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Abstract. This work analyzes different working fluids (DI-water and Al,O;-water based nanofluid) flowing in a
copper microchannel heat sink consisting of 20 parallel rectangular channels of 29.23 mm in length, 1.2 mm in
width, and 1.2 mm in height for each microchannel and investigates their influence on the velocity flow field,
pressure drop, and heat transfer. The CFD software ANSYS FLUENT 2020 R2"® was applied. In the case of
Alumina-water nanofluid with an average nanoparticle size of 10 nm, different volume concentrations were used
(0.5% and 1 vol.%). A uniform velocity and temperature (293.15 K) were applied at the inlet of the heat sink.
The inlet velocity varied from 3.41 to 8.54 m/s, and the Reynolds number based on the hydraulic diameter and
inlet velocity varied from 400 to 1000. A heat flux corresponding to 165 W dissipated power for
an Intel® Core™ Serie X processor was applied at the bottom surface of the heat sink. It was possible to obtain
different temperature distributions, the pressure drop, and the requested pumping power consumption by
modifying the working fluid. Comparisons were performed on how the velocity and temperature fields changed
according to boundary conditions. The Alumina-water nanofluid provides a more uniform wall-temperature
distribution; the nanofluid with the highest concentration has the highest friction factor and the highest Nusselt
number regardless of the Reynolds number. The nanofluid thermal behavior with the volumetric concentration
increasing is probably due to the fluid thermal conductivity increasing. Even the higher pressure drop observed
for the Al,Os;-water nanofluid, its effect on the pumping power consumption is acceptable (for the highest
nanofluid concentration and Reynolds number, the pressure drop is 93.40 kPa corresponding to a pumping
power of 3 W). Therefore, the microchannel heat sink and nanofluids seem a plausible solution for the cooling
challenge in microscale electronics due to the higher cooling performance.
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1 Introduction

Heat sinks are applied in industries aiming to optimize engineering projects in mechanics, aerospace,
electronics, and other areas. In order to avoid damage from heat sources that could compromise data and
consequently the investments made, heat sink devices are needed for regulating the temperature, occupying
minimal space and enabling the components to operate at their maximum efficiency.

Microscale refrigeration systems can cool high-generation electronic devices and appliances since the heat
transfer performance of a microchannel-based heat sink is superior to any traditional heat exchanger, according
to Murshed and Castro [1]. Considering that the space required for the cooling device of a particular system has
great importance, the model to be developed in this work provides wide industrial application.

According to Qu and Mudawar [2], as the diameter of the channel through which the working fluid flows
decreases, the surface area-to-volume ratio increases, reducing the overall system size and fluid inventory;
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besides, compact heat exchangers can also be manufactured on the scale of compact electronic device processors
(e.g., Intel® Core™ processors). Thereby, the association of microchannels and modern refrigerants shows
potential for replacing conventional heat sinks in modern high-efficiency electronic devices [3].

The use of microchannel heat sinks is highly applicable with efficient coolants due to its better capacity to
efficiently dissipate large quantities of heat generated from electronic devices than conventional heat transfer
fluids, such as water or ethylene glycol [4]. The technique that disperses nanoparticles within a conventional
coolant (named nanofluids) can enhance the working fluid's effective thermal conductivity, leading to an
increase in the heat transfer performance of the cooling system.

The Computational Fluid Dynamics (CFD) methods are robust tools for simulating the fluid flow and
thermal behavior, considering that it numerically solves equations regarding fluid flow and heat transfer
problems inside a defined geometry. In other words, CFD presents the crucial and fundamental understanding of
the parameters such as velocity, pressure and temperature field, providing the most valuable designs and better
efficiency of microchannel heat sink devices [5].

The microchannels present a pressure drop (responsible for pump energy consumption used) more
significant than the pressure drop in macro channels under the same operating conditions. Qu and Mudawar [6]
performed an experimental and numerical study to predict the pressure drop of a heat exchanger based on
rectangular microchannels for single-phase flow using water as a refrigerant fluid. The authors observed that the
pressure drop decreased with the increased heat flux applied, considering a constant Reynolds number (decrease
in water viscosity with increasing temperature). Tan et al. [7] also presented that the design of a multi-
microchannel-based heat exchanger should maximize the flow uniformity in the channels improving the thermal
and hydrodynamic performance of the heat exchanger.

In this context, the present work aims to numerically study using ANSYS FLUENT 2020 R2" the pressure
drop, velocity field and wall temperature of a microchannel heat sink with a single-phase flow of two different
coolants (pure water and Al,Os-water nanofluid). For the water-based alumina nanofluid, two different
concentrations were analyzed (0.5 and 1 vol.%). The motivation lies in applying the developed methods and
results to optimize cooling systems applicable to aerospace and electronic fields.

2 Methodology

The methodology consists of defining the input parameters (as the geometry and the heat sink material —
copper was applied on all cases); choosing a reference processor for the power supplied to the thermal system;
literature information (related to experimental correlations and thermophysical properties of the material and
nanofluid); and considerations of the thermal model (including the operation parameters and thermophysical
properties).

