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Abstract

The need for effective CPU cooling has become increasingly important with the growing demand
for computing performance. In this paper, we numerically investigate the problem of active CPU
cooling using hybrid nanofluids. The studied heatsink consists of a parallelepiped-shaped block
filled with a hybrid nanofluid, crossed by four tubes through which a specialized liquid circulates
within the CPU components. Our study focuses on elucidating the influence of CPU temperature,
magnetic field, and its inclination, nanoparticle hybridization, and the spacing between the four
tubes on the cooling capacity and entropy generation within the heatsink. The thermal
phenomenon is governed by mass, momentum, and energy conservation equations. We employ
finite element discretization using COMSOL Multiphysics 6.0 software to numerically solve
these equations. The results show a significant enhancement in heat transfer using hybrid
nanofluids, particularly with alumina nanoparticles, with a percentage increase of up to 15%.
However, an increase in entropy generation is also observed. Furthermore, a widely spaced tube
configuration is found to be particularly effective in terms of entropy, resulting in a cooling
enhancement of up to 73%. It is noteworthy that the results of this research provide valuable data
that enable the design of high-performance heatsinks of this type.
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1. Introduction

With the rapid evolution of technology and the constant increase in computing power of CPUs,
efficient heat dissipation has become a major concern in the field of computing and information
technology. The accumulation of heat inside CPUs can lead to performance reduction, decreased
component lifespan, and even system failures. Therefore, it is essential to implement effective
cooling systems to maintain CPUs within acceptable temperature ranges (Siricharoenpanich et
al., 2019).

Over the years, many approaches have been developed to enhance CPU cooling performance.
Among these approaches, the use of nanofluids has garnered increasing interest due to their ability
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to improve heat transfer. Nanofluids are suspensions of nanoparticles in a base fluid, thereby
providing a combination of advantages from different nanoparticle species suspended in a fluid
(Keblinski et al., 2005; Buongiorno, 2006; Xie et al., 2002). Hybrid nanofluids are suspensions
that combine the properties of different nanoparticle species in a base fluid. These suspensions
offer unique advantages in terms of heat transfer and cooling performance. By mixing different
nanoparticles, it is possible to leverage the specific characteristics of each species to optimize the
performance of the nanofluid (Raj et al., 2019; Park and Jung, 2019).

Introducing the magnetohydrodynamic (MHD) effect in studies of electronic equipment
cooling using nanofluids provides a more realistic and comprehensive approach, particularly for
investigating CPU cooling using hybrid nanofluids. MHD allows the study of the interaction
between the leaked magnetic field from this electronic equipment and the conductive fluid, which
can have a significant impact on cooling performance (Narayanan and Selvakumar, 2016).

The first attempt at CPU cooling dates back to the early years of modern computing. In the
1950 and 1960, the first electronic computers, such as the UNIVAC I and the IBM 701, were
cooled using cooling systems based on fans and passive heat exchangers. However, with the
advancement of technologies and the increasing computing power of CPUs, cooling challenges
started to arise. The early commercially available consumer processors, such as the Intel 8086
launched in 1978, also required efficient cooling solutions to prevent overheating and ensure
stable performance (Alssaraf et al., (2020).

Naphon and Wiriyasart (2009) investigated liquid cooling in a mini-rectangular fin heatsink
with and without thermoelectricity for the central processing unit. Their results are expected to
provide guidelines for designing a cooling system that enhances the heat transfer performance of
electronic equipment. Tzou et al. (2010) examined the thermal conductivity of thin films
deposited on aluminum alloy substrates using different sputtering methods. They concluded that
sputtering method and power were the most significant factors among the five controllable factors
affecting the thermal conductivity of the aluminum substrate in the sputtering process. Lau and
Srinivasan (2016) proposed leveraging parallel GPU computing to enhance the computational
efficiency of Sim-Opt. Xiahou et al. (2019) addressed and developed a vertical radiator with
multiple-pulse condensation ends and a flat evaporation end for vertical cooling of the central
processing unit (CPU). They demonstrated that when the radiator operates stably, the optimal
filling rate is 25%. Zhao et al. (2019) established and validated a set of experiments to investigate
the flow and heat transfer characteristics of nanofluids circulating in the central processing unit
(CPU). They found that there is an optimal nanoparticle mass fraction and groove depth to
achieve the lowest temperature of the CPU. Yang et al. (2018) studied heatsinks with integrated
CPU heat pipes, finding a minimum thermal resistance. An H-shaped arrangement of integrated
heat pipes showed the best performance, increasing cooling capacity by 22.5% and reducing
weight by 30.1% compared to heatsinks without pipes. Siricharoenpanich et al. (2019) researched
the thermal management system for CPU cooling using short heat pipes in a computer. They
found that heat pipe tilt angles and working fluid properties had a significant impact on cooling
capacity. Shahsavar et al. (2021) examined the effect of connection holes on a biologically
synthesized silver/water nanofluid's performance in a microchannel heatsink. They showed that
increasing nanofluid volume concentration and Reynolds number improve CPU temperature
reduction. Wang et al. (2022) conducted numerical comparisons of forced convection in three
different 3D heatsink configurations. Their results showed that heatsinks with metal foam had
superior cooling performance. Shahsavar et al. (2022) studied the impact of nanoparticle shapes
on flow and heat transfer in a helical microchannel heatsink for electronic cooling. The use of
nanofluids showed significant improvement in heat transfer while resulting in increased pumping
power.
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In the context of cooling electronic materials through forced convection, improved geometric
configurations have been developed. Rossi di Schio et al. (2022) numerically studied fluid flow
and heat transfer of a nanofluid in a Couette flow configuration using the Buongiorno model.
This configuration can be applied to electronic cooling operations. They found that the Nusselt
number on the upper wall increased with the Reynolds number in most cases. Mokhefi and Rossi
di Schio (2022) numerically investigated the impact of a magnetic field on forced convection of
a nanofluid in a channel with an integrated cavity using the Buongiorno model. They found that
the Nusselt number was positively influenced by the magnetic field inclination angle with a rate
of 40%.

