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The increasing complexity and miniaturization of electronic applications necessitate the 

development of efficient and compact heat sink designs for effective heat dissipation. 

This study presents a numerical investigation of heat transfer performance in circular 

pin-fin heat sinks featuring notches of varying sizes. Five distinct heat sink models are 

analyzed, with the first model comprising a solid fin, while the remaining four 

incorporate notched fins of different dimensions. Results indicate a significant influence 

of notch size on heat transfer performance, particularly for larger notches. The Nusselt 

number for a heat sink with a 4 mm notch size exhibits an increase of approximately 

9% compared to that of a solid-fin heat sink. Additionally, the average temperature of 

heat sinks decreases with the introduction of notched fins, resulting in a temperature 

difference of 2.15℃ between solid-fin and 4 mm-sized notch heat sinks. An assessment 

of overall efficiency and overall effectiveness reveals that all notched heat sinks are 

viable options, with the 4 mm-sized notch heat sink demonstrating optimal performance 

in this study. This investigation provides valuable insights for the design of high-

performance heat sinks in compact electronic applications. 
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1. INTRODUCTION

Air cooling strategies have gained significant popularity 

due to their extensive applications across various fields. As 

electronic devices are increasingly employed in complex 

processes, a higher amount of energy must be dissipated to 

prevent excessive temperature increases [1, 2]. The 

miniaturization of these devices has driven designers to 

explore more efficient cooling techniques, with notched pin-

fin heat sinks presenting a potential solution for numerous 

electronics, such as computers. Prior research has primarily 

focused on alternative heat sink designs, including 

longitudinal fins and perforated fins [3, 4]. 

Various studies have been conducted to investigate different 

heat sink designs. For instance, Brignoni and Garimella [5] 

examined a pin-finned heat sink equipped with four single 

nozzles of varying diameters. Utilizing a Reynolds number 

range of 5,000–20,000, their findings revealed that heat source 

output power had minimal impact on heat transfer. El-Sheikh 

and Gurimella [6] performed an experimental analysis of the 

enhanced heat transfer in pin-fin heat sinks with a single air jet, 

within a typical range of Reynolds numbers (8,000 - 45,000). 

Relative to a heat sink without fins, the total fin effectiveness 

for pin-fin heat sinks was determined to be between 2.4 and 

9.2. Experimental results from Thrasher et al. [7] demonstrated 

an increase in free convection using a pin-fin heat sink with a 

chimney. According to their study, an ideal porosity of 0.91 

yielded the highest performance. Computational models and 

experimental setups were employed to showcase improved 

heat transfer in a pin-fin heat sink enclosed within a casing. 

Yu and Joshi [8] investigated free convection, conduction, 

and radiation from various heat sink sources. The dimensions 

of the enclosure were 127×127 mm, with a height of 41.3 mm, 

while the heat source measured 25.4×25.4 mm. The results 

indicated that the orientation of the heat sink significantly 

influenced the rate of heat transfer. In an experimental study, 

Kim and Kim [9] evaluated the thermal performance of cross-

cut heat sinks, examining the effects of cross-cut positions, 

lengths, and numbers. Their findings demonstrated that cross-

cut length had a substantially greater impact compared to other 

parameters. 

Jang et al. [10] presented a numerical optimization study on 

LED lighting application heat sinks to identify a lighter-weight 

design with comparable cooling performance. The optimal 

design exhibited a 30% weight reduction relative to the plate 

type, while maintaining a similar cooling performance. Yeom 

et al. [11] conducted a numerical investigation of the ideal 

perforation diameter to determine the most effective heat sink 

design for enhanced temperature dissipation. According to 

their results, the base plate temperature could be reduced by 

1.5% to 2.1% compared to a solid case. Cai et al. [12] reported 

their findings from a numerical comparison of notched, slotted, 

and circular perforations. Data suggested that notched and 

slotted perforations reduced the heat sink base temperature 

more effectively than circular perforations. 

