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Abstract - The present research explores the advanced methods to enhance the heat dissipation behaviour of a pin fin heat 

sink for electronic cooling. Commonly adopted designs do not provide sufficient cooling performance under high power load, 

and the interaction between fin structure/material/fans has not been well understood. In order to resolve this, five different 

heat sink models (Plate Fin Heat Sink – PFHS, Circular Pin Fin Heat Sink – CPFHS, Polar pin fin C condition gives the 

minimum value of thermal resistance and maximum values of Q for a change in heated mode) been performed with studies it 

is observed that PCMPFHS compared with remaining materials presents the lowest temperature rise. The results indicated 

that pin fin fins were more effective compared to plate heater sinks, with forced convection being the most favorable. Of the 

configurations tested, the perforated and PCM-augmented models featured promising scaling capacity for thermal 

performance. An optimization formulation was further created to trade thermal performance against cost and ease of 

manufacturing. These results can help guide the development of next-generation heat sinks for small, high-power electronics. 

Keywords - Efficient heat-transfer, Fluid dynamics, Thermal behavior, Wall shear stress, Pin fin heat sink. 

 

1. Introduction 
Fins provide extended or bluff surfaces to combat 

overheating by amplifying the surface area for convection. 

Novel developments in fin geometry—such as dimples, slots, 

grooves, holes of a particular shape, cavities, and well-

designed microchannels—have enhanced heat exchanger 

performance by promoting flow turbulence and increasing 

heat transfer, while also minimising material because of those 

advantages. Fins are an essential component for cooling off 

undesirable heat [8-11]. Hence, in electronic systems, 

overheating may result in reduced performance and life time 

or even catastrophic failure. In advanced electronics, where 

more heat is generated in smaller spaces, the area of effective 

heat removal becomes a major limiting factor for product 

reliability and safety. 

Blades are used as bluff or extended surfaces to a large 

area over which convection occurs in order to counteract the 

effect of high temperature operation. Ingenious designs, in 

terms of geometry, for both straight and curved fins—such as 

dimples, grooves, slots, differently shaped holes, cavities, 

and well-designed microchannels—have led to additional 

improvements in the thermal performance by promoting or 

increasing fluid turbulence and improving the heat transfer 

rate, all the while aiming for minimum material consumption. 

Fins play an important role in the removal of undesired heat 

from devices [12-15]. 

A number of studies have examined fin geometries, 

material properties and cooling methods separately, but little 

has attempted to combine these aspects comprehensively to 

their collective effect. In addition, the trade-off between high 

thermal performance and pragmatic issues such as cost and 

manufacturability is not sufficiently covered in the literature. 

Plate Fin Heat Sink (PFHS): Composed of a set of thin metal 

plates connected to a base plate, it amplifies the surface area 

to dissipate higher amounts of heat. It is commonly used in 

microelectronics, and a study dealt with the effects of 

attaching solid and perforated rectangular blocks to a flat 

plate on the heat-transfer characteristics of the plate. Sara et 

al. (2016) investigated that, whereby while both types of 

blocks increased the plate’s heat dissipation capability, the 

perforated rectangular blocks were significantly more 

effective than the solid ones, contributing to a much more 

efficient enhancement of heat transfer. Their perforated 

structure, which was highly complex, ensured that as much 

material as possible of the surface area would contact the 

other material, and these are typical design principles with the 

aim of facilitating the best possible thermal conductivity [17-

20].  

https://doi.org/10.14445/23488360/IJME-V12I9P108
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While pin fins are commonly employed as a means of 

heat dissipation, their efficacy depends highly upon 

manufacturing technique and pumping capacity. The 

experiment revealed that the circular design excels at 

transferring thermal energy when the propulsion of the 

coolant is particularly forceful. Elsewhere, perforated, polar, 

and phase-changing materials show promise yet demand 

more exploration to optimize performance relative to cost. 

Overall, the topology demanding the least energy for 

convection yielded the most salient results, though variability 

endures as a factor worth controlling [21, 22]. 

