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 This study numerically investigates the effect of fin arrangement on entropy generation and 
thermal performance in a heat sink subjected to a constant heat flux of 20 kW/m². Five 
different configurations are examined under laminar flow conditions within a Reynolds 
number (Re) range of 200–500. The analysis focuses on evaluating the contributions of fluid 
friction and heat transfer to the total entropy generation using a second-law approach. The 
results indicate that fin geometry and distribution significantly influence the thermodynamic 
behavior of the system. Increasing the Re intensifies viscous effects, leading to higher entropy 
generation due to fluid friction, while enhanced convection improves heat removal from the 
heated surface. Among the investigated configurations, Configuration 4 demonstrates the 
best overall performance. The larger number of fins in this configuration increases the 
effective contact area between the coolant and the solid surfaces, which enhances heat 
transfer and reduces overall entropy generation compared with the other cases. 
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1. Introduction 

        In recent years, the rapid evolution of 
electronic technologies toward more compact, 
faster, and higher-power devices has intensified 
the importance of effective thermal management 
in engineering applications [1,2]. The heat 
generated by electronic components directly 
influences their reliability and operational 
efficiency. Consequently, the development of 
efficient cooling strategies has become essential 
to prevent overheating and ensure stable device 
performance [3,4]. 
         Traditional cooling techniques are 
increasingly insufficient for addressing the 
thermal demands of modern miniaturized and 
high-power electronic systems. To improve heat 
dissipation, several thermal management 
approaches have been investigated, including 
natural or forced air convection, liquid cooling 
methods, and advanced technologies such as 
phase change materials [5,6]. Although these 

solutions provide advantages in many situations, 
they often struggle to satisfy the strict thermal 
requirements of highly compact electronic 
devices. In this context, micro- and mini-channel 
heat sinks (MCHSs) have emerged as highly 
promising cooling solutions. Their compact 
geometry and high surface-to-volume ratio 
significantly enhance heat removal, particularly 
when liquid coolants are employed [7–9]. Due to 
these characteristics, MCHSs have been widely 
implemented in applications such as high-power 
electronic modules, solar energy equipment, and 
compact computing devices. Various working 
fluids, including water, oils, and ethylene 
glycolate commonly used, with liquid cooling 
generally offering superior performance because 
of stronger convective heat transfer mechanisms. 
       A considerable number of studies have 
focused on improving the performance of 
microchannel heat sinks by modifying channel 
geometry, introducing advanced working fluids, 
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and developing hybrid thermal designs. For 
example, Gunnasegaran et al. [10] examined 
triangular, rectangular, and trapezoidal 
microchannels with different hydraulic 
diameters and reported that reducing the 
hydraulic diameter enhanced the heat transfer 
coefficient and improved temperature 
uniformity, while rectangular channels showed 
the best overall performance. Similarly, 
Najafpour et al. [11] investigated the impact of 
cross-sectional variations for Re between 831 
and 1496 and observed that higher Re increased 
the heat transfer coefficient while lowering 
thermal resistance. Their study also indicated 
that incorporating nanoparticles such as TiO₂, 
MgO, and graphene oxide (GO) could enhance 
thermal performance by reducing both fluid 
temperature and overall thermal resistance 
compared with pure water. Ghadhban and Jaffal 
[12] analyzed microchannels with wave-shaped, 
S-shaped, and arc geometries, reporting 
improvements in the Nusselt number of up to 
30.5% and a 16% reduction in pressure drop 
(ΔP) for the arc configuration. In another 
investigation, Al-Hassani and Freegah [13] 
explored serpentine microchannels with 
different secondary flow arrangements, including 
backward angles, dual outlets, and pin-fin hybrid 
structures. Their results demonstrated 
noticeable enhancements in the Nusselt number 
and overall hydrothermal performance, although 
changes in ΔP were also observed. Furthermore, 
Najafpour et al. [14] proposed multi-branch 
microchannel designs and evaluated their 
thermal behavior under a constant heat flux of 
26.67 kW/m². Among the examined cases, Case 2 
provided the most balanced performance 
between heat transfer improvement and flow 
resistance, with thermal resistance decreasing as 
the Re increased, while the ΔP simultaneously 
rose. 
           Despite considerable advancements in the 
development of microchannel heat sinks through 
geometric optimization and coolant 
enhancement, achieving a balanced trade-off 
between improved heat transfer and increased 
pressure loss continues to be a major challenge. 
Many proposed designs can significantly enhance 
heat dissipation; however, they often require 
higher pumping power, which limits their 
practicality in compact or energy‑efficient 
electronic systems.  
To address this gap, the present study proposes 
five fin‑based configurations integrated into a 
copper heat sink. A constant heat flux = 20 
kW/m² is applied to the bottom wall of the heat 
sink to evaluate the thermal performance of the 
proposed designs. The analysis is carried out over 

