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Abstract—In the present study, a rectangular channel with different 
protruded surfaces is investigated numerically in a three–
dimensional computational domain. Two different protrusion shapes 
have been tested trapezoidal and triangular. A finite volume 
technique has been used to solve the conservation equations for 
mass, momentum, and turbulence (SST k   turbulence). The duct 
Reynolds numbers are varied in the range of

,1 8 , 2 6 3 5 4 , 7 8 9D h d u c tR e  . An impinging jet normal to the 

main flow has been deployed to study its effect on heat transfer 
enhancement. The heat transfer enhancements with and without 
cross-flow effects have been compared. It has been observed that the 
heat transfer rate with cross-flow effect is higher that the non-cross-
flow effect. The thermo-hydraulic characteristics of the mean flow 
due the cross-flow and non-cross flow effects have also been 
discussed. It is also observed that the geometrical shape of the 
protrusion have a significant effect on the heat transfer 
augmentation. The heat transfer enhancement with triangular 
protrusions is found to be more compared to the other protrusion 
shapes. The inter-protrusion flow recirculation in the context of heat 
transfer enhancement has also been discussed. 

1. INTRODUCTION 

The demand for an effective method of the heat elimination 
from an electronic device is growing at a rapid rate owing to 
the miniaturization of electronics device, higher power density 
and higher operational speed. Simple forced convective heat 
transfer method may not be sufficient enough to dissipate heat 
so as to safeguard the electronic components. A hybrid 
cooling strategy which utilizes the benefits of heat transfer 
enhancement by forced convection, jet impingement as well as 
surface protrusions has been proposed in the present study.  

A comprehensive study has been carried out by Mudawar [1] 
and Yeh [2] employing different cooling techniques for 
electronic devices. Heat transfer from the hot wall can be 
enhanced by putting turbulators of various shapes such as 
transverse ribs [3-4], W- shaped ribs [5], and V-shaped ribs 
[6]. Also the perforations in the ribs can enhance heat transfer 
rate significantly by breaking the viscous sub-layer near the 
wall, which leads to a higher mixing rate of fluids. The heat 

transfer enhancement for full and half perforated baffles 
attached to a hot surface was studied by Karwa et al. [7] and 
Karwa and Maheshwari [8]. The thermo hydraulic 
performance of a turbulent flow through a tube fitted with 
perforated tube inserts have been investigated by Bhuiya et al 
[9]. In an experimental study, Alam et al. [10] reported that 
Nusselt number for a perforated 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 [11].  

It was shown by various researchers [12-14] that the heat 
transfer augmentation by jet impingement is one of the 
efficient methods which can dissipate heat more effectively 
compared to a simple forced convection method.  

Moreover, further heat transfer augmentation can be achieved 
by a hybrid method in an impinging jet is deployed normal to 
main flow. A hybrid heat transfer augmentation method has 
been adopted by Tan et al. [15] by impinging air jet on a 
protruded surface. Two different (i.e., V and rectangular) 
shapes of protrusions have been employed by them to 
investigate the heat transfer rate in the Reynolds number range 
of 6,000 to 30,000. For same jet Reynolds number, the heat 
transfer was augmented by 30% when a smooth wall was 
replaced by a ribbed wall. In another attempt, different cross 
flow schemes for micro grooved surface were investigated by 
Xing et al. [16]. The best heat transfer performance was 
attained at the minimum cross flow as had been demonstrated 
by them. A similar study was conducted by Su and Chang [17] 
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. 
[18] to investigate heat transfer in cross flow. They reported 
that a more pronounced effect on heat transfer enhancement 
was found out at a lower velocity ratio. A flow visualization 
methods had been carried out by Nakabe et al. [19] by using 
an inclined impinging jet in a cross flow. 



Heat Transfer Enhancement from a Ribbed Surface in Presence of a Cross Flow Jet: A Numerical Investigation 173 
 

 

Journal of Material Science and Mechanical Engineering (JMSME) 
p-ISSN: 2393-9095; e-ISSN: 2393-9109; Volume 3, Issue 3; April-June, 2016 

It is clear from the above literature review that the research on 
the heat transfer augmentation in the presence of a cross flow 
jet is still in infant stage. Thus, the heat transfer augmentation 
in the presence of the cross flow jet has been studied 
numerically in the present investigation by varying different 
pertinent operating parameters such as duct and nozzle 
Reynolds number. A comparison for the heat transfer 
enhancement has been shown for a cross flow and non-cross 
flow arrangement.  

