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ABSTRACT

In the present study, computational investigation of flow
characteristics and heat transfer from a small rectangular
channel has been investigated. A turbulent jet impinges from
a nozzle attached to the top wall of the rectangular channel
and at the entrance of the rectangular channel, turbulent
uniform flow took place. The bottom plate is heated and
convex dimples are attached for heat transfer enhancement.

Finite volume method with SST Kk — @ turbulence model

was used for the numerical simulations. The duct Reynolds
number (at the inlet) has been varied in the range of
10000—-50000 and Reynolds number at the nozzle has
been varied in the range of 6000—-12000, respectively. It
has been shown that the heat transfer rate in the presence of
cross-flow is found to be much higher than that without
cross-flow. Also, presence of convex dimples augments heat
transfer than a plane surface.

Keywords: Heat transfer enhancement; jet impingement; convex
dimpled surface; SST k-w model; cross flow

NOMENCLATURE

Dy, = hydraulic diameter

| = turbulence intensity

k = turbulent kinetic energy
Nu= Nusselt number

Rep = Duct Reynolds number
Rey = Nozzle Reynolds number
T = temperature

u= velocity

A = thermal conductivity

p= density of fluid
o = specific dissipation rate
INTRODUCTION

The main focus of the present study is heat transfer from a mini
rectangular channel and implementation of a suitable method
to enhance heat transfer. One of the most prominent industrial
applications for this type of studies is electronics cooling. In
electronic devices, very small area is available for heat
transfer. So, cooling of electronic devices is a great challenge
owing to higher operational speed and higher power density.
Jet impingement is a good technique which has been used since
many decades and examined by many researchers as a method
of heat transfer enhancement. Simple jet impingement or
forced convection alone is not sufficient to transfer the
required heat from the electronic components to safeguard it.
There are a number of other techniques to complement jet
impingement for the heat transfer enhancement such as cross
flow, dimples, ribs, etc. Many researchers have investigated
heat transfer prediction through mini-channels experimentally
as well as numerically.

Juckerman and Lior [1] had shown that at a given flow
velocity, jet impingement produces much higher heat transfer
rates compared to a conventional forced convection cooling.
This happens because the impingement boundary layers are
much thinner, and surrounding fluid becomes turbulent by the
impinging fluid. One of the main advantages of the
impingement cooling is that it offers a compact hardware
arrangement. So, it is suitable for use in mini-channels. Many
researchers’ [2-6] study show that heat transfer augmentation
occurred by the jet impingement on a heated surface. Kerarev
and Kozlov [7] investigated the flow past a single
hemispherical dimple of 150 mm diameter. They found that
heat transfer was enhanced by 1.5 times compared to a plane
circle of same imprinted diameter. The heat transfer
performance of an array of jet impinging on a flat surface with
dimples has been investigated experimentally by



Kanokjaruvijit andMartinez-botas [8]. They showed that the
impingement heat transfer performance was better at larger
nozzle distance. Chyu et al. [9] investigated the effect of
dimple geometry by comparing the heat transfer results for two
types of dimples such as hemispherical and tear-drop shaped
dimples. The teardrop shaped dimples resulted higher heat
transfer rates than the hemi-spherical dimples, but at the cost of
a higher pressure drop.

Another approach in practical applications is the hybrid
cooling method comprising of a turbulent flow at inlet along
with a jet impingement from a nozzle at the top wall. Such
interaction results in a rather complex flow field by the
generation of coherent vortical structures, and these vortices
play a dominant role in the mixing of fluids [10] causing
enhancement of heat transfer. Air impingement cooling from a
circular nozzle in a cross flow was investigated experimentally
[11-12]. They found that the heat transfer coefficients were
lower than those reported in the literature for an impinging jet
in the absence of cross flow. Different cross flow schemes for
micro grooved surface were investigated by Xing et al. [13].
They found that best heat transfer performance was attained at
the minimum cross flow. A similar study was conducted by Su
and Chang [14] experimentally to study the combined effects
of groove and nozzle size on heat transfer enhancement. Liquid
Crystal Thermography (LCT) had been implemented by Wang
et al. [15] to investigate heat transfer in cross flows. They
showed that a more pronounced effect on heat transfer
enhancement was found out at a lower velocity ratio. Barik et
al [16]. Used different surface protrusions (i.e. Rectangular,
Triangular and Trapezoidal Ribs) with cross flow approach in a
small rectangular channel numerically. They found that the
heat transfer enhancement rate is more in triangular ribs
compared to other two ribs. Jet impingement heat transfer by
using a rib with cross flow approach using liquid crystal
thermography was investigated experimentally by Wang et al.
[117]. They showed that at a lower nozzle velocity compared
to inlet velocity, heat transfer enhancement was more
pronounced

From the literature review, it has been found that the heat
transfer enhancement approach from a mini channel with cross
flow along with convex dimples on the heated surface has not
yet been drawn much attention of researchers. Therefore, an
attempt has been made to investigate the heat transfer
augmentation by implementing the above hybrid scheme in the
present research work. The duct and jet Reynolds number have
been varied to study their effects on the heat transfer from a
heated surface. Also, the effect of convex dimples on the
heated surface will be investigated.

