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In the present study, thermo-hydrodynamic performance of a small rectangular channel with different
protruded surfaces is investigated numerically in a threeedimensional computational domain. An air jet
impinging normal to the main flow is considered to enhance heat transfer rate. Conservation equations
for mass, momentum and energy are solved using finite volume method with SST k�u turbulence model.
Three different protrusion shapes have been tested: rectangular, trapezoidal and triangular, respectively.
The duct and nozzle Reynolds numbers are varied in the range of 17,831 � ReDh,duct � 53,490 and
5,136 � ReDh,nz � 11,980, respectively. Also, three different nozzle positions (X/Dh,duct ¼ 8.717, 11.597 and
14.258) along the axial direction of rectangular duct have been considered to choose the best location for
heat transfer enhancement. A higher heat transfer enhancement rate is observed at the nozzle position 2
(X/Dh,duct ¼ 11.597) as compared to the other positions considered in this study. Flow recirculation in
inter-protrusion spaces has also been discussed. In this hybrid cooling strategy, the pumping power
requirement with protrusions is observed to be higher than that of without protrusions. The heat transfer
enhancement rate with triangular protrusions is found to be more as compared to other protrusion
shapes.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

The miniaturization of electronics devices along with the faster
operational speed demand effective and new methods to transfer
heat to the coolant flowing over the heated surfaces. Generally, the
temperature of fluid near the hot wall is always higher than the
temperature of fluid in the core region of a channel. Therefore, heat
transfer rate will be enhanced if the cold fluid from the core region
is carried by some means and mixed with the hot fluid near the
wall. In the past, several cooling strategies such as forced convec-
tion cooling, jet impingement cooling, fin cooling and the
geometrical modification of surfaces by providing different pro-
trusions were employed to augment the heat transfer. For elec-
tronics cooling, many researchers [1e3] employed different cooling
techniques and provided a comprehensive study on this field.

Heat transfer from the hot wall can be enhanced by putting
turbulators of various shapes such as transverse ribs [4,5], W-
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served.
shaped ribs [6], and V-shaped ribs [7]. The perforated ribs can
enhance heat transfer rate significantly by breaking the viscous
sub-layer near the wall, which leads to a higher mixing of the hot
and cold fluids. The heat transfer enhancement for full and half
perforated baffles attached to a hot surface was studied by Karwa
et al. [8] and Karwa and Maheshwari [9]. The Nusselt number was
increased by 79e169% for fully perforated baffles, whereas for half
perforated baffles, it was increased by 133e274%. The thermo hy-
draulic performance of a turbulent flow through a tube fitted with
perforated tube inserts have been investigated by Bhuiya et al. [10].
They found that Nusselt number and friction factor are increased
by 110e340% and 110e360%, respectively. In an experimental
study, Alam et al. [11] reported that Nusselt number for a perfo-
rated V-shaped blockage has been improved by 33% as compared
to a solid blockage. Heat transfer enhancement using ribs of
different shapes (such as rectangular, trapezoidal and delta) has
also been investigated by Zhou and Feng [12]. The thermo hy-
draulic performance of punch hole-ribs was superior to ribs
without punch hole.

It was shown by various investigators [13e18] that the heat
transfer augmentation by jet impingement is one of the efficient
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Fig. 1. Schematic diagram of computational domain with different boundary
conditions.
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methods, which can dissipate heat more effectively compared to a
simple forced convection method. The reason for high heat transfer
rate by an impinging jet is attributed to the formation of small-scale
vortex pairs and the exchange of momentum between the jet and
the surrounding fluid. Moreover, a hybrid heat transfer augmen-
tation method has been adopted by Tan et al. [19] by impinging air
jet on a protruded surface. Two different shapes of protrusions (i.e.,
V-shaped and rectangular) have been employed by them to
investigate the heat transfer rate in the Reynolds number range of
6,000 to 30,000. For a same jet Reynolds number, the heat transfer
was augmented by 30%, when a smooth wall was replaced with a
ribbed wall. The jet impingement heat transfer from triangular and
rectangular protruded walls was investigated experimentally by
Gau and Lee [20]. They reported that the heat transfer enhance-
ment with the triangular protrusions was better than the rectan-
gular protrusions. In case of the triangular protrusions, the widely
opened cavity between the neighboring ribs causes an intense
transport of colder fluid into the cavity. Thus, the heat transfer rate
is increased. The heat transfer enhancement by different protrusion
angles (such as 90�, 60� and 45�) has been studied experimentally
by Yan and Mei [21]. They found that the heat transfer enhance-
ment with 45� angle ribs was higher than that of 90� and 60� ribs.
The above researchers have concentrated their focus on the ribbed
surfaces without taking the account of the cross flow schemes.