In the context of CPU cooling by natural convection in finned blocks equipped with heat
pipes, Alssaraf et al. (2020) numerically studied heat transfer in a thermal dissipator using
nanofluid under a uniform magnetic field. They optimized tube geometry allowing to intensify
and improve the heat transfer rate. Anouar and Mokhefi (2022) numerically studied a CPU
heatsink with a zigzagged wall filled with a nanofluid using Buongiorno two-phase flow model.
They found that zigzag fins enhance cooling rates by about 4% compared to the standard
configuration.

Based on the literature review of previous studies on CPU cooling using various methods, it
is evident that this field is of significant importance and has attracted considerable research
attention. Active cooling using heatsinks filled with nanofluids and equipped with heat pipes has
received particular interest in recent years. However, there are still gaps to explore in this type of
cooling system. Therefore, the aim of this research is to contribute to the study of thermal and
entropy behavior within the natural electronic heatsink equipped with four pipes to improve
cooling performance in presence of a hybrid nanofluid. The effects of several parameters, such
as buoyancy, magnetic field, its angle and nanoparticles have been highlighted on cooling
capacity. Additionally, the radial disposition of tubes has been examined to optimize the best
position in terms of thermal transfer and irreversibility to enhance the design procedure of such
heatsinks.

2. Problem description

The geometry of the heatsink presented in this study is characterized by a parallelepiped-shaped
block of length Lo, width /, and height H, designed to ensure optimal heat transfer. This block is
crossed by four cylindrical tubes of diameter D, also known as heat pipes, which play an important
role in the cooling process (Fig. 1). These heat pipes, acting as efficient thermal conductors,
function to transport the heat generated by the CPU inside the heatsink. They serve as transfer
channels, efficiently allowing the heat to flow from the point of generation to the cooling fluid,
which, in the present case, is a hybrid nanofluid, (Fig. 1).

The nanofluid, filled inside the block, is specifically formulated for its excellent thermal
properties and plays an important role in absorbing and dissipating the heat generated by the CPU.
With the help of the heat pipes, the heat is transferred from the CPU to the nanofluid, which acts
as a thermal reservoir. Subsequently, the heat is naturally dissipated into the nanofluid through
the effect of the fins arranged on the boundaries of the block. These fins, designed to maximize
the thermal exchange surface, facilitate heat dissipation into the surrounding environment,
thereby maintaining the CPU at an optimal operating temperature. It is important to emphasize
that the heatsink presented in this paper belongs to the category of active cooling methods.
Furthermore, it is important to highlight that the utilized nanofluid is also subjected to the
buoyancy effect. Buoyancy refers to the fluid's tendency to move based on density differences
induced by temperature variations. When the nanofluid is heated by the CPU-generated heat, its
density may change, resulting in convection and circulation movements within the heatsink.
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These convection movements can significantly influence the heat distribution and thermal
transfer within the system.

Fig. 1. Cooling block of an active CPU heatsink.

In this study, the complexity of the heatsink geometry is simplified to adhere to a two-
dimensional model. The adopted configuration takes the form of a square, representing the
domain of the heatsink. Inside this square, there are four circles, symbolizing the cylindrical tubes
of the heatsink numbered from 1 to 4, (Fig. 2). In this simplified model, the four circular regions
of the heatsink are maintained at a constant hot temperature Th, representing the heat generated
by the CPU. In contrast, the right and left boundaries of the square are maintained at a cold
temperature Tc, simulating the cooling effect produced by the heatsink fins in a real
configuration. This setup also enables the dissipation of heat from the nanofluid and maintains a
favorable thermal gradient. The upper and lower walls of the square are considered adiabatic,
meaning that there is no heat transfer across these boundaries (q = 0). In this simplified situation,
the objective is to evaluate the efficiency of thermal transfer between the nanofluid and the
heatsink tubes. The study focuses on analyzing temperature variations and thermal gradients
throughout the nanofluid, based on the imposed temperatures and nanofluid characteristics.

The heatsink block is filled with a hybrid nanofluid, combining two types of nanoparticles,
namely AlO; (alumina) and CuO (copper oxide), with H,O (pure water) as the base. This
combination of elements imparts improved thermal and heat transfer properties to the nanofluid
compared to pure water. Indeed, the combination of Al,O3; and CuO as hybrid nanoparticles in
the nanofluid imparts synergistic properties that optimize thermal transfer performance. The
thermo-physical properties of all the mentioned substances, namely pure water, Al,O3, and CuO,
are listed in Table 1.

Material Water (f) ALOs (p) CuO (p)
Density [kg/m?] 997.1 3970 6500
Thermal capacity [J/(kg. K)] 4179 765.0 540.0
Thermal conductivity [W/(m.K)] 0.613 40.00 18.00
Dynamic viscosity [kg/(m.s)] 0.001 -- --
Thermal expansion [107°.1/K] 21.00 0.850 0.8500
Electric conductivity [S/m] 0.050 1x10°12 2.7x1078

Table 1. The thermo-physical properties of the nanofluid.
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In this study, the effect of magnetic field B according to different inclination angles y on the
flow of hybrid nanofluid inside the heatsink block has been introduced Fig. 2).
q=0

Nanofluide hybride
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Fig. 2. 2D Reduced geometry of the CPU heatsink.