PCMPFHS combines the ability of Phase Change 

Materials (PCMs) to regulate heat with the surface area of pin 

fins. While heat sinks with phase change materials have been 

the subject of numerous studies utilizing both numerical 

models and practical testing to enhance the passive cooling 

of portable electronics, the utilization of PCMPFHS provides 

greater potential through the enhanced surface area. By 

storing and releasing latent heat during phase transitions in 

the microencapsulated PCM coating, each individual pin is 

capable of controlling transient thermal loads more 

efficiently on a smaller form factor. According to the 

comprehensive study by Tan and Tso, a PCM-based heat 

storage unit experimentally maintained comfortable 

temperatures for wearable technologies and personal digital 

assistants even under intense intermittent usage [16]. N-

eicosane, which was selected because of its significant latent 

heat storage capacity, absorbed the heat released by the chips 

[23-25]. 

PPFHS ingeniously incorporates carefully placed holes 

into the fins to both maximize airflow while minimizing 

pressure drop, thus boosting the effectiveness of heat transfer 

in diverse convection scenarios. A vertically arrayed plate-fin 

heat sink can see its heat transfer capacity greatly amplified 

by strategically introducing slender slits, as Gupta et al. found 

in their investigation. It was uncovered that supplementing a 

plain fin design with delicate slots considerably raised both 

heat exchange and the heat transfer coefficient. Perforating 

pin fins have been studied further to optimize thermal output, 

as referenced. The following ranking was observed when 

comparing the heat transfer coefficient to the Reynolds 

number: The Perforated fin configuration bested the 

perforated plate, which surpassed the solid pin, which 

outperformed the standard flat plate. Furthermore, it was 

discovered that the formation of perforated fins delivered the 

most productive total heat transmission proficiency of all [15, 

27-29]. 

This paper presents a systematic experimental 

investigation of five different types of heat sinks (PFHS, 

CPFHS, PPFHS, PCMPFHS, and PPFHS) under different 

power loads and airflow conditions. Unlike previous research 

that has concentrated on individual design, this work 

integrates material compositions, surface preparation 

techniques and novel fin geometries and goes further to 

develop an optimization model which incorporates thermal 

performance with the cost of manufacturability. Key new 

insights regarding thermal management were obtained upon 

finding that the pin fin heat sinks are especially beneficial 

under forced convection as compared to the other 

configurations. More broadly, the work contributes to a better 

understanding of how to improve the cooling of electronics. 

In this paper, an entire experimental process of maximized 

heat-sink performance is offered by detailing surface 

treatment, material selection and innovative design in a 

framework that is at its early stage, even with these key 

factors considered. Studies five different heat sink 

configurations for widely varying power loads and air flow 

rates (rather than individual parameters as in other works). 

An optimization approach taking into account cost, 

manufacturability, and RCC using the heat transfer 

effectiveness has been presented that gives the policy makers 

balanced principles for practical design of next-generation 

high-power electronics systems heat-sinks. After an 

extensive investigation prompted by this realisation, it was 

found to be vital for heat management when pin fin heat sinks 

were determined to significantly outperform all other designs 

under forced convection. In conclusion, this work presents 

valuable guidelines for designing heat removal for 

electronics. 

Previous investigations have described single 

engineering modifications to the heat sink, for example: fin 

geometry changes [8–15], perforation techniques [17–20,27–

29] and applying phase-change materials [16, 23–25]. It has 

been shown in these studies that geometric changes can 

substantially enhance heat transfer, although they do usually 

consider one parameter at a time. Few reports have 

systematically studied how geometry, material properties and 

surface treatments interact under different operating 

conditions, which are then optimized against cost and 

manufacturability. In this paper, we will fill this gap by 

conducting an experimental investigation for five heat sink 

configurations with controlled power loads and airflow 

velocities, as well as proposing a thermal efficiency-based 

optimization model considering practical design issues. This 

holistic strategy distinguishes our work from the existing 

literature and offers engineers a more complete guideline 

when designing high-performance but practical electronics 

cooling solutions. 

2. Material  
2.1. Material Properties of Plate Fin Heat Sink  

Three types of heat-sink designs are considered in this 

study to compare the heat transfer performance of the three 

types of heat-sink designs [30]. Copper and Aluminum were 

selected as the primary materials due to their disparate 

thermal properties. The aluminum used as the PFHS material 

has a specific heat capacity of 887 J/kg·K, density of 2700 

kg/m³ and thermal conductivity of 225 W/mK [31]. On the 
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other hand, copper baffle plates have higher thermal 

conductivity (385 W/mK) but are based on a larger density 

(8300 kg/m³) and a lower specific heat capacity (385 J/kg·K) 

[32]. These material differences also greatly affect heat 

dissipation, and ultimately the overall performance of every 

heat-sink design [33].