The Intel® Core™ was chosen as a reference for the processor used in this work. The chosen processor was
an Intel® Core™ Serie X processor (with 40 mm?), with a power supply of 165W (55842 W/m?) applied at the
bottom surface of the proposed heat sink. The manufacturer provides this operational value, and it was based on
the TDP (thermal design power), i.e., it represents the amount of heat that needs to be dissipated for the
processor to work properly and with better thermal efficiency.

This work is characterized by cooling based on pumping a working fluid through the heat sink geometry,
requiring an external pump source. The pumping power is correlated with the system's pressure drop and, in turn,
with the flow and working fluid (high flow rates and higher viscosities provide increased pressure drop) and the
heat sink's geometry. The analysis comprises one geometry and three cases: Case 1 corresponds to pure water as
the working fluid, and the other two cases correspond to Al,O;-water based nanofluid (0.5 vol.%, named Case 2
and 1 vol.%, named Case 3).

2.1 Geometric parameters

The same multi-microchannels geometry was used for all three cases (Table 1 and Figure 1 show the heat
sink geometry). This geometry was based on Ramos-Alvarado et al. [8]; however, solid domain (copper) and
boundary conditions were changed in order to obtain a different and new construction for analysis.
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Table 1. Heat sink geometry for all cases analyzed.

Geometric parameters Cases 1,2 and 3
Number of channels [-] 20
Number of walls [-] 19
Length of the channels [mm] 29.23
Length of the walls [mm)] 29.23
Width of channels [mm] 1.20
Width of the wall [mm] 1.20
Hight of the channels [mm] 1.20
Hight of the inlet/outlet tube [mm] 4.00
Hydraulic diameter [mm] 1.20

Figure 1. Microchannel heat sink geometry in frontal (left) and isometric (right) view.

L.

The heat produced by the Intel® Core™ processor will be transferred to the heat sink by conduction and the
working fluid by convection. All the other surfaces were considered adiabatic, including the inlet and outlet tube.

2.2 Thermophysical properties

The considerations for developing the thermal model involve steady flow, tridimensional analysis, single-
phase and laminar flow, constant thermophysical properties and uniform heat distribution at the bottom of the
heat sink. The inlet temperature of the working fluids (water and alumina water-based nanofluid) was considered
293.15K (atmospheric pressure of 98 kPa) and the input power was 165 W.

The properties of the material and both working fluids are presented in Table 2.

Table 2. Thermophysical properties of the working fluids and heat sink material.

Thermophysical properties Cu Al,O4 DI-water A(EZSO 3;??;? A?lzgz)_l‘.?:/i;er
Density [kg/m’] 8978 3600 998.2 1008.1 1021.1
Specific heat [J/kg K] 381 765 4182 41171 4057.7
Thermal conductivity [W/m K] 387.6 36 0.62 0.8926 1.1679
Viscosity [kg/m s] - - 0.001003 0.00084047 0.00085112

As the nanofluid thermophysical properties depend on the nanoparticle concentration, the following
correlations were used to calculate the density (p), dynamic viscosity (¢), and thermal conductivity (k) [4]:

Py = Ppp + (1 — P)ppy (D

(p-C,y=9-(p-C),+(1=9)-(p-C,), 2
oy

= 3

B gy ®
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M:k_f’( + uP'DPJ Dy ¢ @)

Ky ky D, (1-¢)

where ¢ is the volume concentration; C, is the specific heat [J/kg K]; bf means based-fluid (water); nf means
nanofluid (alumina water-based); p means particle (AL,O3); ¢ is equal to 25,000, based on [4]; D, is the particle
diameter (in this case, 10 nm); and, Dy, is equal to 2.75x10""° m. The u, parameter corresponds to the Brownian
velocity of nanoparticles, and it is given by:

2.K,-T
u =————5
P ﬂ"ﬂbf'Dz

p

)

where 7 is the inlet temperature of the nanofluid and K}, is the Boltzmann constant 1.380 x10% [kg m?/s* K]. The
density was kept constant and invariant with the temperature.

2.3 Operation parameters

The following assumptions were made to simplify the problem: steady and laminar flow; no thermo-
physical properties variation with temperature; fluid is incompressible; constant solid properties are used, with
sidewalls having the adiabatic condition; radiation and viscous dissipation are neglected; and no velocity-slip at
the walls. Based on these assumptions, the governing differential equations used to describe the fluid flow and
heat transfer in the microchannel are given as:

Conservation of mass (continuity):

V.(pV) = 0 (6)
Conservation of momentum:
V.V(pV) = —Vp + V.(uVV) (7
Conservation of energy (Fluid):
V.7(pCpTy) = V. (keVTy) (®)

The uniform velocity boundary condition was applied at the inlet and a zero static pressure was employed
at the outlet. The SIMPLE scheme was used to solve the pressure-velocity coupling. The flow momentum and
energy equations are, respectively, solved with a first and second-order upwind scheme. The simulations are
performed using a convergence criterion of 10,

The hex dominant meshing grid scheme with a free face mesh type combining triangles and quadrilaterals
was used to mesh the system, as shown in Figure 2. The mesh was accomplished in the meshing module with
minimum mesh orthogonality of 0.329, the maximum aspect ratio of 18.10, and a maximum skewness of 0.67.