Different cross flow schemes for micro grooved surface were
investigated by Xing et al. [22]. The best heat transfer perfor-
mance was attained at the minimum cross flow as demonstrated
by them. A similar study was conducted by Su and Chang [23] to
study the combined effects of groove and nozzle size distribution
on heat transfer enhancement. Liquid Crystal Thermography (LCT)
had been implemented by Wang et al. [24] to investigate heat
transfer in cross flows. They showed that a more pronounced ef-
fect on heat transfer enhancement was found out at a lower ve-
locity ratio. A flow visualization methods had been carried out by
Nakabe et al. [25] by using an inclined impinging jet in a cross
flow. The heat transfer performance of an array of jet impinging
on the dimples has been investigated by Kanokjaruvijit and
Martinez-botas [26] using liquid crystal method. They showed
that the impingement heat transfer performance was better at
larger nozzle distance due to coupled effect of impingement and
channel flow. They also reported that the heat transfer rate with
the nozzle distance to diameter ratio of 4 was more as compared
to other ratios of 2 and 8. However, Gau and Chung [27] showed
that the heat transfer is augmented when a plane surface is
replaced with the concave and convex surfaces by varying the
slot-width to surface diameter ratios in the range of 8e45. Chyu
et al. [28] investigated the heat transfer performances for hemi-
spherical and tear-drop shaped dimples. Their results show that
the tear-shaped dimples improve the heat transfer rate signifi-
cantly as compared to the hemispherical dimples; although the
pressure drop with the tear-shaped dimples was higher than that
of the hemispherical dimples. Furthermore, the flow past a stag-
gered array hemispherical dimples was studied experimentally by
Mahmood et al. [29] using the smoke-wire technique. They
showed that the vortex shedding mechanism improves the heat
transfer rate for dimpled surfaces by the factor of 1.85e2.89 as
compared to a flat plate surface. Recently, Wang et al. [30] intro-
duced delta winglet vortex generator pairs (VGP) in the upstream
of the nozzle to control the cross-flow effect and jet impingement
heat transfer enhancement. They concluded that the VGP config-
urations augment heat transfer enhancement in the cross-flow by
promoting the jet penetration.

From the above discussions, it is clear that the heat transfer
enhancement from a protruded surface with cross flow approach
has not yet been drawn much attention of researchers. In the
present study, therefore, an attempt has been made to investigate
the heat transfer augmentation by implementing the above hybrid
scheme. The jet position, duct and jet Reynolds number have been
varied to study their effects on the heat transfer from a heated
surface. The effect of Reynolds number on pumping power has also
been discussed.

 

2. Mathematical formulation

2.1. Physical description and grid arrangement

In the present numerical investigation, a rectangular duct of
size 0.67 m � 0.023 m � 0.03 m has been used as shown in Fig. 1.
Air enters the inlet of the rectangular duct at velocity, uin and at-
mospheric temperature, T∞. A square nozzle placed on the top
surface of the duct impinges air to the main duct flow so that both
the flows will form a cross flow with each other. This will enhance
the mixing, and hence, increase the heat transfer rate from the
bottom hot surface. Moreover, protrusions of different shapes (i.e.,
rectangular, trapezoidal and triangular) have also been provided
on the bottom hot surface to further augment the heat transfer
rate. The physical dimensions for different shapes of the pro-
trusions are shown in Fig. 2. The hot surface (of length X/
Dhduct ¼ 5.76) is maintained at a constant temperature (Tw). An
extra length of 10 times the hydraulic diameter of the duct has
been considered upstream of the hot surface so as to ensure a fully
developed flow in the duct. Similarly, an extra length of 11 times
the hydraulic diameter is taken in downstream of the hot surface
to reduce the effect of backflow at the duct exit. Fig. 3 shows the
grid arrangement for the present computational study. The
meshes on the duct inlet, nozzle inlet, bottom surface with trap-
ezoidal protrusions and pressure outlet are shown for the sake of
clarity. The inlet and outlet surfaces are meshed with triangular
cells. The bottom surface except the hot wall is meshed with
rectangular cells in order to control the number of cells.

Tetrahedral meshes have been adopted to mesh the hot surface
along with the protrusions. Therefore, the total computational
domain is meshedwith a hybridmeshing scheme (i.e., combination
of hexahedral and tetrahedral meshes). An expanded view of the
mesh arrangement of nozzle inlet as well as protrusions is shown in
Fig. 3(a) and (b), respectively. The hydraulic diameters of the duct
and nozzle are 0.026 m and 0.005 m, respectively.

