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The Effect of Fin Design on Thermal Performance of Heat Sink 

 

 

 

ABSTRACT 

      An experimental and computational study is conducted to analyze the thermal performance 

of heat sinks and to pick up more profound information in this imperative field in the electronic 
cooling. One important approach to improve the heat transfer on the air-side of the heat 

exchanger is to adjust the fin geometry. Experiments are conducted to explore the impact of the 
changing of diverse operational and geometrical parameters on the heat sink thermal 
performance. The working fluid used is air. Operational parameters includes: air Reynolds 

number (from 23597 to 3848.9) and heat flux (from 3954 to 38357 W/m2). Conformational 
parameters includes: change the direction of air flow and the area of conduction/convection. Six 

parallel plate heat sinks are fabricated and tested in small wind tunnel: flat plate, cross-cut, 
perforated, perforated cross-cut, zigzag and serpentine. Three-dimensional numerical simulations 
using commercial available FLUENT 15 software, based on the Navier–Stokes equations 

standard k-ε applied turbulence model and energy equation, are acquired for forced convection 
of air in same heat sinks under the same experimental conditions. It is found that the numerical 
prediction of base temperature is in good agreement with experimental data. Results show that 

the Reynolds number has a significant effect on the thermal performance of the system. With 
increasing free stream velocity, the heat transfer coefficient increases and consequently the 

thermal resistance decreases. Furthermore, it is found that the heat transfer coefficient and 
thermal resistance are depending on heat flux. From the comparison analysis of various 
geometries of heat sinks, the perforated-cut heat sink showed the best thermal performance 

indicated heights Nusselt number and heat transfer coefficient, lowest thermal resistance. 
Key words: Heat sink, fins, CFD, Numerical simulation, thermal performance. 

 

  الحراريالمشتت  أداء على زعنفةال تصميم تأثير 

 

 

خلاصةال  

لخحة ت  ادرا  الحتراال لةياتخ ث الحراايتت دبخيت ع اليفر تت  تل ىتلا اليمت ي اليت    تل  اجريتج رااةتت لية تت ًبيت   ت           
حبريد ادجيزة ادلكخرًن ت.  ابد الطرق اليييت لخفزيز انخم ي الحرااة لةى ج نت  اليتٌا   تل اليبت ري الحتراال ىتل حطتٌير  تك  

 خنٌلتت لةتى اارا  الحتراال لياتخج الحترااة. ًحصتي يت م اع لةخحمك  ل أثر حغ  ر  خغ تراث حاتغ ة ت ًلد أجريج حالزل نف. 
- 3954الحتراال   الفت  ( 3848.9 -23597الخاتغ ة ت  لتدر اينٌلتد    حضتينج اليخغ تراث   ئع الفي  الييخخد  ىٌ اليٌا . 

 يتطحت براايتت  اتخخ ث ةتخت /الحي . الخٌصت    ي بتًليٌا  ىل  حغ  ر احم ه حد ك ا الخصي يت اليخغ راث  ( 2ًاط/   38357

اليح بت ة  .لطتع،  خفترو ًالتٌو -  لٌبت  يطحت، لطع،  ثم ، ثم   ًىلًاخخب اى   ل نفك ىٌائل صغ ر  خٌا يت حم حصن في  
 k-ε ةتتخٌبت حتتم حطب تتك نيتتٌاو اد تتطراع  -،   دلخيتت ر لةتتى  فتت ردث نتت   ر FLUENT 15الفدريتتت   ةتتخخدا   رنتت    

 لداجتتت الفتتدرل الخنبتت  أن حبتت لً فتت ردث الط لتتت طبمتتج لةحيتت  الميتترل لةيتتٌا  لتتنفت ال تترًت الخمريب تتت لةياتتخ ث الحرايتتت. 
 الحتراال اارا  لةتى بب تر حتثث ر لتو لةيتٌا  اينٌلد  لدر أن النخ ئ  أظيرث .الخمريب ت الب  ن ث  ع ج د حٌا ك  ل الم لدة الحرااة

