
www.elsevier.com/locate/ijhff

International Journal of Heat and Fluid Flow 28 (2007) 306–317
Heat transfer augmentation in a rectangular channel with
a vee-shaped vortex generator

A. Sohankar

Mechanical Engineering Department, Faculty of Engineering, Yazd University, Yazd, Iran

Received 15 August 2005; received in revised form 9 March 2006; accepted 22 March 2006
Available online 18 May 2006
Abstract

The unsteady flow and heat transfer are simulated using LES and DNS for a channel with two angled ribs as a vee-shaped vortex
generator to augment heat transfer. The vortex generators are attached on the bottom wall of the channel and their angles in respect
to the main flow are between 10� and 30�. The Prandtl number is 0.71 and the Reynolds numbers based on the inflow velocity and
the height of channel are from 200 to 2000. Based on the results of this work, the variations of the Nusselt number, pressure coefficient,
bulk temperature, friction factor and Colburn factor with the Reynolds numbers and the incidence angles are provided.

The relation between the key parameters of the velocity (friction factor f) and thermal (Colburn factor J) boundary layers is calculated
for all cases and their values are compared with the predicted values by the Chilton–Colburn analogy.

A comparison between the DNS and LES results is performed and it is found that relatively similar results are obtained from a LES
simulation with fine grid and a DNS simulation with finer grid.

Thermal performance parameter, JF, is used as a measure for the amount of the heat transfer enhancement relative to the pressure
drop. The JF value increases as the Reynolds number or the incidence angles increase.

The structure of the heat transfer and fluid flow are studied using the kinetic energy, pressure, velocity and temperature fluctuations.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

During recent years, serious attempts have been made to
apply different active and passive mechanisms for heat
transfer enhancement in compact heat exchangers for the
automotive industry, air-conditioning and refrigerant appli-
cations, internal cooling for gas turbine blades, electrical
circuits in electronic chipsets, etc. Achieving higher heat
transfer rates through various augmentation techniques
can result in substantial energy savings, more compact and
less expensive apparatus with higher thermal efficiency. Dif-
ferent mechanisms such as creating electric or magnetic
fields, jets, forced oscillations, fluid additives and special sur-
face geometries, may be used for heat transfer enhancement.
0142-727X/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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It can be categorized in two groups, main-flow and second-
ary-flow enhancement in active or passive way, see Webb
(1994), and Jacobi and Shah (1995, 1998). Methods such
as electric or acoustic fields, surface vibration and mechani-
cal devices are called active because they require external
power, whereas passive methods use special surface geome-
tries or fluid additive, and do not require external power.
Wavy walls, louvered and strip fins are examples of passive
main-flow enhancement methods, while flow pulsation is
an active main-flow method. The use of surface protuber-
ances is a passive secondary-flow method and is based on
developing boundary layers or stream-wise fluctuations, cre-
ating swirl or vortices and flow destabilization or turbulence
intensification. In general, mixing the main flow, reducing
the flow boundary layer, raising the turbulent intensity, cre-
ating rotating and secondary flow are the main reasons for
the increase of the heat transfer. Vortex generation is a
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Nomenclature

B, H, L channel sides (see Fig. 1)
b, d, L2 vortex generator sides (see Fig. 1)
Cp pressure coefficient
f friction factor
h convection heat transfer coefficient
k conduction heat transfer coefficient
L1 distance between leading edge of vortex genera-

tor and inlet (see Fig. 1)
ksgs subgrid turbulent kinetic energy
J Colburn factor
JF thermal performance parameter
Nu = hH/k Nusselt number
p pressure
Pr Prandtl number
Re = UH/m Reynolds number
s distance between vortex generators (see Fig. 1)
T temperature
t time
U inflow velocity

u, v, w velocity components
a vortex generator angles (see Fig. 1)
Dt time step
D filter length
h non dimensional temperature
q fluid density
m kinematic viscosity
mt turbulent eddy viscosity
C circulation

