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Abstract: With the developing technology, the dimensions of electronic systems are becoming smaller,
and their performance and the amount of energy they need increases. This situation causes the
electronic components to heat up more and the existing cooling systems to become inadequate. In
this study, instead of the fins used in existing systems, 10 PPI and 40 PPI PHS were placed inside
a water block, and the Al2O3-H2O nanofluid at a mass fraction of 0.1% was used as the cooling
fluid. Experiments were carried out under constant heat flux of 454.54 W/m2 and 1818.18 W/m2,
with volumetric flow rates varying between 100 mL/min and 800 mL/min. The heat transfer results
were compared with the results obtained from the base fluid and the empty surface. The results
showed that the nanofluid reduced the surface temperatures compared to the base fluid. Especially
when PHSs were used together with the nanofluid, a significant increase in heat transfer occurred
compared to the empty surface. The highest heat transfer was observed when both the nanofluid and
40 PPI PHS were used together. In addition, the highest thermal performance value was determined
as 1.25 times compared to the empty surface when the nanofluid and 10 PPI PHS were used together.

Keywords: electronic cooling; nanofluids; water block; metal foam heat sink

1. Introduction

Electronic elements working with electrical energy accumulate their excess energy
as heat energy in their structure. This heat must be removed from the element with
appropriate cooling methods. Otherwise, temperature increase may occur on the element,
its performance may decrease, and then, it may be damaged and become unusable. With
the developing technology, the dimensions of electronic systems are becoming smaller and
smaller. Since this situation causes more heat production per unit area, it results in the
cooling systems currently in use being insufficient. Research works are generally aimed
at increasing the contact surface area (finned surfaces) and improving the coolant used.
As is known, finned structures made of different materials (aluminum, copper, etc.) are
used to expand the surface area in the cooling of electronic systems. Either water or air is
commonly used as the cooling fluid. One of the most important features of water cooling
over air cooling is that the thermal conductivity of water is 25 times higher than that of
air. In this way, water can transfer heat from the area where the fan is located much faster
than air. Since liquid cooling removes heat faster than air, it enables the processor to run
at higher speeds. To provide more effective cooling, researchers have started to work on
producing new types of fluids with higher cooling capacity by adding materials with high
thermal conductivity to a fluid chosen as the base fluid.

In the literature, many finned heat sinks of different shapes and sizes were used
in the studies to provide effective cooling in the heated areas. PHSs with high surface
area/volume ratios are also materials that are currently being researched in this context.
Similarly, there are many studies in the literature on the development of the cooling fluid
used in electronic systems.
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The use of nanofluids in the cooling of electronic systems is one of the most researched
topics today. The nanofluids prepared by adding nanoparticles with certain concentrations
into the base fluid were first studied by Choi and Eastman [1]. They obtained a new
fluid by mixing materials with high thermal conductivity into the base fluid at certain
concentrations (volumetric or mass) and named this fluid a nanofluid.

Pourfarzad et al. [2] experimentally investigated the effect of using alumina-water
nanofluids with volumetric concentrations of 0.1%, 0.3% and 0.5% on heat transfer and
pressure drop in a miniature heat sink with a porous structure. Heat sinks made of copper
material with two different pore densities, 15 PPI and 30 PPI, were placed in the channel.
From the results, the amount of improvement in the heat transfer coefficient obtained for
15 PPI and 30 PPI with the use of nanofluids at different volumetric concentrations varied
between 1 and 22%, and 2 and 26.4%, respectively.

Bayomy et al. [3–6] carried out many experimental and numerical studies using the
same experimental setup to investigate the use of metal foam cooler in electronic cooling.
Firstly, they investigated the use of a metal foam heat sink with pure water to cool the Intel
core i7 processor. Then, they investigated the use of metal foam heat sink and nanofluid
in the same setup. In their last two studies, they investigated the effect of metal foam
heat sinks with different numbers of channels in them and metal foam heat sinks with
different numbers of aluminum fins inside on heat transfer. In the results obtained, it
was determined that the use of metal foam heat sink improved the heat transfer by 20%
compared to the empty channel. When the Reynolds number was 601.3 and 210, using 0.2%
Al2O3 nanofluid by volume, an improvement of 37% and 28%, respectively, of the average
Nusselt number compared to pure water was obtained. Compared to metal foams with a
different number of channels, lower local temperatures were obtained in the finless metal
foam heat sink. In the metal foam heat sink with four aluminum fins, higher local Nusselt
numbers were obtained compared to the metal foam heat sink with three and five fins.

