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Abstract:

Introduction/purpose: The continuous advancements in electronic
device technologies have led to increased power densities, resulting in
substantial heat generation during their operation. Efficient thermal
management is essential to maintain optimal performance, prolong
device lifespan, and prevent thermal-induced failures. Traditional
cooling methods, such as air and liquid cooling, have reached their
limitations in meeting the escalating cooling demands. Consequently,
the implementation of nanofluids as a novel cooling medium has gained
significant attention in recent years.

Methods: The current study aims to determine the wide band of the
frequencies for which the heat transfer is maximal during the cooling of
nine electronic components mounted on a horizontal channel using the
Al203 nanofluid. This phenomenon is called resonance heat transfer,
and it occurs when the frequency of external forcing (pulsation or
oscillation) matches the natural frequency of the convective flow of the
nanofluid. The finite volume method has been used to solve the
governing equation. Two cases are considered in this work: uniform and
pulsed inlet flow. The electronic components have been considered as
heated blocks with the same space between them.

Results: The results show that the flow is unstable for the critical Reynolds
number Re=2000 Al.O3 nanofluid with frequency as the Strouhal number
St=1.2 and a fraction concentration of 0.10. It corresponds to a flow
velocity of 0.211 m/s and a dominant frequency of fr=34 Hz.

Conclusions: The enhanced heat transfer is calculated as the rate of
Nusselt number of pulsation flow with the Nusselt number of uniform flow.
An enhanced heat transfer rate can be achieved 30-170 % within a band of
the Strouhal number St=[0.2-1.2] corresponding to a band of frequency fr
=[12-34] Hz.

Key words: nanofiuid, resonance, heat transfer, heat sink, convection,

Strouhal number.
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Introduction

In many industrial applications, heat flux is amplified due to the
complexity of manufacturing processes. In such instances, various
equipment and components exhibit sensitivity to variations in temperature
during their operation. In order to keep the functionality of components in
their temperature level, it is important to transport calories away from hot
spot locations. In electronic components, the heat flux dissipation of CPU
can achieve 110-140 W; it increases significantly with input voltage and
frequency (Putra et al, 2011). Bar-Cohen, A. (1987) showed that durability
can be improved significantly by operating a device with reasonable
temperature below 85 °C. In addition, the reliability of silicon chips can
decrease by 50 % for every 10 °C temperature rise. In addition to change
in the architectural configuration of heat exchangers such as chaps and
roughness of surfaces in order to increase heat transfer rate, it is important
to modify the physical characteristics of the fluid (Bar-Cohen et al, 2007).
Nanofluid particles dispersed in the base fluid demonstrate a good heat
transfer transport phenomena (Choi & Eastman, 1995). Nanofluids are
engineered suspensions of nanometer-sized solid particles or
nanoparticles in a base fluid, exhibiting extraordinary thermophysical
properties compared to conventional cooling fluids. The combination of
nanoparticles and base fluids results in an enhanced heat transfer
coefficient and improved thermal conductivity, making nanofluids
promising candidates for efficient cooling. Abchouyeh et al. (2019) studied
the heat transfer and nanofluid flow around four sinusoidal side obstacles
in a horizontal channel using the Lattice Boltzman Method LBM. The
effects of the Reynolds number and the nanoparticles volume fraction at
different nondimensional amplitudes of the wavy wall of sinusoidal
obstacles are studied. An increase of the Reynolds number leads to a rise
of the temperature gradient on the channel walls. An increment of
nanoparticles concentration results in the heat transfer enhancement.
Mohammed et al. (2015) present the laminar mixed convection flow of
Al,Os/water nanofluids through two hot obstacles mounted on the bottom
wall of a horizontal channel. The effect on heat transfer of different
parameters such as the Richardson number, the Rayleigh humber, the
nanoparticles volume fraction and the aspect ratios of obstacles are
examined. Their results show that the difference between the average
Nusselt numbers obtained from the three sets of thermophysical models
does not exceed 3%. In addition, the increase of the nanofluid
concentration from 0% to 5% leads to an increase lower than 10% of the
average Nusselt number over the obstacles.
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Mohammed et al. (2015) present a summary of experimental and
numerical works of heat transfer enhancement through facing step and
corrugated channels using conventional fluids and nanofluids. Laminar
and turbulent flows regimes through facing step and corrugated channels
are presented. Their previous works show good agreement between
numerical and experimental studies to enhance heat transfer. The
corrugated facing step channel is a new design proposed to enhance heat
transfer rate. The heat transfer enhancement was evaluated up to 60%
when using nanofluid in the facing step channel configurations.
Regression equations can correlate relationships between the Nusselt
number and the flow parameters. The friction factor is an important
parameter to calculate the pressure drop through the inlet and the outlet
of the corrugated channel and keep optimum heat transfer enhancement.

Pishkar & Ghasemi (2012) present a numerical study of laminar mixed
convection in a horizontal channel using pure water and Cu-water
nanofluid over two blocks mounted on the bottom wall heated at a constant
temperature. Different parameters are studied: the Reynolds and the
Richardson numbers, the solid volume fraction, and the distance and the
thermal conductivity of the blocks. The distance and the thermal
conductivity of the blocks have a significant effect on the heat transfer rate.
The influence of the solid volume fraction on the increase of heat transfer
is clearer at a higher Reynolds number.