Subscripts/Superscripts
0 fluctuation quantities
� grid filter quantities
_ test filter quantities
* reference quantities
sgs subgrid quantities
w wall
in inlet
b bulk
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promising technique for heat transfer augmentation. In
recent years, vortex generators such as fins, ribs, wings,
etc. have been successfully used for enhancement of heat
transfer of modern thermal systems. Vortex generators gen-
erate secondary flow by swirl and destabilize the flow. Differ-
ent types of vortex generators such as rectangular and
triangular wings and winglets have been considered for heat
transfer enhancement by Fiebig and co-workers and other
researchers. For example, the effect of the streamwise vorti-
ces due to the delta vortex generators on the frost growth
rate in developing laminar channel flow was experimentally
investigated by Storey and Jacobi (1999). Their study dem-
onstrated that the local frost growth rates were increased
about 7% in the region where the streamwise vortices
induced a surface-normal flow toward the frost surface.
Chen et al. (2000) employed punched longitudinal vortex
generators in the form of winglets in staggered arrangements
to enhance heat transfer in finned oval-tube heat exchangers.
Their numerical study showed that the ratio of heat transfer
enhancement to flow loss penalty was greater than one
(Re = 300). Liou et al. (2000) employed 12 different shaped
vortex generators to study experimentally heat transfer
enhancement in a sharp two-pass square channel. They
found that the direction and strength of the secondary flow
with respect to the heat transfer at the wall were most impor-
tant fluid dynamic factors affecting the heat transfer promo-
tion. Three-dimensional unsteady flow and heat transfer in a
channel with inclined block shaped vortex generators
mounted on one side of a channel flow were investigated
by Sohankar and Davidson (2001). In this work, the effect
of the computational domain, incidence angle, vortex gener-
ator size, discretization scheme and Reynolds number on the
results was investigated. It was also reported that the flow
becomes unsteady for Reynolds number larger than 1000.
Gentry and Jacobi (2002) used delta wings placed at the lead-
ing edge of a flat plate to generate streamwise vortices. They
reported that the local heat transfer coefficient increases as
much as 300% in regions, where a vortex induces a surface
normal inflow. They also found that the vortex strength
increases with Reynolds number, wing aspect ratio, and
wing attack angle. Numerical and experimental analyses
were carried out by Leu et al. (2004) to study the heat trans-
fer and flow in the plate fin and tube heat exchangers with
inclined block shape vortex generators mounted behind
the tubes (Re = 400–3000, a = 30�, 45�, 60�). They reported
that the case of a = 45� provides the best heat transfer
enhancement.

The present work concentrates on the study of the
unsteady heat transfer and fluid flow in a three-dimensional
channel with a pair of angled ribs as a vee-shaped vortex
generator (a = 10–30�) for Re = 200–2000 and Pr = 0.71.
This study has been made to expand the previous works
of Sohankar and Davidson (2001) and Sohankar (2004)
for a larger range of Reynolds numbers, using finer grids.
The study of fluctuations and turbulent stresses is also
made for a higher Reynolds number. A comparison
between the DNS and LES results is also performed.

The organization of this paper is as follows. Section 2 is
devoted to the description the flow configuration, compu-
tational domain, grid and the boundary conditions. A
short review on the governing equation for DNS and
LES formulation is given in Section 3. The sub-grid scale
model used in this work is presented in Section 4. The anal-
ysis of the global, time-averaged and instantaneous results
is presented in Section 5. Finally, some conclusions are
drawn in Section 6.
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2. Geometry and computational details

The physical problem considered in this study is a three-
dimensional channel flow (e.g. a part of a plate fin compact
heat exchanger). Two three-dimensional angled ribs as a
vee-shaped vortex generator are mounted on the floor of
this channel to enhance heat transfer. The computational
domain and grid for the ribbed channel are shown in
Fig. 1. As seen, flow is described in a coordinate system
(x,y,z) in which the x-axis is aligned with the inflow,
stream-wise direction, the z-axis is in the span-wise direc-
tion and the y-axis is perpendicular to both the x and zaxes.
The vee-shaped vortex generator is attached on the bottom
wall of the channel and their angle in respect to the main
flow is denoted by a. The sides of this vortex generator in
the xz plane are denoted by L2 and b and the height of
the vortex generator in the y direction is d. The sides
of the channel are denoted L, H and B in the x, y, z direc-
tions, respectively.

All geometrical lengths are scaled with H, the channel
height. Velocities are scaled with U, the inflow velocity,
and physical time with H/U. In this work, (H, L, B) are
set to (1, 6, 5) and (L1, L2, S, b, d, a) are set to 2, 2, 1,
0.2, 0.5 and 10–30�, respectively. The dimensionless tem-
perature is defined as h = (T � Tin)/(TW � Tin), where TW

is a constant temperature at the channel walls and ribs,
and Tin is a constant inflow temperature. The pressure
scales with qU2, where q is the flow density. The Reynolds
number is defined as Re = UH/t. The local Nusselt num-
bers are calculated with local temperature gradients at
the wall as Nuðx; zÞ ¼ hðx;zÞH

k ¼ � oh
on jwall, where h(x, z) and k

are the local convection heat transfer and conduction
coefficients.

The time-marching calculations started with the fluid at
rest, and a constant dimensionless time step, Dt = 0.01 was
used. The grid distribution was non-uniform body-fitted in
the xz planes. The distance from the vortex generator sur-
face to the nearest grid point was set about 0.01 for all cal-
culations in this study. The hyperbolic tangent was
employed as a stretching function, see Fig. 1. A uniform
x
L1

s

L2

α

α

b

L

B

z

Fig. 1. Computational domain a
grid between nodes was used in the y direction. In the pres-
ent study, two resolutions of 122 * 34 * 98 and
162 * 50* 146 grid points in the (x, y, z) directions were
used. The finer resolution was employed only for DNS sim-
ulations. Due to variation of grid spacing and velocity, the
local Courant number varies in the computational domain
and its maximum value is about 1.66 for LES simulation.

The following boundary conditions were used. A uni-
form flow (u = U, v = w = h = 0) was prescribed at the
inlet. At the outlet, the convective boundary condition
ðou
os þ U ou

ox ¼ 0Þ was used for streamwise velocity compo-
nent. The Neumann condition was used for v, w and h at
the outlet. The no-slip condition was prescribed at the vor-
tex generator surfaces, the lower (y = 0) and on the upper
(y = H) channel walls. h was set to one on the vortex gen-
erators and the channel walls, where T = Tw. Symmetry
conditions ðou

oz ¼ ov
oz ¼ oh

oz ¼ w ¼ 0Þ were used in the spanwise
direction.

