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With the growing demand for compact high-performance electronic devices, effective thermal
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management has become increasingly critical. This study numerically investigates entropy
generation and hydrothermal performance in copper-based mini-channel heat sinks (MCHSs)
featuring various fin configurations under laminar flow conditions. Five geometrical designs
were simulated using COMSOL Multiphysics at Reynolds numbers between 300 and 600
under a constant heat flux of 20 kW/m? Key parameters such as pressure drop, bottom
surface temperature, and entropy generation due to heat transfer and fluid friction were
analyzed. The results show that finned configurations significantly improve heat dissipation

and reduce entropy generation. Among them, Case 4 achieved the best performance, reducing

Keywords:

Heat transfer; case.

Heat sink;
Hydrothermal performance;

Water cooling.

the augmented entropy generation value by up to 56.27% at Re = 300 compared to the base
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1. Introduction

Nowadays, due to the significant increase in
demand for compact, powerful, fast, and energy-
efficient electronic systems, thermal
management has become a crucial aspect of
engineering design [1,2]. It is well known that the
amount of heat generated by an electronic device
is directly related to its performance. This
necessitates the development of more efficient
cooling systems to prevent thermal failure and
performance degradation [3,4]. Traditional
methods for addressing this issue are no longer
sufficient for the next generation of high-power
or miniaturized systems.

Various thermal management techniques have
been utilized to improve heat transfer from
electronic devices. These approaches include
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passive air cooling, liquid cooling systems, and
more advanced methods such as phase change
cooling [5,6]. While these strategies have proven
effective in many applications, they often struggle
to meet the thermal demands of next-generation
high-performance or miniaturized devices.
Among these techniques, micro/mini-channel
heat sinks (MCHSs) have emerged as highly
efficient alternatives for thermal regulation.
Their compact geometry and high surface-area-
to-volume ratio allow for enhanced heat
dissipation, particularly when integrated with
liquid cooling systems [7,8]. These heat sinks are
increasingly employed in power electronics,
photovoltaic modules, and compact computing
devices. Depending on the specific application, a
wide variety of coolants—such as water, oil, and
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ethylene glycol—can be used in MCHSs. Among
them, liquid-cooled designs demonstrate
superior performance due to their enhanced
convective heat transfer characteristics.

Various studies have focused on enhancing the
performance of microchannel heat sinks (MCHSs)
through  geometrical  optimization, fluid
modification, and hybrid structural designs.
Gunnasegaran et al. [9] examined microchannels
with triangular, rectangular, and trapezoidal
shapes—each with three size variations—and
found that smaller hydraulic diameters improved

heat transfer coefficients (HTCs) and
temperature uniformity, with rectangular
channels showing the best performance.

Similarly, Najafpour et al. [10] investigated
changes in the cross-sectional area under
Reynolds numbers ranging from 831 to 1496,
reporting a positive correlation between
Reynolds number and HTC, along with a
reduction in thermal resistance. It was also
demonstrated that the integration of
nanoparticles such as TiO,, Mg0O, and graphene
oxide (GO) further enhanced heat dissipation by
lowering both the fluid temperature and thermal
resistance compared to pure water. Ghadhban
and Jaffal [11] explored wave-shaped, S-shaped,
and arc-shaped channels, reporting significant
improvements in the Nusselt number—up to
30.5%—and a 16% reduction in pressure drop
for the arc-shaped design. Building on these
geometrical innovations, Al-Hassani and Freegah
[12] investigated serpentine channels with
various secondary flow configurations, including
backward angles, dual outlets, and pin-fin
hybrids. Their results revealed considerable
enhancements in both Nusselt number and
hydrothermal performance, albeit with differing
effects on pressure drop. Najafpour etal. [13] also
proposed multi-branch channel configurations
and evaluated their response to a constant heat
flux of 26.67 kW/m? Among the five designs,
Case 2 delivered the most balanced performance,
improving thermal resistance as the Reynolds
number increased, although at the expense of a
higher pressure drop. In a related study,
Najafpour and Rostami [14] examined the effect
of fin angles in copper-based heat sinks and found
that a 60° fin angle (Case 3) performed up to 40%
better than the base case at Re = 1600. The
addition of fins was also associated with reduced
entropy generation due to the increased solid-
fluid contact area, highlighting the strong
potential of geometric refinement to enhance
thermal efficiency in MCHSs.
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While significant progress has been made in
enhancing microchannel heat sink performance
through geometry and fluid modifications,
balancing heat transfer efficiency with pressure
drop remains a key challenge. Many existing
designs boost thermal performance at the cost of
higher pumping power, which limits their use in
compact or low-power systems. In particular, the
effect of fin arrangement under moderate
Reynolds numbers has not been thoroughly
explored, especially using water as the coolant
and copper as the base material. This study
addresses that gap by evaluating different fin
layouts in a copper-based heat sink, under
Reynolds numbers from 300 to 700 and a
constant heat flux of 20 kW/m? The goal is to
identify configurations that improve cooling
efficiency without imposing excessive pressure
losses.