Bouttout et al. (2014) studied numerically hydrodynamic amplification
and thermal instabilities by imposing pulsation during forced convection of
air cooling of nine identical heated blocks mounted on a horizontal
channel. The new feature of this work is that a narrowband of frequencies
where the enhancement of heat transfer of all electronic components is in
the range of 25%-55% compared with steady non-pulsation flow is
obtained. Good agreement between numerical simulations and
experimental results available from literature is obtained. Recently,
Bouttout, A. (2023) investigated the forced convection flow of air through
a power supply box with a piezoelectric fan of nine identical electrical
devices. The efficiency of the piezoelectric fan is expressed by the
maximum temperature of the ninth electrical device which does not exceed
80 °C for a time-averaged velocity of 0.556 m/s and a vibration frequency
of 34.75 Hz of the piezoelectric fan. The pressure drop and the power
pumping of the piezoelectric fan are obtained for different Reynolds
numbers. The power loss was 4.6 times higher than that of the
piezoelectric fan at re=500.
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The present work examines the combination of the two methods such
as an active method (pulsation of the fluid at the entrance of the channel)
with a passive method (the addition of Al,O3 nanoparticles in the base
fluid). We numerically simulated the existence of a large band of
frequencies for which the heat transfer is maximal and proved the
existence of resonance heat transfer using nanofluid. The resonance heat
transfer occurs when the frequency of external forcing (pulsation or
oscillation) matches the natural frequency of the nanofluid or the system.
When this resonance condition is met, the nanofluid experiences
significant energy transfer, leading to enhanced heat dissipation
capabilities. It is crucial to note that employing acoustic waves with higher
frequencies in an axial flow can promote the occurrence of resonant heat
transfer within electronic systems.

Electronic cooling system and a physical model

The miniaturization in electronic chips has contributed to heavy
pressure on the heat transfer process, in which huge heat must be
effectively removed to protect the components from dangerous peak
temperatures, and kept lower than 85 °C (Bar-Cohen, 1987).

The electronic components can be considered as small chips or
protruding blocks which dissipate the heat during electrical current
circulation.

In most practical situations, electronic components are mounted on a
horizontal channel or embedded inside packaging and enclosures.
Electronic components are made with ceramic, silver, nickel and copper;
generally, components are mounted on a Printed Circuit Board, PCB, with
copper materials (Young & Vafai, 1998). The solders fusible metal alloys
are used to attach electronic components to the printed circuit board.
During any peak of current, this junction has the potential to deteriorate,
and protective measures should be implemented to safeguard the
component. The most commonly used solders are tin-silver-copper (SAC)
alloys.

The general outline of the steps and configurations involved in the
transition from a real electronic cooling heat sink model to physical models
integrated into a Fortran program using the finite volume method is:

¢ Real Electronic Cooling Heat Sink Model: The process begins with
the real electronic cooling heat sink which is a physical prototype
or system used for cooling electronic components to dissipate heat.
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This model is based on the actual geometry and material properties
of the heat sink (Figure 1 (a), (b)). The various configurations of
microchannels MCHSs with heat sink and pin fins are accurately
represented as real models, as depicted in Figure 2(a) and Figure
2(b).

e Geometric Representation: The geometry of the real heat sink is
represented using appropriate mathematical models. This
representation may include 2D or 3D geometric elements, such as
polygons or meshes, depending on the complexity of the heat sink
(Figure 3).

o Material Properties: The material properties of the heat sink, such
as thermal conductivity and specific heat capacity, are considered
to model the heat transfer within the system.

¢ Finite Volume Method (FVM): The finite volume method is chosen
as the numerical technique for solving the heat transfer equations
within the heat sink. The FVM divides the domain into control
volumes and discretizes the governing equations to solve for
temperature distribution and heat transfer rates.

e Numerical Solver: A Fortran program is developed to implement
the finite volume method and solve the discretized heat transfer
equations iteratively. The solver calculates temperature profiles
and heat transfer rates for heat sink.

e Model Validation: The results obtained from the Fortran program
are compared with experimental data or analytical solutions from
simplified cases to validate the accuracy of the model.

e Optimization: The physical models may be further optimized based
on the simulation results to improve the heat sink's design and
performance (maximum temperature of heat sink, power pumping
of the nanofluid and pressure loss).

By integrating the real electronic cooling heat sink model into a
Fortran program using the finite volume method, engineers can efficiently
analyze and optimize the thermal behavior of electronic components to
design more effective cooling solutions.
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Figure 1 — Water cooling kit (a), DIY semiconductor water cooling systems (b), and

modeling of electronic devices with a nanofluid pumping flow (c). The water-cooling

system is used when the heat generated by the CPU is high, and classical cooling
techniques with air are not sufficient.
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Figure 2 — Various configurations of microchannel heat sinks, MCHSs (a) straightforward
channel, (b) pin fins. MCHSs combine the advantageous features of efficient electronic
device operation, increased surface area per unit volume, enhanced heat transfer, and

economically viable fabrication processes.
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Figure 3 — General sketch of the physical model: electrical pump, electrical devices
mounted on the printed circuit board (PCB) packaging. The Al203 nanofluid is used as
coolant fluid. Heat in the electrical components is produced through the Joule effect
occurring when electrical current passes through them. H=0.0074 m.
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Mathematical formulation

The heat sink system is considered as heat convection in channels
and enclosures with different configurations of heated blocks. The effects
of the important parameters such as the Reynolds numbers, the Grashof
number, thermal conductivity, the aspect ratio of the channel, the pitch
ratio of the blocks and the method of heating on heat transfer have been
examined in many works.

The following characteristics for the cooling process using nanofluids
are considered:

1. No agglomeration during flow: The assumption of no
agglomeration of nanoparticles ensures that they remain uniformly
dispersed in the base fluid throughout the cooling system. This
uniform distribution is crucial for achieving consistent and
enhanced heat transfer performance.

2. The same temperature of the fluid and the particles: By assuming
that the nanofluid reaches thermal equilibrium, we can consider the
fluid and nanoparticles to have the same temperature. This
assumption simplifies the analysis and allows us to treat the
nanofluid as a single-phase medium with enhanced
thermophysical properties.

3. Neglecting viscous dissipation: Viscous dissipation refers to the
conversion of mechanical energy into heat due to fluid friction.
Neglecting this effect implies that the energy losses due to viscous
effects are insignificant, simplifying the heat transfer analysis
further.