Maji et al. [13] performed a computational evaluation of 

various perforation geometries in in-line and staggered pin-fin 

heat sinks to demonstrate enhanced heat transfer performance. 

The results indicated a notable improvement in heat transfer 

compared to solid-fin heat sinks with different hole geometries. 

Yasin and Oudah [14] presented an experimental and 

numerical analysis to investigate the effect of perforated fins 
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on finned tube heat exchangers. Heat transfer and pressure 

drop calculations were made and compared with solid finned 

tubes, resulting in a 26% increase in the Nusselt number 

relative to a solid finned tube. Dhumne and Farkade [15] 

reported a numerical analysis of the importance of perforation 

with circular fins in a rectangular channel. They observed a 

significant increase in heat transfer rate compared to solid fins. 

Venkatesham et al. [16] examined 3D forced convection 

heat transfer from pin-fin micro heat sinks with solid and 

perforated fins in electronic cooling applications, utilizing a 

Reynolds number range of 20,000-39,000. Results indicated 

that fins with circular perforations significantly improved heat 

transfer and reduced pressure loss. Shaeri and Yaghoubi [17] 

conducted a numerical investigation of laminar forced 

convection heat transfer between rectangular solid and 

perforated fins, with a Reynolds number range of 100–350. 

Thermal performance and effectiveness of perforated fins 

were found to be higher than those of solid fins, and 

perforation significantly reduced fin weight. Shaeri and Jen 

[18] explored numerically optimal natural and radiation heat

transfer in a radial pin-fin heat sink to achieve a lighter heat

sink with comparable performance. According to their

findings, the optimal design for a radial heat sink weighed 30%

less than a plate-finned heat sink. Hobbi and Siddiqui [19]

carried out an experimental and numerical study to

demonstrate the effect of perforation shape on a heat sink.

Their results showed that finer perforations had a significant

impact on convective heat transfer. Additionally, several

studies focused on lateral perforations of varying geometries

and dimensions on rectangular fins, revealing a substantial

effect on heat dissipation compared to solid fins [20, 21]. 

The primary focus of this paper is to examine the influence 

of notch depth on pin fins and predict the optimal depth for 

maximum heat dissipation. While previous studies have 

concentrated on perforated fins and fin arrangements to 

enhance heat dissipation, this work aims to investigate the 

effect of heat sink notches on heat transfer enhancement and 

explore the feasible range of notch depths for pin-fin heat sink 

designs. 

2. NUMERICAL APPROACH

2.1 Problem description 

The pin-fin heat sink designs considered are shown in 

Figure 1 and include five heat sink designs, both solid and with 

variable-depth notched pin fins. The heat sinks in this paper 

are subjected to forced convection with 5 different inlet 

velocities of 4, 5, 6, 7, and 8 m/s. The dimensions of the heat 

sink are 3 mm fin diameter, 5 mm fin height, and 3 mm spacing 

between fins. The notch dimensions are 1 mm in width and 

various notch depths of 1, 2, 3, and 4 mm [22]. The models 

and simulations were created using ANSYS Fluent 18.0. The 

numerical approach used to solve this case is the SST method. 

The study focused on the effect of notch depth on the heat 

transfer performance of a pin-finned heat sink to predict the 

optimum notch depth. Each model consists of nine fins in an 

in-line arrangement as shown in Figure 1. 

(a) Solid fin (b) 1 mm notch fin (c) 2 mm notch fin

(d) 3 mm notch fin (e) 4 mm notch fin

Figure 1. Schematic diagram of models pin fin heat sink under consideration 

2.2 Governing equations and assumptions 

The governing equations used to solve this problem are the 

continuity equation, Navier-Stokes equations, and energy 

equation. A steady-state, three-dimensional flow is assumed 

for this case. There are some assumptions that must be made 

to make the case solvable under numerical solutions. The 

assumptions of fluid flow are as follows: 

1. Three-dimensional heat transfer.

2. Incompressible flow (Mach number <0.3).

3. A steady-state and steady flow (no change of fluid

properties with time). 
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4. Turbulent flow (Reynolds number between 33000-

51000). 