a Re range of 200–500, and a detailed entropy 
generation 

2. Numerical methodology 

2.1. Geometric dimensions and boundary 
conditions 

In the present work, five distinct mini-channel 

heat sink configurations are developed and 

analyzed. The overall dimensions of the heat sink 

are 44 mm in length, 7 mm in width, and 4 mm in 

height. Each model consists of two solid copper 

sections and a fluid region through which water 

flows as the working fluid. The flow channel has 

a square cross-section with dimensions of 2 mm 

× 2 mm. The inlet temperature of the working 

fluid is set to 298 K, and a constant heat flux = 20 

kW/m² is applied to the bottom wall of the heat 

sink (Fig. 1). The thermophysical properties of 

the materials used in the simulations are 

summarized in Table 1. 

Table 1. Material Properties [3, 15] 

Material Water Copper 

𝜌 (kg/m3) 997 8933 

𝑐𝑝  (J/kg.K) 4179 385 

k (W/m.K) 0.6 401 

 (kg/m.s) 0.001 - 

 

 
(a) 

 
(b) 

Fig. 1. (a) Geometric dimensions of the heat sink. (b)The 
boundary conditions. 

The current designs include a single inlet with a 

hydraulic diameter of 𝐷ℎ = 2mm, through which 

the coolant enters the channel at a constant 

temperature. As the fluid flows through the 

channel, it absorbs heat from the heated surface 

and eventually leaves the system through an 

outlet located at the downstream end. The 

baseline model (Base Case) contains no fins, 

while Cases 1 to 4 are equipped with fins of 
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different geometric configurations in order to 

evaluate the impact of fin design on the cooling 

capability and overall thermal behavior of the 

heat sink (Fig. 2). The addition of fins modifies the 

flow structure and increases the effective heat 

transfer area, thereby promoting stronger 

convective heat transfer and improving 

temperature distribution within the system. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 2. Isometric view of: a) base case, b) case 1, c) case 2, 

d) case 3, and e) case 4 

 

 

 

2.2.  Governing equations 

To develop a computational model that balances 
accuracy with computational efficiency, several 
simplifying assumptions are considered. These 

assumptions help reduce the complexity of the 
numerical analysis while still capturing the 
essential physical behavior of the system. The 
main assumptions adopted in this study are 
summarized as follows: 
• The thermophysical properties of the materials 
are assumed to remain constant throughout the 
simulation and are not affected by temperature 
variations. 
• The coolant flow is considered laminar and 
incompressible under the operating conditions 
examined. 
• Gravitational effects and natural convection are 
neglected, allowing the analysis to focus 
exclusively on forced convection heat transfer. 
• A uniform heat flux is applied to the bottom 
surface of the heat sink to represent a steady 
thermal load. 
• Radiative heat transfer is assumed to be 
negligible and is therefore excluded from the 
model. 
Based on these assumptions, the fluid flow and 
heat transfer within the computational domain 
are described using the fundamental 
conservation equations, including the continuity 
equation, the Navier–Stokes equations for 
momentum, and the energy equation. 
 
