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Abstract

Heat transfer in a channel in presence of a triangular prism has been numerically investigated in the turbulent flow regime up to the Reynolds
number of 40 000. The aspect ratio of channel to the prism element was fixed at 4.0. The Navier—Stokes equation along with the energy equation
has been solved using SIMPLE technique and the standard k—e formulation was chosen for turbulence closure. While a structured rectangular
grid was used over the entry and exit regions, the area adjacent to the prism element was discretized using an unstructured triangular mesh. The
results indicate that in presence of a triangular element, heat transfer in a channel is augmented by around 15%. The enhancement in heat transfer
is related to the vortex formation downstream of the prism element. However, the augmentation is associated with higher values of skin friction

coefficient on the channel wall.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Augmentation of heat transfer is a subject of considerable in-
terest to researchers [1] as it leads to savings in energy and cost.
There exist numerous applications of heat transfer in channels
in process industries and engineering systems. Enhancing trans-
port processes in such channels is naturally a point of concern.
These are of particular relevance in design of heat exchangers.
Enhancement in heat transfer using different geometries such
as vortex generators in the form of delta wing or winglet pair or
by insertion of twisted tapes has been tried. Flow around bluff
bodies such as cylinder and square cylinder has also been stud-
ied in detail due to their practical relevance.

A triangular prism element is very basic configuration as a
bluff body though its role has not been studied in detail. Ab-
bassi et al. [2] indicated that use of a prism could enhance the
heat transfer in a channel. However their numerical study us-
ing FEM was limited to the laminar regime. They found that at
around Re = 100, significant enhancement in heat transfer can
be obtained using a triangular prism (TP). Significant enhance-
ment was discerned only after the flow field was periodic. The
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presence of any bluff body in the flow field generates longi-
tudinal vortices which promotes mixing and thereby enhances
heat transfer [3]. Effect of the presence of bodies with different
shapes was investigated by Jackson [4] through finite element
simulation. It is worth mention that the advent of CFD has
helped to investigate flow field in complex situations using the
desktop computers. A first-hand estimate of the transport vari-
ables could be easily made which of course should be subject
to rigorous validation.

In the present work, simulation of turbulent flow and heat
transfer in a two-dimensional channel with a TP placed inside
was performed. The aspect ratio of the prism, i.e. the ratio of the
channel height and the prism base edge was 0.25. The sides of
the prism form an equilateral triangle. While the channel length
was 32 B, the location of the prism was maintained at x = 8B.
This configuration was closer to the geometry of Abbassi et al.
[2] which was used as a benchmark for validation.

2. Mathematical model

It was assumed that the flow is incompressible with con-
stant properties. The working fluid was air with Pr = 0.71. The
non-dimensional Reynolds-averaged Navier—Stokes (RANS)
equations with rotational symmetry are provided below. For
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Nomenclature
B base of the prism
Cy skin friction coefficient
H height of the computational domain
k kinetic energy of turbulence
L length of domain in x direction
Nu Nusselt number
p pressure
Pr Prandtl number
Re Reynolds number
T temperature
u mean velocity component in x direction
Uin inlet velocity

w mean velocity component in z direction

Greek symbols

v kinematic viscosity
T shear stress
Subscripts

av average

asy asymptotic

in inlet

TP triangular prism

00 ambience

non-dimensionalization, the characteristics length and veloc-
ity is H and uj,, respectively. The pressure and temperature
has been non-dimensionalized by p = p*/2pu12n and T =
(T* — Too)/(Ty — Tso), respectively. Here * denotes dimen-
sional quantity.

