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I. INTRODUCTION 

lectronic components in those days have very 

important role in the progress of our technology and 

has a major usage in large amount of processes 

in our daily life. Those electronic components consist of very 

small elements that generate heat and to keep it works at best 

performance for as long as possible the amount of heat should 

not excess to limitations that can encrypt the processing. For 

the previous purpose, cooling these components is very 

important, the most common system for this cooling is to flow 

the air through electronic chips in their rectangular ducts to 

remove heat by forced convection, Incropera [1]. The major 

direction these days is to minimize the size of electronic chips 
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for which the board can use a large number of chips and large 

number of functions can be made, for that, the cooling process 

became a vital process for these chips. We have two major 

ways for cooling active and passive, passive one is the way for 

which you do not need any outsource energy for enhancement 

the transfer of heat for cooling. 

II. LITERATURE REVIEW 

There are many efforts in this field for which we can build 

up our study to improve the progress of the work in cooling 

electronic chips. Chang et al. [2] investigated experimental 

work about heat transfer in a rectangular channel fitted 

enhancement of heat transfer roughness with V-shaped ribs. 

They made a flow backward and forward using that in 

turbulent and laminar regime, their results point to HTE (heat 

transfer enhancement) ratio for test channel with forward and 

backward flows, respectively, reach 9.5–13.6 and 9–12.3 for 

laminar flows and 6.8–6.3 and 5.7–4.3 for turbulent one. 

Buchlin [3] investigated an experimental study on heat 

transfer by convection in a horizontal channel with perforated 

ribs, effect of rib design on heat transfer, and effect of rib-to-

rib spacing. The open area ratio with different Reynolds 

numbers for the channel. Compared to solid rib, a local 

thermal enhancement factor of three can expect just behind the 

perforated tabulator. Chandra et al. [4] performed an 

experimental study of turbulent flow air in a square channel 
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 Abstract— In this study, numerical investigation on heat transfer by mixed 
convection for air-cooling through a rectangular horizontal duct with three 
heat sources is conducted. These heat sources are rectangular ribs with 
different small aspect ratios and every heat source emits uniform heat flux 
with small space between each other. The investigation is to enhance forced 
convection that produced from fan through a rectangular horizontal duct 
with natural convection using perforated holes between each heat source. 
The study shows the effect of air entering through the holes at different 
open hole ratio β (0.01472, 0.02618, 0.04091, 0.05891, 0.08017) and with 
Reynolds number Re in the range (376, 900, 2073, 3428 and 6170) and at 
Grashof number Gr = 0.371 x 107 on the temperature of each heat source. 
The results show the best performance at open hole ratio 0.04091 for which 
the dimensionless temperature decreased by 5% for the first heater, 15% 
for the second one and  6% for the third one. 
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with transverse ribs and its effect on the surface heat transfer 

and friction characteristics. The results indicate that the heat 

transfer coefficient and friction factors increased with the 

number of ribbed walls. 

Lau et al. [5] conducted an experimental study for heat 

transfer enhancement by blockages with holes (square and 

round) that are in staggered arrangement for turbulent airflow. 

The result shows that these blockages enhancing heat transfer 

coefficient for fully developed turbulent flow through smooth 

channel by 4.7-6.3 times. Sara et al. [6] represented an 

experimental investigation on the enhancement of heat transfer 

and its corresponding pressure drop over flat surface in 

channel due to ribs, which is in rectangular cross section 

shape. The study deduced new correlations for calculation of 

Nusselt number and they can save up to 40% of the energy 

using this perforation. 

Dutta and Hossain [7] made an experimental study that 

investigates the effect of inclined perforated ribs in a 

horizontal channel on the local heat transfer coefficient and 

friction loss. They used flow with the Reynolds number range 

between 12,000 and 41,000. This study proved that the heat 

transfer coefficient strongly depends on the geometry, 

orientation, shape of the ribs in the horizontal duct. Sultan [8] 

conducted experiments for enhancing forced convection for 

cooling three heat sources in a horizontal rectangular duct. 

Perforated holes between each heat source is used for make 

natural convection due to the pressure difference between 

holes, the study flow regime is turbulent and using different 

open hole ratio. 