COMPUTATIONAL DOMAIN AND MATHEMATICAL
MODELLING

A square duct of cross section 0.03mx0.03m of length 0.67 m
has been considered as the computational domain (Fig. 1). At
the inlet, air enters at a velocity, U;, and atmospheric
temperature, T,. A square nozzle of dimension
0.005mx0.005m is placed at the top wall of the duct, which

impinges air to the main duct flow. The bottom plate is
heated and is maintained at a constant temperature of 100°C.
Bottom heated surface contains convex dimples (dimensions
shown in Fig. 2). The red colour surface is the adiabatic wall.
An extra length of 10 times the hydraulic diameter of the duct
has been considered upstream as well as downstream to
ensure a fully developed flow and to reduce the effect of
backflow at the duct exit, respectively. Unstructured meshes
have been adopted to mesh the entire surface. X-axis passes
through the centre of the duct. The square cross section has
one side, b=0.005 m
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Figure 1. Computational domain
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Figure 2. Dimensions for convex dimples

Numerical simulations are performed for a steady, 3-D and
turbulent flow. Air is the working fluid and assumed as
incompressible. The time averaged governing equations are
written as follows:

Continuity equation:

ou; _
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Momentum equation:
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The strain rate tensor is defined as:
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Where p, A and C, represents the molecular viscosity, thermal
conductivity and specific heat at constant pressure for the
working fluid air. Here, air is assumed to be incompressible.
P is the mean pressure, T is the mean temperature and U; is

the mean velocity. T and U, are the fluctuating temperature

and velocity, respectively. The Reynolds stress (—pU i'U'j )

and the turbulent heat flux (—pUi'T') terms are appeared

due to Reynolds time averaging and these terms are closed by
using SST K —@model (K is turbulence kinetic energy and
o is specific dissipation of turbulence kinetic energy) as
follows.
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Where K denotes the turbulent kinetic energy and £, is the
eddy viscosity.

The turbulent heat flux is defined as:
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Here, Pr, denotes the turbulent Prandtl number.
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The eddy viscosity is modelled as:
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The modulus of the mean rate of strain tensor S is defined as
V (285Si).-

The turbulent viscosity is damped by the coefficienter” .
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The blending functions, F, and F, are given as
F]_:tanh(®14)

F,=tanh(@,)
@,=min[max(Vi/0.090y,500u/py’0),4pK/c, 2D, Y],

@,=max [2Vi/0.09wy, 500p/py’e].

In @, and @, terms, Y is the distance to the next surface. The

positive portion of cross-diffusion is represented by D =

max [2p/c,, ® Ok/dx; 0w/dx; ,10™°] . The production of
turbulence kinetic energy is defined as
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For an incompressible flow, term B* in Eq. (7) is equal to B;*
which is defined as follows:
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Closure constants in SST K — ¢ turbulence model are given
as follows:

o =1, B2 =0.09, Bi=0.075,  o,=1.176, Gp1=2,
0.>=1,6,,=1.168, R=6, 3,=0.31 and Rg=8.

Boundary conditions:

At duct inlet: U= U;,, T=T,,=300 K



At nozzle inlet:
V=-V;, T=T,=300 K

Ui, and V;, are calculated from the value of the Reynolds
number at the duct inlet and nozzle.

D
Duct Reynolds number, Rey = A,D
y7]
V. d
Nozzle Reynolds number, Re = Pin
MU

Here, D and d are the hydraulic diameter of the duct and
nozzle, Respectively.

At adiabatic walls:
U=Vv=w=0,
For adiabatic wall,

L
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For bottom heated wall:
U=v=w=0, T =T, =373k

Here U, V and W are the velocity components in the X, y, and
z direction, respectively.

At duct outlet:
Atmospheric condition is specified. P=P_,,and T=T,,

The standard wall function of Launder and Spalding [18] has
been used. Wall functions are equations empirically derived
and used to satisfy the physics in the near wall region. The
first cell center needs to be placed in the log-law region to
ensure the accuracy of the results. Wall functions are used to
bridge the inner region between the wall and the turbulence
fully developed region. When using the wall functions
approach, there is no need to resolve the boundary layer
causing a significant reduction of the mesh size and the
computational domain. In standard wall function, first grid
cell needs to be 30 < y+ < 300, where y+ is the non-
dimensional distance from the wall to the first grid point.