Following assumptions are taken for solving the governing
equations:

1. Flow is steady, three-dimensional and turbulent.
2. The working fluid (air) is Newtonian and incompressible.
3. Fluid properties such as thermal conductivity (l), dynamic vis-

cosity (m) are kept constant.
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Fig. 2. Physical dimensions of different protrusion shapes.

Fig. 3. Mesh arrangement of the computational domain with duct inlet, bottom wall
and outlet; (a) expanded view of mesh at the nozzle inlet (b) trapezoidal surface
protrusions.
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2.2. Governing equations

The Reynolds time-averaged equations for mass, momentum,
energy in an inertial reference frame are written as follows:

Continuity equation :
vUi

vxi
¼ 0 (1)

Momentum equation : rUj
vUi

vxj
¼ �vP

vxi
þ v

vxj

�
2mSij � ru0iu

0
j

�

(2)

Energy equation : rUj
vT
vxj

¼ v

vxj

 
l

cp

vT
vxj

� rT 0uj

!
(3)

The mean stain rate is defined as:

Sij ¼
1
2

 
vUi

vxj
þ vUj

vxi

!
(4)

where m, l and cp represent the dynamic viscosity, thermal con-
ductivity and specific heat at constant pressure for the working
fluid. Moreover, P, T, and Ui are the mean pressure, temperature and
velocity, respectively. T0 and u0i are the fluctuating temperature and
velocity. The Reynolds stress (�ru0iu

0
j) and turbulent heat flux

(�ru0iT
0) terms are appeared due to the time averaging; and these

terms need to be closed by using the appropriate turbulencemodel.
The Reynolds stress can be specified using a linear eddy viscosity
model as follows:

�ru0iu
0
j ¼ 2mtSij �

2
3
rkdij (5)

where, k denotes the turbulent kinetic energy and mt represents the
eddy viscosity, which are to be specified by solving the transport
equations for the turbulent kinetic energy (k) and specific dissi-
pation rate using the k�u turbulence model. Similarly, the turbu-
lent heat flux is defined as
�ru0iT
0 ¼ mt

Prt

vT
vxi

(6)

Here, Prt denotes the turbulent Prandtl number. In the present
study, the SST k�u turbulence model proposed by Mentor [31] is
implemented to model the turbulence quantities. Governing
equations for the turbulence kinetic energy (k) and specific dissi-
pation of turbulence kinetic energy (u) are written as follows:

v

vxi
ðrkuiÞ ¼

v

vxj

"�
mþ mt

sk

�
vk
vxj

#
þmin

�
Pk;10rb

*ku
�� rb*ku

(7)

v

vxi
ðruuiÞ ¼

v

vxj

"�
mþ mt

sk

�
vu

vxj

#
þ au

k
Pk � rbu2

þ 2ð1� F1Þ
rsu;2

u

vk
vxj

vu

vxj
(8)

The eddy viscosity is modeled as:

mt ¼ r
k
u

1

max
�

1
a*;

SF2
a1u

� (9)

The modulus of the mean rate-of-strain tensor S is defined as
√(2SijSij). The turbulent viscosity is damped by the coefficient a* is
given as

a* ¼ a*∞

 
a*0 þ Ret

Rk

1þ Ret
Rk

!
(10)

In Eq. (10), a*0 and Ret are defined as a*0 ¼ bi=3, and Ret¼ (rk)/mu.
The blending functions, F1 and F2 are given as F1 ¼ tanhðf4

1Þ and
F2 ¼ tanhðf2

2Þ, where f1 and f2 are given as
f1 ¼ min½maxð

ffiffiffi
k

p
=0:09uy;500m=ry2uÞ;4rk=su;2Dþ

uy
2�, and

f2 ¼ max½2
ffiffiffi
k

p
=0:09uy;500m=ry2u�. In f1 and f2 terms, y is the

distance to the next surface. The positive portion of cross-diffusion
is represented by Dþ

u ¼ max½2r=su;2 uvk=vxj vu=vxj;10�10�. The
production of turbulence kinetic energy is defined as

Pk ¼ �ru0iu
0
j
vui
vxi

(11)

Since in the present study, the flow is assumed to be incom-
pressible, so the term b* in equation (7) is equal to b*i that is defined
as follows

b*i ¼ b*∞

 
4=15þ �Ret�Rb�4
1þ �Ret�Rb�4

!
(12)
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Different model constants used in SST k�u turbulence model
are given as follows:

a*∞ ¼ 1, b*∞ ¼ 0:09, bi ¼ 0.072, sk,1 ¼ 1.176su,1 ¼ 2, sk,2 ¼ 1,
su,2 ¼ 1.168, Rk ¼ 6, a1 ¼ 0.31 and Rb ¼ 8.
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2.3. Boundary conditions