The flow through the channel is assumed to be two-dimensional,
unsteady and laminar. The dimensionless variables are defined:

x=2, y=2 uv="2 y="

H H u, u,

t.u, P—D T-T, sV (1)
T=—-,P= >, 0= L v =—

H JoX7A Is-T, Vv,

The Nusselt number of each heated block (electronic component) is
expressed in terms of the given heat flux, the measured surface
temperature and the inlet temperature. It is defined as follows:




_ hH
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k
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where u and v are the velocity components in the x and y directions,
respectively. H is the height of the channel and t is the time.

With neglect of viscous dissipation and buoyancy force, the governing
differential equations in the dimensionless form can be expressed as:
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where Re=UoH/u= pUoH/u, Pr=v/a are the Reynolds and Prandl numbers,
respectively.
In the computational treatment of momentum equations (3) and (4),

V" for the block can be set to an infinitely large value such as 10%° to
simulate solid blocks.

The density, the heat capacity and the thermal expansion coefficient
of the nanofluid are defined as follows:

Py =(=8)p +ep, (8)
(PCp),; = (1= #)pCp) ;+4(pCp), (9)
(PB),; = (L= P)(pB) ;+d(pB), (10)
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The thermal conductivity of the nanofluid is defined using (Maxwell,
2010):

k

ky Gk +2k,) =24k, —k,)

ke Gk +2k)+ gk, — k)

(11)

The mathematical relation between the dynamic viscosity pnr of the
conventional base fluid and solid nano-size particles is given by Brinkman,
(1952):

1
wnf = s W (12)

uf is the dynamic viscosity of the base fluid (water).
¢ is the volume fraction.

The initial conditions of the flow are:
U=V=6=0 (13)
The boundary conditions are:
X=0 0<Y<1 U=1+Asin(2rnStt),V =0, 6 =0 (14)
ou _av _ a6

X=L 0<Y<1, 5_&_&:0 (15)
Y=0 0<X< 40, %=0 (16)
Y=1 0<X< 40, %=0 (17)

St: the Strouhal number (Flow pulsation frequency: dimensionless
frequency) is related to frequency, the height of the heat sink system (H
with m) and inlet velocity Uo (with m/s) and pulsation frequency f (with Hz).
The Strouhal number is used by many researchers in the literature (Moon
et al, 2005, 2002; Greiner, 1991) especially to control the flow pulsation,
as given by the following equation:

_IH
St =75 (18)

Numerical approach

The governing equations are discretized using the finite volume
method while the coupling between velocity and pressure fields is done




using the SIMPLER algorithm (Patankar, 1980). The components of
velocity (U and V) were stored at the staggered locations, and the scalar
quantities (P and B) were stored in the centers of these volumes.

The diffusion and the convective terms in equations (5), (6) and (7)
are discretized by a second order central difference scheme. Finally, the
discretized algebraic equations are solved by the line-by-line tri-diagonal
matrix algorithm (TDMA).

Start

¥
Geometric data and physical properties of the nanofluid

W

Variables Initialisation (U, V. P et 6)
*
Mesh caleulation (2I)

-
Increment over time

¥
Calculation of the coefficients of the momentum equations X and Y

L 4

Calculation of pseudo-velocities

Calculation of the coefficients of the pressure equation

Solving the pressure equation

Solving Algebraic Momentum Equations

Calculation of the coefficients of the algebraic pressure correction equation

Solving the pressure correction equation P'

Correction of velocity fields Uand V |

Calculation of the coefficients of the energy equation

Solving the ;Energ}' Equation

Convergence test

Results (Velocity field, stream lines, temperature, Nusselt number)

Figure 4 — Flowchart of the numerical solution using the SIMPLER Algorithm (Patankar,
1980). This flowchart presents the main steeps used to solve the coupled governing
equations of the problem and to obtain the velocity field, the stream lines, the isotherms
and the Nusselt number of the blocks. A Fortran program employing the finite volume
method has been utilized.
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A fully implicit time marching method was realized with a fixed
dimensionless time step (At=1073). Convergence at a given time step is
declared when the maximum change between two consecutive iteration
levels falls below 10, for U, V and 8. At this stage, the steady state
solution or oscillatory regime is obtained.

This work introduces the unsteady forced convection model of
nanofluid through the horizontal channel in the FORTRAN program (Afrid
& Zebib,1990).

It is important to highlight that the results obtained at a specific
Reynolds number were utilized as the initial conditions for computing the
solutions at subsequent Reynolds numbers. For instance, the solutions
obtained for Re=100 were considered as the starting point to calculate the
solution for Re=200.

The Simpson rule has been used to calculate the averaged Nusselt
numbers of the heated blocks by the integration over the front, top and rear
surfaces of the blocks.

Figure 4 illustrates the flowchart depicting the numerical solution
process utilizing the SIMPLER algorithm (Patankar, 1980).

Results and discussions

Code validation

Figure 5 shows the quantitative and qualitative validation of the code
with the previous experimental and numerical works available in the
literature — the experimental work of Farhanieh et al. (1993), the numerical
work of Furukawa & Yang (2003) and the experimental work of Moon et al.
(2005).

The different dimensional values of the configuration C2 (horizontal
channel containing heated blocks) are listed in the Table 1. It is noted that
(Moon et al, 2005) studied experimentally several configurations with
similar dimensions of (Greiner, 1991).

The code is executed, in order to define the values of the Nusselt
number of each block for different configurations and different Reynolds
numbers.

It is noted that the values obtained by our numerical simulations are
in good agreement compared to the results of the authors, with some
differences between the geometries examined and the Reynolds number
interval (cooling rate).




—m— Our numerical results (C2)
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Figure 5 — Distribution of the Nusselt number along the blocks. Qualitative and
quantitative comparison of our results with the previous works. The Simpson's rule has
been employed to determine the average Nusselt numbers for the heated blocks by
integrating across the front, top, and rear surfaces of the blocks.