 أن ًجتد الت،، لةتى لتوًة. الحراايتت اليم ً تت حمت  يتزرار ً  لخت لل الحترااة انخمت ي  ف  ت  ،اليتٌا  ح ت ا ةترلت  ي رة  ع. لةن   
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ا ضت  بع ان لتٌ.  ل  ت ل  خخةتف الياتخخ ث الييتخخد ت، يفخيدان لةى الف   الحرال الحراايت ًاليم ً ت الحرااة انخم ي  ف   

  . م ً ت براايت ال  ج ً ف    انخم ي الحرااة، ًلطع لو الةى لدر نية -ثم  الحراالةياخج ارا  براال ل
 .أرا  براال ،، حنبٌ  لدرلCFD،  ل نف،  اخج براال  الكلمات الرئيسية

   

1. INTRODUCTION 

        The day by day increment in power dissipation of electronic segments sets increasingly 
elevated requests on the execution of the heat sinks. Two basic sorts of heat sinks which are 

generally utilized in the industry: plate fin heat sinks and pin fin heat sinks. Plate fin heat sinks 
are usually utilized as gadgets for upgrading heat transfer in electronics parts. The selection of an 

ideal heat sink relies upon various geometric parameters, for example, fin height, fin length, fin 
thickness,  number of fins, base plate thickness, space between fins, fin shape or profile, material 
and so forth.  Fins must be intended to accomplish the most extreme heat evacuation with least 

material consumption, considering, be that as it may, the simplicity of assembling of the fin 
shape. Extensive number of studies has been directed on enhancing fin shapes. Sikka, et al., 

2002, experimentally investigated the effect of geometry rearranging the surface area of a finned 

heat sink on heat transfer. Heat sinks with fluted and wavy fin configurations are designed and 
fabricated together with conventional longitudinal-plate and pin fin heat sinks. Arularasan and 

Velraj, 2008, have developed CFD modeling and simulation on the fluid flow and heat transfer 

characteristics of a parallel plate heat sink to choose an ideal design of heat sink. The simulation 
is accomplished with a commercial package provided by Fluent Inc. The geometric parameters 

considered in this study were fin height, fin thickness, base height and fin pitch. Tae, and Sung, 

2009, experimentally investigated the impacts of the cross-cut on the thermal performance of 
heat sinks. Tests outcomes additionally demonstrate that the cross-cut length basically impacts 

the thermal performance of heat sinks among the majority of the outline parameters of the cross-
cut. The results also show that solitary cross-cut heat sinks are better than numerous crosscut 

heat sinks under the parallel flow condition.  Kavita, et al., 2014, have displayed an 
experimental study to examine the heat transfer enhancement over horizontal flat surface with 
rectangular fin arrays with lateral, square and circular perforation by forced convection. The 

impacts of Reynolds number and perforation on the characteristics of heat transfer were 
resolved. It is watched that the Reynolds number and size aperture largely affect Nusselt number 
for the both sorts of holes. Mohamed, 2015, analytically explored the impact of fins number and 

fin thickness on the performance of heat sink. The results demonstrated that both the increase in 

fins number and thickness leads to an increase in heat transfer rate, however the increase in fins 
numbers essentially has more impact on the heat transfer rate than the increase in fin thickness. 

The increased in the thickness of the fin results in an increase in the heat transfer rate, yet more 
increment of the fin thickness results in abatement out there between fins. Mehedi, et al., 2015, 
analyzed experimentally the turbulent heat transfer performance of rectangular fin arrays. They 

assessed and thought about both solid and circular perforations along the length of the fin. They 
found that for increasingly and bigger holes, pressure drop and thermal resistance diminish while 

the fin efficiency and effectiveness are increased. Ali and Abbas, 2015, performed a numerical 
study for free convective heat transfer from introduced intruded rectangular fins. The continuity, 
Naver-Stockes and energy equations were solved for steady-state, incompressible, two 

dimensional and laminar flow with Boussiuesq approximation by Fluent 15 software. The 