In this study, the hybrid nanofluid (Ranga et al., 2019) composed of alumina nanoparticles
(Al,03) and copper oxide nanoparticles (CuO) circulates inside a CPU heatsink system, as
illustrated in Fig. 2. The percentage of both types of oxide-metal nanoparticles in the suspension
in pure water is equal (50%-50%). Furthermore, in order to compare the thermal and entropic
performances of this hybrid nanofluid type, it has been deemed necessary in this study to examine
nanofluids with Al,O3 and CuO nanoparticles suspended independently in pure water, as well as
pure water as a reference case. Let ¢ represent the volume fraction of hybrid nanoparticles
suspended in pure water. If we consider Vo as the volume of different substances, p denotes the
nanoparticles, and f denotes the base fluid (pure water), it is possible to calculate the volume
fraction of nanoparticles as given by (Ranga et al., 2019):

Vop M
=" — +
® Vo, +Vo, Pai0, T Peuo
Vo0 Vo,
=—"—— and =——o 2
0, Vo, +Vo, Pewo Vo, +Vo, )

According to the laws of standard and nanometric suspensions, the different thermo-physical
properties of the hybrid nanofluid depend on both the overall volume fraction and the specific
volume fraction of each type of oxide-metal nanoparticles. Based on the overall volume fraction
of nanoparticles, the effective density (par), dynamic viscosity (unr), thermal conductivity (knr),
specific heat capacity (Cpnr), thermal expansion coefficient (Bnf), and electrical conductivity (onr)
of the hybrid nanofluid are respectively given by the following equations (Maxwell, 1881;
Brinkman, 1952):

Pur =P, +(1=0)p; 3

e = (1= (9)72'5 4
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The thermo-physical properties of the hybrid nanoparticles of Al,O3 and CuO are calculated
based on each specific fraction as follows (Moghadasi et al., 2020):

PP, = Pai0, Pano, T PeuoPevo O]
PH, = Pai0, Ha0, T PeuoHewo (10)
¢kp = Pa0, kA1203 + Pcvokcuo (11)
PCPy = Pa0, P, + PesoCPeo (12)
DB, = Pui0, Prio, T PevoPewo (13)
PO, = Pa1,0,9 1,0, T PcuoCcuo (14)

3. Governing equations

3.1 Governing dimensional equations

In this subsection, the presentation focuses on the dimensional description of the equations
governing the cooling studied phenomenon. Using the principles of conservation of mass,
momentum and energy, a system of equations can be established that accurately represents
various forces and flows involved. The dimensional equations are based on real physical
dependent variables such as fluid velocity (v), pressure (p) and temperature (7). These variables
are associated with the various thermo-physical properties of the hybrid nanofluid used, as well
as with the geometry of the heatsink. As this is a two-dimensional, stationary study for an
incompressible nanofluid following in a laminar regime, the above balances by developing their
equations in a Cartesian reference frame only along the x and y abscissa directions can be
expressed. Hence, the velocity field acquires two components along these directions v = (u, v). In
addition, the magnetic field is defined by B = (B,, By). Given that: B, = B cosy and B, = B siny
and that the pressure p is defined by its hydrostatic value, the final system will be:

ou Ov
-t — =
ox Oy

ou Ou op o*u  0u ) . . 5
U—+v— |=——+ —+— |+oB*(vcosysiny —usin 16
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3.2 Governing dimensionless equations

The dimensionless mathematical transformation simplifies the governing equations by
eliminating dimensional variables and expressing them as unitless numbers. This facilitates the
analysis and numerical resolution of the equations, while preserving the essential physical
properties of the system under study. Hence, dimensionless variables obtained by dividing the
dimensional variables by reference variables have been defined as follows:
2
H (u,v) H’p - T-T,

U,v)= , P= ,
( ) anf pcxnf2 T;t_

_ (%)
(X, Y)= I (19)

¢

By substituting these dimensionless Eq. (19) variables into the dimensional governing
equations Egs. (15)-(18), the dimensionless governing equations are:
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The dimensionless stream function (%) describing the flow streamlines and the mass flow is
given by the following two equations:
MN_ ., Y _y (24)
oX oY
The dimensionless Poisson equation permits to resolve the above equations Eq. (24) from a
unique equation of a second order:
oY oY oU oV
S (25)
oX® oY oY oX
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In the context of the present study, the dimensionless equations reveal important
dimensionless numbers that characterize the cooling phenomenon. These include the Prandtl
number (Pr), the Rayleigh number (Ra) and the Hartmann number (Ha). They are given by:

C (T, -T\H’® o,
pr=ttr pf,Ra:—gﬁ"(" ) , Ha=HB /—-’ (26)
k; avy Hy

Note that o and v present the thermal diffusivity and kinematic viscosity, respectively, which
are given by:
k
a= ,
pCp

y=£ 27)
P

3.3 Boundary conditions

In the present dimensionless approach, it is also needed to formulate boundary conditions in a
dimensionless way accompanied with the governing system Egs. (20)-(23). These conditions
describe the values or behaviors of variables at the boundary of the study domain. By
dimensioning these boundary conditions, it is ensured that they are consistent with the
dimensionless equations. These boundary conditions are:

Tube walls: considered hot at Th temperature:
u=v=0=U=V=0,T=7,=>0=1 (28)
Left and right-side walls: considered cold at temperature Tc:
u=v=0=U=V=0,T=7T=0=0 (29)

Upper and lower horizontal walls: considered adiabatic (thermally insulated):

u=v=0:>U=V=o,a—T:0:@=o (30)
oy oy

3.4 Heat transfer rate

Heat transfer rate, also known as thermal transfer rate, is a measure of the amount of heat
transferred per unit of time between a system and its environment. It represents the rate at which
heat is exchanged or dissipated. In the context of cooling CPUs with nanofluids, the heat transfer
rate is of paramount importance. It measures the efficiency of the cooling process in terms of
dissipating the heat generated by the processor. The Nusselt number is a dimensionless
characteristic that relates the convective heat transfer rate to the fluid properties and geometric
characteristics of the system. The general formula for calculating the Nusselt number (Nu)
depends on the type of flow and the specific configuration of the system. In CFD, it is calculated
locally at any position by:

: kf' T;z_TL‘ an

bk,

By dimensioning the physical quantities, it is obtained:
)
k, ON

Nu, (32)
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In the present study, the Nusselt number is calculated on the circumferences of cooling tubes
maintained at a hot temperature. The average Nusselt number, in this study, represents the average
of the local Nusselt numbers of the four cooling tubes considered simultaneously. It is calculated
by adding the average Nusselt number of each tube and dividing the total by the number of tubes.
The average Nusselt number of a single tube of order i with i=1,2,3 and 4 is given by:

k.
Nui =£L/ 6_6)
7D k ON

f Tubei

de (33)