3. Governing equations

The continuity, momentum and energy equations in the
dimensionless form for incompressible flow with constant
fluid properties are:

ui;i ¼ 0 ð1Þ
otui þ ðuiujÞ;j þ p;i ¼ Re�1ui;jj ð2Þ
othþ ðhujÞ;j ¼ ðRePrÞ�1h;jj ð3Þ

In the DNS simulations, the above equations were discret-
ized and solved with an incompressible finite volume code,
based on a fractional step technique with a non-staggered
grid arrangement and a multi-grid pressure solver (Sohan-
kar and Davidson, 2001). The scheme was implicit in time,
and a second order Crank–Nicolson time-stepping was
used. All terms were discretized using the second-order cen-
tral differencing scheme.

The LES governing equations are solved using a general
spatial filtering of the instantaneous equations, e.g. a box
filter, to limit the range of scales in the flow field. In this
U

L

B

H

nd grid on the bottom wall.
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procedure, a general variable is decomposed into a large
scale and a sub-grid-scale component, e.g. f ¼ ~f þ f sgs.
In LES, all scales larger than a selected size (e.g. grid size)
are computed exactly. Since the small scales tend to be
more dissipative, isotropic, short-lived, homogeneous, ran-
dom, and less affected by the boundary conditions than the
larger ones, they are not explicitly simulated. For an
incompressible flow of a Newtonian fluid, the filtered
Navier–Stokes equations take the following form:

~ui;i ¼ 0 ð4Þ
ot~ui þ ð~ui~ujÞ;j þ ~p;i þ sij;j ¼ Re�1~ui;jj ð5Þ

The influence of the small scales on the large (resolved)
scales takes place through the sub-grid-scale stresses
(SGS), sij ¼ ~rij � ~ui~uj ðrij ¼ uiujÞ, which must be mod-
elled with a sub-grid model. With a correctly chosen grid
the sub-grid stresses in LES are only a fraction of the total
stresses, thus, it is expected that the modelling error should
not affect the overall accuracy of the results as much as in it
in a RANS approach.

An incompressible 3D finite volume code with a collo-
cated grid arrangement was used for solving the energy
and the filtered Navier–Stokes equations. These equations
were discretized and solved with an implicit fractional
two-step method. Convective, viscous and sub-grid fluxes
are approximated by central differences of second-order
accuracy. All terms in the equations are advanced in time
using the Crank–Nicolson scheme. The equations (both
LES and DNS) were solved with the Gauss–Seidel scheme,
whereas a multi-grid V-cycle was used to accelerate conver-
gence, when solving the pressure equation. It is important
to mention that all simulations (LES and DNS) were per-
formed with the same computational code. Although no
explicit dissipation is added to prevent the odd–even
decoupling in non-staggered grid arrangement, an implicit
dissipation is present. This is performed by adding the dif-
ference between the pressure gradient at the face and the
node. It can be shown that this term is proportional to
the third derivative of pressure (Davidson, 2001). This term
corresponds to Rhie and Chow dissipation.

4. Sub-grid modelling

The success of LES depends on how accurately the SGS
stresses are modelled. The most widely used SGS model is
the Smagorinsky model. In this model, the proportionality
factor in the SGS stresses is a constant value that must be
specified prior to a simulation. The weak point in this
model is that it is not suitable to use a constant that is
not really a single universal constant. Also, this model is
absolutely dissipative and cannot account for backscatter.

Dynamic models, which are capable of removing some
of the drawbacks of the Smagorinsky model, are a suitable
alternative. The first attempt to introduce a dynamic SGS
eddy viscosity model was developed by Germano et al.
(1991). One of the drawbacks of the dynamic model is
the numerical instability associated with the negative val-
ues and the large variation of the proportionality factor,
C. To avoid numerical instability owing to an extensive
variation of C in time and space, spatial averaging in the
homogeneous direction and additional local averaging are
performed on C. This model sometimes is called the Stan-
dard Dynamic Model.

In the present study, a one-equation dynamic sub-grid
model is employed. This model is able to capture the back-
scattering phenomena and is insensitive to the existence of
homogeneous directions and also more stable than the
standard dynamic model, see Sohankar (1998), Sohankar
et al. (2000). This model was developed by Davidson
(1997) and has been successfully applied to different flow
configurations, see Sohankar et al. (1999, 2000), Krajnovic
and Davidson (2002) and Schmidt and Thiele (2002). In
this model, the eddy viscosity (mt ¼ CK ~Dk0:5

sgs) is based on a
length scale (l / ~D ¼ ðdV Þ1=3) and a velocity scale
(qsgs /

ffiffiffiffiffiffiffi
ksgs

p
). ksgs is the sub-grid turbulent kinetic energy

and it is determined by its modelled transport equation as:

otksgs þ ð~ujksgsÞ;j ¼ ½ðmþ Ck
homk0:5

sgs
~DÞksgs;j�;j

þ P Ksgs � Ck
�k

1:5
sgs=

~D; ð6Þ
P Ksgs ¼ �sa

ij~ui;j;

sa
ij ¼ sij � dijskk=3 ¼ �2mt

~Sij ¼ �2~DCkk0:5
sgs

~Sij;

~Sij ¼ 0:5ð~ui;j þ ~uj;iÞ: ð7Þ

In PKsgs, the dynamic coefficient Ck is computed in a way
similar to that used in the standard dynamic model (Ger-
mano et al., 1991; Sohankar, 1998), i.e.