NUMERICAL METHODOLOGY

The AMG CFD solver ANSYS-Fluent 15.0 was used for
carrying out the numerical simulations. The diffusion terms of
the governing equations were discretized using the central
difference scheme (second-order accurate) and the convective
terms were discretized using the upwind scheme (second order
accurate). SIMPLE algorithm has been employed for pressure
velocity coupling. The convergence criterions for all the
equations except the energy equation (107°) are set to 10, SST

K — @ turbulence model along with standard wall function has

been used for modelling turbulent stresses. In the present
study, the flow separation and its reattachment is expected

because of the presence of dimples. Therefore, the SST K — @

model is preferred over the standard K—@ and k—g
models.
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Figure 3. Validation of numerical results

The present numerical scheme is validated with Sleicher and
Rouse [19] correlation, Sielder and Tate [20] correlation as
well as Dittus-Boelter correlation [21] for a turbulent flow in
a 3D pipe (diameter 0.026 m and length 0.67 m). The
computed results for average surface Nusselt number with
the variation of duct Reynolds number (Rep) has been shown
in figure 3. Predicted surface Nusselt number agreed
reasonably well with the correlation by Sleicher and Rouse
[19] as shown in figure 3.
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Figure 4. Grid independent test

A grid independent test has also been carried out in figure 4
and it is found that a grid size of 276750 cells is sufficient to
carry out the numerical simulations without affecting the

accuracy. It can be seen that average Nusselt number ( Nua\,g



) is increased by 0.53% as the number of cells increase from
225,000 to 276,750. The increase in Nusselt number is
insignificant (0.14%) on further increasing the numbers of
cells. Thus, 276,750 cells are used as a grid independent
mesh for the present study.

RESULTS AND DISCUSSIONS

The effect of duct Reynolds number (Rep), and nozzle
Reynolds number (Rey) on heat transfer performance of the
rectangular channel with cross flow was invetsigated in the
presence of dimples on the heated plate and compared with a
plane surface (i.e. without dimples). Heat transfer from the
heated surface is presented in the form of a non-dimensional
number, Nu,. In all cases, the nozzle was positioned on the
centre of the top wall and at an axial distance of X/D=10.57.
Figure 5 illustrates the effect of the nozzle Reynolds number
(varied in the range 10000 to 50000) on the average Nusselt
number. Heat transfer increases with the increase in duct
Reynolds number. At Rey=6000, the Nusselt number was
increased by 121% as duct Reynolds number is increased
from 10000 to 50000. With respect to nozzle Reynolds
number, heat transfer increases with increase in duct
Reynolds number but at a reduced rate. It is clear from the
figure that at lower duct Reynolds number (i.e. Rep =10000
and 20000), the Nusselt number has been increased by 59.8%
and 32.8% respectively, when the nozzle Reynolds number is
increased from 6000 to 12000. At the highest duct Reynolds
number (Rep =50000), the increase of Nusselt number is very
less. In the present case, there is only 2.2% increase in heat
transfer when nozzle Reynolds number is varied from 6000
to 12000. This concludes that Reynolds number play very
important role in the heat transfer prediction in such type of
cross flows in mini-channels.
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Figure 5. Nusselt number vs. Nozzle Reynolds number

At high duct Reynolds number, high momentum of the duct
flow blows away the low momentum fluid from the jet causing
the jet fluid not reachable to the hot surface to transfer heat
from it. Figure 6 shows the variation of average Nusselt

number vs. duct Reynolds number for dimpled heated surface
and comparison with plane surface.
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Figure 6. Nusselt number vs. Duct Reynolds number with
dimples and without dimples

It is observed that heat transfer increases with the increase in
duct Reynolds number. But addition of dimples on the flat
plate affects the heat transfer rate considerably. Dimples
increase the exposed surface area for heat transfer by the jet.
Also, dimples act as obstacle to the main flow causing
augmentation in turbulence and hence increases mixing, which
results in an increase in heat transfer rate.
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Figure 7. Nusselt number vs. Duct Reynolds number with jet
flow and without jet flow

Cross flow effect (i.e. the presence of jet flow) is compared
with no cross flow effect on the heat transfer prediction in
figure 7. It has been observed form the above plot that at lower
duct Reynolds number, cross flow contributes significantly to
the enhancement of heat transfer. For Rep =10000, the Nusselt
number is enhanced by 46.5%. For higher values of duct
Reynolds number, increase of Nusselt number lies in the range
5-10%. Cross flow increases the turbulence level inside the
duct creating stronger recirculation zones. The recirculation
zone brings more cold fluid from the duct main stream and



effectively mixes with the hot fluid, thereby increasing heat
transfer rate.

CONCLUSIONS

In the present study, we have investigated numerically heat
transfer phenomena of a single phase air jet along with a cross
flow at inlet for a mini rectangular duct with convex dimples as
well as without dimples. Three-dimensional Reynolds
averaged Navier-Stokes equations were discretized using finite
volume method and solved using AMG solver Fluent 15.0.
SST k— turbulence model with standard wall function

was used for the numerical simulations. The major parameters
like duct Reynolds number and nozzle Reynolds number were
considered to investigate their effect on average heat transfer
from the rectangular channel with cross flow and without cross
flow as well as with dimples and without dimples.
Enhancement of heat transfer is found to be more, when cross
flow was used instead of no-cross flow. It was also observed
that heat transfer increased significantly by putting convex
dimples on the heated surface. Heat transfer increased with
increase in duct as well as Nozzle Reynolds numbers.
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