5. Constant air properties over the temperature range under 

study. 

6. Negligible heat transfer by radiation. 

According to the assumptions above the basic equations are 

reduced to the following equations with the supplementary 

equations [23]: 

 

Continuity equation: 

 
𝜕

𝜕𝑥
(𝜌𝑢) +

𝜕

𝜕𝑦
(𝜌𝑣) +

𝜕

𝜕𝑧
(𝜌𝜔) = 0 (1) 

 

Navier-Stokes equations: 

 

𝜌 (𝑢
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Energy equation: 

 

𝜌𝑐𝑝 (𝑢
𝜕𝑇

𝜕𝑥
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(5) 

 

The governing equation of the solid domain (aluminum) is 

an only conduction heat transfer of the heat sink [24]: 

 

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑧2
= 0 (6) 

 

The Reynolds number of the air could be calculated from: 

 

𝑅𝑒 =  
𝜌𝑎. 𝑢𝑎. 𝐷ℎ

𝜇𝑎

 (7) 

 

where, Dh is the hydraulic diameter of the heat sink [25]: 

 

𝐷ℎ =
4𝑉𝑜

𝐴
 (8) 

 

Then, Nusselt number is calculated: 

 

𝑁𝑢 =
ℎ𝑎 . 𝐷ℎ

𝑘𝑎

 (9) 

 

The heat transfer to cold air can be calculated by: 

 

𝑄 = �̇�𝐶𝑝(𝑇𝑒 − 𝑇𝑖) (10) 

 

The rate of heat transfer to or from heat sink can be 

determined from: 

 

𝑄 = ℎ𝑎. 𝐴. (𝑇𝑤 − 𝑇𝑏) (11) 

 

Then by equaling Eqns. (10) and (11), ha can be calculated 

as flow: 

 

ℎ𝑎 =  
�̇�. 𝑐𝑝(𝑇𝑒 − 𝑇𝑖)

𝐴. (𝑇𝑤 − 𝑇𝑏)
 (12) 

 

The overall efficiency of heat sink could be found as 

following: 

 

𝑄𝑛𝑜 𝑓𝑖𝑛 = ℎ𝑎 . 𝐴𝑛𝑜 𝑓𝑖𝑛 . (𝑇𝑠 − 𝑇∞) (13) 

 

𝑄𝑇 = ℎ𝑎. 𝐴. (𝑇𝑠 − 𝑇∞) (14) 

 

𝜂 =

𝑁𝑢
𝑁𝑢𝑠

⁄

𝛥𝑃
𝛥𝑃𝑠

⁄
 (15) 

 

The overall effectiveness of heat sink could be found as 

following: 

 

𝜀 =
𝑄𝑇

𝑄𝑛𝑜 𝑓𝑖𝑛

 (16) 

 

The total thermal resistance Rth. is calculated as follows: 

 

𝑅𝑡ℎ. =
𝑇𝑏𝑎𝑠𝑒 − 𝑇∞

�̇�𝑇

 (17) 

 

2.3 Boundary conditions 

 

The mesh creation procedure of the ANSYS-FLUENT 

program specifies the boundary conditions, as indicated in 

Table 1 and Figure 2. 

The temperature and velocity are set for the inlet. The inlet 

temperature was 27℃, while there are five values of velocity, 

which are 4, 5, 6, 7, and 8 m/s. The boundary conditions are 

gauge pressure, adiabatic, and 75℃ for the outlet, outlet walls, 

and surface temperature, respectively. 