Ali [9] made an experimental study for the enhancement of 

heat transfer using cooling by perforated holes in two lines 

between each heat source. It was noticed that the average 

Nusselt increased by using the perforation in the duct and 

reduced the temperature of the heat source of the module. Ali 

et al. [10] investigated a numerical study for the effect of the 

space between the electronic components on the heat transfer 

coefficient using ANSYS FLUENT. The results explained that 

the temperature can decrease with spacing ratio until it reaches 

3 then the spacing effect can be neglected. 

Ghasemi and Aminossadati [11] investigated a two-

dimensional numerical study to thermal and physical model of 

forced convection heat transfer from individual heat sources. 

Their results deduced that the thermal distribution relies on 

the amount of heat sources was in the duct and the 

arrangement. Alves and Altemani [12] deducted the effect of 

flow convection in laminar case on average Nusselt numbers 

for three heat sources mounted on a wall that has parallel 

plates in the channel to develop the required flow. A numerical 

procedure constructed for the calculation of the coefficient of 

convective heat transfer to every heat source mounted on the 

wall. 

El Nakla [13] studied the effects of the height and the 

width of the rib, the space between each rib and the 

distribution of heat flux change of the elements on the average 

Nusselt number and coefficient of heat transfer. The study 

used a commercial CFD package in two dimensions. Results 

show that the thermal performance has a great relation with the 

geometry of heat sources and its characteristics. Zeng and 

Vafai [14] numerically investigated for the velocity flow, the 

ratio of lengths between clearance height and rib length, the 

ratio of lengths between rib spacing and channel height, blocks 

geometric ratio, and total amount of ribs effects on the cooling 

by forced convection. 

Jassim and Muzychka [15] found that the distribution of 

heat sources installed on the wall in non-uniformed way can 

give an optimized model for the distribution of heat transfer by 

forced convection regardless of the geometric properties with 

free stream velocity and improve the effectiveness of the 

processes by reducing the heat sources right after the leading 

edge. Mathew and Hotta [16] made an experimental study that 

investigates the orientation of IC chips for the laminar forced 

convection flow. The aim of the study is to know the optimum 

configuration for IC chips mounted on the board. The study 

deduced that the temperature of IC chips is maximum for the 

vertical board. Air velocity is also important for the cooling 

of the IC chips. 

Nomenclature 
 

b heater height, mm 

Cp specific heat, kJ/kg.K 

d hole diameter, mm 

f friction factor, - 

g gravity acceleration, m/s
2
 

Gr Grashof number, - 

h connective heat transfer, W/m
2
 K 

H channel height, mm 

k fluid thermal conductivity, W/m K 

L heater width, m 

L1 distance from channel inlet to first heater, mm 

L2 distance from channel outlet to first heater, mm 

n number of holes, - 

Nu Nusselt number, - 

Pout outlet pressure, Pa 

q heat flux, W/m
2
 

Q rate of heat transfer, W 

Re Reynolds number, - 

S distance between two heaters, mm 

Ti average surface temperature, K 

To free stream temperature, K 

u free stream velocity, m/s 

w channel width, mm 

X heater length, mm 

Z channel length, mm 

 

Greek Symbols 
 

α fluid thermal diffusivity, m
2
/s 

β open hole ratio, - 

β1 volumetric thermal expansion coefficient, 1/K 

 dimensionless temperature, - 
 fluid dynamic viscosity, Pa.s 

υ fluid kinematic viscosity, m
2
/s 

ρ fluid density, kg/m
3
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da Silva et al. [17] deduced a comparison between 

numerical and experimental investigation to study the effect of 

the spacing between heat sources for how it has a great 

relation and effect on the thermal performance. The study 

represented an optimal distribution to the position of 

individual heat sources to give the best cooling performance 

by the forced convection made by the external source. 

Alamgholilou and Esmaeilzadeh [18] studied experimentally 

the effect of perforated holes between the heat sources and 

compared between the holes arrangement in centered space 

between heat sources and near the wall of heat sources. 

Jubran and Al-Haroun [19] investigated experimentally 

injection mechanism for entering air through holes in 

perforation between heat sources, the study deduced the 

cooling enhancing with reducing the injection mechanism 

angle. Cheng et al. [20] studied numerically the effect of 

openings in plate between heat sources, the study deduced 

that openings could lower maximum temperature of heat 

sources and increasing Nusselt number. 

Deng et al. [21] studied numerically the effect of the 

separation distance ratio. The study concluded that when the 

ratio is larger than one, the flow induced upward between heat 

sources and this decreases the temperature of the heat sources. 