Consequently, the average of this number for the four tubes is given by:

s oH ok
o [ % g

Nu=—3>-""
452D k, .3 0N

(34)

f Tubei

3.5 Entropy generation

In this study, the entropy generation in the cooling system, which consists of a heatsink with four
tubes immersed in a nanofluid inside a block is considered. Entropy is generated (Sgen) in this
system mainly due to two factors: thermal generation (SHT) and fluid friction (SFF). Thermal
generation of entropy is due to the conversion of thermal energy from the processor into energy
dissipated in the cooling fluid. This conversion leads to an increase in system entropy. Fluid
friction also contributes to entropy generation. As the fluid flows inside the nanofluid block, it
encounters resistance due to friction against the tube walls and flow turbulence. The
dimensionless generated entropy is given by:

Sgen = SHT + SFF (35

On the other hand, the entropy due to heat transfer is:

Y (60Y
Sy = — | +| — 36
w=(%)+(S) (36)
The dimensionless generated global entropy is:
S =22 L) wo ) (220 @)
A aov) \or Tax
The dimensionless generated global entropy is:
2 2 2 2 2
Sen :[a_®j +(6_®j +1 2[6_Uj +2(8_Vj +(8_U+6_Vj (38)
8 oX oY oX oY oY oX

The coefficient y is a dimensionless parameter characterizing the fluid, its expression:

ﬂnl‘arlzf];)
="
(T,

c

(39

The Bejan number is a dimensionless number used to characterize the coupling between heat
and mass transfer phenomena. It is widely used in the study of thermal systems and their
performance in terms of energy efficiency. The Bejan number (Be) is defined as the ratio between
the entropy generated due to heat transfer (SHT) and the average entropy generated (Sgen) in a
given system. The averaged Bejan number is calculated by:
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B_e: SHT — SHT (40)
SHT + SFF SHT + SFF

4. Numerical method

4.1 Numerical procedures

In the numerical solution part, the Galerkin finite element method to solve the Navier-Stokes and
heat equations has been used (Taylor and Hood, 1973). This method is widely used for the
numerical solution of partial differential equations. The finite element method is based on the
discretization of the simulation domain into a set of finite elements. Each finite element is defined
by nodes, and the unknowns of the problem are approximated by interpolation functions on these
elements. In our study, we used a non-linear approximation on the elements to take into account
the non-linear effects of the cooling phenomenon (Dechaumphai, 1999). Once the domain is
discretized into finite elements, the Navier-Stokes and heat equations are transformed into a
system of linear equations. To solve this system, we used the iterative Gauss-Seidel method. This
method progressively solves the equations by iteratively updating the unknowns until satisfactory
convergence is achieved. Using the Galerkin finite element method and the iterative Gauss-Seidel
method implemented in COMSOL Multiphysics 6.0 software, we were able to obtain accurate
numerical solutions for the Navier-Stokes and heat equations in the present simulation domain.
These solutions were obtained by taking into account the boundary conditions, the physical
properties of the fluid and material, and the specific configurations of our study.

4.2 Mesh

In the present investigation, a structured triangular mesh to represent the simulation domain has
been used. This type of mesh is characterized by regular triangular elements covering the entire
domain.

(a) Refined mesh (b) Zoom

Fig. 3. Refined mesh of the study domain with zoom.

It offers good regularity and facilitates numerical calculation. To accurately capture
phenomena, close to the tube and block walls, it has been also added a rectangular boundary layer
grid in the areas close to these walls. This boundary layer grid is made up of rectangular cells
aligned along the wall surfaces(Fig. 3). It enables fine resolution of convection and heat transfer
phenomena occurring near walls, where temperature and velocity gradients are high. Using this
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combination of structured triangular mesh and rectangular boundary layer grid, we were able to
achieve precise resolution of the cooling phenomenon in our simulation domain.

4.3 Mesh test

In order to obtain computation consistency, the reliability of the mesh used for numerical
simulation has been examined. Hence, variations in the number of mesh elements and observed
the evolution of various system characteristics as a function of these changes have been carried
out. More specifically, variations in temperature, stream function, Nusselt number and Bejan
number have been studied. It started with a reference value for the mesh, gradually increasing the
number of elements to obtain finer meshes. At each stage, the results were recorded and compared
with those obtained with the reference mesh.

Elements 9482 15512 22204 30280 39034
Time 8s 12s 18s 26's 34s
Tave 0.70863 0.70865 0.70865 0.70865 0.70865
Nu 4.12170 4.12344 4.12437 4.12505 4.12554
(Sgen) ave 29.5151 29.5280 29.5356 29.5422 29.5490
Be 0.54569 0.54575 0.54578 0.54577 0.54577

Table 2. Evolution of various characteristics as a function of mesh.

Above a certain number of elements, i.e. 30280 (Table 2), all the results obtained were mesh
independent. This means that the system characteristics such as temperature, stream function,
Nusselt number and Bejan number converged to stable values and no longer varied significantly
with finer mesh sizes. This observation of convergence enabled us to validate the reliability of
the mesh used in the present simulations. Therefore, the results obtained from this mesh as
representative can be considered. Moreover, a relative error of € = 10-6 as a stopping criterion for
the calculations has been adopted. This means an upper limit for the error between the results
obtained at each iteration of the numerical resolution process and the expected results has been
set.:

(DVI+] _q)n

— <z (41)
(I)i‘l+

err =

Once the error between successive iterations ®n and ®n+1 was less than 10-6, the solution
obtained to be sufficiently accurate and stopped the calculation process has been considered. It
should be noted that in this study, the calculation has been carried out using a microcomputer
ASUS with 12 GB RAM, and an Intel(R) Core (TM) i7-8550U processor with a base frequency
of 1.80 GHz, which can be increased to 4 GHz if required. Total simulation time for optimal
meshing was 26 seconds. This information on hardware and calculation times provides an insight
into the performance of the configuration used to run the simulations.