different geometric parameters of project are assumed such as ratio of interrupted length to the 
fin length and the ratio of thickness to the fin length at different temperature. They found an 
enhancement in the thermal performance of the fin with reduction of its weight as a result of 

adding interruption to a vertical fin.  
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        To the best of the author's knowledge, no previous studies have been conducted based on 

the following fins shape design: flat plate, cross-cut, perforated, perforated cross-cut, zigzag and 
serpentine. Therefore, numerical simulation and experimental study is conducted to investigate 

the thermal performance of the heat sinks. This study will advantage the outline engineers 
involved in electronic cooling. 

2. EXPERIMENTAL APPARATUAS AND PROCEDURE 

2.1 Description of Test Rig 

        A test apparatus is composed and manufactured, in which various operating parameters 
could be varied and tried, in the research facilities of Al-Mustansiriyah University, Faculty of 

Engineering. The general arrangement of the equipment is indicated photographically in Fig. 1, 
and schematically in Fig. 2. The experimental system incorporated at a wind tunnel, power 
supply, flow rate controller, blower, heat input unit and several thermocouples. The wind tunnel 

shown in Fig. 3 is constructed of galvanized steel sheet of 1.5 mm thickness and has an interior 
cross-section of area 150 mm × 200 mm with an aggregate channel length of 800 mm. The face 
of the wind conduit is made of transparent Plexiglas glass sheet of 4 mm thickness to give a clear 

perspective of the activities inside the passage. The plate sort heater is utilized to provide 
uniform heat flux to the fins. Fins are fitted on a heater plate with help of bolts. The heater is 

placed inside insulation box to insulate thermally by 30 mm thickness glass wool.  The regular 
was utilized to control the electric power contribution of the heating coil to get constant heat flux 
along the test section. The heater voltage drops and the current are measured by a multi-meter. 

The tests were conducted at heat input of 500 W. Air enters the single stage centrifugal blower at 
a rate which is controlled by the butterfly valve. Air is drawn through the duct. The mass flow 

rate of air is measured by utilizing an orifice plate with associated ducting and differential 
manometer. Thermocouples, K-type were inserted before and after the heat sink through two 
holes in test section to measure inlet and outlet air temperature in the wind tunnel. To measure 

the base plate temperatures at intermediate location inside heat sink, an exceptional hole have 
been assembled to embed thermocouple. In this work, to enhance the performance, selection of 

heat sink design depended on two factors: the first is to change the area of conduction –
convection (cross-cut, perforated, perforated cross-cut) and the second is to change the direction 
of flow inside the heat sink (zigzag and serpentine). Six different aluminum fin arrays are 

constructed in training and laboratory center / University of Technology. All parallel plate fins 
with thickness of 2.5 mm, base plate of 18.5 mm and 114 mm long. The height of fins is 45 mm 

with pitch of 12 mm. The details of these arrays are shown in Fig. 4, and Fig.5. 

2.2 Test Procedure 

1- The fin put on heater inside the wind tunnel. 

1- The electrical heater is switched on, and the desired voltage is maintained by using the 

regulator. 

2- The blower is switched on, and air velocity is adjusted by butterfly valve. 

3- For about (30 minutes) the steady state condition was accomplished, the voltage, current and 

local temperatures at difference points is recorded. 
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4- Repeat steps above with various air velocities (Reynolds number range is 23597- 3849) and 

various heat fluxes (heat flux range is 3954 - 38357 W/m2). 

5-The first third steps are repeated for various fin types. 

2.3 Data Reduction 

       The convective heat transfer rate from electrically heated test surface is calculated by 
utilizing a relation: 

                                            

  
                                                                    

The electrical heat input is calculated from the electrical potential and current supplied to the 
surface. In comparable studies, investigators reported that aggregate radiation and conduction 

heat losses from a similar test surface would be about 0.5% and 1.1% of the aggregate electrical 
heat input and therefore Qcond and Qrad are neglected in the present work. 