The continuity equation is given as follows: 

𝜕𝑢

𝜕𝑥
+ 

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= 0  (1) 

Momentum equation: 

X‑momentum: 𝑢
𝜕𝑢

𝜕𝑥
+  𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
= −

1

𝜌𝑓

𝜕𝑝

𝜕𝑥
+

 
𝑓

𝜌𝑓
[

𝜕2𝑢

𝜕𝑥2 +
𝜕2𝑢

𝜕𝑦2 +
𝜕2𝑢

𝜕𝑧2]                                (2) 

Y‑momentum: 𝑢
𝜕𝑣

𝜕𝑥
+  𝑣

𝜕𝑣

𝜕𝑦
+ 𝑤

𝜕𝑣

𝜕𝑧
= −

1

𝜌𝑓

𝜕𝑝

𝜕𝑦
+

 
𝑓

𝜌𝑓
[

𝜕2𝑣

𝜕𝑥2 +
𝜕2𝑣

𝜕𝑦2 +
𝜕2𝑣

𝜕𝑧2]                                                    (3) 

Z‑momentum: 𝑢
𝜕𝑤

𝜕𝑥
+  𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
= −

1

𝜌𝑓

𝜕𝑝

𝜕𝑧
+

 
𝑓

𝜌𝑓
[

𝜕2𝑤

𝜕𝑥2 +
𝜕2𝑤

𝜕𝑦2 +
𝜕2𝑤

𝜕𝑧2 ]                                                  (4) 

In this context, p, ρ and ν denote the pressure, 
density, and kinematic viscosity of the coolant, 
respectively. The energy equation for the fluid is 
formulated as follows: 

𝑢
𝜕𝑇

𝜕𝑥
+  𝑣

𝜕𝑇

𝜕𝑦
+ 𝑤

𝜕𝑇

𝜕𝑧
=

𝑘𝑓

𝜌𝑓 𝑐𝑝𝑓
[

𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2]     (5) 

In this context, ρ, T, kf and  Cp denote the 
coolant's density, temperature, thermal 
conductivity, and specific heat at constant 
pressure, respectively. 

Energy equation for the solid:   

𝑘𝑠 [
𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2] = 0                                           (6)                                       

where ks is the thermal conductivity of the solid. 

2.3. Data Analysis 
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The value of 𝑃 can be concluded as follows 
[16, 17]: 

      𝑃 = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡  (7) 

Re is defined as follows [18-20]: 

      𝑅𝑒 =
𝜌𝑉𝐷𝐻


      (8) 

Where DH represents the hydraulic diameter 
of the flow channel, which is calculated using the 
following equation [21, 22]: 

𝐷𝐻 =
4𝐴

𝑃
      (9) 

A denotes the cross-sectional area, and P 
represents the perimeter of the fluid inlet. 

In this study, entropy generation analysis is 
utilized to evaluate the thermodynamic 
performance of the proposed MCHS 
configurations by quantifying the irreversibilities 
associated with heat transfer and fluid flow. This 
approach provides a comprehensive criterion for 
comparing different designs beyond 
conventional thermal indicators. The expressions 
used to calculate the total entropy generation 
rate are presented in the following section. 

 
 𝑆𝑔 = 𝑆𝑔,∆𝑝 + 𝑆𝑔,∆𝑇 (10) 

 

 𝑆𝑔,∆𝑝 =
𝑚̇∆𝑝

𝜌𝑚𝑇𝑎
   

(11) 

 𝑆𝑔,∆𝑇 =
𝑄𝑏𝑎𝑠𝑒(𝑇𝑏𝑎𝑠𝑒,𝑎𝑣𝑔 − 𝑇𝑎)

𝑇𝑏𝑎𝑠𝑒,𝑎𝑣𝑔𝑇𝑎

 (12) 

In this formulation, 𝑆𝑔,Δ𝑇  represents the 

entropy generation associated with heat transfer, 
whereas 𝑆𝑔,Δ𝑝corresponds to the entropy 

produced due to fluid flow effects. The fluid mass 
flow rate is denoted by 𝑚̇, and the ambient 
temperature 𝑇𝑎is assumed to be equal to the inlet 
fluid temperature in the present analysis. 