 
Table 1. Boundary conditions of the problem under study 

 

Boundary - 

inlet 

Type Velocity inlet 

Static temperature 27℃ 

Inlet velocities 4,5,6,7 and 8 m/s 

Boundary - 

outlet 

Type Pressure outlet 

Pressure outlet 0 Pa gauge pressure 

Boundary – 

outer wall 

Heat transfer Adiabatic 

Mass and momentum No slip wall 

Boundary - 

constant 

temperature 

Type Wall 

Location 
Bottom surface of the 

heat sink 

Heat transfer 
Constant surface 

temperature 

Surface temperature 75℃ 
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Figure 2. Boundary conditions of the current study 

 

2.4 Mesh independence 

 

The mesh resolution greatly affects the results' accuracy, not 

only for boundary conditions. To ensure that the results are due 

to the boundary conditions used, mesh independence must be 

calculated. Figures 3 and 4 show the change in temperature 

and pressure, respectively, due to element number. When there 

are fewer elements, the results are very good, but this effect 

gets less strong as the number of elements goes up. 

 

 
 

Figure 3. Variation of fin tip temperature with a total 

element number 

 

 
 

Figure 4. Variation of pressure drop with a total element 

number 

3. RESULTS AND DISCUSSION 

 

With prior efforts, the numerical technique in this case is 

validated. The contrasts between the current work and earlier 

studies in terms of Nusselt number (Nu) are shown in Figure 

5. A rectangular fin heat sink's performance in turbulent heat 

transfer was presented in an experimental study by Ehteshum 

et al. [26]. Good agreement was found during validation, with 

an average Nu deviation of only 6%. Additionally, Ismail [27] 

published a numerical analysis of a heat sink with longitudinal 

fins. Again, there was good agreement when compared to this 

study, with an average Nu divergence of only 7%. 

 

 
 

Figure 5. Comparison between present study and previous 

works 

 

In this section, the effect of notch size on different heat sinks 

is discussed. As mentioned earlier, five heat sinks are used in 

this study. The first case involves a solid-fin heat sink, while 

the others involve notched-fin heat sinks. As shown in Figure 

6, the Nusselt number of different pin-fin heat sink notch sizes 

show the enhancement in heat transfer. The smaller notch size 

of 1 and 2 mm gives a little enhancement, which reaches a 4% 

increase in Nusselt number, but the enhancement becomes 

significant with notch sizes 3 and 4 mm, with a maximum 

increase in Nusselt number of 9% as compared with a solid fin. 

That means a heat sink with a deep notch will dissipate more 

heat. 

 

 
 

Figure 6. The effect of notch size on Nusselt number 
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The pressure drop gives an indication of the pumping power 

required for heat sink under work. As shown in Figure 7, it is 

clearly evident that pressure drop changed with different notch 

sizes, and its decrease with a 4 mm notch reached 10% less 

than a solid fin heat sink. That is, the model with a 4 mm notch 

fin required less pumping power. 

 

 
 

Figure 7. The effect of pressure drop due to notch size 

 

From Figures 7 and 8, the formula fitting for case 4 mm 

notch size can be expressed linearly as following equations: 

 

𝑁𝑢 = 0.0046𝑅𝑒 + 14.668 (18) 

 

∆𝑃 = 0.0036𝑅𝑒 − 101.06 (19) 

 

 
 

Figure 8. The effect of notch size on heat sink average 

temperature 

 

The effect of notch size on the average heat sink 

temperature is shown in Figure 8. The notch size gives a good 

decrease in heat sink temperature with the same boundary 

conditions due to an increase in heat transfer area. The 

temperature decrease due to the 4 mm notch fin heat sink 

reaches 2.15℃ as compared with a solid fin heat sink. This 

decrease gives the heat sink the ability to be used in more 

applications without increasing the risk of temperature 

increases. 

The overall efficiency of different notched pin-fin heat sinks 

gives a good indication of which is the optimum design. Eq. 

(15) shows the relation between Nusselt number and pressure 

drop to predict overall efficiency. Figure 9 shows that all notch 

type heat sinks in this study are acceptable designs, but a 1 mm 

notch size gives a very small enhancement. As shown in 

Figure 9, the 4 mm notch-size heat sink is the best design 

among the other heat sinks in this study, with an increase in 

overall efficiency of about 17% when compared to the 1 mm 

notch-size heat sink. Figure 9 also shows fluctuating especially 

with 1 mm, 2 mm and 3 mm notch size. This fluctuating occurs 

because the vortexes on the other hand the different between 

two points is very little which can be neglected. 