4.4 Code validation

In order to strengthen the credibility of our numerical results, we felt it necessary to carry out a
validation by comparing the present results obtained using the calculation code with those already
present in the literature, which relate to the present CPU cooling topic. Therefore, we referred to
the work of Alsarraf et al. [26], who addressed similar issues. The numerical conditions of their
study to ensure a consistent comparison have reproduced. In the comparative analysis,
temperature profiles at a Rayleigh number (Ra) equal to 10, as well as entropy results at an Ra
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of 10* have been presented. In addition, to further strengthen the numerical results, the Nusselt
number as function of the Rayleigh number for different configurations has been plotted. More
specifically, the Nusselt number values on the left and right walls of the heatsink for a single
nanofluid with a concentration of 0.03 alumina nanoparticles have been shown.

The thermal and entropy results obtained in this study showed a good agreement with those
presented in the reference, as shown in Figs. 4 and 5. Moreover, the perfect superposition of the
Nusselt number curves, illustrated in Fig. 6, further strengthens this agreement. These findings
lead us to conclude that the present numerical results show a satisfactory agreement, confirming
the relevance and reliability of the contribution in the field of CPU cooling.

Al

Present work Alsarraf et al. (2020)

Fig. 4. Comparison of the thermal profile between the present work and that of Alsarraf et al.
for Ra=10°.

A 69.2

¥ 3.56x107*

Present work Alsarraf et al. (2020)

Fig. 5. Comparison of the entropy profile between the present work and that of Alsarraf et al.
for Ra = 10*
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Fig. 6. Comparison of the Nusselt number between the present work and that of Alsarraf et al.

5. Results and discussion

In this section, the results of the numerical simulation of the laminar natural cooling phenomenon
inside the CPU heatsink in the presence of a hybrid nanofluid containing alumina and copper
oxide nanoparticles are presented. The effects of CPU-generated temperature (103 < Ra < 10°),
the magnetic field from neighboring electronic components (0 < Ha < 100), nanoparticle
hybridization (10° < ¢ < 10%), and the radial disposition of cylindrical tubes (0.1 < L/H < 0.4)
have been highlighted regarding thermal reliability and irreversibility within the heatsink. It is
worth noting that the Prandtl number and the inclination angle of the magnetic field have been
fixed at Pr = 6.81 and y = 0°, respectively.

5.1 Influence of CPU temperature

To highlight the influence of CPU temperature, the Rayleigh number as an indicator has been
used. Since the exact CPU temperature cannot be directly determined, a dimensionless approach
to conduct the present study has been adopted. In this case, CPU temperature is one of the
determining factors of the Rayleigh number, as it appears in the mathematical expression of this
dimensionless parameter. By making the study dimensionless, we can compare the results
obtained for different CPU temperatures in a consistent manner. This allows us to analyze the
influence of temperature on cooling performance by observing variations in the Rayleigh number.

Figure 7 shows the velocity distribution of the hybrid nanofluid inside the cooling block,
which is traversed by four tubes where the nanofluid flows naturally between them. We studied
this velocity distribution for different values of the Rayleigh number, namely 103 to 106, which
is a dimensionless parameter used to characterize the effect of buoyancy forces versus dissipative
forces.

It has been observed that the flow velocity of the nanofluid increases progressively as the
Rayleigh number increases due to density differences created in the nanofluid. These density
differences generate buoyancy forces that lead to more intense circulation of the nanofluid.
Specifically, a significant increase in nanofluid flow velocity near the left and right walls of the
cooling block has been observed.
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Fig. 7. Velocity contours, streamlines and temperature contours for different Rayleigh numbers
atPr=6.8,Ha=0,y=0° ¢;=¢,=0.02 and L/H=0.2.
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Fig. 8. Thermal, hydrodynamic and generated entropy contours for different Rayleigh numbers
atPr=6.8,Ha=0,y=0° ¢1=¢,=0.02 and L/H=10.2.
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This is due to the interaction between buoyancy forces and the wall effect, which creates a
flow acceleration. Moreover, this phenomenon leads to the formation of an additional vortex
between the four tubes, promoting better nanofluid circulation. Hence, this indicates an increase
in the system's heat transfer capacity, which is beneficial for CPU cooling. On the other hand, the
effect of buoyancy encourages heat to rise to the top, resulting in improved cooling efficiency at
the bottom of the block.

Figure 8 shows the evolution of entropy due to heat transfer and entropy due to nanofluid
friction, as well as total entropy as a function of Rayleigh number. The entropy due to heat transfer
reflects the disorder or irreversibility associated with heat transfer within the cooling block. It has
been observed that this entropy increases with increasing Rayleigh number. This is due to the
larger temperature gradients that are developed as heat transfer becomes more intense. These
temperature gradients lead to increased heat fluxes, which in turn contribute to an increase in
entropy due to heat transfer. As for the entropy due to nanofluid friction, it represents the
irreversibility generated by resistance to fluid movement within the block and around the tubes.
This entropy depends on the flow velocity of the nanofluid. An increase in the Rayleigh number
leads to an increase in the flow velocity of the nanofluid, particularly in areas close to the block
walls. As a result, the entropy due to fluid friction also increases with increasing Rayleigh
number. Thus, total entropy exhibits an overall rise with the increasing Rayleigh number. On the
over hand, at low Rayleigh numbers, thermal entropy predominates over that due to fluid friction.
This means that the increase in entropy in the system is mainly due to heat transfer, i.e.
temperature variations and heat exchange between the fluid and its environment. Moreover, as
the Rayleigh number increases, the role of fluid friction becomes increasingly important.
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Fig. 9. Variation of average Nusselt number for each tube and different average entropies for
different Rayleigh numbers at Pr= 6.8, Ha =0, y=0°, 91 = ¢, =0.02 and L/H=0.2.