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 
and temperature of

inu  andT
, respectively. Also, air is 

impinged normal to the main flow by placing a square nozzle 
on the top surfaces of the duct so that they will form a cross 
flow with each other. This will enhance the mixing and hence, 
increases the heat transfer rate from the bottom hot surface. 
Moreover, protrusions of different shapes (i.e., trapezoidal and 
triangular) have also been provided on the bottom hot surface 
to further augment the heat transfer rate. The hot surface (of 
length / 5.76ductX Dh  ) is maintained at a constant temperature 

(
wT ). An extra length of 10 times the hydraulic diameter of the 

duct has been considered so as to ensure a fully developed 
flow in the duct.  

 
Fig. 1: Schematic diagram of computaional domain with diffrent 

boundary conditions and different potrusions 

Similarly, an extra length of 10 times the hydraulic diameter is 
taken in downstream of the hot surface to reduce the effect of 
backflow at the exit.  

The inlet surfaces as well as the 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 meshed with a hybrid meshing 
scheme (i.e., combination of hexahedral and tetrahedral 
meshes). The hydraulic diameter of the nozzle is 0.005 m. 

Following assumptions are taken for solving the governing 
equations: 

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

dynamic viscosity (  ), and specific heat ( pc ) are kept 

constant. 

2.2 Governing Equations 

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

Continuity equation: 0i
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The mean stain rate is defined as: 
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Where  , and 
pc represent the dynamic viscosity, thermal 

conductivity and specific heat at constant pressure for the 
working fluid, respectively. The Reynolds stress ( ' '

i j
u u ) and 

turbulent heat flux ( ' '

iu T ) terms are appearing due to the 

time averaging, and these terms need to be closed by using the 
appropriate turbulence model. The Reynolds stress can be 
specified using a linear eddy viscosity model as follows:

 
 

' ' 2
2

3i j t i j i ju u S k     
 
(5) 

Where, k denotes the turbulent kinetic energy and 
t  

represents the eddy viscosity, which are to be specified by 
solving the transport equations for the turbulent kinetic energy 
( k ) and specific dissipation rate using the k  turbulence 
model. Similarly, the turbulent heat flux is defined as 

' ' t
i

t i

T
u T

Pr x

 
 


    (6) 

Here, 
tPr denotes the turbulent Prandtl number. The SST k 

turbulence model proposed by Mentor [20] is implemented in 
the present study so as to model the turbulence quantities. The 
governing equations for the turbulence kinetic energy ( k ) and 
specific dissipation of turbulence kinetic energy ( ) can be 
seen from Ref. [21] 
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Different model constants used in SST k  turbulence model 
are given as follows [21]: 

* 1

 , * 0.09  , 0.072i  ,

,1 1.176k  ,1 2  ,
,2 1k  ,

,2 1.168  , 6kR  ,
1 0.31a  and 8R  . 

2.3 Boundary conditions 

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

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

At adiabatic walls: 

 0u v w   , and 0
T T T

x y z

  
  

  
 (7) 

At solid isothermal wall: 

 0u v w   , and 
wT T  (8) 

At duct inlet: ,p inu u T T     (9) 

At nozzle inlet: ,inv v T T      (10) 

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

At pressure outlet: p p and T T  (11) 

Where, p
and T

are the ambient pressure and temperature, 

respectively. The standrad wall function as proposed by 
Launder and Spalding [22] has been used to link the solution 
variables at near-wall cells to the corrsponding quantitites on 
the wall. Similar wall functions have been epmloyed by Jha 
and Dash [23]and Barik et al. [24-25]. The law-of-wall for 
mean velocity is given as: 

 
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Where, E denotes the emperical constant equal to 0.793,  is 

the von Karman constant having a value 0.4187 and pu is the 

mean velocity of fluid at a point ‘p’. The turbulent intensity at 
duct and nozzle inlets are computed as 1/80.016I Re  
   (14) 

2.4 Numerical solution procedure 

The governing equations for mass, momentum, energy, 
turbulent kinetic energy ( k ) and the specific dissipation ( ) 
are discretized 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 of Ansys-Fluent 16.0. SIMPLE algorithm has 
been employed for pressure- velocity coupling to solve 
pressure correction equation. In the present study, the SST
k  turbulence model has been used. In the past, it was 
recommended by various researchers [26-27] to use SST k 
model. They concluded that both standard as well as SST 
k  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 kept at 4.6. Thus, it is expected that 
SST k  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 mini rectangular channel with surface 
protrusions and the cross flow approach is a new research 
area. Hence, the literature on such a hybrid cooling scheme is 
sparse. Nevertheless, the present numerical scheme is 
validated with Sleicher and Rouse [28] correlation by taking a 
three-dimensional circular pipe of diameter 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 correlation as shown in Fig. 2. However, the Sielder and 
Tate [29] correlation over predicts the Nusselt number since it 
is used for the fluids having a temperature dependent 
properties. Moreover, the computed values of Nusselt number 
are closer to the values predicted by Kakac et al. [30] 
correlation. For the above validation, SIMPLE method has 
been used for pressure-velocity coupling and the second order 
upwind scheme is used for solving mass, momentum and 

energy equations. SST k  model has been used for the 
simulation. From this discussion, it is clear that the present 
numerical scheme is capable of predicting the surface Nusselt 
number very well. 