Continuity equation:
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Momentum equation in x-direction:
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Momentum equation in z-direction:
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Energy equation:
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The turbulent viscosity term v; is to be computed from an ap-
propriate turbulence model. The expression for the turbulent
viscosity is given as:

k2
v =C MRe; ®))

The turbulent diffusivity is related to the molecular diffusivity
in the following manner

Vy
Re Pr— = Pr; (6)
oy
The value of turbulent Prandtl number Pr; is chosen as 0.85.
For closing the time-averaged momentum equation, the k—¢
model [5] was chosen. Despite its limitations, this model has
been successfully applied to flows with engineering appli-
cations including flows in channels. Deb et al. [6] reported
successful application of k—e model in predicting transport
processes in a channel in presence of a triangle-shaped vor-
tex generator. Since the three-dimensional flow field was cap-
tured efficiently by them using the standard k—e model, it is

assumed to be appropriate for the present simulation which is
two-dimensional in nature.
The equations for k and ¢ are given as:
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where P is the production of turbulent kinetic energy. The
model coefficients are given below and adapted from Launder
and Spalding [5] and was reported to work well in flow fields
dominated by longitudinal vortices [6]

or=10 and o,=12, Ci =144, Cr=19

At the inlet uniform velocity profile (¢ = uj,) has been im-
posed. Impermeable boundary condition (i.e. # = w = 0) has
been implemented over the channel wall as well as the TP. The
turbulence intensity was kept at 10% at the inlet, unless other-
wise stated.

The non-dimensional temperature of the bottom plate was
taken as unity (i.e. 7y = 1.0) and the inlet temperature was
assumed at the ambient level (i.e. Tj, = 0.0). The TP was main-
tained at adiabatic condition so that 97 /dn = 0 where n is the
normal to the TP surface.

The governing equations were solved using the SIMPLE
formulation [7] using the commercial code FLUENT [8]. The
solutions were considered to converge when the normalized
residual values were 10~ for the temperature and 10~ for the
other variables.

3. Results and discussions

While the channel could be easily resolved into regular grids,
the presence of TP requires deployment of irregular grid. There-
fore, the entire computation domain was splitted in to three
parts. The entry region and the exit region were resolved by
regular Cartesian elements. The intermediate regime contain-
ing the TP was resolved with triangular unstructured meshes.
For the case of plane channel, however, regular grid was applied
throughout the domain. Grid independent solution was obtained
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Fig. 1. Grid arrangements for the channel with the triangular prism.

by comparing the solution for different grid levels. The total
number of nodes were 15410 and 10 800 for the cases with and
without TP, respectively. The higher number of nodes when the
TP is present is due to triangular meshes employed around the
TP with finer resolution near the TP walls, as shown in Fig. 1.
The plane channel flow was also simulated with a 2-D code
developed by the author [9] for simulation of pulsating flow.
This code uses SIMPLE algorithm with momentum interpola-
tion technique due to Rhie and Chow [10]. The distribution of
skin friction coefficient from this code agreed within 2% with
the results of FLUENT. Thus the use of the commercial code
was validated against an in-house code. In case of a plane chan-
nel the present work reports the value of Nu as 30.97 while the
value from Dittus—Boelter correlation is 63.5. It can be men-
tioned here that the correlation is based on hydraulic diameter
and for a 2-D channel considered to be infinitely extended in
the third direction, the hydraulic diameter is two times the chan-
nel height and hence the difference with correlation is only by
0.25%.

Two parameters of interest for the present case are the skin
friction coefficient and the Nusselt number.

The skin friction coefficient C s is given by

C Ts
f= 1 2

2P W

Under the present scheme of non-dimensionalization, the term

can be finally calculated as the gradient of velocity, i.e.:

Cs R av

fohe=—--
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The heat transfer performance is measured by Nusselt num-

ber which can be found by the local temperature gradient as:
oT

9z
The average Nusselt number can be obtained by Nuy,y =
[ Nu(x)dx/L where L is the length of the computational do-
main.