 

 
 

Figure 9. The overall efficiency of different notch heat sink 

 

The notch depth effect on the overall efficiency is shown in 

Figure 10. The notch size 1 mm shows less overall efficiency, 

but when the velocity increase from 4 to 8 m/s the overall 

efficiency increases by about 4%. The overall efficiency gives 

good enhancement with higher notch size. The effect of air 

velocity on overall efficiency is less than notch size effect. 

 

 
 

Figure 10. The effect of notch depth on overall efficiency of 

different air velocities 

 

The ratio of the total heat transfer rate of a heat sink to the 

total heat transfer rate of a base without fins, known as the 

overall effectiveness, provides a good measure of the heat 

sink's thermal performance. The effectiveness of the heat sink 

is clearly influenced by the size of the notch, as shown in 

Figure 11, where a maximum improvement of 4 mm in notch 

size results in a 2% improvement over a solid fin heat sink. 
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Figure 11. The effect of notch size on the overall 

effectiveness 

 

Thermal resistance, defined as the ratio of the total heat 

transfer to the difference between the ambient temperature and 

the fin base temperature (Eq. (17)), the heat resistance reduced 

as the Reynolds number increased, as illustrated in Figure 12. 

Due to decreased heat transfer, the solid-fin heat sink has a 

stronger thermal resistance. The thermal resistance of the 4 

mm heat sink is about 5% less than that of the solid fin heat 

sink. 

 

 
 

Figure 12. The effect of notch fin on thermal resistance 

 

Figures 13 and 14 display the temperature, the shape of a 

solid fin, and a heat sink with a 4 mm notch. The improvement 

in heat transfer rate is highlighted by the temperature 

distribution in Figures 13 and 14. When using a 4 mm notch 

heat sink Figure 14 as opposed to a solid fin heat sink Figure 

13, the temperature contour clearly demonstrates the increase 

in heat transfer rate. 

 

 
 

Figure 13. Temperature contour of solid fin heat sink 

 
 

Figure 14. Temperature contour of 4 (mm) notch fin heat 

sink 
 
 

4. CONCLUSIONS  
 

This work mainly focuses on the enhancement of a circular 

pin-finned heat sink by making a notch at the fin tip. A solid 

fin and four different-sized notch heat sinks are used to show 

the effect of a notch and the optimum notch size. From all the 

above results, it can conclude the following: 

•The notch effect on heat transfer performance becomes 

significantly stronger with higher notch sizes, where the 

Nusselt number increases by about 9%, accompanied by a 

10% decrease in pressure as compared with a solid-fin heat 

sink. 

•The average heat sink temperature will decrease when 

using a 4 mm notch fin heat sink by about 2.15℃ as compared 

with a solid fin heat sink with the same boundary conditions. 

•The best notch size noted in this study is 4 mm. 

•The smaller notch size of 1 mm and 2 mm is given a little 

enhancement, so it is useless. 
 
 

REFERENCES  
 

[1] Ajeel, R.K., Salim, W.I., Hasnan, K. (2018). Thermal 

and hydraulic characteristics of turbulent nanofluids flow 

in trapezoidal-corrugated channel: Symmetry and zigzag 

shaped. Case Studies in Thermal Engineering, 12: 620-

635. https://doi.org/10.1016/j.csite.2018.08.002 

[2] mohammed Hussein, H.A., Zulkifli, R., Mahmood, 

W.M.F.B.W., Ajeel, R.K. (2022). Structure parameters 

and designs and their impact on performance of different 

heat exchangers: A review. Renewable and Sustainable 

Energy Reviews, 154: 111842. 