The heat transfer from the test section by convection can be expressed as: 

   

     *   (
        

 
)+                                                                                                                                

The area AT  in equation 2 is total area of fin that touches fluid passing through the duct; it is 

equal to the sum of projected area and total surface area contribution from the blocks Kavita, et 

al., 2014. 

For flat plate fin: 

   
       [   ]    [   ]                                                                                                              

For perforated fin, this area includes outer surfaces of fin and also inner surfaces of perforations. 

   

       [   ]    [   ]             
 

 
                                                                    

For cross-cut fin: 

   
       [   ]    [   ]                                                                                       

Hence average convection heat transfer coefficient hav can be finding as Kavita, et al., 2014:  

    
  

  *   (
        

 
)+
                                                                                                                                            

Now, the thermal resistance is calculated as Mehedi, et al., 2015: 
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The dimensionless groups are calculated as follows: 

The Nusselt number, Nu is defined as: 

   
     

  
                                                                                                                                                                  

In order to better reflect the actual effective velocity at the measurement section in the test 
section, the average velocity is calculated using the effective fluid flow area, A-Afront, such as: 

    
 

        
                                                                                                                                                            

The duct Reynolds number, Re is defined as: 

   
       

  
                                                                                                                                                            

The hydraulic diameter of   rectangular section of wind tunnel is defined as:  

   

 
  

  
                                                                                                                                                                  

where Aw is  the wind tunnel cross-sectional area, and Pw the wind tunnel perimeter. 
 

Fin Performance:  for evaluating the effectiveness of new configuration fin arrays, it is required 
to find out fin performance. To determine effectiveness of fin, the ratio of the actual heat transfer 

rate from the fin arrays (Qf) to heat transfer rate of plate fin arrays (Qfp). 

     
  

   
                                                                                                                                                                  

Percentage improvement of fins: the comparison of percentage effectiveness of fin arrays to plate 
fin arrays can calculate using following equation: 

      
      

   
                                                                                                                                                        

In all calculations, the values of thermo physical properties are obtained at the bulk mean 
temperature, which is: 

      

(
        

 
)                                                                                                                                                   
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A MATLAB program was written to compose the accompanying parameters: heat transfer 

coefficient, Nusselt number, Reynolds number, heat flux and heat dissipation. The input data to 
this program is the deliberate parameters taken from the trial runs.  

 
3. DESCRPTION NUMERICAL SIMULATION  

        Steady state computational fluid dynamics (CFD) formulation is utilized to model this issue 
in ANSYS FLUENT. In CFD calculations, there are three principle steps: Pre-Processing, Solver 

Execution, Post-Processing. Pre-Processing is the progression where the displaying objective are 
resolved and computational grid is made. Numerical models and boundary conditions are set to 
start up the solver in the second step. Solver keeps running until the convergence is come to. At 

the point when solver is ended, the outcomes are inspected which is the post processing part. The 
Navier–Stokes and energy equations are utilized to model the convective heat transfer process 

with the accompanying presumptions: (i) steady 3D fluid flow and heat transfer; (ii) turbulent 
flow and incompressible fluid; (iii) physical properties of air, such as thermal conductivity, 
density, and specific heat are temperature dependent; and (iv) negligible radiation heat transfer. 

According to the above assumptions, the 3D governing equations are: 
The continuity equation: 

 (  ⃗⃗ )  

                                                                                                                                                                  

The X, Y, Z Momentum Equations 

 (  ⃗⃗  )  
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The Energy Equation 

     ̅  

    ⃗⃗                                                                                                                           

Where ρ is the fluid density, V is the fluid velocity vector, τij is the viscous stress tensor, p is 
pressure, β is the body forces,  t is time, Φ is the dissipation term, h is the aggregate enthalpy , u, 

v and w are velocity components,  ⃗⃗   is the velocity vector. No-slip boundary conditions are 

imposed on the walls of the wind tunnel. At the inlet, mass flux and temperature are indicated. 
At the outlet, pressure is specified and temperature gradient is assumed to be zero. A uniform 

heat flux condition is imposed over the lower wall, and the heat flux is zero at all other walls. A 
typical computational domain and mesh distribution of the duct and the flat plate heat sink based 

on the experimental rig are shown in Fig. 6.  
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4. RESULTS AND DESCUSSION 