 

2.2. Fabrication of Heat Sinks 
Table 1. Measured dimensions of all cases [34] 

    Dimensions (mm)    

Sr. 

No 

Name of Heat 

Sink 
Cases 

Base 

(L×W) 

Base 

thickness 

(tb) 

Fin 

Height 

(Hf) 

Plate Fin 

thickness 

(tf) 

Diamet

er of 

Pin fin 

Number 

Fins (n) 
Ref. 

1 
Plate Fin Heat 

Sink (PFHS) 
Case 1 100×60 6 30 2 - 8 [35] 

2 

Pin Fin Heat Sink 

(Circular) 

(CPFHS) 

Case 2 60×60 5 30 - 5 36 [36] 

3 
Polar Pin Fin Heat 

Sink (PPFHS) 
Case 3 60×60 5 30 - 5 40 [36] 

4 
PCM Pin Fin Heat 

Sink (PCMPFHS) 
Case 4 60×60 5 30 - 5 36 [37] 

5 

Perforated Pin Fin 

Heat Sink 

(PPFHS) 

Case 5 60×60 5 30 - 5 36 [38, 39] 

 
2.3. Material Selection and Properties 

The design and thermal characteristics of the baffle pin 

and heat sink materials have a significant impact on heat 

transfer. The heat sink is perfect for thermal management 

because it is composed of lightweight aluminum 1050, has a 

specific heat capacity of 887 J/kg·K, a density of 2700 kg/m³, 

and a thermal conductivity of 225 W/m·K. The baffle pins, 

on the other hand, make use of C110 copper, which is 

renowned for its high density (8300 kg/m³), specific heat 

capacity (385 J/kg·K), and exceptional thermal conductivity 

(385 W/m·K). This combination of materials—copper for 

heat conduction and aluminum for structural efficiency—

offers a strong basis for improved heat sink performance. All 

the materials used were obtained commercially. The choice 

of material was aluminum 1050, because of the low density 

and machinability, and C110 copper, because it has a high 

thermal conductivity. No further surface treatment was 

applied to the two materials, which were tested just as they 

had been received. 
 

2.4. Geometric Dimensions 

The Pin Fin Heat Sink's geometric dimensions were 

meticulously measured and maintained to guarantee 

uniformity throughout the testing. The dimensions of the heat 

sink were 92 mm in width, 31 mm in depth, and 100 mm in 

length. Each fin had an 8 mm pitch and measured 25 mm in 

length by 2 mm in width. A fair comparison of heat 

transmission techniques was ensured by maintaining the base 

pin thickness at 6 mm for both configurations, with and 

without baffles. 

 
 

Each heat sink's design and material were taken into 

consideration when choosing the fabrication techniques. 

Aluminum bars measuring 100 mm by 100 mm by 35 mm 

were machined for the Plate Fin Heat Sink (PFHS). Five 

holes with a diameter of 2 mm were drilled into the sides of 

the air input and exit to provide room for temperature probes. 

A copper base plate that was 10 mm thick and drilled eight 

times with 8 mm bits to a depth of 5 mm was utilized for the 

Pin Fin Heat Sink. Plain and threaded copper rods were press-

fitted into the holes to improve heat dissipation and optimise 

surface contact. 

 

The fabrication techniques had been customized for 

every heat sink depending on its structure and material 

composition. The aluminum bars employed for the Plate Fin 

Heat Sink (PFHS) were precisely machined to measure one 

hundred millimeters by one hundred millimeters by thirty-

five millimeters.  

 

Five holes with a diameter of two millimeters on the 

sides of the air inlet and outlet were drilled to accommodate 

temperature sensors. A thick ten millimeter copper base plate 

served as the foundational component for the Pin Fin Heat 

Sink. Into this base were bored eight punctures to a depth of 

five millimeters using eight millimeter drill bits. The press-

fitting of bare and threaded copper rods within these 

perforations amplified surface contact and optimized heat 

dissipation. 

An electrical heater, a regulated airflow duct, and an 

anemometer to monitor air velocity were all part of the 

TD1005 Free and Forced Convection Apparatus used in the 

research. As illustrated in Figure 1, thermocouples were 

positioned in strategic locations to track the temperatures of 

the fins, heat sink base, and ambient air. 
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The variable-speed axial fan permits free and forced 

convection testing using the TD1005 test fixture. Air 

velocity was measured by a digital hot-wire anemometer 

(accuracy ±0.1 m/s), and input power was provided by a 

calibrated electrical heater with accuracy of ± 0.5 W. K-type 

thermocouples (± 0.1 °C accuracy) embedded at the base and 

along the fin surface, coupled to a digital data acquisition 

system for online acquisition/monitoring purposes. 