https://doi.org/10.1016/j.rser.2021.111842 

[3] Ajeel, R.K., Sopian, K., Zulkifli, R., Fayyadh, S.N., Hilo, 

A.K. (2021). Assessment and analysis of binary hybrid 

nanofluid impact on new configurations for curved-

corrugated channel. Advanced Powder Technology, 

32(10): 3869-3884. 

https://doi.org/10.1016/j.apt.2021.08.041 

[4] AL‐Juhaishi, L.F., Mohd Ali, M.F., Mohammad, H.H., 

Ajeel, R.K. (2020). Numerical thermal‐hydraulic 

performance investigations in turbulent curved channel 

flow with horseshoe baffles. Heat Transfer, 49(6): 3816-

3836. https://doi.org/10.1002/htj.21810 

[5] Brignoni, L.A., Garimella, S.V. (1999). Experimental 

optimization of confined air jet impingement on a pin fin 

990



 

heat sink. IEEE Transactions on Components and 

Packaging Technologies, 22(3): 399-404. 

https://doi.org/10.1109/6144.796542 

[6] El-Sheikh, H.A., Gurimella, S.V. (2000). Enhancement 

of air jet impingement heat transfer using pin-fin heat 

sinks. IEEE Transactions on Components and Packaging 

Technologies, 23(2): 300-308. 

https://doi.org/10.1109/6144.846768 

[7] Thrasher, W.W., Fisher, T.S., Torrance, K.E. (2000). 

Experiments on chimney-enhanced free convection from 

pin-fin heat sinks. Journal of Electronic Packaging, 

122(4): 350-355. https://doi.org/10.1115/1.1289633 

[8] Yu, E., Joshi, Y. (2002). Heat transfer enhancement from 

enclosed discrete components using pin–fin heat sinks. 

International Journal of Heat and Mass Transfer, 45(25): 

4957-4966. 

[9] Kim, T.Y., Kim, S.J. (2009). Fluid flow and heat transfer 

characteristics of cross-cut heat sinks. International 

Journal of Heat and Mass Transfer, 52(23-24): 5358-

5370. 

https://doi.org/10.1016/j.ijheatmasstransfer.2009.07.008 

[10] Jang, D., Yu, S.H., Lee, K.S. (2012). Multidisciplinary 

optimization of a pin-fin radial heat sink for LED lighting 

applications. International Journal of Heat and Mass 

Transfer, 55(4): 515-521. 

https://doi.org/10.1016/j.ijheatmasstransfer.2011.11.016 

[11] Yeom, T., Simon, T., Zhang, T., Zhang, M., North, M., 

Cui, T. (2016). Enhanced heat transfer of heat sink 

channels with micro pin fin roughened walls. 

International Journal of Heat and Mass Transfer, 92: 617-

627. 

https://doi.org/10.1016/j.ijheatmasstransfer.2015.09.014 

[12] Cai, J., Feng, Y., Zhou, J., Li, Y., Zhang, X., Wu, C. 

(2018). Numerical analysis of weld pool behaviors in 

plasma arc welding with the lattice Boltzmann method. 

International Journal of Thermal Sciences, 124: 447-458. 

https://doi.org/10.1016/j.ijthermalsci.2017.10.026  

[13] Maji, A., Bhanja, D., Patowari, P.K. (2017). Numerical 

investigation on heat transfer enhancement of heat sink 

using perforated pin fins with inline and staggered 

arrangement. Applied Thermal Engineering, 125: 596-

616. 

https://doi.org/10.1016/j.applthermaleng.2017.07.053 

[14] Yasin, N.J., Oudah, M.H. (2018). The effect of solid and 

perforated pin fin on the heat transfer performance of 

finned tube heat exchanger. International Journal of 

Energy Engineering, 1-11. 

[15] Dhumne, A.B., Farkade, H.S. (2013). Heat transfer 

analysis of cylindrical perforated fins in staggered 

arrangement. International Journal of Innovative 

Technology and Exploring Engineering, 2(5). 