2. Numerical methodology

2.1.Geometric Shape and boundary conditions

In the present work, 5 geometries for mini-
channel heat sinks are proposed, whose
dimensions are (28x10x3) mms3. The proposed
cases have two solid domains of copper and a
fluid domain of water, whose thermophysical
properties are given in Table 1.

Table 1. Material properties [14].

Material Water Copper
p (kg/m3) 997 8933
¢y (J/kgK) 4179 385

k (W/m.K) 0.6 401

4 (kg/m.s) 0.001 -

In each case, the heat sink is subjected to a
constant heat flux of 20 kW/m? applied to its
base. The flow channels have a cross-sectional
area of 2x2 mm?, through which fluid enters at a
steady temperature of 300 K. At the outlet of the
channel, a zero static pressure condition is
maintained (illustrated in Fig. 1).

The proposed cases have two inlets with a Dy =
2 mm, through which the fluid enters the flow
channel at a constant temperature and, after
cooling, exits the channel through two outlets at
the end of the channel. The base case is
considered without fins, and Case 1, Case 2, Case
3, and Case 4 have fins with a special
configuration to examine the effect of geometric
changes in the fins on cooling and heat sink
performance (Fig. 2).
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Fig. 1. (a) Geometric dimenstions of the heat sink. (b)The

boundary conditions.

(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 reliable yet manageable
computational model for this study, a number of
simplifying assumptions have been made. These
assumptions help reduce the mathematical
complexity of the simulation while still capturing
the essential physics of the problem with
sufficient accuracy. The modeling approach is
based on the following key considerations:

e The properties of the materials
involved are assumed to be constant
and not influenced by temperature
changes during operation.

e The fluid flow is treated as laminar
and incompressible, which s
reasonable given the flow conditions
considered.

e Effects such as gravity and natural
convection are neglected, allowing
the focus to remain on forced
convection as the dominant heat
transfer mechanism.

e A uniform heat flux is applied to the
bottom surface of the heat sink to
represent a consistent thermal load.

e Radiative heat transfer is assumed to
have a negligible impact and is
therefore excluded from the analysis.

Under these assumptions, the behavior of the
fluid and the associated heat transfer are
described by the fundamental conservation
equations, namely the continuity equation, the
Navier-Stokes equations for momentum, and the
energy equation.

The continuity equation is given as follows:
u v = ow
O 5 + oz 0 (1

Momentum equation:
X-momentum:

du du a 19
Ut Vet W = ——2
ox ay 0z pyox
@t o ot (2)
py -0x?  9y? = 0z2
Y-momentum:
v 3 3 10
uZ+ v two=——=L
ox ay 0z Py oy 3
byt | o ot (3)
py 0x? ~ 9y? = 0z?
Z-momentum:
ow ow a 10
U=+ vt W = ——2
ox ay 0z Pf 0z
by @y P o, *)
py ~0x? dy? dz2
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Here, p, p and v represent the pressure,
density, and kinematic viscosity of the coolant,
respectively. The energy equation for the fluid is

expressed as follows:
aT aT aT

ke 0°T 0°T
=L oty )
prCpy 0x%  0y?
a°T
dz2

where p, T, ke and Cp denote the coolant's
density, temperature, thermal conductivity, and
specific heat at constant pressure, respectively.

Energy equation for the solid:
92T | 9%T | 0T
o[+ 55+ 5] = 0 (6)
where ks is the thermal conductivity of the

solid.

2.3.Data Analysis

The value of AP can be concluded as follows:
AP = Py — Pyt (7)
Re is a dimensionless quantity that is defined

as follows [15]:
Re = 2721

(8)

u
Where Dn is the hydraulic diameter of the flow
channel opening and is obtained from the

following equation:
44

Dy = s 9)

where A is the area and P is the perimeter of
the fluid inlet cross-section.

This study utilizes the concept of entropy
generation to evaluate heat transfer processes
and flow irreversibilities across different MCHS
configurations. The expressions for the total

entropy generation rates are given as follows
[16].

Sg = Sgap T Sgar (10)

mAp 11
Sgap =5 ()
Sg,AT _ Qbase (Tbase,avg - Ta) (12)

Tbase,anga

where S,y refers to the entropy generated
due to heat transfer, while Sg.ap corresponds to
the entropy produced by fluid flow. The term m
denotes the mass flow rate of the fluid, and Ta is
the ambient temperature, which is assumed to be
equal to the inlet fluid temperature T ;, for this
analysis.

The main purpose of the augmented entropy
generation number, N; , is to provide a means for
comparing the irreversibility of different
microchannel configurations. It is defined as
follows:

Nsa = Sg/Sg0 (13)

Here, S; denotes the entropy generation for
each configuration, which is compared to that of

81

the baseline case in the Na formula. A value of Na
closer to zero indicates lower entropy generation
and, consequently, more effective cooling
performance.

3. Grid Study

In CFD simulations, mesh quality has a direct
impact on the accuracy and reliability of results.
In order to make sure the solution is not overly
dependent on mesh size, a grid independence
study is performed. This helps find the right
balance between accuracy and computational
cost, ensuring that the results reflect real physical
behavior. A 4-stage mesh-independent study was
conducted for the pressure drop and bottom
temperature of the heat sink for Case 4 at
Reynolds 500. According to the results, a mesh
with 1,276,151 elements was considered suitable
for the present work (Table 2).