 
Fig. 1 Experimental Setup 

 

3. Experimental Work 
The experimental study on heat sink performance was 

conducted in a controlled setup designed to precisely measure 

thermal characteristics. The system included a regulated heat 

source, a heat sink mounted on a thermal interface material, 

and strategically placed thermocouples to monitor 

temperature changes. A data acquisition system continuously 

recorded temperature distribution, while a wind tunnel 

controlled airflow to simulate real-world convective cooling. 

Heat input was carefully managed to maintain steady-state 

conditions, ensuring consistent and repeatable results. In 

order to ensure reproducibility, each experiment was repeated 

in triplicate, and the average value was presented. The 

measurement uncertainties were derived from standard 

propagation, giving rise to ±3% for the heat transfer 

coefficient and ±2% for the Reynolds number. Various heat 

sink configurations—differing in fin geometry, material 

composition, and surface treatment—were tested under 

identical thermal loads. Each design was evaluated multiple 

times to minimize error and enhance accuracy. The objective 

was to identify the most efficient design that maximizes heat 

dissipation and minimizes thermal resistance. All 

dimensions, material properties and test conditions are 

reported in full to facilitate reproducibility. The devices, 

sensors, and methods used for data acquisition are typical of 

studies in thermal management, such that similar apparatuses 

can be used to replicate the study. The thermal performance 

parameters were evaluated using standard definitions from 

prior heat sink studies [31–33]: 

3.1. Reynolds Number (Re) 

Re = (ρ × V × Dh) / μ 

Where ρ is the air density (kg/m³), V is the airflow 

velocity (m/s), Dh is the hydraulic diameter (m), and μ is the 

dynamic viscosity of air (Pa·s) [31]. 

3.2. Nusselt Number (Nu) 

Nu = (h × Dh) / k 

Where h is the convective heat transfer coefficient 

(W/m²·K) and k is the thermal conductivity of air (W/m·K) 

[32]. 

3.3. Heat Transfer Coefficient (h) 

h = Q / (A × (Tb – T∞)) 

Where Q is the heat input (W), A is the surface area of 

the heat sink (m²), Tb is the base temperature (°C), and T∞ is 

the ambient air temperature (°C) [33]. 

3.4. Thermal Resistance (Rth) 

Rth = (Tb – T∞) / Q 

Where Rth is expressed in °C/W and represents the 

resistance to heat flow through the sink [33]. 

 

Fig. 2 Schematic of experimental setup   
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4. Results 
The five heat sink types—PFHS, CPFHS, PPFHS, 

PCMPFHS, and PPFHS—were evaluated for thermal 

performance at power dissipation levels of 10W, 20W, and 

30W using metrics such as Hc, thermal resistance, Nu, and 

Re. The results are presented in this section. 

4.1. Comparison Re Vs Nu 

4.1.1. 10W 

 
Fig. 3 Plot of Re and Nu across different heat sink configurations under 10W power input 

 

 

Fig. 4 20W comparative analysis of Re and Nu numbers across five cases 

 

Figure 3 illustrates the experimental relationship 

between the Re and the Nu across five distinct heat sink 

configurations. Each case represents a unique design or 

material variation, with Re maintained at consistent intervals 

(40611, 81222, 121833, 162443, and 203044), while the 

corresponding Nu vary across cases. Each data point 

represents the mean of three repeated measurements. 

Standard deviation error bars (± values) were added to reflect 

variability, which remained below 5% in all cases. 

In Case-1, the Nu increases steadily from 285 to 513 as 

the Re rises, demonstrating strong convective heat transfer 

performance. Case-2 shows a moderate increase in Nu from 

117 to 195, suggesting improved thermal performance but at 

a lower rate than Case-1. Both Case-3 and Case-4 exhibit 

progressive increases in Nu, although with varied growth 

rates, indicating the influence of geometric or material 

differences on heat transfer efficiency. Case-5 consistently 

achieves the highest Nu at each Re level, beginning at 89 for 
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Re = 40611 and peaking at 166 for Re = 203044. This trend 

highlights the superior heat transfer capability of Case-5 

under forced convection conditions 

4.1.2. 20W  

The link between Re and Nu in five experimental 

instances is shown in Figure 4. Re consistently rises from 

4089 to 22923 in every scenario, although Nu values differ 

based on the setup. At 20 W input, an ANOVA test across the 

five configurations confirmed that the observed differences 

in Nu were statistically significant (p < 0.05), supporting the 

robustness of the performance comparison. 