Table 1 — Geometric details of the configuration. It refers to the dimensions of the
geometrical block in the channel of the heat sink system

Configuration 1L

L/H

D/h

h/H

C2 0.50

2.00

2.00

0.5

Grid and time step sensitivities

In numerical computations, conducting a grid independence study is
crucial. In this study, the grid independence is examined by employing
three different grid sizes for the same computational domain (502x11,

602x22, and 702x32) for Re=500 (Figure 6).

Figure 7 shows the averaged Nusselt number of the block. The
number of nodes was chosen to be 602x22 after a grid-dependency test
was carried out. The time step, At, was varied from 5x10* to 4x10® (At
=2.5x10%, At=5x10"*, Ar=1x10"3, At=2x10"3 and At =4x1073); for Re=500
using a grid size of 602x22. There is the variation of the averaged Nusselt
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number Nu1 of the first block with time for five various accuracies for
computations.

14
12
| —a— Mesh size : 502*11
A\ —e— Mesh size : 602*22
1074\ —+— Mesh size : 702*32

Nu

1 2 3 4 5 6 7 8 9

Blocks positions

Figure 6 — Grid sensitivity for Re= 100. ®=0.10. Grid sensitivity refers to the dependence
of the solution on the size and distribution of the computational grid or mesh.

50
AT=0.00025
40.- AT=0.0005
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T AT=0.002
30 - AT=0.004
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Figure 7 — Time step sensitivity for Re= 100. $=0.10. Convergence at a specific time step
is confirmed when the maximum change between two consecutive iteration levels drops
below 10 for the variables U, V, and 6. At this stage, the steady state solution or
oscillatory regime is obtained.




Discussions

Steady state flow

Brownian motion exerts a significant influence on the rheological
properties of nanoparticles and the thermal behavior of nanofluids.
Brownian motion refers to the unpredictable stochastic movement of
suspended nanoparticles, sustained by thermal diffusion; it notably
intensifies at higher temperatures, smaller nanoparticle sizes, and lower
viscosity. The random collision of nanoparticles in Brownian fluid
environments is a fundamental factor contributing to the increased thermal
conductivity of nanofluids. Additionally, a high surface-to-volume ratio of
the channel with heat sinks due to reduced length scales plays a crucial
role. Consequently, this phenomenon is largely confined to the interaction
zone between the fluid and the surface of the channel and the heat sink,
making it highly relevant.

In a steady-state flow, the fluid moves steadily and continuously
without any change in velocity over time (Figure 8).

204 Re=300
16+ — 51
— s2
5 144 s3
=
12
10 /
8_
0 5 10 15 20

T

Figure 8 — Time evolution of the Nusselt number of S1, S2 and S3 for Re=300 and
©®=0.10. Steady state over time for the Nusselt number is obtained. S1, S2, and S3
denote the heat source numbers.

Stream lines flow and isotherms in the heat sink system

The streamlines and isotherms inside the system are depicted in
Figure 9 for Re=500, revealing the emergence of vortices in the interlock
regions of the channel. The streamlines exhibit distinct motion patterns,
indicating that the flow in this area is separated from the main flow.
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Notably, vortex formation is observed, suggesting specialized fluid
dynamics in these regions. Additionally, the isotherm lines cluster near the
blocks, and the temperature modulation induced by the voltage input
frequency can disturb the thermal layer in close proximity to the blocks.

Previous studies indicate that, with an increase in the Reynolds
number, the streamlines reveal a corresponding augmentation in both the
size and strength of the vortices formed behind the blocks. At elevated
Reynolds numbers, a robust vortex emerges, amplifying heat transfer from
the surfaces of the blocks. Nevertheless, when employing the Al,Os;
nanofluid, a distinct observation is a larger vortex formed behind the
blocks. This occurrence can be attributed to the higher density and
dynamic viscosity of the nanofluid. The heightened shear stress between
the layers of the nanofluid contributes to the creation of a larger vortex.
The velocity difference between the nanofluid and pure water is
insignificant at low Reynolds numbers. However, as the Reynolds number
increases, this disparity becomes more pronounced, as demonstrated in
prior research (Pishkar & Ghasemi, 2012).

At low Reynolds numbers, heat transfer is primarily governed by
conduction, resulting in the isotherms extending above the blocks and
occupying a substantial area within the channel. As the Reynolds number
increases, convection becomes the predominant heat transfer
mechanism. The intensified cold inlet flow at higher Reynolds numbers
pushes the isotherms closer to the bottom wall. The isotherms of the
nanofluid indicate that at every point in the channel, the temperature of the
nanofluid is higher. This phenomenon is attributed to the higher thermal
conductivity of the nanofluid, as documented in the previous research
(Pishkar & Ghasemi, 2012).

Pressures losses and power pumping

= _ S

005 01 015 02 025 03 035 04 045 05 055 06 065 07 075 08 0.85 09 0.95

Figure 9 — Streamlines and isotherms in the section between 1%, 2"¥ and 3™ block.
Re=500, volume fraction of Al203 nanopatrticles, =0.15. The streamlines exhibit distinct
motion patterns, indicating that the flow in this area is separated from the main flow. The

isotherm lines cluster near the blocks.




When nanofluids flow through a channel with blockages (obstacles or
structures that disrupt the flow), they experience pressure losses due to
fluid friction and changes in flow direction. Nanofluids typically have
different rheological properties compared to conventional fluids, such as
higher viscosity or different thermal conductivity. These properties affect
the pressure drop across the channel. The presence of nanoparticles can
alter the momentum transfer and energy dissipation in the flow, resulting
in different pressure loss characteristics compared to pure base fluids.

The concentration of nanoparticles in the nanofluid plays a significant
role in determining pressure loss. Higher nanoparticle concentrations can
lead to increased viscosity and enhanced resistance to flow, resulting in
higher pressure losses. On the other hand, lower nanoparticle
concentrations may have minimal impact on pressure drop compared to
the base fluid.