In this study, the numerical investigation for the effect 

of the open hole ratio to the enhancement of cooling for the 

heat sources was conducted and also study the effect of 

different arrangement (staggered/inline) of the holes on the 

temperature of heat sources and on the Nusselt number. 

III. MATHEMATICAL FORMULATION 

The schematic diagram of the three-dimensional physical 

model that shown in Figures 1 and 2, the cad design is built up 

using the dimensions of the experimental apparatus. The 

length of the duct is (Z) 600mm with rectangular cross section 

area inlet. The duct is made of wood with three heaters made 

of aluminum. The distance between first heater L1=200mm 

and distance between the third heater and outlet L2=200mm. 

The dimensions of the heater are 120mm long (X), 16mm 

height (b), and 27mm wide (L). The distance between each 

two-heat sources is 15mm (S), there are 16 holes between each 

heat source and the distance between two holes is 5mm  apart. 

The open hole area ratio β is the ratio of the total area of 

the holes to the area of the side of the heater: 

  2
4

1
n d

w b


                 (1) 

The result is represented as a parameter of the 

dimensionless temperature (), Reynolds number (Re), and 

Nusselt number (Nu) as: 

   i oT T q L k                (2) 

Re u L                   (3) 

 
 

Fig. 1 Schematic diagram of duct design 

 

 

Fig. 2 Schematic for heat sources with holes 
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 i oNu q L k T T               (4) 

and the Grashof number is represented as follows: 

  3 2

1
2Gr g q L b L k              (5) 

The improvement percentage represents the ratio of the 

enhancement in Nusselt to friction factor percentage. 

1 3

o

o

Nu

Nu
improvement

f

f

 
 
 


 
 
 

            (6) 

The subscript o represents no holes case. 

The following assumptions made for the model:  

1- Three-dimensional 

2- Uniform heat flux for each heat source 

3- Uniform velocity inlet 

4- Turbulent flow 

5- Steady state 

6- Neglect irradiative heat transfer 
 

The governing equations of mass, momentum, and 

energy conservation written as: 
 

(1) Continuity equation 

0
i

D U

D t x





 


               (7) 

(2) Momentum equation 

i jj j

i j

i i i

U U P
U g

t x x x


  

  
    

   
     (8) 

(3) Energy equation 

2

2

ji

i i j

i i i

UUT T T
c c U P

t x x xx
    

  
    

   
(9) 

To solve numerically the previous governing equations, the 

boundary conditions related to the geometry given by Fig. 1 

must be defined. These conditions consist of flow 

conditions and thermal conditions as shown in Table (1). The 

properties of aluminum, wood, and air are given in Table (2). 

 
TABLE (1) 

FLOW AND THERMAL BOUNDARY CONDITIONS 
 

Boundary Velocity Temperature Pressure 

Inlet 

u = un 
v = 0 
w = 0 

Ti = 298 K  

Outlet   Pout = Patm 

Wall 
u = v = w = 0 

(viscous flow) 

Q = 0 

(adiabatic wall) 
 

 
TABLE (2) 

PROPERTIES OF ALUMINUM, WOOD, AND AIR USED 

 

Material 
k 

(W/m.K) 

ρ 

(kg/m3) 

Cp 

(J/kg.K) 

µ 

(Pa.s) 

α 

(m2/s) 

Aluminum 202.4 2719 871 - - 

Wood 0.173 700 2310 - - 

Air 0.0242 1.225 1006.43 1.7894e-05 0.0034 

IV. NUMERICAL COMPUTATIONS 

The numerical simulation is performed using Fluent 18.1, 

the generated mesh grid in case A (no holes) contains 

(1,642,016) cells and case B contains (4,107,716) (holes) cells 

as shown in Fig. 3 and Fig. 4, respectively. The mesh grid tests 

made for the change of temperature of the three heat sources 

with the number of mesh cells are shown in Figs. 5, 6, and 7. 

The turbulence model used in our case is the k-ԑ model, the 

 
 

Fig. 3 Schematic for no holes mesh grid 

 

 
 

Fig. 4 Schematic for holes mesh grid 
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convergence criteria for momentum equation parameters is  

10
-4

 and for energy and continuity equations is 10
-5

. The three-

dimensional Navier-Stokes and energy equations are solved 

numerically by a finite-difference scheme. 

The continuity and momentum equations calculated with 

high concentration on nodes in regions are highly unstable 

process. Different sizes for mesh cell and size, which no 

temperature change with the previous one is the size used in 

the calculations. 