 



Heat Transfer Enhancement from a Ribbed Surface in Presence of a Cross Flow Jet: A Numerical Investigation 175 
 

 

Journal of Material Science and Mechanical Engineering (JMSME) 
p-ISSN: 2393-9095; e-ISSN: 2393-9109; Volume 3, Issue 3; April-June, 2016 

 

Fig. 2: Variation of average Nusselt number with Reynolds 
number with uniform wall heat flux 

4. RESULTS AND DISCUSSIONS 

4.1. Grid Sensivity Test (conducting triangular potrusion ) 

A grid sensitivity test for the present numerical investigation 
from a ribbbed surface in presence of a cross flow jet is shown 
in Fig. 3. Initially, the area weighted average Nusseit number 

,Dh ductNu has been increased at a faster rate on coarsening the 
grids by incorporating more number of cells. It is quite evident 
from the fig. 3 that the Nussle number has been increased by 
34.05% by increasing number of cells from 86,334 to 1, 
59,009. A small improvement (i.e., 0.03%) has been noticed as 
the numbers of cells are increased from 159,009 to 2, 49,549. 
Thus, the Nusselt number for the computational domain with 
159,009 cells is independent of the number of cells after 
159,009 cells. For further numerical computations, a 
computational domain with above mentioned number of cells 
has been taken. The calculation procedure for area weighted 
average Nussle number is given as follows: 

The area weighted average Nussult number is defined as: 

 
, ,

1
Dh duct Dh ductNu Nu dA

A
     (15) 

In Eq. 15, area dA is the wetted area i.e. internal surface area 
from where heat transfer takes place. 

The local Nusselt number is calculated as: 

,
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The bulk mean temperature is computed from the local 
temperature, according to Eq. (17). 

 1
bT TdA

A
   (17)  

 

Fig. 3: Effect of number of cells on area weighted average  
Nusselt number ( ,Dh ductNu ) 

In Eq. (15) and (16), the hydraulic diameter of the duct has 
been taken to calculate both the average as well as local 
Nusselt numbers. 

The duct Reynolds number is defined as: 
,

in h
Dh duct

u D
Re




  

(18)  

Where, inu is the velocity of air in the duct, and 
hD  is the 

hydraulic diameter of the rectangular duct. Similarly, the 
Reynolds number of nozzle (

,Dh nzRe  ) is calculated using the 

nozzle inlet velocity and hydraulic diameter of the nozzle. 

4.2. Effect of nozzle Reynolds number on Nusselt number 
as a function duct Reynolds number 

Fig. 4 illustrates the effect of the nozzle Reynolds number on 
area weighted average Nusselt number for different values of 
duct Reynolds number. In same plot the variation of the 
Nusselt number with duct Reynolds number for a duct without 
cross flow effect has been shown for the sake of comparison. 
It is noticed that the heat transfer rate has been increased 
monotonously with the duct Reynolds number irrespective of 
cross-flow and non-cross-flow effect. This is attributed to an 
enhanced momentum and heat transfer between heated surface 
and the bulk fluid moving over it. At a high duct Reynolds 
number, a higher turbulence is expected, which in turn 
strongly mixes the cold and hot fluid (i.e., in the vicinity of the 
solid wall). Thus, the heat transfer at a higher duct Reynolds 
number is more than that of a lower duct Reynolds number. It 
is evident that the Nusselt number has been increased by 
72.28%, and 64%, respectively when the duct Reynolds 
number is increased from 18,263 to 54,784 in the presence of 
a cross- flow jet. It is interesting to note that the Nussle 
number at a particular duct Reynolds number (i.e., for 
example,

, 18,263Dh ductRe  ) has been improved by 31.25% 

when a cross-flow strategy (i.e., 
, 6,847Dh nzRe  ) has been 

implemented as compared to the non-cross-flow strategy. 
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Therefore, a cross-flow strategy of cooling a hot substrate 
could be an effective way of heat dissipation from the devices 
such as electronic chips. 