The geometry of blockages in the channel can influence pressure
losses. Different blockage shapes, sizes, and arrangements will create
varying flow patterns and turbulence, impacting pressure drop in the
nanofluid.

Pumping power is the amount of energy required to overcome
pressure losses and maintain fluid flow through the channel. In the case of
nanofluids in a channel with blockages, pumping power will be influenced
by the nanofluid viscosity and thermal conductivity, as well as the blockage
geometry and the flow rate. Higher viscosity nanofluids may demand more
pumping power compared to low viscosity fluids. Additionally, higher
thermal conductivity nanofluids may help dissipate heat generated due to
pressure losses, affecting the overall pumping power.

Heat transfer

The heat transfer gradually decreases and eventually reaches an
asymptotic limit, indicating that the flow regime periodically develops along
the solid blocks and then stabilizes into a steady state starting from the
fifth block. Notably, the reduction rate of the average Nusselt number
between the first and ninth blocks is approximately 50% for air cooling and
38% for nanofluid cooling (using Al.Os-water with a particle volume fraction
@ of 8%). Moreover, the analysis reveals that both cooling methods exhibit
an overall heat transfer gain, with approximately 44% improvement
observed for the upstream blocks and around 20% for the downstream
blocks when using nanofluid cooling compared to air cooling. In practical
scenarios, where heat-generating components are involved, the nanofluid
cooling system activates and efficiently ensures temperature reduction,
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indicating its potential for effective thermal management in
applications (Figure 10 and Figure 11).
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Figure 10 — Distribution of the Nusselt number along the blocks. A=0.0, Re=700 (air
cooling, Pr=0.71) and cooling using a nanofiuid (Al2Oz/water - Pr=7.0, $=8%). Heat
transfer is higher for the nanofluid in the heated sink compared to both water and air

cooling methods.
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Figure 11 — Distribution of the Nusselt number along the blocks, for Re=300 and ®=0.10.
Configuration C2. The heat transfer from the heat sinks gradually decreases and
eventually reaches an asymptotic limit. S1, S2, S3, S4, S5, S6, S7, S8 and S9 denote the

heat source numbers.




Pulsation state flow

The numerical simulation involves employing an electrical pumping
model to simulate pulsating nanofluid flow at the channel inlet. The heat
sink is regarded as a heated block that receives the coolant flow to achieve
functional safety temperature.

As the velocity of the nanofluid increases, the Brownian motion of the
particles also intensifies, leading to a consequent enhancement in the
nanofluid thermal transport capabilities. Consequently, at higher Reynolds
numbers, there is a decrease in thermal resistance. Figure 12 illustrates
the resonance heat transfer of the heat sink, showcasing the maximum
heat transfer occurring at various positions of the heat sinks.

The maximum heat transfer factor E is determined by comparing the
Nusselt number in both steady-state and unsteady pulsating conditions
during the Al,O3 nanofluid cooling process (Figure 12). The maximum heat
transfer factor, E, is expressed by the following equation:

max(Nu(St))

= (19)
max(Nu(St=0))
3,
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Figure 12 — Distribution of the enhancement factor of the Nusselt number E along the
blocks for Re=500 and ®©=0.10. Configuration C2. It is observed that the enhancement
factor of the heat sinks achieves the maximum values within a certain frequency range.

This phenomenon is referred to as resonance heat transfer enhancement. S1, S2, S3,
S4, S5, S6, S7, S8 and S9 denote the heat source numbers.

The results reveal the flow instability at the critical Reynolds number
(Re = 2000) in the Al203 nanofluid, with frequencies corresponding to the
Strouhal number (St) of 1.2 and a fractional concentration of 0.10. This
observation is associated with a flow velocity of 0.211 m/s and a dominant
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frequency of fr = 34 Hz. Figure 13 illustrates the temporal evolution of the
dimensionless vertical velocity of the nanofluid inside the heat sink system.
This figure shows that the flow exhibits instability at Re = 2000. In this
regime, the flow transitions from a stable to an unstable regime due to the
concentration of nanoparticles, heat generation by electronic components,
and disrupted boundary layer through the channel. These findings provide
valuable insights into the thermodynamic behavior of the system under
consideration, considering variations in different parameters such as the
nanoparticle concentration, the Reynolds number and the geometric
configuration of different blocks within the system.

Figure 14 illustrates the Fast Fourier Transform (FFT) analysis of the
vertical velocity within a heat sink system. The FFT analysis is a powerful
tool for analyzing the frequency components of a signal, in this case, the
temporal vertical velocity of nanofluid. It helps to identify dominant
frequencies and understand the dynamics of the nanofluid flow within the
heat sink. The peaks in the FFT plot indicate a dominant frequency of 34
Hz (St=1.2) at which the vertical velocity oscillates, revealing periodic
oscillations due to flow instabilities. The same analysis using the FFT is
employed by other authors (Afrid & Zebib,1990).

Figure 15 illustrates the temporal variation of the Nusselt number of
the heat sinks blocks for Re=500 and ®=0.10. As time increases, the
influence of the velocity pulsation component of the nanofluid on the heat
transfer rate for each heat sink gradually becomes more pronounced.
Ultimately, the variation of the heat transfer approaches a periodic state
with time 7= 10.
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Figure 13 — Temporal evolution of the dimensionless vertical velocity of the nanofiluid
inside the heat sink system. Re= 2000, $=0.10.




0,14 S
0,12-:7 L :tﬁ
0,10 l

8 0,08 ‘\

2 0,06 H

fw
0,02 A | |
0,00 /\JAWJ\A \/VJM/\ \/\] WWWM

0 1 2 3 4 5 6

Strouhal number, St
Figure 14 — Fast Fourier Transform of the dimensionless vertical velocity of the nanofluid

inside the heat sink system. Re= 2000, $=0.10. St=1.2, H=0.0074m, U0=0.211 m/s, (f=34
Hz).