The boundary conditions imposed on the computational
domain has been shown in Fig. 1. The velocity inlet boundary
conditions have been imposed on nozzle and duct inlets, since air
enters the computational domain through these surfaces at uni-
form velocity. The side and top surfaces (excluding the nozzle inlet)
are taken as adiabatic wall. A constant temperature has been
imposed on the heated bottom wall. The pressure outlet boundary
condition is applied on the outlet because the ambient pressure is
prevailed there.

The mathematical descriptions of different boundary conditions
are given as follows:

At adiabatic walls:

u ¼ v ¼ w ¼ 0; and
vT
vx

¼ vT
vy

¼ vT
vz

¼ 0 (13)

At solid isothermal wall:

u ¼ v ¼ w ¼ 0; and T ¼ Tw ¼ 373 K (14)

At duct inlet : u ¼ uin; T ¼ T∞ ¼ 300 K (15)

At nozzle inlet : v ¼ �vin; T ¼ T∞ ¼ 300 K (16)

Here u, v and w are the velocity components in the x, y, and z-
direction, respectively.

At pressure outlet:

p ¼ p∞ and T ¼ T∞ (17)

where, p∞ and T∞ are the ambient pressure and temperature,
respectively. The standard wall function as proposed by Launder
and Spalding [32] has been used to link the solution variables at
near-wall cells to the corresponding quantities on the wall. Similar
wall functions have been employed by Jha and Dash [33], Barik et al.
[34,35] and Patro and Dash [36] for various applications. The law-
of-wall for mean velocity is given as:

Upk
1=2
p c1=4m

tw=r
¼ 1

k
ln
�
Ey*
�

(18)

y* ¼ rk1=2p c1=4m yp
m

(19)

where, E denotes the empirical constant equal to 9.793, k is the von
Karman constant having a value 0.4187 and Up is the mean velocity
of fluid at a point ‘p’. The turbulent intensity at duct and nozzle
inlets are computed as

I ¼ 0:016Re�1=8 (20)
5 10 15 20 25 30 35 40
x 103

30

ReDh

Fig. 4. Variation of average Nusselt number with Reynolds number with uniform wall
heat flux.  
2.4. Numerical solution procedure

The governing equations for mass, momentum, energy, turbu-
lent kinetic energy (k) and the specific dissipation (u) are dis-
cretized in a three-dimensional computational domain to yield a
set of algebraic equations, which are then solved by imposing the
boundary conditions with the second order upwind scheme using
Ansys-Fluent 16.0. SIMPLE algorithm has been employed for pres-
sureevelocity coupling to solve pressure correction equation. In the
present study, the SST k�u turbulence model has been used. In the
past, it was recommended by various researchers [37e40] to use
SST k�u model for the prediction of the jet-impingement heat
transfer. Moreover, the different variants of turbulence model have
been used by Dutta et al. [41] to predict the surface Nusselt number
for an impinging jet. They concluded that both standard as well as
SST k�u models were capable of predicting the surface Nusselt
number very well, when the ratio of the jet spacing to the hydraulic
diameter of the nozzle was low (i.e., 4 to 4.9). In the present study,
this ratio is taken as 4.6. Thus, it is expected that SST k�u model
may predict the heat transfer quite well.

3. Validation of numerical methodology

The present numerical scheme has been validated with some of
the existing experimental data available in the literature. However,
the heat transfer augmentation and thermal management of a
small rectangular channel with surface protrusions and the cross
flow approach is a new research area. Hence, the literature on such
a hybrid cooling scheme are not abundant. Nevertheless, the pre-
sent numerical scheme is validated with Sleicher and Rouse [42]
correlation by taking a three-dimensional circular pipe of diam-
eter 0.026 m and length 0.67 m, and applying a uniform wall heat
flux (i.e., 100 W/m2) to the fully developed portion of the duct. This
particular problem is chosen, since the boundary conditions for the
validation purpose is similar with our present boundary conditions.