[16] Venkatesham, V., Madhu, G.M., Satyanarayana, S.V., 

Preetham, H.S. (2013). Adsorption of lead on gel 

combustion derived nano ZnO. Procedia Engineering, 

51: 308-313. 

https://doi.org/10.1016/j.proeng.2013.01.041 

[17] Shaeri, M.R., Yaghoubi, M. (2009). Thermal 

enhancement from heat sinks by using perforated fins. 

Energy Conversion and Management, 50(5): 1264-1270. 

https://doi.org/10.1016/j.enconman.2009.01.021 

[18] Shaeri, M.R., Jen, T.C. (2012). The effects of perforation 

sizes on laminar heat transfer characteristics of an array 

of perforated fins. Energy Conversion and Management, 

64: 328-334. 

https://doi.org/10.1016/j.enconman.2012.05.002 

[19] Hobbi, A., Siddiqui, K. (2009). Experimental study on 

the effect of heat transfer enhancement devices in flat-

plate solar collectors. International Journal of Heat and 

Mass Transfer, 52(19-20): 4650-4658. 

https://doi.org/10.1016/j.ijheatmasstransfer.2009.03.018 

[20] Dhanawade, K.H., Sunnapwar, V.K., Dhanawade, H.S. 

(2014). Thermal analysis of square and circular 

perforated fin arrays by forced convection. International 

Journal of Current Engineering and Technology, 2: 109-

114. http://dx.doi.org/10.14741/ijcet/spl.2.2014.20 

[21] Shaeri, M.R., Yaghoubi, M., Jafarpur, K. (2009). Heat 

transfer analysis of lateral perforated fin heat sinks. 

Applied Energy, 86(10): 2019-2029. 

https://doi.org/10.1016/j.apenergy.2008.12.029 

[22] Ledezma, G., Morega, A.M., Bejan, A. (1996). Optimal 

spacing between pin fins with impinging flow. Journal of 

Heat and Mess Transfer, 118(3): 570-577. 

https://doi.org/10.1115/1.2822670 

[23] Jiji, L.M. (2006). Heat Convection (p. 434). New York: 

Springer. https://doi.org/10.1007/978-3-540-30694-8 

[24] Venkateshan, S.P. (2021). Introduction to the study of 

heat transfer. Heat Transfer, 1-16. 

https://doi.org/10.1007/978-3-030-58338-5_1 

[25] Lee, H. (2022). Thermal design: heat sinks, 

thermoelectrics, heat pipes, compact heat exchangers, 

and solar cells. John Wiley & Sons. 

https://doi.org/10.1002/9781119686040 

[26] Ehteshum, M., Ali, M., Islam, M.Q., Tabassum, M. 

(2015). Thermal and hydraulic performance analysis of 

rectangular fin arrays with perforation size and number. 

Procedia Engineering, 105: 184-191. 

https://doi.org/10.1016/j.proeng.2015.05.054 

[27] Ismail, M.F. (2013). Effects of perforations on the 

thermal and fluid dynamic performance of a heat 

exchanger. IEEE Transactions on Components, 

Packaging and Manufacturing Technology, 3(7): 1178-

1185. https://doi.org/10.1109/TCPMT.2013.2240766 
 

 

NOMENCLATURE 
 

A Surface area, m2 

cp Specific heat at constant pressure, kJ.kg-1.K-1 

Dh Hydraulic diameter, m 

h Heat transfer coefficient, W.m-2.K-1 

k Thermal conductivity, W.m-1.K-1 

ṁ Mass flow rate, kg.s-1 

Nu Nusselt number 

Q Heat transfer, W 

Re Reynolds number 

t Time, s 

T Temperature, K 

V Volume, m3 

ΔP Pressure drop, Pa 
 

Greek symbols 
 

ε  Overall effectiveness 

η  Overall efficiency 

μ  Viscosity, N.m-2.s 

ρ Density, kg.m-3 
 

Subscripts 

 

∞ Free stream 
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a Air 

b Bulk 

e Exit 

i Inlet 

s Solid fin 

T Total heat transfer 

w Wall 
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