Ck ¼ ‘ijMij

2MijMij
; ‘ij ¼ ð~ui~ujÞ � ~ui~uj;

K ¼ �ksgs þ 0:5‘ii; Mij ¼ ��DK0:5~Sij þ ~Dk0:5
sgs

~Sij; ð8Þ

where ‘ij denotes the dynamic Leonard stresses. K � 0.5Tii

and Tij are the sub-grid kinetic energy and stresses on the
test level, respectively (test filter operation denoted with
an overbar in the relations). ~Sij is the strain rate tensor
on the grid level.

The Smagorinsky model is based on the assumption of
local equilibrium of SGS turbulent energy, i.e. Pksgs �
eksgs = 0, where eksgs is the dissipation of ksgs. A slightly
better assumption for estimating the coefficient Ck

� (in the
dissipation term) would be to assume that the filtered
right-hand side of the ksgs equation is equal to that of the
K equation, i.e.,

P Ksgs � Ck
�ðk1:5

sgs=
~DÞ ¼ P K � Ck

�ðK1:5=�DÞ ) ðCk
�Þ

nþ1

¼ ½P K � P Ksgs þ ðCk
�Þ

nðk1:5
sgs=

~DÞ�ð�D=K1:5Þ
ð9Þ

where P K ¼ 2Ck �DK0:5�~Sij
�~Sij. The above relation gives the

coefficient Ck
� in the dissipation term for time step n + 1.

Note that ðCk
�Þ

n in Eq. (9) has been kept inside the filtering
process. The dissipation cannot be negative, which requires
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that we limit Ck
� to positive values, i.e. Ck

� P 0. To ensure
numerical stability, a homogenous value of Ck in space
(CK

hom) is used in the momentum equations and in the diffu-
sion term in Eq. (6). The reason is that the local coefficient
Ck yields a highly oscillating eddy viscosity field including a
significant partition with negative values, which is destabi-
lizing in numerical simulations, see Sohankar (1998) and
Sohankar et al. (2000). CK

hom is determined at each time step
with the requirement that the sub-grid production of the re-
solved kinetic energy in the whole of the computational do-
main remains the same, i.e.

h2Ckðx; y; z; tÞk1
2
sgs

~Sij
~Sij

~Dixyz ¼ 2Ck
homðtÞhk

1
2
sgs

~Sij
~Sij

~Dixyz ð10Þ

where h ixyz denotes the space averaging over the entire
domain.

The idea is to include all local dynamic information
through the source terms of the transport equation for ksgs.
This is probably physically more sound since large local
variations in the dynamic coefficients appear only in the
source term, and the effect of the large fluctuations in the
dynamic coefficients will be smoothed out. In this way, it
turns out that the need to average or limit the dynamic
coefficients Ck in Eq. (8) and ðCk

�Þ
nþ1 in Eq. (9) is eliminated

altogether, see also Fig. 2. In the one-equation model, the
coefficients affect the stresses in only an indirect way, while
in the standard dynamics model, the C coefficient is linearly
proportional to the stresses, which can make it numerically
unstable.

5. Results and discussion

The effectiveness of a vee-shaped vortex generator is
numerically evaluated by LES and DNS simulations. It is
important to mention that the fluid flow and heat transfer
become unsteady for Reynolds numbers larger than 1000.
This point was also reported by Sohankar and Davidson
(2001).

In Fig. 2, the time history of the dynamic coefficient in
the dissipation term (Ck

� in Eq. (9)) is shown for LES sim-
ulation (Re = 2000) at a chosen point. As seen, Ck
� is posi-

tive and never becomes larger than one. As mentioned in
Section 4, the dissipation cannot be negative, which
requires that we limit Ck

� to positive values, i.e. Ck
� P0. This

study and also the previous work of the author (Sohankar
et al., 2000) show that the dynamic coefficient Ck (Eq. (8))
can become positive or negative. The negative Ck express
that this subgrid model is able to capture the backscatter-
ing phenomena. The homogeneous coefficient in space
(Ck

hom in Eq. (10)) is also shown in Fig. 2. As seen the var-
iation range of Ck

hom with time is between about 0.014 and
0.016 with a time-averaged value of about 0.015. The time-
averaged values of Ck

hom are different for various configura-
tions and Reynolds numbers. For example, this value for
flow over a bluff body at Re = 22000 was reported to be
0.085 (Sohankar et al., 2000). Due to relatively small vari-
ation of this coefficient, no sign of numerical problems was
observed here as reported by Sohankar (1998) for the stan-
dard dynamic model.