4.1 Experimental validation of numerical simulation 

        In order to validate the CFD simulation results, experimental study is completed by keeping 
up the same working conditions. As can be seen from the Fig.7 and Fig.8 test results are in good 

agreement with the CFD results with most extreme deviation of 11%. Fig.7 presents the variety 
of base temperature with heat flux. As the heat flux increases, the base temperature goes 
expanding in light of fact that the heat sink gets heated up increasingly because of conduction 

heat transfer from heat source. Fig.8 presents the variation of base temperature with Reynolds 
number. As the Reynolds number expands, the base temperature goes diminishing because the 

fluid gets heated up increasingly because of convection heat transfer. 

4.2 Experimental Results 

4.2.1 The impact of heat flux  

        Figs.9 to 12 shows the impact of heat flux on the heat transfer coefficient, Nusselt number 
and thermal resistance for six heat sinks: flat plate, cross-cut, perforated, perforated cross-cut, 

zigzag and serpentine. To determine the appropriate heat flux for the heat sink, it is necessary to 
inspect the performance of heat sink with the change of the imposed heat flux. Fig.9 shows the 
relationship between heat transfer coefficient with the imposed heat flux for flat and cross-cut 

heat sinks. From this figure, it is indicated that the heat transfer coefficient firstly increases with 
the increase of heat flux until the value of heat flux reached 23924 W/m2 then it decreases with 

the increases of heat flux after this value. It can be concluded from this figure that the maximum 
heat flux for this heat sink is about 23924 W/m2 or the heat sinks with these dimensions are 
appropriated to dissipate 272.734W to the surrounding. Fig.10 indicates the impact of the heat 

flux upon the heat transfer coefficient for different heat sinks. The heat transfer coefficient 
increases as heat flux increases for all heat sinks. Also, it is indicated that the largest heat transfer 

coefficient can be achieved in the perforated-cut heat sink as a result of higher heat dissipation 
compared with other types. The variation of Nusselt number with heat flux is illustrated in 
Fig.11. Form this figure, it is seen that for all heat sinks, as the heat flux increased, the Nusselt 

number is increased. It is clear that the increase of Nusselt number is because of the increasing in 
amount of heat transfer. For instance, for perforated-cut heat sink, and at het flux of 23924 and 

3954.38 W/m2, the Nusselt number is calculated as 570.5467 and 117.2693 respectively. The 
effect of heat flux on thermal resistance for constant Reynolds number is illustrated in Fig.12. 
The thermal resistance diminishes with the increase of heat flux for all heat sinks as a result of 

increasing in heat transfer between the heat sink and air. 

4.2.2 The impact of Reynolds number  

        Figs. 13 to 15 indicate the impact of Reynolds number on the heat transfer coefficient, 

Nusselt number and thermal resistance for six heat sinks: flat plate, cross-cut, perforated, 
perforated cross-cut, zigzag and serpentine. The heat transfer coefficient corresponding to 
different Reynolds number for different heat sinks is shown in Fig.13. For each heat sink, as the 

Reynolds number increase, the heat transfer coefficient increases. The most important reason for 
increasing heat transfer coefficient with Reynolds number when increasing the amount of air, the 

flow potential of heat removed will increase and caused an increased heat transfer coefficient. It 
is also indicated that the largest heat transfer coefficient is achieved in the perforated-cut heat 
sink as a result of change the area of heat transfer by conduction/convection that achieved more 
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heat exchange with the air. The variation of Nusselt number with Reynolds number is illustrated 

in Fig.14. For each heat sink, as the Reynolds number increased, the Nusselt number is 
increased. It is apparent that the increase of Nusselt number is due to the increasing in heat 

transfer coefficient that was caused by increased air flow rate. For instance, for perforated-cut 
heat sink, as air Reynolds number of 23597 and 3848.9, the Nusselt number is calculated as 
456.1123and 215.4555 respectively. The relationship between the thermal resistance and 

Reynolds number are illustrated in Fig.15. It can be noticed that the thermal resistance is 
inversely proportional to the Reynolds number for all heat sinks.   