Figure 9 (a) shows the evolution of the Nusselt number for each tube as a function of the
Rayleigh number. It is important to note that tubes numbered 1 and 2 are located in the lower part
of the heatsink block, while tubes numbered 3 and 4 are in the upper part. It has been found that
the Nusselt number of tubes 1 and 2 increases as the Rayleigh number increases. This means that
heat transfer through these tubes is enhanced as the intensity of natural convection increases. On
the other hand, the Nusselt number of tubes 3 and 4 at the top of the block decreases as the
Rayleigh number increases, reaching a maximum value of around Ra = 10°. Above this value, the
Nusselt number for these tubes begins to rise again. This trend is attributed to changes in the
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velocity and temperature profiles of the fluid around the tubes as a function of the Rayleigh
number. Indeed, under the action of buoyancy, the lower tubes are exposed to lower temperatures
than the upper ones. This leads to improved cooling in the lower tubes compared with the upper
tubes, which are influenced by the migration of hot fluid and its location in the upper part of the
block. As the Rayleigh number increases, cooling capacity is reduced. As for the increase in the
Nusselt number again with the Rayleigh number, this is due to the flow being favored and
intensified by the buoyancy effect. Despite these specific variations, the mean value of the Nusselt
numbers for the four tubes increases overall with the Rayleigh number. This indicates a general
improvement in the convective heat transfer rate in the heatsink block as the intensity of natural
convection increases. Figure 9 (b) shows the evolution of the average entropies generated by each
process as a function of the Rayleigh number.

Ra 103 10* 10° 10¢

Nu 3.611 3.629 4.372 7.325
%Nu -- 0.498 21.07 102.8

Be 0.999 0.975 0.435 0.057

Table 3. Average Nusselt number and Bejan number for different Rayleigh numbers at Pr =
6.8,Ha=0,y=0° ol =¢2=0.02 and L/H=0.2.

The average entropy due to heat transfer remains low and relatively constant for Rayleigh
numbers below 10°. However, above this Rayleigh number, the mean entropies due to fluid
friction and the overall entropy increase abruptly, reaching significantly higher levels. This
increase suggests that the fluid friction process becomes more dominant in entropy generation
than heat transfer. This observation highlights the importance of fluid friction at high Rayleigh
numbers in the thermodynamic behavior of the system.

In table 3, the Nusselt and Bejan number data as a function of Reynolds number have been
presented. The percentage increase in Nusselt number between Ra = 10° and 10* is 0.49%,
indicating a slight improvement in heat transfer at higher Reynolds numbers. However, the
percentage increase between Ra = 103 and 10° reaches 102%, suggesting a significant increase in
the rate of heat transfer. This greater increase in the Nusselt number as the Reynolds number
increases is of particular importance for CPU cooling. On the other hand, when the Bejan number
decreases as the Rayleigh number increases, this indicates that the irreversibility due to heat
transfer become less significant in relation to the system as a whole. In other words, the cooling
system becomes more efficient and shows better energy optimization. This can be attributed to
improved heat transfer and reduced energy losses, resulting in fewer irreversibility.

5.2 Influence of leaky magnetic field

In this section, the impact of the leaked magnetic field on the behavior of the hybrid nanofluid
and the operating efficiency of the heat sink has been explored. The Hartmann number is a
dimensionless parameter used to highlight the influence of the magnetic field on heat transfer
through the Lorentz force, in the context of magnetohydrodynamics (MHD). The study of the
influence of the leaky magnetic field through the Hartmann number allows us to understand how
the presence of a magnetic field can modify the thermal and hydrodynamic characteristics of the
cooling system. In Fig. 10, the velocity contours and temperature for different Hartmann numbers,
corresponding to a horizontal applicated magnetic fields have been shown. As the Hartmann
number increases, a significant decrease in the flow velocity of the hybrid nanofluid around the
heatsink tubes has been seen. This decrease in flow velocity is accompanied by a reduction in the
maximum stream function.
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Fig. 11. Thermal, hydrodynamic and generated entropy contours for different Hartmann
numbers at Ra =103, Pr = 6.8, y = 0°, 91 = ¢ = 0.02 and L/H = 0.2.



20 M. Benyamina and A. Mokhefi: Enhancement of Thermal and Entropy Performance of CPU...

In other words, the flow of the nanofluid is less intense, leading to a reduction in fluid flow
around the heatsink tubes. This reduction in the stream function can be attributed to the influence
of the magnetic field, which exerts a Lorentz force on the nanofluid, opposing its movement.

As aresult, it has been found that the buoyancy effect is less dominant compared to the effect
of the magnetic field at this angle. This reduced buoyancy effect can lead to a redistribution of
heat within the cooling block, with greater heat accumulation inside the block slightly than around
the tubes.

Figure 11 shows the evolution of entropy as a function of Hartmann number for different
processes: thermal entropy, entropy due to fluid friction and total entropy. Contrary to what has
been observed for the Rayleigh number, it has been found a decrease in entropy in all cases as
the Hartmann number increases. Indeed, thermal entropy, which is related to heat transfer,
decreases as the Hartmann number increases, becoming predominant. Consequently, total
entropy also shows an overall decrease with increasing Hartmann number. This decrease indicates
an improvement in overall heat transfer efficiency and a reduction in energy losses due to friction.
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Fig. 12. Variation of average Nusselt number for each tube and different average entropies for
different Hartmann numbers at Pr = 6.8, Ra=10°, y = 0°, 1 = ¢, = 0.02 and L/H = 0.2.

Figure 12 (a) presents the Nusselt number for each tube as a function of the Hartmann
number. different behaviors depending on the position of the tubes in the heat sink has been
observed. For tubes located in the lower part of the heat sink, a decrease in the Nusselt number
as the Hartmann number has been noted. The flow of the hybrid nanofluid around these tubes is
reduced, which limits heat dissipation and leads to a decrease in the Nusselt number. On the other
hand, for tubes located in the upper part of the heatsink, an increase in the Nusselt number as the
Hartmann number has been noted. This is attributed to the interaction between the magnetic field
and the hybrid nanofluid flow. Nevertheless, despite these specific variations in the tubes, a
decrease in the average Nusselt number with increasing Hartmann number due to the
predominance of its negative effect has been observed.

Figure 12 (b) shows the variation of the various mean entropies as a function of Hartmann
number. A decrease in all mean entropies, particularly that due to nanofluid friction, has been
observed. This indicates that the effect of the applicated magnetic field reduces entropy
generation related to fluid friction. In addition, it has been found that, for high Hartmann values,
entropy due to heat transfer becomes predominant over other entropies. This means that the effect
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of the magnetic field reduces the entropy due to heat transfer. Hence, the Bejan number is
increased by the Hartmann number(Table 4).