Figure 2. Schematic and computational meshes of the geometrical model.

The average mesh element for the proposed microchannel heat sink was 282,377. The solution achieved
convergence after 39 iterations with an average computation time of 10 min.

The Reynolds number is a function of fluid density (p); dynamic viscosity (¢); and inlet velocity of the
working fluid, and hydraulic diameter (D)) of the channel:

_ PDnVinier )
U
The friction factor and pumping power are calculated by Equations (10) and (11):

Re
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_ ApcpDp (10)
f=5—5—
2LcppViper

P = ApV (11)

where V is the fluid volume flow rate, L, is the channel length, and Ap is the channel pressure drop.

A grid dependency study was conducted using the wall temperature (in the cross-sectional area of the
microchannels) as a criterion to ensure the results are independent of the mesh. Such analysis allows accurate
simulation results that do not depend on the quality of the mesh resolution. The procedure is iterative and uses
three different meshes (coarse, medium, and fine grid). By the analysis of three different meshes in the present
work (with 153,220; 282,377; 455,890 elements), focusing on a heated wall temperature range of a maximum of
2.5 K (less than 10% of the maximum wall temperature, according to Bell Drive [9]), it was noticed that the
difference in wall temperature was around 1.2 K between the last two meshes. Hence, a mesh of 282,377
elements was chosen to save computational time.

Validation of Nusselt number and the pressure drop with water and alumina water-based nanofluid is
performed by comparing the current results with those obtained by Al-Baghdadi et al. [5]. The modeling results
are in good agreement with Al-Baghdadi et al. [5]; for the pressure drop, the mean deviation was 3.4% for water
and 7.6% for Al,Os-water nanofluid. For the Nusselt number, the mean deviation was 1.3% and 3.1% for water
and Al,Os-water nanofluid, respectively, indicating the model's reliability used in the current work.

3 Results

Figure 3 shows the wall temperature (corresponding to the temperature of the Intel® processor) for all cases
tested as a function of Reynolds number. The heated wall temperature decreases as the Reynolds values increase,
as also reported by Mursehd and Castro [1]. This behavior is improved when nanofluids are applied in the
cooling system; the higher the nanofluid concentration, the lower the wall temperature [10].

Wall temperature vs. Re
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Figure 3. Wall temperature for Cases 1, 2 and 3, respectively.

In order to obtain a clear understanding of the results, Figure 4 presents the wall temperature distribution
considering a fixed value of Reynolds number, Re = 800 (corresponding to v, of 6.83 m/s), considering three
different working fluids: pure water, Al,Os-water nanofluid with 0.5 vol.%, Al,O;-water nanofluid with 1 vol.%.
One may observe that even a smaller concentration of nanoparticles in a base fluid decreases the wall
temperature and provides a more uniform wall-temperature distribution, as also reported by Khan et al. [11].
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Figure 4. Wall temperature distribution for Re = 800 and Cases 1, 2 and 3, respectively.

The nanofluid viscosity depends on the volumetric concentration of nanoparticles [11]; thus, an increase in
the nanoparticle concentration in the base fluid leads to an increase in its viscosity and, consequently, in the
pressure drop and pumping power, as shown in Figure 5.
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Figure 5. Pressure drop as a function of Reynolds number for Cases 1, 2 and 3, respectively.

The nanofluid with the highest concentration has the highest heat transfer coefficient regardless of the
Reynolds number (Figure 6). The nanofluid thermal behavior with the volumetric concentration increasing is
probably due to the fluid thermal conductivity increasing, as also mentioned by Jwo et al. [12] and Suresh et al.
[13].
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Figure 6. Average heat transfer coefficient for all cases.
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4 Conclusions

The numerical analysis developed in this work allowed us to understand that the application of nanofluids
results in effective cooling compared to DI-water. The proposed heat sink showed a reduction in wall
temperature of around 27.8% when nanofluid was applied. The higher the nanofluid concentration, the lower the
wall temperature, and it varies up to 8% as it increases from 0.5 vol.% to 1 vol.%.

A higher pressure drop occurs when nanofluid is used as the working fluid; for Al,Os;-water nanofluid with
1 vol.%, a 31% increase was found compared to DI-water. Even with the higher pressure drop observed, its
effect on the pumping power consumption is acceptable (for the highest nanofluid concentration and Reynolds
number, the pressure drop is 93.40 kPa corresponding to a pumping power of 3 W).

The Al,O;-water nanofluid improves the heat transfer coefficient regardless of the inlet velocity (for 0.5
vol.%, an increase of around 36% was found compared to DI-water). For the highest nanofluid concentration, the
increase in heat transfer compared to pure water represents 43%.

Therefore, the present work numerically shows that AL,0O; water-based nanofluid is an effective way of
cooling and the combination of microchannels heat sink devices and nanofluids can be used to
guarantee efficient cooling to electronic devices.
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