The augmented entropy generation number, 
𝑁𝑠,𝑎, is introduced as a useful parameter for 
comparing the level of thermodynamic 
irreversibility among different microchannel 
configurations. It can be expressed as follows [7, 
8]: 
𝑁𝑠,𝑎 = 𝑆𝑔/𝑆𝑔,0 (13) 

In this relation, 𝑆𝑔corresponds to the total 

entropy generated in each configuration. The 
comparison between different cases is performed 
by relating their entropy generation to that of the 
baseline configuration through the parameter 𝑁𝑎. 
A  smaller value of 𝑁𝑎  indicates lower 
irreversibility within the system, which reflects a 
more efficient thermal management 
performance. 

3. Grid Study and Validation 

In CFD simulations, the accuracy of the 
numerical results is closely related to the quality 
of the computational mesh. Therefore, a mesh 
independence study was performed to confirm 
that the predicted results are not significantly 

affected by grid refinement. This process helps 
achieve a suitable balance between 
computational cost and solution accuracy, 
ensuring that the numerical results reliably 
represent the physical behavior of the system. 

For this purpose, the grid independence 
analysis was carried out for Case 3 at a Re = 400, 
where key parameters such as ΔP and the heat 
sink base temperature were monitored. Several 
mesh densities were examined to evaluate their 
influence on the results. Based on the 
comparison, the Fine mesh was selected as the 
final computational grid since further refinement 
produced negligible changes in the obtained 
results (Table 2). 

The governing equations of the present study 
were solved using the finite element method 
(FEM) implemented in COMSOL Multiphysics 6.2, 
where the equations were discretized and 
computed by considering all relevant boundary 
conditions and physical parameters. 

 
Table 2. Mesh independence for case 3 at Re = 400 

Mesh Size Elements 
Number 

ΔP 
(Pa) 

Bottom 
Tem (K) 

Coarse 518,935 441.78 300.21 
Normal 951,712 479.11 300.35 

Fine 1,828,204 494.54 300.40 
Finer 2,734,131 496.38 300.42 

 

To assess the reliability of the present numerical 

model, the simulation results were validated against 

the benchmark data reported by Al-Hasani and 

Freegah [13]. As illustrated in Fig. 4, the predictions 

obtained in this study exhibit good agreement with 

the results presented in the reference work, with only 

slight discrepancies observed. 

 
Fig. 3. Comparison of the results obtained with the current 

numerical method compared to the experimental study of Al-

Hasani and Freegah [13]. 

 

4. Results and discussion 
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Figure 4 illustrates the temperature contour 
distributions at a Re = 400, providing insight into 
the heat dissipation behavior inside the heat sink. 
In the baseline configuration, relatively high-
temperature regions are observed due to the 
limited heat transfer capability of the simple 
channel structure. However, when fins with 
different geometric arrangements are introduced 
in Cases 1–4, the temperature field becomes 
noticeably more uniform and the overall 
temperature level decreases. The presence of fins 
increases the effective heat transfer surface and 
improves the interaction between the coolant 
and the heated surfaces, which leads to enhanced 
convective heat transfer and better thermal 
management within the heat sink. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
Fig. 4. Temperature distribution in present cases at a Re 

of 400: (a) base case, (b) case 1, (c) case 2, (d) case 3, (e) 

case 4. 

 
Figure 5 illustrates the variation of entropy 

generation caused by fluid friction (Sp) as a 

function of the Re. As the Re increases, the fluid 
velocity inside the channel becomes higher, 
which intensifies the shear stress along the 
channel walls and consequently increases 
viscous dissipation. As a result, entropy 
generation associated with fluid friction rises for 
all examined configurations. 

Nevertheless, the magnitude of Sp differs 
among the cases due to variations in fin geometry 
and their influence on the flow structure, 
boundary layer development, and local velocity 
gradients. The results indicate that the baseline 
configuration produces the lowest entropy 
generation, whereas Case 2 exhibits the highest 
values. In Case 2, fins are arranged perpendicular 
to the main flow direction, which forces the fluid 
to undergo abrupt changes in its flow path. This 
sudden redirection of the coolant increases flow 
resistance and ΔP, ultimately leading to higher 
entropy generation related to fluid friction. 