In Case-1, Nu rises from 2577 to 3211, indicating strong 

heat transfer enhancement. Case-2 shows a more moderate 

increase, with Nu ranging from 1044 to 1266. Case 3 exhibits 

a similar upward trend, with values increasing from 677 to 

1044. Case-4 demonstrates the lowest Nu values, ranging 

from 73 to 113, while Case-5 starts at 811 and reaches 1130. 

4.1.3. 30W  

Five experimental cases, spanning a Re range of 25,880 

to 41,188, are shown in Figure 5 along with the relationship 

between Re and Nu. Variability analysis showed standard 

deviations within ±4% for all measurements, ensuring 

confidence in the comparative trends observed at higher 

power dissipation. In Case-1, there is a notable increase in 

convective heat transmission, as evidenced by Nu rising 

significantly from 248 to 2202 as Re increases. The total Nu 

values in Case-2, which range from 94 to 105, are 

significantly lower but show a similar rising tendency. Over 

the same Re range, Nu rises more slowly in Case-3, going 

from 699 to 977. Although the precise amounts differ 

between examples, Nu consistently increases in cases 4 and 

5 as Re increases. Notwithstanding these variations, it is 

evident that Re and Nu positively correlate in all five cases, 

supporting the predicted trend of enhanced convective heat 

transfer efficiency at higher flow rates.

 
Fig. 5 20W comparative analysis of Re and Nu numbers across five cases 

 

Fig. 6 10W comparative analysis of Hc vs velocity across five cases 
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Figure 6 presents the experimental trends of the Hc ( in 

W/m²·K) across five distinct velocity scenarios, labelled 

Case-1 through Case-5. Each curve reflects the average of 

three trials, with error bars (± values) added to indicate 

measurement uncertainty in h, which did not exceed 3% 

across the velocity range. Each case explores the behavior of 

h over a fluid velocity range spanning from 1 to 5 m/s. In 

Case-1, the Hc initiates at 74.8 W/m²·K and steadily climbs 

with increasing velocity, reaching a maximum of 134.4 

W/m²·K at 5 m/s. A similar pattern emerges in Case-2, where 

h rises from 51.2 W/m²·K to 85.3 W/m²·K over the same 

velocity range. In Case-3, the values begin at 33.0 W/m²·K 

and increase more modestly to 51.2 W/m²·K. Case-4 follows 

a comparable trajectory, starting at 36.0 W/m²·K and 

reaching 56.0 W/m²·K by the highest velocity. Case-5 

demonstrates a slightly more pronounced rise, with the 

coefficient improving from 38.9 W/m²·K to 72.7 W/m²·K as 

velocity increases. 

Across all five scenarios, the data consistently reveal a 

clear positive relationship between fluid velocity and the Hc, 

reinforcing the role of increased flow rate in enhancing 

convective heat transfer efficiency. 

 

4.1.4. 20W  

 
Fig. 7 20W comparative analysis of Hc vs velocity across five cases 

 

 

Fig. 8 30W comparative analysis of Hc vs velocity across five cases 
 

The experimental Hc (measured in W/m²·K) were 

analyzed across five velocity scenarios, labeled Case-1 

through Case-5. Each case represents a distinct experimental 

condition that influences heat transfer behavior. These 

coefficients reflect how variations in fluid velocity—from 1 

to 5 m/s—affect convective heat transfer performance. 

Across all cases, a consistent trend is observed: as velocity 

increases, so does the Hc. In Case-1, for example, the 

coefficient rises steadily from 67.2 W/m²·K at 1 m/s to 84.0 

W/m²·K at 5 m/s, indicating improved heat transfer with 

higher flow rates. Case-2 follows a similar trend, with values 

increasing from 45.2 W/m²·K to 54.9 W/m²·K. In Case-3, the 

coefficient starts at 29.2 W/m²·K and reaches 45.2 W/m²·K 

at the highest velocity, as shown in Figure 7. Each curve 

reflects the average of three trials, with error bars (± values) 

added to indicate measurement uncertainty in h, which did 

not exceed 3% across the velocity range. 
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Cases 4 and 5 also show clear improvements. Case-4 

sees an increase from 31.9 W/m²·K to 49.4 W/m²·K, while 

Case-5 starts at 35.4 W/m²·K and also peaks at 49.4 W/m²·K. 