258

26 gl n P
24 4
22 Ly

20 4

ML

18 4|

16 4-:

14 {-
U (LS RN U KUY N
12 - i i ; ; . ;
] 20 40 G0 a0
Temps (Tl

Figure 15 — Distribution of the Nusselt number along the blocks. St=1.2. Re=500 and
®=0.10. The oscillatory convection inside the channel has been obtained. S1, S3, S5, S7
and S9 denote the heat source numbers.
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Calculation of the dimensional temperatures of the

heated blocks

The miniaturization in electronic chips has contributed to heavy
pressure on heat transfer process, in which huge heat must be effectively
removed to protect the components from the dangerous peak

temperatures, and kept lower than 85 °C (Bar-Cohen, 1987).

In addition, the reliability of silicon chips can decrease by 50 % for

every 10 °C temperature rise.

In the present configuration, the temperature of each electronic

component has been calculated by the following formula:

.(h/k
Ty = 2009y 7,
where
Ts is the temperature of the heated block in °C,
q is the heat flux in W/ m?,
h is the height of the heated block in m,
Nu is the averaged Nusselt number,
Ta is air temperature in °C (25 °C), and
k is the thermal conductivity of air W/ m.K.

(20)

In numerical simulation, we considered that conduction losses across
the plate and radiation are neglected. In the practice of cooling electronic
components, it is more convenient to estimate the percent dissipation of
each mode to properly quantify the average Nusselt number. We consider
that the heat flux per area is in the range of 110 and 140 W. The heat
dissipation resulting from a processor increases significantly with the

voltage and the frequency (Pishkar & Ghasemi, 2012).

It is worth noting that the majority of measurements in the literature
are conducted on solid blocks heated by the Joule effect and exposed to
high temperatures as in the case of aluminum blocks in the studies by
(Moon et al, 2005). However, diodes and transistors mounted on electronic
circuit boards typically withstand temperatures ranging from 80 to 90°C.
These values depend on the nature of the electronic components and their

constituent materials.




Figure 16 illustrates the temperature by varying the Reynolds number
at fixed volume fractions of Al,Os/water nanoparticles (0.10). It has been
observed that for both Al,Os/water nanofluids and distilled water, the
Nusselt number increases with higher Reynolds numbers, indicating that
the temperature of the heat block is sensitive to the Reynolds number.

Figure 17 illustrates that the temperature of the blocks of Al,Os/water
nanofluids at the volume concentrations of 0.05, 0.10, and 0.15
experiences a significant decrease temperature of 66 °C, 61°C, and 56°C,
respectively for the 8th block. This decrease in the temperature is
attributed to the greater participation of nanoparticles in the nanofluids,
leading to a notable enhancement of thermal conductivity. In essence, the
higher the concentration of nanoparticles in nanofluids, the greater the
improvement in thermal conductivity, resulting in elevated Nusselt
numbers.

The study conducted by (Putra et al, 2011) concluded that the most
favorable outcomes were achieved when employing Al,Osz-water
nanofluids. Under an inlet temperature of 30 °C, the average CPU
temperature, utilizing water as a coolant in the heat pipe liquid block, was
recorded at 39.7 °C. In contrast, temperatures for Al,Os-water were
measured at 38.5 °C and 37.8 °C for the volume fractions of 0.5% and
1.0%, respectively (Putra et al, 2011).

The pulsation of nanofluids within electronic systems leads to a
substantial improvement in heat and mass transfer. This enhancement is
attributed to mechanical agitation and micro-convection, particularly
facilitated by the Brownian motion of alumina nanoparticles suspended in
the base fluid. The pulsation promotes micro-convection along the
boundary layer over the surfaces of electronic components at different
frequencies, further optimizing heat and mass transfer in the system.

The increase in the volume fraction of nanoparticles (Al2O3) in the
base fluid (water) leads to an enhancement in the Nusselt number.
Additionally, the increase in nanoparticles results in an improvement in the
conductive heat transfer coefficient, while the augmentation of mass
motion of the fluid contributes to enhanced heat transfer. The same results
are obtained by other authors using the Al,O3; nanofluid as a cooling fluid
inside a rectangular ribbed channel (Parsaiemehr et al, 2018).
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Figure 16 — Distribution of temperature along the blocks for different Reynolds numbers.
¢=0.15. The increase in Reynolds numbers leads to a decrease in the temperature of
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Figure 17 — Distribution of temperature along the blocks for different nanofiuid
concentrations. The increase in nanofluid concentration leads to a decrease in the
temperature of heat sinks, resulting in better cooling performance for thermal systems.




Conclusion

The growing performance capabilities of electronic devices have led
to a corresponding increase in generated heat, necessitating effective
thermal management systems for maintaining optimal operating
temperatures. Nanofluid cooling presents a compelling and innovative
solution for tackling thermal challenges faced by modern electronic
devices. Continued research and development in this area have the
potential to revolutionize thermal management and significantly improve
the performance and reliability of electronic systems across various
industries.

The findings of the paper can be summarized as follows:

e The forced convection flow of a nanofluid with and without pulsation at
the entrance of a channel equipped with electronic components has
been studied numerically. The nanofluid models are introduced into the
Navier-Stokes equations coupled with the energy equation.

e The results show that the pulsation of the nanofluid (10% by volume of
AlL,O3 particles), with 50% of the mean flow and with the Strouhal
number range of [0.2-1.2], leads to an increase in heat transfer of
approximately 30% to 170%. As a result, there is improved cooling of
electronic components.

¢ Nanofluids, which include Al,Os in water, and which are subjected to a
pulsation frequency range of [12-34] Hz, exhibit significant temperature
reductions at volume concentrations of 0.05, 0.10, and 0.15. On
average, a notable decrease of 60 °C is observed across the blocks.

¢ During nanofluids flow inside an electronic system, the heat and mass
transfer can be improved remarkably as a result of mechanical agitation
and micro-convection created principally by the Brownian motion of
alumina nanoparticles in the base fluid.

e The results of this study can be used to optimize the pumping power of
the nanofluid and precisely size the cooling pumps for electronic
systems, as well as to control their operating temperatures effectively.