The streamwise variations of the time-averaged pressure
coefficient and the bulk temperature are shown for Rey-
nolds number from 200 to 2000 (a = 20�) and the incidence
angle 10–30� (Re = 400) in Fig. 3. These quantities are
defined as:

CpðxÞ ¼ 1

A

Z Z
fðP ð0Þ � P ðxÞÞ=qU 2gdzdy; ð11Þ

DhbðxÞ ¼ hbðxÞ � hbð0Þ;

hbðxÞ ¼
R R

hðx; y; zÞuðx; y; zÞdy dzR R
uðx; y; zÞdy dz

: ð12Þ

The pressure decreases in the streamwise direction and this
trend is similar for different Reynolds numbers and inci-
dence angle, see Fig. 3. In the region where the vortex gen-
erator is present (approximately between x = 2 and x = 4),
the pressure reduction is larger than upstream or down-
stream of the vortex generators. By increasing the incidence
angle from 10� to 30� for a chosen Reynolds number, the
pressure drop becomes larger for x > 2, while it is nearly
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identical upstream of the vortex generator. As seen from
Fig. 3(right), the bulk temperature increases in the stream-
wise direction. However there are variations with various
Reynolds numbers and incidence angles.

From the results of the present study, it is observed that,
due to pressure difference between two sides of the vortex
generator leg, longitudinal vortices are generated along
two legs of vortex generator. These vortices detach from
the vortex generator and form counter-rotating vortex
pairs downstream of the vortex generator. These vortices
create a down-wash movement toward the centre part of
the channel between the vortex generators and also an
up-wash movement away from the lower hot wall in the
region outside of the vortex generators. These down-wash
and up-wash flows increase the mixing of the cold fluid in
the middle of the channel with the hot fluid adjacent to
the channel walls; it enhances heat transfer. There are
strong interactions between the longitudinal vortices and
the boundary layer on the walls of the channel, especially
the lower wall. These interactions affect the structure of
x
0 2 4 6

0

0.1

0.2

Re= 2000

Re= 200Γ (
x)

α = 20

Fig. 4. Streamwise variation of time-averaged circulation for differe
the velocity or the thermal boundary layer by thinning it
in the down-wash region and thickening it in the up-wash
region on the lower wall, while the opposite trend occurs
on the upper wall. In addition to generation of the longitu-
dinal vortices, horseshoe vortices also form at the junction
of the lower wall and windward face of the vortex genera-
tors. These vortices deflect downstream along both sides of
the vortex generators.

The strength of the vortices changes as they develop
downstream. This point is clearly seen from Fig. 4, where
the variation of the time-averaged circulation in the
streamwise direction, CðxÞ ¼

R
xxdy dz, is shown for

Re = 200 and 2000 (Left: �B/2 6 z 6 0 and Right:
0 6 z 6 B/2). The circulation is zero at the inlet (x = 0),
where the flow is uniform. It starts to change upstream
of the vortex generators. As mentioned, the longitudinal
vortices are generated at the leading edge of the vortex
generators, and then they become stronger in the stream-
wise direction, where the vortex generators are present.
This corresponds to an increase in the magnitude of the
x
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Γ
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nt Reynolds numbers, Left: �B/2 6 z 6 0, Right: 0 6 z 6 B/2.
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circulation up to about x � 4, where it reaches to a peak
value at the trailing edge of the vortex generators. The cir-
culation decreases behind the vortex generators due to the
reduction of the strength of the longitudinal vortices in the
downstream region, where there are strong interactions
between the longitudinal vortices and the boundary layer
on the channel walls.

The time- and spanwise-averaged Nusselt numbers,
NuðxÞ ¼ ð

R
Nuðx; zÞdzÞ=

R
dz, in the streamwise direction

are shown on the channel walls for different Reynolds num-
bers in Fig. 5. As seen, Nu(x) increases with increasing Rey-
nolds numbers from 200 to 2000. A peak value in Nu(x)
occurs on the lower wall upstream of the vortex generators,
where the horseshoe vortices form. After this peak value
and along the vortex generators, the level of Nu(x) gradu-
ally changes and reaches a new peak value, where the lon-
gitudinal vortices detach from the trailing edge of the
vortex generators.
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Fig. 6 presents the time- and area-averaged Nusselt
Number, Nu, and the Colburn factor, J = Nu/(RePr1/3),
for various Reynolds numbers and incidence angles. It is
important to note that Nu was averaged over two channel
walls and the vortex generators. As seen, Nu and J increase
by increasing the angle of incidence from 10� to 30�. It is
also observed from Fig. 6 that increasing the Reynolds
number increases Nu and decreases J. There is a relation
between the Colburn factor, J, and the bulk temperature,
Dhb. An energy balance may be applied to determine this
relation. If one employs an energy balance to a control
volume from the inlet to an arbitrary position in the stream-
wise direction, i.e. qAfU(Tb(x) � Tbin)kP = h(x)A(x)(Tw �
Tbin), and after a number of algebraic manipulations, the
result is as: Dhb(x) = J(x)Pr�2/3A(x)/Af, where kP, Af and
A are the specific heat at constant pressure, the cross-sec-
tional area and the total surface area, respectively. Based
on this expression, a direct relation between J(x) and Dhb(x)
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is observed. Thus, J(x) and Dhb(x) should vary with the
Reynolds number in the same way, see Figs. 3(left) and
6(right).