These results reinforce the positive correlation between flow 

velocity and heat transfer efficiency across varying 

experimental conditions.  

4.1.5. 30W  

The experimentally determined Hc (in W/m²·K) for each 

of the five scenarios, which were tested throughout a velocity 

range of 1 to 5 m/s, are shown in Figure 8. It is evident that 

increased flow speed leads to better thermal performance in 

Case 1, as h steadily rises from 57.6 W/m²·K at the lowest 

velocity to 65.0 W/m²·K at 5 m/s. While the pattern is 

consistent with Case 1, the absolute coefficients are still 

relatively lower in Case 2, which exhibits a similar upward 

trend with values increasing from 41.1 W/m²·K to 46.0 

W/m²·K. 

During the same velocity span in Case 3, the Hc 

increases from 30.0 W/m²·K to 42.2 W/m²·K. The trend once 

again demonstrates the beneficial effect of velocity on 

convective heat transfer, even though the initial values are on 

the lower end. This behavior is mirrored in Case 4, when h 

increases from 32.9 W/m²·K to 46.0 W/m²·K. A comparable, 

if more modest, improvement is shown in Case 5, going from 

34.3 W/m²·K at 1 m/s to 41.0 W/m²·K at 5 m/s. 

The statistics consistently show that increasing flow 

velocity improves the convective Hc in each of the five cases. 

The level of improvement, however, differs depending on the 

particular experimental circumstances in each instance. 

4.2. Comparison Re Vs Tb 

4.2.1. 10W  

 
Fig. 9 10W comparative analysis of Re vs Tb, across five cases 

 

Figure 9 presents the experimental relationship between 

Re and the corresponding Tb  (in °C) across five distinct 

cases, each representing different operating conditions. Base 

temperature readings were averaged across three 

experimental runs, with observed variation remaining within 

±2 °C, confirming repeatability of the results. In all cases, the 

Re range consistently from 4061 to 20,304. Notably, a clear 

inverse trend is observed between Re and Tb—higher Re 

correlates with lower base temperatures, indicating improved 

convective cooling. 

In Case 1, the base temperature starts at 34.0°C at a Re 

of 4061 and gradually decreases to 30.0°C at 20,304. Case 2 

mirrors this trend but records slightly higher temperatures 

throughout, beginning at 34.5°C and declining to 30.7°C. 

This consistent pattern continues in Cases 3, 4, and 5, with 

each subsequent case exhibiting marginally higher base 

temperatures at corresponding Re compared to the preceding 

one. Despite these differences in absolute temperature values, 

all five cases demonstrate the same fundamental behaviour: 

as the Re increases, the Tb decreases, highlighting the 

enhanced heat transfer performance at higher flow regimes. 

4.2.2. 20W 

Figure 10 presents experimental data illustrating the 

relationship between Re and the corresponding base 

temperatures (Tb, in °C) across five different cases, each 

reflecting distinct test conditions. Base temperature readings 

were averaged across three experimental runs, with observed 

variation remaining within ±2 °C, confirming repeatability of 

the results. The range spans from 4089 to 22,923, while the 

base temperatures vary within each case. In Case 1, a Re of 

4089 corresponds to a base temperature of 45.0°C. As the Re 

increases progressively to 9007, 13,608, 18,222, and 

ultimately 22,923, the base temperature exhibits a gradual 

decline, reflecting a clear inverse relationship between flow 

intensity and surface temperature. This negative correlation 

suggests enhanced convective cooling at higher Re. 
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Fig. 10 20w comparative analysis of Re vs Tb across five cases 

 

Cases 2 through 5 follow a similar trend. Case 2's base 

temperature decreases from 46.5°C to 41.0°C across the same 

Re range. Case 3 starts at 55.5°C and drops to 44.7°C, while 

the subsequent cases demonstrate comparable behaviour with 

varying initial and final temperatures. Despite differences in 

absolute values, the consistent downward trend in base 

temperature with increasing Re across all five cases 

highlights the beneficial impact of higher flow rates on heat 

dissipation efficiency. 