A grid sensitivity test has also been carried out for the present
validation, and it is found that a grid size of 28,891 cells predicted
the surface Nusselt number reasonably well with the above cor-
relation as shown in Fig. 4. However, the Sielder and Tate [43]
correlation over predicts the Nusselt number since it is used for
the fluids having a temperature dependent properties. As constant
fluid properties are used in the present simulation, the computed
values of Nusselt number are lower than the values reported by
Sielder and Tate [43]. Moreover, the computed values of Nusselt
number are closer to the values predicted by Kakac et al. [44] cor-
relation. For the above validation, SIMPLEmethod has been used for
pressureevelocity coupling and the second order upwind scheme
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is used for solving mass, momentum and energy equations. SST
k�u model has been used for the simulation. From this discussion,
it is clear that the present numerical scheme is capable of pre-
dicting the surface Nusselt number very well.
4. Results and discussions

4.1. Grid sensitivity test (trapezoidal protrusion)

Fig. 5 shows the grid sensitivity test for the present small rect-
angular duct with surface protrusions and cross flow impingement.
It can be seen that the area weighted average Nusselt number
(NuDh;duct) is increased by 2.8% as the number of cells increase from
182,730 to 242,700. The increase in Nusselt number is insignificant
(0.03%) on further increasing the numbers of cells. Thus, 242,700
cells are used as a grid independent mesh for obtaining the solution
variables in our further simulations. The overall Nusselt number is
defined as:

NuDh;duct ¼
1
A

Z
NuDh;ductdA (21)

In Eq. (21), area dA is the wetted area i.e., internal surface area
from where heat transfer takes place.

The local Nusselt number is calculated as:

NuDh;duct ¼
hwDh;duct

k
(22)

where local heat transfer coefficient,
hw ¼ qw=Tw � Tb ¼ kðvT=vyÞy¼0=Tw � Tb.

The bulk mean temperature is computed from the local tem-
perature, T according to Eq. (23).

Tb ¼ 1
A

Z
TdA (23)

In Eq. (23), area dA is the cross sectional area. All the properties
are calculated at bulk mean temperature.

The duct Reynolds number is defined as:

ReDh;duct ¼
ruinDh

m
(24)
x 104
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Fig. 5. Effect of number of cells on area weighted average Nusselt number (NuDh;duct ).
where, uin is the velocity of air in the duct, and Dh is the hydraulic
diameter of the rectangular duct. Similarly, the Reynolds number of
nozzle (ReDh,nz) is calculated using the nozzle inlet velocity and
hydraulic diameter of the nozzle.

 

4.2. Effect of nozzle position on Nusselt number (trapezoidal
protrusion)

To investigate the effect of nozzle positions on the heat transfer
enhancement, the position of the nozzle impinging normal to the
main flow has been varied by considering three different axial lo-
cations (X/Dh,duct ¼ 8.72, 11.59 and 14.25). Fig. 6 shows the variation
of area weighted Nusselt number with duct Reynolds numbers for
different nozzle positions. It is evident that the Nusselt number is
increased with the duct Reynolds number for all the nozzle
placements due to the forced convection effect.

At a particular nozzle Reynolds number, the duct Reynolds
number is varied from 17,831 to 53,490. The Nusselt number has
been observed to increase linearly with the duct Reynolds number
for the different nozzle positions considered in this study. For
example, the Nusselt numbers are augmented by 99%, 113% and
109% in the above range of duct Reynolds number for the nozzle
positions of 1, 2 and 3, respectively. Thus, it can be noticed that the
maximum amount of heat is transferred to the air when the nozzle
is placed at the position 2. Expanded views of velocity contours
(expanded and cutaway views) are shown in Fig. 7(a)e(c). It is seen
from Fig. 7(a) that the duct and nozzle flows are mixed with each
other before reaching the protruded surface. The protrusions
reduce the cross section of the flow, and consequently the flow is
accelerated so that high velocity gradients are seen in the upstream
top corner of the protrusion. The flow then finds a sudden expan-
sion in the downstream which leads to a reverse flow because of
which a recirculation zone is created. At the nozzle position 3,
similar phenomena could be seen as has been shown in Fig. 7(c).
Similar explanations have been given by Labbe [45] to study the
flow and heat transfer characteristics of a ribbed duct. At nozzle
positions 1 and 3, the heat transfer rate is less as compared to that
of the nozzle position 2 (i.e., Fig. 6). This is attributed to two rea-
sons: (i) the accelerated flow moves close the adiabatic top wall.
Thus, it may not carry more heat from the bottom isothermal wall.
(ii) The nozzle at positions 1 and 3 is not able to move the mean
flow strongly into the inter protrusion gaps. At position 2, the flow
x 103
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Fig. 6. Variation of the average Nusselt number of an isothermal surface with the duct
Reynolds number (ReDh,duct) as a function of nozzle position.  