The variation of the time-averaged friction factor
(f = DPAf/(0.5qU2A)) is shown in Fig. 7. It is clearly seen
from this figure that f increases as the Reynolds number
and incidence angle increase, see also Fig. 3(Right).

The Chilton–Colburn analogy for heat transfer relates
the key parameters of the velocity (f) and thermal (J)
boundary layers and it is predicted that f/J = 8. However,
there are some restrictions associated with using this result
in all cases, especially in the cases of non-zero pressure gra-
dient. Based on the results of the present study for all cases,
the ratio of f/J is calculated approximately as: 5.37
(Re = 400, a = 10�), 5.7 ± 0.02 (Re = 1000–2000, a = 10�),
5.55 ± 0.55 (Re = 200–2000, a = 20�), 7.1 ± 0.6 (Re =
400–2000, a = 30�). Thus, this ratio, f/J, depends on the
Reynolds number and incidence angle and differs from
the prediction of the Chilton–Colburn analogy.

In general, heat transfer enhancement in a ribbed chan-
nel in comparison to a smooth one (without vortex gener-
ator) is usually accompanied with an increase in pressure
drop and requires more power. Thus, the ideal thermal-
hydraulic performance evaluation of a passive augmenta-
tion method has been based on the heat enhancement for
an equal pumping power (Po = Po*). This means that the
heat transfer coefficient, h, (or the Colburn factor, J)
should become larger and the pressure drop, Dp, (or fric-
tion factor f) does not increase very much for a selected
Reynolds number. A direct comparison on the basis of
h (or J) and Dp (or f) is not sufficient in choosing the opti-
mum thermal system such as a heat exchanger. This is
because when h becomes larger, Dp becomes larger too.
To compare the thermal and dynamic performance of a
thermal system, there are constraints and criteria for
heat-transfer performance comparison, for example, the
identical mass-flow-rate constraint, the identical pumping
power constraint, and the identical pressure drop con-
straint. A thermal performance parameter, JF = (h/h*)/
(Po/Po*)1/3 = (J/J*)/(f/f*)1/3, has been used by researchers
as a measure of the amount of heat transfer enhancement
relative to the pressure drop for comparing heat exchan-
ger with (J, f) and without (J*, f*) augmentation device
(Mahmood et al., 2003). A thermal system for the same
surface area and pumping power has better characteristics
for heat transfer augmentation, when there is a larger
value for the performance parameter, JF > 1. In this
work, the reference values (J*, f*) were employed from
fully developed channel flow, where Nu* = 3.77 and
f* = 12/Re.

Fig. 7(right) shows the magnitude of the performance
parameter, JF, as a function of the Reynolds number.
The JF value increases as the Reynolds number increases
and they are greater than unity for all cases except for
Re = 200 (JF = 0.93). This result does not mean that the
vortex generator cannot enhance heat transfer for
Re = 200, but the resultant pressure drop is higher. This
is displayed in Figs. 6(left) and 7(left), where Nu = 4.8 or
Nu/Nu* = 1.23, while (f/f*)1/3 = 1.33. It is worth mention-
ing that when the reference values (J*, f*) were employed
from the developing channel flow results instead of the
developed one, the magnitude of the performance parame-
ter is higher. In this case the correlation of the JF values for
a = 20� is as: JF = 0.344Re0.25, where JF > 1 for all selected
Reynolds numbers between 200 and 2000.

It is found that there is a lower enhancement for the
lower Reynolds numbers (Re < 1000) than for the higher
ones. This behaviour could be explained by the following
reasons. Firstly, the vortex strength at the lower Reynolds
numbers is weaker than those at the higher Reynolds num-
bers, see Fig. 4. Secondly, an unsteady behaviour occurs
for the higher Reynolds, i.e. Re P 1000 (see also Sohankar
and Davidson (2001)) and it can significantly change the
heat transfer and the flow characteristics.

It is worth mentioning that a least square method was
employed to fit the results of the present study (Nu, J, f,
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JF for a = 20�) with a power-law function. These correla-
tions are shown in Figs. 6 and 7 and they show good agree-
ment with the calculated results.

In this study a comparison between DNS and LES sim-
ulations is performed for Re = 2000. It is found that the
predicted structures of the flow and temperature field are
approximately similar for both methods. This is clearly
seen from Fig. 8, where the time-averaged local Nusselt
number contours are shown on the bottom wall and
the vortex generator. As observed from these figures, the
DNS simulation predicts a sharper gradient close to the
vortex generators due to use of a finer grid. The agreement
between the global results of these simulations is also
reasonable. For example, the values of f/J and JF for
DNS (Grid 162 * 50* 146), DNS (Grid 122 * 34 * 98) and
LES (Grid 122 * 34 * 98) are (6.6,1.78), (6.5,1.82) and
(6.3,1.90), respectively. Thus, from this comparison, simi-
lar results (i.e. within 7%) are obtained if one employs a
LES simulation with a relatively fine grid instead of a
DNS with finer grid. Furthermore, the computational cost
for LES is cheaper than DNS. For example, the CPU time
per iteration for DNS (Grid162 * 50 * 146, Re = 2000) was
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about 2.5 times larger than the corresponding value for
LES (Grid 122 * 34 * 98, Re = 2000) in this study.