Table 4 shows the influence of the magnetic field (Hartmann number) on CPU cooling
capacity. It can be seen that the presence of the magnetic field can reduce cooling capacity by up
to 21.75%. This percentage was obtained by comparing the case where Ha is equal to 100 with
the case where Ha is equal to 0, i.e. in the absence of a magnetic field.

Ha 0 25 75 100

Nu 4.6423 4.1252 3.6617 3.6322
%Nu -- -11.13 -21.12 -21.75
Be 0.3437 0.5456 0.9117 0.9550

Table 4. Average Nusselt number and Bejan number for different Hartmann numbers at Pr =
6.8,Ra=10%y=0° ¢1=¢,=0.02 and L/H=0.2.

5.3 Influence of nanoparticle hybridization

Hybridization of CuO and AI203 nanoparticles suspended in pure water aims to exploit the
specific advantages of each nanoparticle species in the cooling process. By combining these two
types of nanoparticles, we hope to achieve a synergistic improvement in heat transfer properties
and cooling capacity. The aim is to exploit the complementary characteristics of these
nanoparticles to optimize the cooling efficiency of the hybrid fluid. In this study, the
concentrations of the two species were set at equal parts (50%-50% of the total volume fraction)
to assess the impact of this hybridization on cooling performance. The results obtained will enable
us to determine whether this hybrid combination offers significant advantages over the use of
each nanoparticle species individually.

Figures 13 to 15 show the effect of hybridizing AI203 and CuO nanoparticles by increasing
the total volume fraction. Indeed, when hybridizing A1203 and CuO nanoparticles by increasing
the total volume fraction, variations similar to those obtained when varying the volume fraction
for each individual species has been noted. However, there are differences in the values of the
various characteristics studied, such as velocity, stream function, Nusselt number and entropy
generation. These differences can be explained by the specific properties of each nanoparticle
species and their interaction in the hybrid fluid. On the other hand, increasing the volume fraction
of nanoparticles leads to an increase in entropy due to heat transfer and a decrease in entropy due
to fluid friction. When these two entropies intersect at the same value, they have a similar
magnitude, reflected in a Bejan number of around 0.5.

The use of statistical histograms to compare the Nusselt numbers of different nanofluids
based on alumina nanoparticles, CuO and a hybrid mixture at different concentrations enables to
assess their heat transfer efficiency. It can be seen from figure 16 that alumina nanoparticles show
the best heat transfer rate compared to CuO and hybrid nanoparticles. This improvement is
explained by their specific properties. Alumina nanoparticles generally have better thermal
conductivity than CuO, which facilitates heat transfer through the fluid. The superior thermal
conductivity of alumina nanoparticles results in better heat dissipation and improved heat transfer
rates. Although the percentage differences between the heat transfer rates of the different
nanoparticle species are not significant, it is important to consider other criteria such as economic
cost when selecting the optimum nanofluid (Table 5).

In this context, the suggestion to use alumina nanoparticles is justified by their relatively
higher heat transfer efficiency compared to CuO and hybrid mix, as well as by probably wider
commercial availability and potentially lower costs.
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Fig. 13. Velocity contours, streamlines and temperature contours for different volume fractions
of hybrid nanoparticles at Ra = 10°, Pr= 6.8, Ha =0, y = 0°, and L/H = 0.
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Fig. 14. Thermal, hydrodynamic and generated entropy contours for different volume fractions
of hybrid nanoparticles at Ra= 105, Pr=6.8, Ha=0, y = 0°, and L/H = 0.2.
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Fig. 15. Variation of average Nusselt number for each tube and different average entropies for
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Fig. 16. Histogram comparing average Nusselt number for different nanoparticles, including
hybrid, at different volume fractions at Ra =10, Pr=6.8, Ha =0, y = 0°, and L/H = 0.2.

However, it is important to consider other application-specific factors, such as nanofluid
stability, cooling system compatibility and manufacturing constraints, before making a final
decision (Table 6).

Q2+ Q1 0.00 0,02 0,04 0,08 0,1
Nu 4,3751 4.5076 4.6423 4.9211 5.0675
%Nu -- 3,0285 6,1072 12,479 15,825
Be 0.3008 0.2996 0.3437 0.4433 0.4977

Table 5. Average Nusselt number, percentage heat exchange and Bejan number for different
volume fractions of hybrid nanoparticles at Ra = 10°, Pr=6.8, Ha =0, y = 0°, and L/H = 0.2.
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Nanoparticles ALO; CuO
Price in € /1kg 60 to 120 200 to 300

Table 6. Price of nanoparticles (2022).

5.4 Influence of the tubes radial disposition

In the final part of the present study, a proposed geometry that enhances heat transfer inside the
heatsink has been presented. Therefore, the radial position of the four heatsink tubes has been
varied, while adjusting the L/H form factor from 0.1 to 0.4, which represents the ratio between
the distance separating the heatsink and its height.

The aim of this analysis is to assess the effect of these geometrical modifications on heatsink
performance. By comparing the results obtained for each configuration, we will seek to determine
whether a specific configuration can lead to a significant improvement in cooling performance.

Figure 17 shows the velocity, streamline and temperature contours for four proposed
configurations, where the L/H form factor varies from 0.1 to 0.4. Analyzing the velocity contours
for the different heatsink configurations, a decrease in flow velocity can be observed as passing
from the closely-spaced to the far-spaced tube arrangement. This reduction is due to the
narrowing of fluid flow cross-sections in the case of a closely spaced configuration. In this
configuration, the tubes are placed closer together, creating narrower passages. In the far -spaced
configuration, the tubes are spaced further apart, allowing to greater fluidity of the nanofluid
circulation through wider passage cross-sections.

Looking at the streamlines in Fig. 17, it can be seen that as the tubes are moved further apart,
two vortices of increasing size are created between the upper and lower tubes. This observation
suggests a significant change in the structure of the fluid flow. In the close-tube configuration,
the streamlines show a more intense interaction between the tubes, forming vortices of smaller
size and limited dimension. In contrast, in the widely spaced tube configuration, the streamlines
reveal the formation of two larger vortices between the upper and lower tubes. This allows the
fluid to flow more fluency, creating hence larger vortex structures.