4.3 Simulation Results 

       The conjugate heat transfer investigation of fins is done by utilizing commercial available 

FLUENT 15 software and turbulence module is utilized to represent for turbulence wonder. 
Standard k-ε model is utilized for turbulence model. Conjugate heat transfer simulation work 

consists of analysis of both conduction and convection heat transfer processes. The air flows 
over the fins at the interface regions of fluid and solid. The momentum equations and turbulence-
modeling equations are main equations solved for fluid flows are. Solution of these Navier-

Stokes equations gives the velocity vectors and pressures in the fluid flow region. FLUENT 15 
have ability to solve Navier-Stokes equations with standard k-ε applied turbulence model. By 

applying the interface boundary conditions at the coupled region, temperature distribution along 
the length of the fin obtain by solving the energy equation for both fluid (air) and solid 
(aluminum) regions. The effects of heat flux and Reynolds number on the temperature 

distribution in the heat sinks have been presented by Fluent through series of numerical 
calculations. The results are committed to the local temperature distribution in heat sinks. Fig.16 

presents the filled contour of temperature of heat sink at heat flux of 23924 W/m2 and air 
velocity of 2 m/s in a wind tunnel for different configuration of fins. The temperature is least at 
heat sink's upper right and left parts when contrasted to center part of the heat sink due to more 

air flow circulation in sides of heat sink. For all of the heat sinks, it is seen that their centers are 
the hottest spots since the intensity of heat transfer between aluminum and air is in its peak near 

the heat source at the bottom plate. For genuine cases, the middle would not be as hot as the 
present simulations predict, due to the swirl. The cooling becomes less efficient at other sides of 
the heat sink. The performance of cross-cut, perforated and perforated-cut fin heat sinks model 

are better when compared to all fill fin heat sink models due to quickly heat dissipation to 
atmosphere as an after effect of increment surface area exposed to air and exasperates air flow. 

Figs. 17 to 22 show the velocity vectors of flow in the fluid computational domain for all 
simulated heat sinks for a heat flux of 23924 W/m2 and air velocity of 2 m/s in a wind tunnel. It 
is clear that the higher velocity of flow exists on the top and around the heat sink. This common 

phenomenon for all heat sinks was observed. It can also be seen that the maximum velocity at 
the top of heat sink causes temperature changes at the height of fin. From the comparison of 

different heat sinks it is also observed that the highest velocity of flow exists at the top of the 
perforated and perforated-cut heat sinks. The numerical variation of heat transfer coefficient with 
the heat flux and Reynolds number are shown in Fig. 23 and Fig. 23 respectively. To compare 

the results with experimental values, the heat flux and Reynolds number similar to the 
experimental tests. The comparisons with experimental results in Fig. 10 and Fig. 13 show 

similar thermal performances. The difference in the value of heat transfer coefficient between the 
numerical and experimental results is due to assumptions of the numerical simulation and 
uncertainty of measurement. For future work in the experimentation, to decrease the test errors 

that are brought about measurements, it is proposed that temperatures must be measured at more 
locations in the base of heat sink as well as at exit of the wind tunnel. 
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5. CONCLUSIONS 

         In this paper, thermal performance of different arrangements heat sinks were evaluated 

numerically and experimentally. The results acquired in the numerical simulation were in good 
agreement with the experimental results for the same operating conditions that was considered 
for this investigation. The heat transfer coefficient and Nusselt number are increased as heat flux 

and Reynolds number are increased for all heat sinks. Therefore, for each heat sink, as the heat 
flux and the Reynolds number increase, the thermal resistance decreases. The perforated-cut heat 

sink demonstrates the greatest heat transfer coefficient and the minimal thermal resistance. The 
percentage effectiveness of fin arrays to plate fin arrays are: 19.51%, 16.60%, 6.90%, -1.47% 
and -6.52% for perforated-cut, cut, perforated, serpentine and zigzag fins respectively.  
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NOMENCLATURE 