Fig. 9 displays the span-wise variation of the normalized
turbulence intensities in the x, y and z directions (time-

averaged RMS velocity fluctuations,
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the two positions at the outlet of the computation domain.
The first position (x = 6, y = 0.51) is located in the middle
of the channel, while the second one (x = 6,y = 0.8) is close
to the upper channel wall, see also Fig. 1. There are peak
values in the turbulence intensities in the three directions
for the first position and they correspond to the core region
of the longitudinal vortices, where the strength of the vor-
tices is high. For example at the outlet, the centre of vorti-
ces is approximately located at y � 0.4 and z � ± 1.25.
The velocity fluctuations are not isotropic and their values
exceed 15% in the core region of the vortices. Also, there
are high levels of the streamwise intensity close to the lower
surface. Such a non-isotropic turbulence intensity is
observed throughout the domain, where the longitudinal
vortices are active, see Figs. 9 and 10. Fig. 10 shows the
time-averaged RMS pressure fluctuation, p 0, RMS temper-
ature fluctuation, h 0, and turbulent kinetic energy,
16

20

8

8

32

16

20

2 4 60

2

x

z

Re=2000
LES

ll and vortex generators, Left: Grid 162 * 50 * 146DNS, Right: Grid

z
0 1 2

0

.1

.2
u'
v'
w'

y=0.51
x=6

locity fluctuations) at the two chosen positions, a = 20�, Re = 2000 DNS.



0.04

0.08

0.04 0.04

0.06

0.06

0.05

2 4 6
0

1

2

x

z

p'
y=0.26

0.02

0.07

0.05

0.08

0.0
3

0.06

0.02

0.11

2 4 6
0

1

2

x

z

θ'
y=0.26

0.007

0.007

0.022

0.018

0.011

0.060

2 4 6
0

1

2

x

z

k
y=0.26

Fig. 10. From top to bottom, time-averaged pressure fluctuations contours, p 0, temperature fluctuations contours, h 0, and turbulent kinetic energy
contours, k ¼ 0:5u0iu

0
i, Re = 2000 DNS, a = 20�.

A. Sohankar / Int. J. Heat and Fluid Flow 28 (2007) 306–317 315
k ¼ 0:5u0iu
0
i, on the xz plane at y = 0.26. From this figure, it

is clear that the levels of the kinetic energy, pressure and
temperature fluctuations are higher in the regions where
the secondary flow or vortices are more active. It is
observed that the turbulent kinetic energy is higher in the
vortex core and also near the lower wall. Due to diffusion
of the turbulent kinetic energy, it becomes weaker far from
the bottom wall and close to the upper wall and also down-
stream of the vortex generators. It is also seen that the loca-
tions of the higher temperature and the pressure
fluctuations approximately correspond to those of the
higher turbulent kinetic energy, see Fig. 10.

As mentioned above, when the vortex generator is
exposed to the main flow, longitudinal vortices are gener-
ated. These vortices detach from the vortex generators
and form counter-rotating vortex pairs downstream of
the vortex generators. In the region where these vortices
are active, turbulent flow is generated and there are strong
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velocity, pressure and temperature fluctuations. This three-
dimensional structure of the flow is shown in Fig. 11, where
the time-averaged turbulent kinetic energy is plotted. As
seen, the shape and the distance between the cores of the
longitudinal vortices change as these vortices move down-
stream of the vortex generators. It is also observed that
the cross section of the vortices change from a circular
shape close to the vortex generators to an elliptic shape
far from the vortex generators. The spaces between the vor-
tex cores in the span-wise direction are 2.2 and 2.5 at
x = 4.5 and x = 6, respectively. In general, the vortex gen-
erators largely augment heat transfer with a reasonable
pressure penalty in channel flows.

6. Summary and conclusions

The effectiveness of vee-shaped vortex generator is
numerically evaluated in a channel typical of those
employed in compact heat exchangers. The Reynolds num-
bers are chosen between 200 and 2000 and for incidence
angles ranging from 10� to 30�. It is observed that flow
and heat transfer become steady at lower Reynolds num-
bers while they are unsteady at the higher Reynolds num-
bers. The present results show that Nusselt number,
pressure coefficient, bulk temperature, friction factor and
Colburn factor change significantly when the Reynolds
numbers and the incidence angles increase. These changes
are caused by the generation of the longitudinal and horse-
shoe vortices with different strengths and circulation. It is
found that the vortex strength increases with Reynolds
number and it decays in the streamwise direction.

The relation between the key parameters of the velocity
(f) and thermal (J) boundary layers of the present results
(i.e. f/J = 5.37 � 7.7) differs from the predicted value by
Chilton–Colburn analogy, i.e. f/J = 8. This is because there
are some restrictions associated with using Chilton–Col-
burn relation in all cases.

