effect of Reynolds number for the case
with winglet pair, the computations are carried out at
Re = 790, 1000, 1580, 2000. Fig. 6 shows the results for dif-
ferent Reynolds numbers. It is observed that as Re

increases there is an increase in the heat transfer. At the
end of the channel (x/H = 11.42), there is an increase of
37.6% when Re changes from 790 to 1580.

To study the influence of the thickness of winglet, the
computations are carried out with W/H = 0.0622, 0.1244,
0.1866 and 0.2486. Fig. 7 shows the axial variation of
Nusa in these cases. As thickness of the winglets increases,
Nusa increases. As compared to the case of W/H of zero,
the increase in the overall heat transfer of channel is
0.83%, 4.34%, 7.62% and 12.49% for W/H = 0.0622,
0.1244, 0.1866 and 0.2485, respectively. It is surmised that
the finite thickness of winglet provides more cross sectional
area for energy transfer from the bottom plate, and results
in increased heat transfer.

4. Conclusions

A numerical simulation of laminar flow over a delta
winglet pair in a channel has been performed at various
Reynolds numbers and winglet thicknesses by solving the
three-dimensional, unsteady, incompressible Navier–
Stokes equations and the energy equation using modified
MAC method. The enhancement in heat transfer due to a
pair of winglets is almost twice that due to a single winglet.
A winglet of finite thickness is marginally superior to the
idealized zero thickness winglet.
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