Fig. 7. Expanded and cutaway views of velocity contours ((a), (b), (c)) and temperature contours ((d), (e), (f)) in X�Y plane passing through vertical the midsection of the duct at
ReDh,duct ¼ 17,831, and ReDh,nz ¼ 5,136: (a), (d) nozzle position 1; (b), (e) nozzle position 2; (c), (f) nozzle position 3.
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from the nozzle is directly impinged into the inter protrusion gaps
(i.e., Fig. 7(b)). Therefore, the velocity at inter protrusion gaps and
near the heated surface is relatively higher. As a result, the fresh air
in contact with the hot surface can dissipate more heat, and
therefore, the Nusselt number is higher as compared to other po-
sitions (1 and 3). A higher heat transfer augmentation is obtained at
nozzle position 2 among all the positions considered. Therefore, the
nozzle position 2 is chosen for our further studies. The expanded
views of temperature contours are shown in Fig. 7(d)e(f) for
different nozzle placements. It can be seen that the temperature of
the hot protruded surface is relatively lower at nozzle position 2 as
compared to other positions. Moreover, the temperature distribu-
tion on the isothermal surface becomes uniform by reducing the
local thermal hotspots which is mostly required for any electronic
devices.
4.3. Effect of nozzle Reynolds number on Nusselt number as
function of duct Reynolds number (trapezoidal protrusion)

Fig. 8 illustrates the effect of the nozzle Reynolds number on the
area weighted average Nusselt number for different values of duct
Reynolds number. At lower duct Reynolds numbers (i.e.,
ReDh,duct ¼ 8,915 and 17,831), the Nusselt number has been
Fig. 8. Average Nusselt number variation with nozzle Reynolds number.
improved by 36.4% and 21.3%, when the nozzle Reynolds number
(ReDh,nz) is increased from 6847 to 11,983. Furthermore, the Nusselt
number is increased with duct Reynolds number at a particular
nozzle Reynolds number. For example, at ReDh,nz ¼ 6,847, the Nus-
selt number has been improved by 114.5% as duct Reynolds number
(ReDh,duct) is increased from 8915 to 44,577, which clearly signifies
the dependency of the Nusselt number on the duct Reynolds
number.

However, the Nusselt number is increased by 4.6%, 3.5% and 2.1%
for duct Reynolds number of 26,746, 35,661 and 44,577, respec-
tively on the higher side as the nozzle Reynolds number is varied.
Therefore, the effects of the variations in nozzle Reynolds number
are not felt on the heat transfer augmentation, although the value
of the Nusselt number at a higher duct Reynolds number is high.
This is due to the fact that the high momentum of the duct flow (at
high duct Reynolds number) blows the low momentum fluid from
the jet. Thus, the low momentum jet fluid is not able to reach the
hot protruded surface to carry the heat from it. So, the variations in
Nusselt number with nozzle Reynolds number (i.e., Fig. 8) are
almost flat in nature at higher Reynolds number.

At particular nozzle Reynolds number, the value of the Nusselt
number is higher at high duct Reynolds number than that of the
value obtained at low duct Reynolds number as shown in Fig. 8.
This fact is attributed to the strong forced convection of the duct
flow, which can produce a rapid bodily motion of the fluid so as to
enhance the heat transfer. At ReDh,nz ¼ 6,847, the turbulent kinetic
energy contour maps (flooded with color (in the web version)) are
shown in Fig. 9(a)e(d) for different duct Reynolds numbers. In
Fig. 9(a), it is seen that the nozzle fluid touches the bottom hot
surface, and thus, the heat from bottom isothermal surface is
transferred by the combined convective effect of the main fluid as
well the jet fluid. However, it is quite obvious from Fig. 9(b) that the
nozzle fluid is blown with the main flow as the duct Reynolds
number is increased. An intense blow off of the nozzle fluid is seen
(Fig. 9(c)e(d)) on further increasing the duct Reynolds number.
Therefore, it is evident that the nozzle flow is blown away by the
high momentum of the main flowwithout reaching the hot surface
for higher duct Reynolds number.

The variation of centerline turbulence kinetic energy at different
nozzle Reynolds number for a particular duct Reynolds number
(i.e., ReDh,duct ¼ 8,915) is shown in Fig. 10. A higher centerline tur-
bulence kinetic energy is obtained at the impingement point as
nozzle Reynolds is increased for lower duct Reynolds number. This
reason for the increase in turbulent kinetic energy has already been
discussed.
 