As for thermal distribution in the different heatsink configurations, there is a radical change
when the tubes are moved further apart. In particular, the buoyancy effect decreases significantly.
When the tubes are placed closer together in the standard configuration, the buoyancy effect is
more pronounced, as the upward movement of the hot fluid and the downward movement of the
cold fluid between the tubes create a natural circulation. However, by moving the tubes further
apart, the space between them increases, reducing the interaction between upward and downward
stream.

The entropy distribution illustrated in Fig. 18 shows a non-uniform behavior of the maximum
value for each process. For this reason, a more detailed analysis based on its global average can
clarify its variable behavior. Indeed, the curves in Fig. 19 (b) show that the average entropy due
to heat transfer increases as the form factor increases. However, the mean entropy due to fluid
friction increases as the form factor increases from 0.1 to 0.2, beyond which it begins to decrease
with an overall predominance for form factors below 0.3 (see Bejan number, Table 7). On the
other hand, the predominance of entropy due to heat transfer is noted beyond this factor,
maintaining the overall decrease. This means that the far-spaced tube position globally prevents
global irreversibility by shifting to a more ordered state.

In Fig. 19 (b), analysis of the Nusselt distribution in the four heatsink tubes, as a function of
form factor, reveals an interesting trend. Moving from a closely-spaced tube configuration to a
far-spaced tube configuration, an increase in the number of Nusselt, particularly in the top two
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tubes has been observed. This increase in Nusselt number indicates an improvement in overall
heat transfer. By moving the tubes further apart, the increased space between them allows for a
better fluid circulation and increased fluid-hot material interactions. This promotes more efficient
heat dissipation, leading to an increase in the Nusselt number.

Velocity Streamlines Temperature

Fig. 17. Velocity contours, streamlines and temperature contours for different form factors at
Ra=10%Pr=6.8,Ha=0,y=0° ¢ = ¢, =0.02.
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Fig. 18. Thermal, hydrodynamic and generated entropy contours for different form factors at Ra
=10°,Pr=6.8,Ha=0,y=0° ¢ = 2= 0.02.
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On the other hand, lowering the lower tubes reduces buoyancy heat build-up in the upper
tubes, so the cooling rate for these two tubes increases. Furthermore, based on the data in Table
7, the far-spaced configuration with a form factor of 0.4 resulted in a significant improvement in
cooling, with a percentage improvement of up to 73% compared to the standard configuration.
This improvement is remarkable and demonstrates the effectiveness of this configuration in
dissipating heat more efficiently.
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Fig. 19. Variation in average Nusselt number for each tube and different average entropies for
different radial arrangements at Ra = 10°, Pr=6.8, Ha =0, y = 0°, ¢; = ¢ = 0.02.

L/H 0,1 0.2 0.3 0.4
Nu 3.79975 4.64237 5.47858 8.04742

%Nu -18,150 -- 18,012 73,347
Be 0.313085 0.343761 0.429825 0.708324

Table 7. Average Nusselt number, percentage of heat exchange and Bejan number for different
radial arrangements at Ra = 103, Pr= 6.8, Ha= 0, y = 0°, ¢; = 9> = 0.02.

6. Conclusion

In this investigation, an in-depth study to improve the thermal performance of a heatsink through
several aspects has been presented. The effects of nanoparticle, magnetic field, buoyancy and
geometry on CPU heatsink performance have been highlighted. The main points to be concluded
from this study are as follows:

The increase in CPU temperature leads to an increase in the flow velocity of the hybrid
nanofluid, promoting better heat transfer. The thermal profile shifts upwards, indicating better
heat dissipation at the bottom of the block.

The presence of a magnetic field leads to a significant reduction in the heat sink's cooling
capacity, accompanied by an increase in entropy due to fluid friction. The effect of the magnetic
field disrupts nanofluid flow rates, reducing heat transfer efficiency.
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The addition of nanoparticles, particularly alumina, improves heat transfer overall, with an
increase in the Nusselt number. Nanoparticle hybridization shows similar results to increasing
the concentration of individual nanoparticles.

Moving the tubes further apart in the heatsink configuration has a significant effect on
cooling, with a marked improvement in heat transfer by increasing the form factor and moving
the tubes further apart. This promotes better nanofluid circulation and reduces overall entropy
generation, leading to more efficient heat dissipation.

By combining the aspects of using a water- and Al203-based nanofluid with a far-spaced
configuration, designers can benefit from both a high heat transfer rate and reduced entropy
generation. This will help improve CPU cooling performance, maintaining optimum operating
temperatures and reducing the risk of overheating.

These results provide important information for CPU cooling system optimization,
highlighting the importance of parameters such as temperature, magnetic field, nanoparticles and
geometrical configuration. This knowledge can be used to design more efficient heat sinks and
improve the cooling performance of electronic devices.
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Nomenclature
Symbol y Vertical coordinate
B Magnetic flux density Y Dimensionless vertical y
Be Bejan number Greek
Cp Heat capacity a Thermal diffusivity
D Tube diameter )i Thermal expansion
F Volume force y Magnetic field angle
g Gravity acceleration & Computation error
H Bloc height o Dimensionless temperature
Ha Hartmann number u Dynamic viscosity
k Thermal conductivity p Density
/ Distance g Electric conductivity
L Distance between tubes ) Volume fraction
14 Curvilinear abscissa D Dependent variable
Lo Bloc length X Entropy factor
n Normal coordinate v Dimensionless stream function
N Dimensionless normal Subscript
coordinate
Nu Nusselt number nf Nanofluid
p Pressure p Nanoparticles
P Dimensionless pressure f Base fluid
Pr Prandtl number h Hot
q Surface heat flux c Cold
Ra Rayleigh number CuO Copper oxide
s Entropy ALO; Alumina
S Dimensionless entropy X According to x
T Temperature y According to y
u Horizontal velocity / Local
U Dimensionless horizontal u gen Generated
v Vertical velocity HT Heat transfer
|4 Dimensionless vertical v FF Fluid friction
X Horizontal coordinate Superscript
X Dimensionless horizontal x n Iteration
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