 

 
Fig. 5. Sp values for proposed cases at Re 200 to 500 

 
Figure 6 presents the variation of entropy 

generation associated with heat transfer (St) for 
the proposed configurations within the Re range 
of 200–500. The results indicate that increasing 
the Re improves the cooling performance and 
overall heat transfer capability of the system. As 
the Re rises, the fluid velocity increases, which 
leads to a reduction in the thermal boundary 
layer thickness and enhances convective heat 
transfer between the coolant and the channel 
walls. Consequently, heat removal from the 
heated surface becomes more effective, and the 
temperature field inside the heat sink becomes 
more uniform. 

The results also demonstrate that fin 
geometry plays a significant role in the thermal 
performance of the heat sink. Among the 
examined configurations, Case 4 exhibits the 
lowest values of St. This configuration contains 
the largest number of fins, which increases the 
contact surface area between the solid walls and 
the coolant. The enlarged heat transfer area 
strengthens convective cooling and results in 
lower entropy generation. At a Re = 300, the St 
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value in Configuration 4 decreases by 58.72% 
compared with the base case. 

 

 
Fig. 6. St values for proposed cases at Re 200 to 500 

 
Figure 7 illustrates the variation of the 

augmented entropy generation number (Na) for 
the proposed configurations compared with the 
baseline case over the Re range of 200–500. A 
lower value of Na indicates reduced 
thermodynamic irreversibility and therefore 
better performance from a second-law 
perspective. Consequently, configurations with 
smaller Na values are considered more efficient, 
as they reduce entropy generation and utilize the 
available energy more effectively within the heat 
sink. 

The results show that fin geometry has a 
considerable influence on the thermodynamic 
performance of the system. Among the proposed 
designs, Configuration 4 exhibits the lowest Na 
values across the studied Re, indicating the best 
overall performance. At Re = 200, Configurations 
1 and 3 show improvements of 36.91% and 
50.24%, respectively, compared with the 
baseline configuration. Furthermore, at Re = 500, 
the performance of Configurations 2 and 4 
improves by 46.10% and 58.88%, respectively, 
relative to the base case. 

 

 
Fig. 7. Na values for proposed cases at Re 200 to 500. 

 
 

5. Conclusions 

In this work, five heat sink designs were 
analyzed under a uniform heat flux of 20 kW/m² 
to evaluate how different fin arrangements 
influence entropy generation and thermal 
behavior. The numerical simulations were 
carried out for laminar flow conditions within a 
Re range of 200–500. Particular attention was 
given to the role of fin distribution in modifying 
the interaction between the coolant flow and the 
heated solid surfaces. 

The findings reveal that the configuration of 
fins significantly affects the thermodynamic 
performance of the heat sink. Among the studied 
designs, Configuration 4 delivers the most 
favorable performance according to the entropy 
generation principle. This configuration 
incorporates the highest number of fins, which 
expands the effective interface area between the 
fluid and the solid structure. As a result, heat 
transfer between the coolant and the heat sink is 
intensified, leading to a more efficient thermal 
management process with lower overall entropy 
production compared with the other 
configurations. The key outcomes of the present 
investigation are summarized below. 

• At a Re = 300, the St value in 
Configuration 4 decreases by 

58.72% compared with the base 
case. 

• At Re = 200, Configurations 1 and 3 
show improvements of 36.91% and 
50.24%, respectively, compared 
with the baseline configuration.  

• At Re = 500, the performance of 
Configurations 2 and 4 improves by 
46.10% and 58.88%, respectively, 
relative to the base case. 

Nomenclature 

Re Reynolds Number 

Dh Hydraulic Diameter [m] 

μ Viscosity [Pa.s] 

ΔP Pressure Drop [Pa] 

P Pressure [Pa] 

u Velocity in x direction [m/s] 

v Velocity in y direction [m/s] 

w Velocity in z direction [m/s] 

𝜌  Density [kg/m3] 

𝑐𝑝  Heat Transfer Capacity [J/kg.K] 

k  Thermal Conductivity [W/m.K] 

Sp Entropy generation due to fluid flow (W/K) 

St Entropy generation due to heat transfer (W/K) 
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Na Thermodynamic performance 
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