The time-averaged flow structure in presence of a TP could
be easily discerned by looking at the velocity vector plots at
Fig. 2. Here the velocity field around the TP is presented. It can
be seen that the flow stream divides itself in two streams as it
hits the TP and combines after the TP. However, two counter-
rotating pair of vortices are clearly observed at the location

Nu=

—_—

Fig. 2. Velocity vectors around the TP.
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Fig. 3. Contours of turbulent kinetic energy k at Re = 20000.

immediately following the TP. Such vortices are also discern-
able for other types of vortex generators such as delta wings
and winglet pairs [3]. The contours of turbulent kinetic energy
is presented in Fig. 3. The TP is found to produce a highly tur-
bulent filed as reflected in the high values of k around 25%.
Two zones of high turbulence correspond to the two vortices
observed in Fig. 2. These zones are about 2-3B downstream
the location of the base of the TP.

In Fig. 4, Nu for the case with TP is compared with the case
of a plane channel at Re = 20000. It can be observed here that
Nu increases immediately after the location of the TP. There
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Fig. 4. Distribution of Nu at Re = 20000.
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Fig. 5. Distribution of Nu along the channel wall.

occur a secondary peak and a crest further downstream. At the
exit region, the asymptotic Nu value is found to be higher when
the TP is present.

Heat transfer distributions at different Re in presence of the
TP is shown in Fig. 5. It can be discerned here that the patterns
are similar. However the magnitude of heat transfer increases
at increased Re. At Re = 20000 and 40 000, second peaks are
higher in magnitude compared to first peak following the TP.
A scale analysis showed that the asymptotic Nu scales with
R85

Fig. 6 shows the distribution of non-dimensional vorticity
for the cases with and without a TP, at z = 0.005, which is very
close to the wall. At the location immediately following the TP,
the vorticity level is higher in presence of a TP as compared
to the case of a plane channel. The vorticity distribution curve
shows two peaks and one crest in the zone which follows the TP,
but eventually the vorticity level downstream the TP is always
higher compared to the case of a plane channel. The vorticity
level at the exit plane is higher by about 15% when the TP is
present. Thus the generation of vortices due to the TP as well
as the role of turbulence in better mixing brings in the augmen-
tation in heat transfer from the channel wall.

Table 1 summarizes the heat transfer data. It can be observed
from the table that average Nu increases by about 17% in the
duct when a TP is present. Similarly, the heat transfer down-
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Fig. 6. Distribution of vorticity magnitude at z = 0.005.
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Fig. 7. Distribution of skin friction coefficient at Re = 20000.

Table 1
Comparison of heat transfer

Rey Nuay Nuay Tp  Enhancement  Nuasy Nugy p  Enhancement
[%] [%]

10000 43.05 50.89 18.21 3097 3413 10.2

20000 77.35 91.11 17.78 55.80 6346 13.54

40000 130.23 152.11 16.72 98.38 111.97 13.81

Suffixes av, TP and asy denoted averaged, triangular prism and asymptotic,
respectively.

stream the channel, as reflected in Nu,sy increases by about
12% due to the TP element. It may be recalled that the increase
in the vorticity was about 15% at the channel exit establishing
the relationship between the heat transfer enhancement. Thus
insertion of TP helps in bringing augmentation all through the
channel and the effect is even noticeable at the far downstream
region.

Finally, it is well known that the enhancement in heat trans-
fer is associated with penalty in terms if increased skin friction
coefficient leading to higher pressure drop. The distributions of
CsRe is presented in Fig. 7, where it is evident that the pres-
ence of the TP involves increased value of surface friction on
the channel wall. The rise of Cy following the TP persists even
at far downstream location. While the change is more that 200%
at the locations corresponding to the zones of counter rotating
vortex pairs, the enhancement in C y at the channel exit is about
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25% compared to the case of a developing turbulent flow in
a plane channel.

4. Concluding remarks

Estimate of heat transfer enhancement in a channel due to
the presence of a triangular element was obtained using nu-
merical simulation. The order of enhancement is about 15%.
However, as expected, the augmentation is associated with en-
hanced skin friction. The effect of aspect ratio of the prism,
density variation and three-dimensionality of the flow field in
case of a finite TP are some of the important aspects, which
were not addressed in the present work and is planned to be
investigated in future.
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