V. RESULTS AND DISCUSSION 

The distribution of dimensionless temperature along the 

duct of the surfaces of the heaters at different open hole ratio β 

(0.01472, 0.02618, 0.04091, 0.05891 and 0.08017),  Re in the 

range (376, 900, 2073, 3428 and 6170) and at Grashof number 

Gr = 0.371 x 10
7
. 

The dimensionless temperature reduces with open hole 

gradually until a value of d=2.5mm then increases as shown in 

Figs. 8-10. The flow separation after each heat source forms a 

wake region of low pressure and due to the pressure gradient, 

buoyancy effect forces the air streamline to flow through 

holes and carry out heat from the sides of the heat sources. 

  

Fig. 5 Schematic mesh grid test for first heater Fig. 6 Schematic mesh grid test for second heater 
 

  

Fig. 7 Schematic mesh grid test for third heater Fig. 8 First heater dimensionless temperature variation with open 

hole ratio for numerical and experimental works 
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There are two major factors that affect the flow pressure 

drop: the friction pressure drop as the air flows through holes 

and the pressure drop of recirculated air momentum. The 

friction pressure drop is inversely proportional to the hole 

diameter. On the contrast, the momentum pressure drop is 

directly proportional to the hole diameter. So, the velocity of 

the cold air induced between heat sources increases gradually 

until certain value then decreases. 

The average deviation percentage between the present 

numerical results and literature experimental results for the 

first heater is 3%, for the second one is 2.6%, and for the third 

heater is 3.1%. 

The dimensionless temperature distribution at Re=376 for 

the second heater is larger than the other heaters and this 

difference decreases gradually with increasing the diameter of 

the hole as shown in Fig. 11, otherwise at Re=6170, the 

second heater is larger than the first one and less than the third 

heater as shown in Fig. 12. 

To explain this, we need to know that there are two types 

of cooling in our case; forced convection cooling due to the 

fan in front of the duct and natural convection due to the holes 

between the heat sources and the pressure gradient. 

For low Reynolds number, the natural convection effect is 

larger than the forced convection effect, and for high Reynolds 

number, the forced convection is the dominating factor. 

There is no doubt that duct with holes gives cooling better 

than no-holes one, due to the effect of enhancing cooling of 

forced convection in addition to the buoyancy effect. 

In all cases, the temperature of the first heater is less than 

that of the other heaters because it receives fresh cold air from 

the inlet of the duct directly, then the adjacent air carries out 

heat from the surface of the first heater then heated air passes 

to the surfaces of other heaters. 

The arrangement between heat sources plays major role in 

enhancing cooling, and inline arrangement also detected with 

staggered one. It is noticed that the dimensionless temperature 

of heat sources in staggered arrangement is less than inline one 

  

Fig. 9 Second heater dimensionless temperature variation with open 

hole ratio for numerical and experimental works 

Fig. 10 Third heater dimensionless temperature variation with open 

hole ratio for numerical and experimental works 

 

  

Fig. 11 Dimensionless temperature comparison between  the three 

heaters with open hole ratio at Re=376 

Fig. 12 Dimensionless temperature comparison between  the three 

heaters with open hole ratio at Re=6170 
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and this is because the well distribution of air in the staggered 

arrangement than inline one. 

As shown in Figs. 13-15, the dimensionless temperature 

distribution along the surfaces of the three heat sources in 

inline and staggered arrangements with different open hole 

ratios and Reynolds number range from 376 to 6170. 

As shown in Figs. 16-18, the average Nusselt number for 

the surfaces of the three heat sources in inline and staggered 

arrangements with different open hole ratios and Reynolds 

number range from 376 to 6170. 

The difference between inline and staggered arrangements 

in cooling heat sources has a tendency to neglect at high 

Reynolds number due to that the forced convection effect has 

the main effect in cooling at high velocity. 

On the contrast of the dimensionless temperature, the 

Nusselt number increases gradually until it reaches to the peak 

point at 2.5mm diameter, then decreases for other design 

points. 

Figure 19 shows the improvement of different holes 

variation with Re range (376 to 6170). The improvement 

increases gradually until the diameter hole is 2mm then 

decreasing because the percentage of pressure drop increase is 

higher than the percentage of Nusselt increase. 