Fig. 9. Expanded and cutaway views of turbulent kinetic energy in XeY plane at ReDh,nz ¼ 6,847 and (a) ReDh,duct ¼ 8,915; (b) ReDh,duct ¼ 17,831; (c) ReDh,duct ¼ 35,661; (d)
ReDh,duct ¼ 44,577.
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Fig. 10. Variation of duct centerline turbulence kinetic energy at different nozzle Reynolds number for ReDh,duct ¼ 8915.
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4.4. Effect of duct Reynolds number on pumping power as function
of nozzle Reynolds number (trapezoidal protrusion)

For economic design of any electronic cooling system, it is vital
to investigate the effect of the duct Reynolds number on pumping
power as well as pressure drop. Selection of a new cooling meth-
odology depends not only on the heat transfer enhancement, but
also on the pumping power requirement. Thus, effect of duct Rey-
nolds number on pumping power and pressure drop has been
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depicted in Fig. 11(a)e(b). For above investigation, the nozzle
placed at position 2 to impinge air on the isothermal surface having
trapezoidal protrusions mounted over it. The pumping power is
calculated as follows:

Pumping power ðppÞ ¼ Q
:

total � Dp (25)

In Eq. (25), Q
:

total is the total volume flow rate in the rectangular
duct, which is the sum of the volume flow rates through inlets of
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the duct and nozzle. The pressure drop (Dp) is calculated by taking
the difference of inlets (nozzle and duct) and outlet pressures. As it
is expected, the pumping power is noticed to increasewith the duct
Reynolds number for a particular nozzle Reynolds number.

A higher pressure drop is obtained at a higher duct Reynolds
number which has been shown in Fig. 11(b). Moreover, the volume
flow rate is increased at a higher duct Reynolds number. Therefore,
the combined effect of increased pressure drop and volume flow
rate causes the pumping power to increase. It is also noticed that
the pumping power significantly is increased when surface pro-
trusions are mounted over the bottom surface. It can be seen that
for a same duct as well as nozzle Reynolds numbers (i.e.,
ReDh,nz ¼ 5,136 and ReDh,duct ¼ 44,577), the pumping power is
increased from 2.55 W to 4.15 W. The above values of pumping
power may be practically viable for electronics cooling system. The
electronic device needs to be operated at a lower duct Reynolds
number to keep the pumping power requirement at a minimum
level. However, the effects height and pitch of surface protrusions
along the use of multiple nozzles need to be further investigated.
4.5. Effect of shape of surface protrusion on heat transfer rate

Fig. 12 shows the variation of the Nusselt number (based on the
area weighted average) with the duct Reynolds number for
Fig. 13. Contours of turbulent kinetic energy for different surface protrusion shapes at ReD
shapes.
different shapes of surface protrusions considered in this work. It is
evident that the Nusselt number, and thus, the heat transfer from
the heated surface have been enhanced with the duct Reynolds
number for a particular value of the nozzle Reynolds number. For
example, the Nusselt number has been increased by 99% when the
duct Reynolds is increased from 17,830 to 53,490 for trapezoidal
surface protrusions. Also, the heat transfer rate is improved with
the geometrical shapes of the protrusions. At ReDh,duct ¼ 53,490, the
heat transfer rate is enhanced by 10%, when rectangular pro-
trusions are replaced with the triangular protrusions of same cross
sectional area. Therefore, the geometrical shape has been consid-
ered as the third best parameter to influence the heat transfer rate.
The heat transfer rate with triangular protrusion is higher as
compared to other shapes (Fig. 12) because a higher mean turbu-
lence kinetic energy have been generated in the main flow as well
as inter protrusion gaps. The generation of mean turbulence kinetic
energy in themain flow has been depicted in Fig.13(a)e(c) in terms
of turbulent kinetic energy contours. It is quite clear that the mean
turbulent kinetic energy is found to be higher with the triangular
protrusions as shown in Fig. 13(c). The turbulent kinetic energy is
little higher near the nozzle exit due to the mixing of the duct as
well as the nozzle flows. For different shapes of the protrusions, the
mean turbulent kinetic energy in the inter protrusion gaps has been
illustrated in Fig. 14. Three different lines (L1eL3) are drawn in the
h,nz ¼ 6,847 and ReDh,duct ¼ 17,831: (a) rectangular; (b) trapezoidal and (c) triangular

 



Fig. 15. Expanded and cutaway views of inter-protrusion velocity vectors at ReDh,nz ¼ 6847, and ReDh,duct ¼ 17,831: (a) rectangular; (b) trapezoidal and (c) triangular shapes.
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inter protrusion gaps so as to quantify the variation of the turbulent
kinetic energy along the axial distance as has been shown in Fig. 14.
It has been observed that the highest turbulent kinetic energy is
produced by the triangular protrusions among all the protrusions
considered. Moreover, this argument has been supplemented by
the turbulent kinetic energy contour plots as shown in
Fig. 13(a)e(c). For triangular protrusions, the higher turbulent ki-
netic energy is attributed to the presence of the sharp corners
which causes inter-protrusion flow recirculation in the inter pro-
trusion gaps. Thus, an enhanced heat transfer is obtained for
triangular protrusions.