Thermal performance parameters, JF = (J/J*)/(f/f*)1/3,
is used as a measure for the amount of heat transfer
enhancement relative to the pressure drop. The JF value
increases as the Reynolds number increases. The JF value
is greater than unity for all selected Reynolds numbers of
the present work, when the reference values (J*, f*) are
employed from the developing channel flow results. A ther-
mal system for the same surface area and pumping power
has the better characteristics for heat transfer augmenta-
tion, when JF > 1. Thus, the vortex generators largely aug-
ment heat transfer with a reasonable pressure penalty.

From a comparison between the DNS and LES results,
it is found that if one employs a LES simulation with rela-
tively fine grid instead of a DNS case with finer grid, sim-
ilar results with cheaper computational cost are obtained.
Finally, it is found that the levels of the kinetic energy,
pressure, velocity and temperature fluctuations are high
in the regions, where the secondary flow or longitudinal
vortices are more active, i.e. downstream of and around
the vortex generators.
References

Chen, Y., Fiebig, M., Mitra, N.K., 2000. Heat transfer enhancement of
finned oval tubes with staggered punched longitudinal vortex
generators. International Journal of Heat and Mass Transfer 43,
417–435.

Davidson, L., 1997. Large eddy simulation: a dynamic one-equation
subgrid model for three-dimensional re-circulating flow. In: 11th
International Symposium on Turbulent Shear Flows, Grenoble, vol. 3,
pp. 26.1–26.6.

Davidson, L., 2001. Hybrid LES-RNS: a combination of a one-equation
SGS model and a k � x model for predicting recirculating flows. In:
ECCOMAS CFD Conference, Swansea, UK.

Gentry, M.C., Jacobi, A.M., 2002. Heat transfer enhancement by delta-
wing–generated tip vortices in flat plate and developing channel flow.
Journal of Heat Transfer ASME 124, 1158–1168.

Germano, M., Piomelli, U., Moin, M., Cabot, W.H., 1991. A dynamic
subgrid-scale eddy viscosity model. Physics of Fluids A 3, 1760–1765.

Jacobi, A.M., Shah, R.K., 1995. Heat transfer surface enhancement
through the use of longitudinal vortices: a review of recent progress.
Experimental Thermal and Fluid Science 11, 295–309.

Jacobi, A.M., Shah, R.K., 1998. Air-side flow and heat transfer in
compact heat exchangers: a discussion of enhancement mechanisms.
Heat Transfer Engineering 19, 29–41.

Krajnovic, S., Davidson, L., 2002. Large eddy simulation of the flow
around a bluff body. AIAA 40 (5), 927–936.

Leu, J.S., Wu, Y.H., Jang, J.Y., 2004. Heat transfer and fluid flow analysis
in plate-fin and tube heat exchangers with a pair of block shape
vortex generators. International Journal of Heat and Mass Transfer
47, 4327–4338.



A. Sohankar / Int. J. Heat and Fluid Flow 28 (2007) 306–317 317
Liou, T.M., Chen, C.C., Tsai, T.W., 2000. Heat transfer and fluid flow in a
square duct with 12 different shaped vortex generators. Journal of Heat
Transfer ASME 122, 237–335.

Mahmood, G.I., Ligrani, P.M., Chen, K., 2003. Variable property and
temperature ratio effects on Nusselt numbers in a rectangular channel
with 45� angled rib turbulators. Journal of Heat Transfer ASME 125,
769–778.

Schmidt, S., Thiele, F., 2002. Comparison of numerical methods applied
to the flow over wall-mounted cubes. International Journal of Heat
and Fluid Flow 23, 330–339.

Sohankar, A., 1998. Numerical study of laminar, transitional and
turbulent flow past rectangular cylinders, Ph.D. thesis, Department
of Thermo and Fluid Dynamics, Chalmers University of Technology,
Gothenburg, Sweden.

Sohankar, A., 2004. The LES and DNS simulations of heat transfer and
fluid flow in a plate-fin heat exchanger with vortex generators. Iranian
Journal of Science & Technology: Transaction B: Technology 28 (B4),
443–452.
Sohankar, A., Davidson, L., Norbeg, C., 1999. A Dynamic one-equation
sub-grid model for simulation of flow around a square cylinder. In: 4th
International Symposium on Engineering Turbulence Modelling and
Measurements, Corsica, France, May 24–26.

Sohankar, A., Davidson, L., Norbeg, C., 2000. Large eddy simulation of
flow past a square cylinder: comparison of different subgrid scale
models. ASME, Journal of Fluids Engineering 122, 39–47 (see also
Erratum, Journal of Fluids Engineering, 122, p. 643).

Sohankar, A., Davidson, A., 2001. Effect of inclined vortex generators on
heat transfer enhancement in a three-dimensional channel. Numerical
Heat Transfer 39 (Part A), 433–448.

Storey, B.D., Jacobi, A.M., 1999. The effect of stream wise vortices on the
frost growth rate in developing laminar channel flows. International
Journal of Heat and Mass Transfer 42, 3787–3802.

Webb, R.L., 1994. Principles of Enhanced Heat Transfer. John Wiley &
Sons, Chichester, UK.


	Heat transfer augmentation in a rectangular channel with a vee-shaped vortex generator
	Introduction
	Geometry and computational details
	Governing equations
	Sub-grid modelling
	Results and discussion
	Summary and conclusions
	References