 

4.2.3. 30W  

 
Fig. 11 30w comparative analysis of Re vs Tb across five cases 

 

The data present the Re and corresponding Tb for five 

experimental cases evaluated under varying flow conditions. 

For every case, both Re numbers and base temperatures are 

recorded across multiple experimental runs to assess thermal 

behaviour under different regimes. In Case 1, the Re begins 

at 4118, corresponding to a Tb of 60.0°C, with subsequent 

readings showing a gradual decline in temperature as the Re 

increases—indicating a typical inverse relationship often 

observed in convective heat transfer scenarios. However, this 

trend is not universally consistent across all cases. 

In Case 2, the base temperature is 59.0°C at Re = 9989, 

then increases gradually to 66.2°C at higher Re. Cases 3–5 

present similar mixed patterns where Re, for example, 15200 

and 20448, have based temperatures that change slightly, 

rising or falling, depending on the flow and thermal 

parameters. 

In general, although some cases support a negative 

correlation between Re and base temperature, there are cases 

with a positive correlation or with non-linear correlation, 

which implies that the effect of Re on base temperature 

might depend on other parameters, including thermal 

boundary conditions, fluid properties or surface properties. 

This subtle behaviour emphasizes the intricate coupling 

between flow and heat transfer in realistic experiments. 
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4.2.4. Discussions 

The thermal performance of five different heat sink 

designs was tested at three different power dissipation values 

(10W, 20W, and 30W) with four air-side heat transfer 

parameters: 7c, N, Hct and Tb. Analyzing the monitored data 

provides useful trends and comparisons of the performance 

of each design over multiple thermal and flow conditions. 

 

4.2.5. Re vs Nu 

At each power level, a similar apparent effect was 

observed, as would be expected; higher Re, and hence flow 

rates, were associated with higher Nu (a measure of 

convective heat transfer). This correlation supports the 

hypothesis that the more fluid motion allowed, the more 

efficient the thermal energy dissipation from the heat sink 

surface. 

At 10W, Case-1 (PFHS) and Case-5 (probably 

PCMPFHS or another advanced design) were options. (the 

solid and dashed lines represented case-2) by which the Nu 

increased monotonically from 285 to 513, implying excellent 

heat transfer efficiency in convection. Case-5, on the other 

hand, achieved the highest Nu values throughout the 

increasing Re range, even though its initial Nu was lower than 

that of some cases, which illustrates better design or material 

qualities. 

At 20W, Case-1 again exhibited dominant thermal 

behaviour, with Nu ranging from 2577 to 3211. Case-5 also 

maintained a commendable performance with values 

climbing from 811 to 1130, reinforcing the earlier trend. 

Case-4 consistently underperformed across all Re, indicating 

potential geometric or material limitations that inhibit 

turbulent or efficient heat exchange. 

At 30W, the pattern persisted with Case-1 achieving the 

highest Nu (up to 2202), followed by Case-3 and Case-5. The 

consistent positive correlation across all cases reaffirms that 

enhanced flow dynamics directly improve heat dissipation 

capabilities. Interestingly, despite the power increase, Case-2 

continued to exhibit relatively lower Nu values, highlighting 

design limitations in convective transfer scalability. 

4.2.6. Hc vs Velocity 

Velocity plays a vital role in determining the Hc, and the 

results reinforce this principle. A clear and consistent 

increase in h with rising velocity was observed across all 

power levels and cases, confirming the beneficial impact of 

higher fluid velocity on convective thermal performance. 

At 10W, Case-1 again showcased the highest values 

(74.8 to 134.4 W/m²·K), followed by Case-2 and Case-5. 

Cases 3 and 4, while showing improvements with velocity, 

lagged in absolute performance. At 20W, the pattern was 

consistent but with a narrower performance gap among the 

configurations. Case-1 led with values from 67.2 to 84.0 

W/m²·K, while other cases followed with lower yet positively 

trending values. 

At 30W, all cases exhibited rising h with velocity, but 

overall gains were less pronounced, especially for Cases 4 

and 5. This higher-power plateau effect may indicate thermal 

saturation or limitations in surface area utilization under 

increased thermal loads, especially for lower-performing 

geometries. 

4.2.7. Re vs Tb 

The inverse relationship between Re and Tb is evident 

at 10W and 20W, indicating that higher flow rates can 

enhance cooling and reduce thermal stagnation at the heat 

sink’s base. 