The inter protrusion recirculation has been shown in
Fig. 15(a)e(c). In case of triangular protrusions, the size of the inter-
protrusion recirculation bubbles is found to be larger and more
intense (i.e., the higher velocity magnitude in the inter protrusion
gaps can be seen from the color code (in the web version)
of Fig. 15(c)); so that the fluid from the main flow can be drawn
rigorously at higher momentum into these regions to enhance the
heat transfer rate. Since a low turbulence level is generated in the
main flow as well as in between the protrusions (Fig. 13(a)e(b), and
Fig. 14), the heat transfer rate for trapezoidal and rectangular pro-
trusions is lower than the triangular protrusions.

Moreover, it is noticed from Fig. 13(a)e(c) that the size of the
recirculation zone in the downstream of the last protrusions is
increased, when rectangular protrusions are replaced by the
triangular protrusions. It has been demonstrated by Han [46] that
rib separation is an important parameter having a dominating ef-
fect on thermal performance of a surface mounted with parallel
ribs. Later on, the convective heat transfer from a rectangular duct
has been investigated experimentally and numerically by Wong
et al. [47] using cross ribs in turbulent regime. They reported that
the geometry of the ribs have significant effect on heat transfer rate
since the presence of the ribs directly affect the flow separation in
between the ribs. In an experimental investigation of forced con-
vection heat transfer for the ribbed duct, Promvonge and Thi-
nanpong [48] reported that the heat transfer with triangular ribbed
surfaces was higher that other shapes of ribs such as wedge and
rectangular ribs when the triangular ribs were arranged in stag-
gered manner.

5. Conclusions

Turbulent heat transfer and fluid flow characteristics have been
investigated for a protruded isothermal surface by solving Reynolds
Averaged Navier Stokes (RANS) equations with the SST k�umodel.
The combined effects of forced convection and jet impingement
heat transfer have been investigated by varying duct as well as
nozzle Reynolds numbers. The effect of nozzle position and the
geometrical shape of different protrusions are also discussed. The
major findings of the present study are summarized below:

I. The nozzle position 2 (i.e., X/Dh,duct ¼ 11.59 ) is found to be
the best location to transfer more heat from the surface as
compared to other nozzle positions. This is attributed to a
higher turbulence level at this position. At a particular Rey-
nolds number (ReDh,nz ¼ 5,136) and position of the nozzle
(say, position 2), the Nusselt number is increased by 113%,
when the duct Reynolds number is changed from 17,831 to
53,490.

II. The nozzle Reynolds number is found to a second best
parameter for the heat transfer enhancement in cross flow
cooling strategies. It is observed that the average Nusselt
number is increased with the nozzle Reynolds number.

III. The pressure drop, and so the pumping power are increased
with the duct Reynolds number. At a particular value of the
duct as well as the nozzle Reynolds number, the heat transfer
enhancement with triangular protrusions is found to be
more than other shapes of protrusions considered.

IV. A strong flow recirculation in the inter-protrusion spaces is
observed when triangular nozzles are used. Also, the recir-
culation bubble size in the downstream of the protruded
surface is bigger in size as compared to other protrusion
shapes when triangular protrusions are deployed.

Nomenclature

Dh,duct hydraulic diameter of duct (m)
I turbulence intensity
k turbulent kinetic energy (m2/s2)
NuDh;duct average Nusselt number
NuDh,duct local Nusselt number
r transverse position (Y and Z)
ReDh,duct reynolds number based on hydraulic diameter of duct
ReDh,nz Reynolds number based on hydraulic diameter of

rectangular nozzle
T∞ ambient temperature (K)
Tw isothermal wall temperature (K)
uin velocity at duct inlet (m/s)  
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qw heat flux of isothermal surface (W/m2)

Q
:

total total volume flow rate (m3/s)
Tb bulk mean temperature (K)
X axial direction along isothermal surface (m)

Greek letters
Dp pressure drop (Pa)
l thermal conductivity (W/m-K)
m dynamic viscosity of fluid (kg/m s)
r fluid density (kg/m3)
u specific dissipation rate (1/s)

Subscripts
in inlet
nz nozzle
duct duct
w wall
∞ ambient
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