¢ In the perspective of this study, it is recommended to investigate the
impact of acoustic excitation on enhancing the cooling performance of
a heat sink using a nanofluid. The analysis should focus on studying
the frequency of acoustic excitation and its effects on nanoparticle
dispersion within the nanofluid, as well as the resulting Brownian
motion, contributing to enhanced heat transfer.
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Resumen:

Introduccién/objetivo: Los continuos avances en las tecnologias de
dispositivos electronicos han llevado a mayores densidades de energia, lo
que resulta en una generacion sustancial de calor durante su
funcionamiento. La gestién térmica eficiente es esencial para mantener un
rendimiento éptimo, prolongar la vida util del dispositivo y prevenir fallas
inducidas térmicamente. Los métodos de enfriamiento tradicionales, como
el enfriamiento por aire y por liquido, han alcanzado sus limitaciones a la
hora de satisfacer las crecientes demandas de enfriamiento. En
consecuencia, la implementacion de nanofluidos como un nuevo medio de
enfriamiento ha ganado mucha atencion en los ultimos afios.

Métodos: El presente estudio tiene como objetivo determinar la banda
ancha de frecuencias para las cuales la transferencia de calor es maxima
durante el enfriamiento de nueve componentes electronicos montados en
un canal horizontal utilizando el nanofluido Al-Os. Este fenémeno se llama
transferencia de calor por resonancia y ocurre cuando la frecuencia del
forzamiento externo (pulsacién u oscilacién) coincide con la frecuencia
natural del flujo convectivo del nanofluido. Se ha utilizado el método del
volumen finito para resolver la ecuacion gobernante. En este trabajo se
consideran dos casos: flujo de entrada uniforme y pulsado. Los
componentes electronicos se han considerado como bloques calentados
con el mismo espacio entre ellos.

Resultados: Los resultados muestran que el flujo es inestable para el
nanofiuido critico con numero de Reynolds Re~2000 Al20z con una
frecuencia como el numero de Strouhal St = 1.2 y una concentracion de
fraccion de 0.10. Corresponde a una velocidad de flujo de 0.211 m/s y una
frecuencia dominante de fr=34 Hz.

Conclusion: La transferencia de calor mejorada se calcula como la relacién
del nimero de Nusselt de flujo pulsante con el nimero de Nusselt de flujo
uniforme. Se puede lograr una tasa de transferencia de calor mejorada del
30 al 170 % dentro de una banda del numero de Strouhal St = [0.2-1.2]
correspondiente a una banda de frecuencia fr = [12-34] Hz.

Palabras claves: nanofluido, resonancia, transferencia de calor,
disipador de calor, conveccion, numero de Strouhal.

Pe3oHaHCHbI TennoobMeH Npu NPUHYAUTENBHOW KOHBEKLIMM
HaHoxugkocT Al2O3 B ropn3oHTanbHOM KaHarne ¢ CUCTEMOM
oxnaxaeHus

A60enyaxab byttayTt

HaunoHanbHbIV LEHTP KOMMNIIEKCHBIX MCCnefoBaHuMi B obnacTtu
ctpoutenbcTea (CRIB),
r. Armxump, Amknpckas HapoagHasa [lemokpaTtuyeckas Pecnybnuka




PYBPUKA T'PHTW: 27.35.45 MaTtemaTtnyeckue moaenu TennonpoBOAHOCTY U

anddysuum,
30.17.00 MexaHuka >XngKocTu 1 rasa
BWO CTATbW: opurmHanbHasa Hay4yHas ctaTbs

Pesrome:

BeedeHue/uensn: NocmosiHHbIU mexHorioau4yeckul rnpoepecc
3M1EKMPOHHbIX ycmpolicme rpueesi K [108bIWEHUK MI0mHocmu
3rekmpuyeckol 3Hepauu, Komopasi, 8 C80t0 o4Yepeldb, 8bidernsem
3Ha4YumesibHoE KOMu4Yecmeo mernna 60 6peMs  3KCrayamayuu.
SgpbekmusHoe ynpasneHue memrnepamypHbIM PEXUMOM He0OX00UMO
0 noddepxkaHuUsi onmumaribHoU Mpou3eoouUMesIbHOCMU, MpPoOIeHUs
cpoka cnyxbbl ycmpolicmea u npedomepaujeHusi  MO/IOMOK,
8bI38aHHbIX nepeepesoM. TpaduyuoHHble MemoObi OXx/axdeHuUs ¢
nomowbto 8030yxa U Xudkocmu He omeeyalom 803POCUUM
nompebHocmsam 6 oxnaxdeHuu. Bcredcmeue 4Yeeo npuMeHeHuUe
HaHoxudKkocmel 8 Kayecmee H08020 Oxrfaxdarouje2o cpedcmea 8
rnocnedHee apemMsi npuobpemaem 60bWYHO 3HAYUMOCTb.

Memodbi: Llenbo daHHo20 uccrnedosaHusi siersemcs ornpederneHue
wupokoeo Ouana3oHa 4Yacmom 8 yc/o8UsIX MaKCUMalrbHO20
mennoobmeHa npu oxnaxoeHuu 0e8smu 311eKMPOHHbLIX KOMITOHEHMO8,
YCMaHOBMEHHbIX Ha 20PU30OHManbHOM KaHane, C  [MOMOWbH0
HaHoxudkocmu Al203. Omo seneHue Ha3sblgaemcsi pPE30HaHCHOU
mennonepedayell U 803HUKaem, Kozda 4acmoma BHEWHezo
g8o30elicmeus (Mynbcayuu unu konebaHusi) coenadaem ¢ cobcmeeHHoU
yacmomoUli KOHBEKMUBHO20 meyYeHUs HaHoXudkocmu. [ns peweHusi
OCHOBHO20 ypaBHEHUsI UCMOMb308aricsi MemooO KOHe4YHbIX obbemos. B
0aHHOU cmambe paccMmampusaromcsi 08a Criyyasi: pagHOMepHbIl U
nynbcupyrowuli  8xo00HOU NOMOK. OneKMpPOHHbIE  KOMIOHEHMbI
npedcmasnsiom cobol  6510Ku, Komopble  Hagpesaromcs U
pacrionioxXeHbl Ha pagHOM paccmosiHuu 0pya om Opyaa.