At 10W, all cases displayed this anticipated trend with 

the base temperature steadily decreasing as Re was increased. 

Case 1 showed the minimal base temperatures over the entire 

range of Re, indicating its better thermal management 

characteristic. 

At 20 W, the trend is also reversed, but the spread of the 

upper and lower performing cases was relatively higher than 

the other cases because thermal loading becomes dominant. 

Case-3 began at a much higher initial base temperature 

(55.5°C), highlighting its weakness under low heating loads. 

Nevertheless, at 30W, alterations from the normal 

sequence occurred. However, as opposed to Case-1, Case-2 

showed a positive correlation between Re and base 

temperature, indicative of possible flow channelling losses or 

thermal surfeit due to configuration defects. Cases 3-5 

showed non-linear (non-vortex shedding) behaviors, likely 

implying complex interactions of flow (turbulence) with 

disrupted boundary layers and material (thermal 

conductivity) at higher heat inputs. Such factors highlight the 

significance of assessing heat sink performance based on 

geometry optimization and the thermal response of the 

material under higher stress, rather than only focusing on 

flow rate control. 

4.2.8. Overall Comparative Evaluation 

Case-1 (PFHS) was also the most effective among the 

others at all power levels and for all the metrics, and was the 

most effective configuration in terms of convective heat 

transfer and base temperature stabilization. 

Even though process-5 started from lower values than 

process-2, thermal enhancement could be raised when the 

flow rate was high, suggesting its performance could be 

scaled to the forced convection level. 

From Table 1, it was found that Case-2 and Case-4 had 

lower time lags, especially at high load, which might 

indicate that the geometry of the design had some 
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bottlenecks, such as the exposure of surface area was not 

enough or the fin/channel design was not perfect. 

At 30 W, the performance separation was clearly 

displayed, therefore suggesting an effective heat-sinking 

design for high-power applications. 

5. Conclusion 
This study evaluated the thermal performance of five 

distinct heat sink configurations—PFHS, CPFHS, PPFHS, 

PCMPFHS, and PPFHS—under three levels of power 

dissipation (10W, 20W, and 30W). Previous work usually 

only considered geometry or materials separately, whereas in 

this paper, five different heat sink designs are tested under the 

same test conditions, and an optimization model is proposed 

that also includes manufacturability and cost. The analysis 

was carried out using key parameters including Re, Nu, Hc, 

and Tb. Based on the experimental results and comparative 

analysis, the following conclusions can be drawn: 

 Heat Sink Geometry and Design Significantly Influence 

Thermal Performance: Among all configurations, Case-

1 (PFHS) consistently demonstrated the best 

performance across all metrics—exhibiting the highest 

Nu and Hc, along with the lowest base temperatures at 

increasing Re and velocities. This suggests that its 

geometric or material design offers the most efficient 

convective cooling. 

 Increased Flow Rate Enhances Convective Heat 

Transfer: Across all cases and power levels, a positive 

correlation was observed between Re and Nu and 

between fluid velocity and Hc. This confirms the 

fundamental principle that higher flow rates enhance 

convective heat transfer by reducing the thermal 

boundary layer. 

 Higher Re Reduce Base Temperatures: For 10W and 

20W conditions, all configurations exhibited a clear 

inverse relationship between Re and Tb, indicating 

improved heat dissipation with increased fluid motion. 

On the other hand, at 30 W, deviations occurred in 

certain designs (particularly Case-2), indicating a 

reduction in scaling efficiency and justifying further 

geometry optimization cases under higher thermal loads. 

 Design Limitations Become Apparent at Higher Power 

Levels: At 30W, thermal performance gaps widened. 

Some heat sinks showed non-linear or inconsistent 

thermal behavior, highlighting the need for robust design 

under elevated thermal stress. These findings emphasize 

the importance of advanced material selection and 

structural optimization for high-power applications. The 

results provide engineers with clear guidelines to 

optimize the trade-offs between cooling effectiveness, 

material choice and cost for heat sinks in small high-

power electronics. 

Case-5 exhibited good positive trends with Re and 

velocity, which indicated that a strong scalability for forced 

convection (although not always better than Case-1). The 

results taken together affirm that pin-fin configurations, 

particularly perforated and PCM-enhanced designs, are 

promising candidates for advanced cooling systems of 

electronics. 

5.1. Data Availability Statement 

The data used and/or analysed during the current study 

are available from the corresponding author on reasonable 

request. 
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