Fig. 20 shows the velocity streamlines in staggered and 

inline arrangements for optimized design d=2.5mm and no 

holes at Re=376 as an example for the buoyancy effect and 

well distributed air in the case of staggered arrangement. 

Fig. 21 shows the temperature contours for no holes and 

Fig. 22 shows the temperature contours in staggered and inline 

arrangements with different diameter holes d=(1.5mm, 2mm, 

2.5mm, 3mm, 3.5mm) at Re=376. 

 

 

 

Fig. 13 Dimensionless temperature of first heater variation  with 

open hole ratio for staggered and inline arrangements 

 

Fig. 14 Dimensionless temperature of second heater variation  with 

open hole ratio for staggered and inline arrangements 

 

  

Fig. 15 Dimensionless temperature of third heater variation  with 

open hole ratio for staggered and inline arrangements 

Fig. 16 Average Nusselt number of first heater variation with  

open hole ratio for staggered and inline arrangements 
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Fig. 17 Average Nusselt number of second heater variation  with 

open hole ratio for staggered and inline arrangements 

Fig. 18 Average Nusselt number of third heater variation with 

open hole ratio for staggered and inline arrangements 

 

 

Fig. 19 Improvement of different holes variation with  Reynolds number 

 
 

Fig. 20 Velocity streamlines for no holes and 2.5mm hole diameter 
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Fig. 21 Temperature contours for no holes at Re=376 
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VI. CONCLUSION 

The results of this study show the effect of the holes in the 

duct for increasing cooling of the heat sources and these 

results can be introduced as follows: 

1. The perforated holes between heat sources can 

decrease the dimensionless temperature by 5% for the 

first heater, 15% for the second heater, and 6% for the 

third heater at Re=376, these percentages decrease 

gradually with increasing the Reynolds number. 

2. The dimensionless temperature of the second heater is 

larger than other heaters at Re=376 (low Reynolds 

number) but at Re=6170, the dimensionless 

temperature of third heater is larger. 

3. Enhancement of cooling heat sources increases with 

increasing the diameter of the hole until certain value 

and the best performance is at d=2.5mm. 

4. The staggered arrangement gives performance better 

than inline one in cooling heat sources. 

5. The effect of the arrangement can be neglected at high 

Reynolds number (Re>6170). 

6. The maximum enhancement percentage in average 

Nusselt number is about 25% at d=2.5mm. 
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Title Arabic: 

ذحسيٍ إَرقال انحسازج نًكوَاخ إنكرسوَيح في قُاج أفقيح 

 انسهثي انرثسيد تاسرخداو
 

 

Abstract Arabic: 

فيييي  يييرا انثحييير ء ذيييى إديييساو  زاسيييح لد ييييح ليييول اَرقيييال انحيييسازج تانحًيييم 

. ذيى الرثياز انحسازي انًخرهط نثلاثح يصا ز لسازج ذقي  فيي يىيسف أفقيي يسير يم

يصا ز انحسازج  رِ لوازض يسر يهح انشكم ذاخ َسثح أتعا  صغيسج يخرهفح يي  

يسييالح تيُيييح صييغيسج تيييٍ تعضيييا انييثعط لييير ذييى الرثيياز انًصييا ز انحسازيييح 

انثلاثيح ذاخ يعيدل اَرقيال ليسازج يُيرهى. يييدث انثحير إنيا ذعصييص انحًيم انقسيسي 

 يم يي  انحًيم انحيسازي ان ثيعيي انُاذج يٍ انًسولح يٍ خلال يىيسف أفقيي يسير

تاسرخداو ثقوب يثقثح تييٍ ليم يصيدز ليسازج. تيُيد اندزاسيح ذيوثيس  خيول انييواو 

ء  0.02618ء  β (0.01472لثييس انثقييوب تُسيية يخرهفييح يييٍ انفرحيياخ انثيُيييح 

ء  900ء  376) ويييييي  زقيييييى زيُونيييييدش تييييي  (0.08017ء  0.05891ء  0.04091

ازج ليم يصيدز ليسازي. أتييسخ انُريا ج لها  زدح لس (6170 ء 3428ء  2073

ليييير اَخفضيييد  زديييح  β = 0.04091أفضيييم أ او لُيييد َسيييثح انفرحيييح انثيُييييح 

٪ نهسيخاٌ 6٪ نهسيخاٌ انثياَي و 55٪ نهسيخاٌ اوول و 5انحسازج انلاتعديح تُسثح 

 انثانر.
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