The current problem governing equations are
transformed into discrete form through the finite
element method using COMSOL Multiphysics
software. Equations 10 are solved while taking
the remaining values into account.

Table 2. Mesh independence

Grid Elements number AP (Pa)
1 304,842 450.64
2 646,902 409.21
3 1,276,151 381.83
4 1,873,125 377.95

3.1.Validation with experimental research

To ensure the accuracy of the findings in this
study, the proposed numerical method was
compared with the outcomes from Al-Hasani and
Freegah'’s research [12]. As illustrated in Fig. 3,
the results obtained using the current method
exhibit only a minor discrepancy when
contrasted with those reported by Al-Hasani et al.
[12].
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Fig. 3. Comparsison of the results obtained with the numerical
method compared to the work of Al-Hasani and Freegah [12].
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4. Results and discussion

3.1. Effect of geometric changes

In Fig. 4 temperature contour plots provide a
visual representation of heat distribution within
the heat sink. In the base case, higher
temperature zones are observed due to limited
heat dissipation. However, by introducing fins in
different configurations across Cases 1 to 4, a
more uniform and lower temperature field is
achieved. These fin structures enhance the
convective surface area and guide the flow to
interact more effectively with heated regions,
leading to improved thermal regulation and
overall cooling efficiency.

(d)

¥ 300 [ A 303 K
300 301 302

Fig. 4. Temperature distribution depicted in each case at
Re = 500: (a) base case, (b) case 1, (c) case 2, (d) case 3,
(e) case 4.

The Sp diagram indicates how entropy
generation from fluid friction increases with Re
(Fig. 5). This trend makes sense since higher flow
rates lead to stronger shear forces and more
internal friction. All configurations follow this
behavior, though the amount of entropy
produced varies depending on the fin shape.
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Fig. 5. Sp values for proposed cases at Re = 300 to 600.

It can be seen from the St diagram that
increasing the Reynolds number improves
cooling and heat transfer (Fig. 6). As the Reynolds
number increases from 300 to 600, the flow
velocity increases the convective heat transfer
improves, and the temperature difference
between the fluid and the heat sink surface
decreases. This increased cooling performance
helps to increase the entropy generation from
heat transfer. This trend provides insight into
how different fin arrangements affect thermal
performance.

In the base case, as the Reynolds number
increases from 300 to 400, 500, and 600, the ST
value decreases by 14.99%, 24.42%, and
30.92%.In Case 4, as the Reynolds number
increased from 300 to 400, 500, and 600, the St
value decreased by 15.31%, 24.81%, and 31.35%.
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Fig. 6. St values for proposed cases at Re = 300 to 600.
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Fig. 7 shows the entropy number of cases 1 to
4 compared to the ground state. Lower Na values
indicate reduced irreversibility and Dbetter
performance in terms of second-law
thermodynamics. In this context, configurations
with lower Na values are considered more
optimal, as they introduce less disorder into the
system and use energy more efficiently.

The Na value of Case 1 has decreased by
53.38%, 53.64%, 53.16%, and 51.97% compared
to the base case at Re = 300, 400, 500, and 600.
The Na value of Case 4 has decreased by 56.27%,
55.69%, 54.48%, and 52.63% compared to the
base case at Re = 300, 400, 500 and 600. In Case
4, the value of NE at Reynolds 500 has decreased
by 54.48%, 1.32%, 7.91%, and 7.98% compared
to the base case, Case 1, Case 2, and Case 3.

5. Conclusions

This research explores five distinct
configurations for a heat sink subjected to a
constant heat flux of 20 kW/m? Thermal
performance and entropy generation are
analyzed across Reynolds numbers (Re) ranging
from 200 to 1000. Findings indicate that as Re
increases, the pressure drop coefficient (Sp)
rises, while the Stanton number (St) declines.
Notably, Case 4 demonstrates the lowest entropy
generation, aligning with the principles of the
second law of thermodynamics. Key outcomes
from the study are summarized below.

e Inthe base case, as the Reynolds number

increases from 300 to 400, 500, and 600,
the ST value decreases by 14.99%,
24.42%, and 30.92%.

e In Case 4, as the Reynolds number
increased from 300 to 400, 500, and 600,
the St value decreased by 15.31%,
24.81%, and 31.35%.

e The Na value of Case 1 has decreased by
53.38%, 53.64%, 53.16%, and 51.97%
compared to the base case at Re = 300,
400, 500, and 600.

Nomenclature

Re Reynolds Number

Dy Hydraulic Diameter [m]

AP Pressure Drop [Pa]

P Pressure [bar]

u Velocity in x direction [m/s]

v Velocity in y direction [m/s]

w Velocity in z direction [m/s]

p Density [kg/m3]

Cp Heat Transfer Capacity [J/kg.K]
k Thermal Conductivity [W/m.K]
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Fig. 7. Na values for proposed cases at Re = 300 to 600.
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