A=heat transfer area, m
2
 

B=base height, m 
C=cross-cut length, m 
Dh=hydraulic diameter, m 
d=perforated diameter, m 

H=height of fins, m 
h=connection heat transfer coefficient, W/m

2
 
o
C 

k=thermal conductivity, W/m 
o
C 

L=length of heat sink, m 

 ̇=mass flow rate, kg/s 
Nu=Nusselt number 
Nf= number of fins 
Np= number of perforated 
Re=Reynolds number 
Rth=thermal resistance, 

o
C/W   

S= channel width, m 
T=temperature,

 o
C 

t=fin thickness, m 
V=velocity, m/s 
W=width of heat sink, m 

 

GREEK SYMBOLS 

ρ= density, kg/m3  
μ =dynamic viscosity, N s/m2  
ε = Percentage improvement of fins 

 
SUBSCRIPTS 

a=air  
av=average  
in=inlet 
N=convection 
out=outlet 
S= base  
T=total  
w=win tunnel 
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Figure 1. Photographic picture for the experimental apparatus.   
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Figure 2. Schematic diagram for experimental setup. 

 

1 Air blower 10 Holes for thermocouples 

2 flanges 11 Heat sink 

3 Butterfly valve 12 Plate heater 

4 Air pipe 13 Insulated box 

5 Orifice plate 14 Glass- wool insulation 

6 U-Tube manometer 15 Thermocouple insertion point 

7 Convergent section 16 Inlet air thermocouple 

8 Flow straightener 17 Outlet air thermocouple 

9 Wind tunnel 18 Base plate thermocouple 
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Figure 3. Wind tunnel.   

 

Figure 4. The configurations of all heat sinks. 

 

a-Flat plate b-Cross-cut 

 
c-Perforated 

 
d-Perforated-cut 

 
f-Serpentine 

 
e-Zigzag 
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Figure 5. The geometry of the heat sinks: a-flat plate, b- cross-cut, c- perforated, d-

perforated cross-cut, e- serpentine and f- zigzag. 

(a) (b

(c) (d

(e) (f) 
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Figure 6. Computational domain and mesh distribution of the modeling.  
 

Uniform heat flux 
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Figure 7. Comparison of experimental and numerical analysis. 
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Figure 8. Comparison of experimental and numerical analysis. 
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Figure 10. Variation of heat transfer coefficient with different 

heat fluxes for all heat sinks. 
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Figure 9. Variation of heat transfer coefficient with different 

heat fluxes for flat palte and cross-cut heat sinks. 
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Figure 11. Variation of Nusselt number with different heat 
fluxes for all heat sinks. 

 

Figure 12. Variation of thermal resistance with different heat 

fluxes for all heat sinks. 
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Figure 13. Variation of heat transfer coefficient with Reynolds 

number for all heat sinks. 

Figure 14. Variation of Nusselt number with Reynolds number 

for all heat sinks. 
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Figure 15. Variation of thermal resistance with Reynolds number for all 
heat sinks. 
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Figure 16. Temperature contour of the heat sinks: a-flat plate, b- cross-cut, c- 

perforated, d-perforated cross-cut, e- serpentine and f- zigzag. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 17. Velocity vectors for flat plate heat sink. 

Figure 18. Velocity vectors for cross-cut heat sink. 
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Figure 19. Velocity vectors for perforated heat sink. 

Figure 20. Velocity vectors for perforated-cut heat sink. 
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Figure 21. Velocity vectors for serpentine heat sink. 

 

Figure 22. Velocity vectors for zigzag heat sink. 
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Figure 23. Numerical variation of heat transfer coefficient with 
different heat fluxes for all heat sinks. 

Figure 24. Numerical variation of heat transfer coefficient with 
Reynolds number for all heat sinks. 