Pesynbmamsi: Pe3ynbmamei uccriedogaHusi rnokasasu, 4Ymo meyeHue
Heycmou4ueo npu Kpumuyeckom 4ucrne PelHonbdca Re=~2000 0ns
HaHoxudkocmu Al203 ¢ yacmomod, pasHol yucry Cmpyxans St = 1,2,
U KoHueHmpauuet ¢pakyuu 0,10. 9mo coomeemcmeyem ckopocmu
nomoka 0,211 m/c u npeobnadarweti yacmome fr = 34 y.

Bbigod:  YnyuweHHasi menrnonepedada  paccHumbigaemcs — Kak
COoOmHoweHue Yucna Hyccenbma 0115 rynbcupyrouwe2o rnomoka u Juca
Hyccenbma 0ns pasHomepHo20 romoka. [losbilweHHas CcKopocmb
mennonepedadyu Moxem 6bimb docmueHyma Ha 30-170% e duarna3oHe
yucen Cmpyxansa St = [0,2-1,2], coomeemcmeyrowiem duara3oHy Yacmom
fr=[12-34] I'y.

Knoyesble crnoga: HaHOXUOKOCMb, PEe30HaHC, merlnonepedaqa,
cucmema oxsiaxo0eHusi, KOHBeKUUSI, YUCIIO Cmpyxanﬂ.
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Pe3oHaHTHM NpeHoC ToMnoTe TOKOM hopcupaHe KoHBEKLMje
HaHodnymaa Al2O3 y XOpU3OHTaNHOM KaHasy ca Xnagsakom

A60denyaxab bytayt

HauuoHanHu ueHTap 3a usrpagry UHTErPUCaAHUX CTyaMja U UCTpaxuBakba
(CNERIB), Amxunp, HapoagHa emokpatcka Penybnuka Amxup

OBJIACT: mawwnHCTBO
KATETOPWJA (TUIM) YNAHKA: opurnHanHu Hay4Hu pag

Caxxemak:

Yeod/yurb: CmarnHu Hanpedak y mexHoroaujama ef1eKmpoHCKUX ypehaja
doseo je 0o riosehaHux 2ycmuHa efieKmpuyHe eHepauje wmo rpouseoou
3HamHe KO/fuYUHe moryiome MOKOM Huxogoe pada. EdgpukacHo
ynpassbarbe Mmor/iomoM je CYWMUHCKO 3a odpxasare OnmuMasiHuxX
nepgopmaHcu, npodyxaeare 6eka mpajaba ypehaja, kao u 3a
cripedasarbe Keaposa y3pokogaHux —moriomomM. TpaduyuoHasrHe
memolde xnahersa, Ha ripumep 8a30yxOoM U MmeyYyHOWRy, Hucy euwe y
cmarby Oa npame rnosehaHe rnompebe 3a xnahemeM. 3amo rpumeHa
HaHognyuda, Kao Hogoz pacxiiadHoe cpedcmea, y mnocriedme speme
dobuja Ha 3Ha4ajy.

Memode: Lurbs ose cmyduje jecme Oa 00pedu WUPOKU oricee
ppekseHluja 3a Koje je MpeHOoC moryiome MakcumariaH mokom xnahera
degem €/IeKMPOHCKUX KOMIMOHEHMU 10CMassbeHUX Ha XOpU30HMarHu
KaHan nomohy HaHogpriyuda Al.03. Osa riojasa ce Ha3uga pe30oHaHMHU
npeHoc morsiome u 00 e Gonasu Kada ce hpekseHyuja Crorbalibe
npuHyde (nyncuparba unu ocuyunayuje) rmoknana ca [pUPOOHOM
(bpeK8eHUjOM KOHBEKMUBHO2 MmoKa HaHogrnyuda. Memoda KoHayHuUX
3anpeMuHa KopuwheHa je y pewasary sodehe jeOHa4duHe. PasmampaHa
cy Osa cnyyaja: yHUGDOPMHU U MyfICHU yrasHu rpomokK. EnekmpoHcke
KoMrioHeHme rnpedcmasrbajy 6510Koge Koju ce epejy u Hanase ce Ha
rodjedHakom pacmojarby jeOHU 00 dpyaux.

Pesynmamu: [MokasaHo je Oa je rnpomok HecmabunaH 3a KpUmu4yHU
PejHondcos 6poj Re=2000 HaHogpnyuda Al:0s ca ¢bpekseHUujom Kao
Cmpoxanosum 6pojem St=1,2 u koHueHmpauujom ¢ghpakyuja o0 0,10, wmo
odeosapa bp3uHu rpomoka 00 0,211 m/s u GoMuHaHMHOj chpexkseHyuju 00
fr=34 Hz.

Bakrbyyak: [MosehaHu npeHoc morniome u3padyyHasa ce Kao 6p3uHa
Hycenmoeoz 6poja nyncHoe npomoka ca Hycenmosum 6pojem
pasHomepHoe npomoka. losehaHa 6p3uHa rpeHoca mornome Moxe ce
rnocmuhu 30-70% yHymap ornceza Cmpoxanogoz 6poja St=[0,2-1,2],
wmo odzoeapa oriceay hpekseHyuje fr =[12—34] Hz.

Krby4He peyu: HaHognyuo, pe3oHaHyuja, peHoc moraome, xnaomax,
KoHeekuyuja, Cmpoxasios 6poj.
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