  

Fig. 4: Variation of the Average Nusslet number with duct 
Reynolds number (

,Dh ductRe ) as a function of  

nozzle Reynolds number 

The evolution of the turbulent kinetic energy for a cross flow 
strategy and a non-cross-flow strategy are shown in Fig. 5 (a)-
(b). The contour for turbulent kinetic energy in a non-cross-
flow strategy has been shown in Fig. 5 (a). Similarly the 
contour for turbulent kinetic energy for a cross-flow strategy is 
shown in Fig. 5 (b). It is quite evident that the turbulence level 
inside the duct is higher than that of the non-cross-flow 
strategy. Moreover, a stronger recirculation zone is created for 
a cross-flow case as compared to the non-cross-flow case. The 
strong recirculation zone helps in bringing more cold fluid 
from the main stream and effectively mixes with the hot fluid. 
Therefore, the heat transfer rate with cross-flow strategy is 
found to be more than that of the non-cross-flow strategy. 

 

 

 

Fig.5: Expanded and cutaway views of turbulent kinetic energy 
(m2/s2) in X-Y plane at 

,  18,263Dh ductRe  and (a) 
, 0Dh nzRe   

(without cross-flow) (b) 
, 6,847Dh nzRe   (with cross-flow) 

 

 

4.3. Effect of different shape of protrusion on heat transfer 
rate 

Two different shape of surface protrusions (i.e., triangular and 
rectangular shaped) have been deployed for the present 
investigation. The variation of Nussle number with the 
geometrical shape of the protrusion for a cross-flow strategy 
has been depicted in Fig.6. It is observed that the geometrical 
shape of the protrusions affects the heat transfer rate 
significantly.  

 

Fig. 6: Average Nusselt number varies with duct Reynolds 
number for different surface protrusion shape 

At a particular duct Reynolds number (
,  18,263Dh ductRe  ), the 

heat transfer rate is enhanced by 34.6% when trapezoidal 
protrusions are replaced with the triangular protrusions of 
same cross sectional area. The flow recirculation in the inter-
protrusion gaps is found to be stronger when triangular 
protrusions are used instead of trapezoidal protrusions. The 
velocity vectors (i.e., cutaway and expanded views) for 
triangular and trapezoidal protrusions are shown in Fig. 7(a) 
and (b) for a constant nozzle Reynolds number (

, 6,847Dh nzRe  ). It is quite clear that the recirculation bubble 

in the inter-protrusion gaps for triangular protrusions is bigger 
than the trapezoidal protrusions. The presence of a sharp 
corner for a triangular protrusion makes a stronger adverse 
pressure gradient in the inter-protrusion gaps.  

 

Fig.7 Cutaway views of velocity vectors (m/s) at 

,  18, 263Dh ductRe   and 
, 6,847Dh nzRe   (a) Triangular (b) 
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This phenomena is, however, not so strong in case of 
trapezoidal protrusions due to the presence of a flat surface at 
its top. The strong flow recirculation, in case of triangular 
protrusions, perhaps brings more cold fluid into the inter-
protrusion gaps, and thereby, enhances the heat transfer rate. 

 

Fig. 8: Variation of duct centreline turbulence kinetic energy at 

,  18, 263Dh ductRe  and
, 6,847Dh nzRe   

Moreover, the turbulent kinetic energy for triangular 
protrusions is observed to higher than that of a trapezoidal 
protrusion as has been depicted in Fig. 8. The sudden 
overshoot of the turbulent kinetic energy is attributed to the 
presence of surface protrusions. The turbulent kinetic energy 
is dissipated in the mean flow slowly in the downstream 
region. Therefore, the turbulent kinetic energy is slowly 
decreased after having local overshoot. 

5. CONCLUSION 

Following conclusions are derived from the present 
investigation: 

(i) The heat transfer rate increases with duct as well as the 
nozzle Reynolds number.  

(ii) A higher heat transfer enhancement is obtained for the 
cross flow arrangement than the non-cross flow 
arrangement 

(iii) The geometry of the protrusions have a significant effect 
on the heat transfer augmentation 

(iv) At a particular duct Reynolds number, the triangular 
protrusions are found to be better heat transfer augmenter 
than the trapezoidal protrusions.  

6. NOMENCLATURE” 

,h ductD   Hydraulic diameter of duct (m) 

k   Turbulent kinetic energy (m
2/s2

) 

,Dh ductNu  Area weighted average Nusselt number  

,Dh ductNu  Local Nusselt number  

,Dh ductRe  Duct Reynolds number  

,Dh nzRe   Nozzle Reynolds number  

T   Ambient temperature (K)  

wT
  Isothermal wall temperature (K)

 

inu   Inlet velocity (m/s) 
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