The cooling effects of nanofluid passing through copper foam heat sinks with different
pore densities (20, 30 and 40 PPI) were investigated by Qi et al. [7]. Experiments were carried
out for the Reynolds number ranging from 414 to 1119. The TiO2-water nanofluid with
the mass concentration between 0.1% and 0.5% was used as the coolant. When the results
were examined, the lowest surface temperatures were obtained with the use of 0.3 wt%
TiO2-water nanofluid compared to pure water, and as a result, a 35.7% improvement in
heat transfer was observed.

Boomsma et al. [8] investigated the thermal performance of open-cell aluminum foam
(6101–T6 alloy) heat exchanger under forced convection conditions. Water was used as
the cooling fluid. Open-cell aluminum foam materials were compressed and formed into
heat exchangers for electronic cooling applications that dissipate large amounts heat. In the
study, it was determined that compressed aluminum metal foams had a significant effect on
both the improvement of heat transfer and efficiency compared to the commercially used
heat exchangers. It was determined that the pumping power required for the compressed
open-cell aluminum foam heat exchangers used in the study was the same, but they showed
2–3 times lower thermal resistance than the commercial heat exchangers.

Saghir and Welsford [9] presented a numerical assessment of the use of TiO2 and Al2O3
nanofluids working with ethylene glycol and water as the base fluid inside porous media.
In addition, an experimental evaluation of Al2O3-water nanofluids was made. When the
numerical analysis and experimental results were compared, the deviation in temperature
value was found to be less than two degrees. When all the numerically obtained results
were compared, it was determined that ethylene glycol provided the highest average
Nusselt number, while water required significantly lower pumping power.

Delisle et al. [10] investigated the effect of using the Al2O3-water nanofluid in a plate-
finned heat sink filled with 10 PPI and 20 PPI aluminum foam material in their study on heat
transfer, experimentally and numerically. The Al2O3-water nanofluid with a concentration
of 0.6% by volume was used as the cooling fluid. From the results, when a 20 PPI triple-
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finned heat sink and Al2O3-water nanofluid with 0.6% concentration by volume were used,
the highest value of the average Nusselt number was obtained as 135.5.

Ameri et al. [11] numerically investigated the effect of using nanofluids on heat transfer
in a pipe filled with metal foam. Experiments were carried out for the Reynolds number
varying from 200 to 1000. The Fe3O4-water nanofluid with an average concentration of
0.5% to 2% was used as the cooling fluid. The porosity of the metal foam material used in
the measurements varied between 0.7 and 0.9. From the results, it was determined that the
Nusselt number varied directly with the mean concentration and the Reynolds number,
but it varied inversely with porosity.

Nazari et al. [12] experimentally investigated the effect of heat transfer by passing
the Al2O3-water nanofluid through a pipe filled with metal foam under forced convection
conditions. The Al2O3-water nanofluid with volumetric concentrations of 0.1%, 0.25%,
0.5%, 1% and 1.5% was used as a refrigerant, and the obtained results were compared with
pure water and empty pipe. The results showed that increasing the alumina nanofluid
concentration augmented the amount of heat transfer. Compared to the empty tube, the
maximum enhancement in the Nusselt number was found to be approximately 57% for a
volumetric concentration of 1.5% Al2O3 nanofluid inside the tube filled with metal foam
at Re = 3704.

An experimental investigation of the effect of using an MgO nanofluid in a copper
pipe, which was partially filled with 70% porosity metal foam, was presented by Rabbani
et al. [13]. From the inner surface of the copper pipe, 1 cm in the first sample and 1.8 cm in
the second sample were covered with metal foam material. The MgO nanofluid with volu-
metric concentrations of 0.5%, 0.25% and 0.0625% was used as a cooling fluid. Compared
to the base fluid, with the use of nanofluid for the first and the second samples, the average
convection heat transfer coefficient was increased by about 9% and 15%, respectively.

Aliabadi and Hormozi [14] conducted an experimental study to investigate the effects
of simultaneous use of a pin channel and CuO-water nanofluid on the performance of
plate-fin heat exchangers. Experimental results were compared with the empty channel; the
pinned channel considerably increased the thermal-hydraulic performance of the plate-fin
heat exchanger, by about 38%. Although there was a significant improvement in the heat
transfer coefficient compared to the base fluid with the use of nanofluid, it was determined
that there was an increase in the pressure drop.

The variation in the thermal and hydraulic performance of a tangential miniature heat
sink using the Al2O3-water and TiO2-water nanofluids was experimentally determined
by Miry et al. [15]. Studies were carried out at the same volumetric concentrations (0.5%,
1%, 1.5% and 2%) for both fluids. With the use of Al2O3-water and TiO2-water compared
to pure water, it was observed that the average temperature of the heat sink decreased by
2.2 ◦C and 1.6 ◦C, respectively. In addition, the convection heat transfer coefficient obtained
from the Al2O3-water and TiO2-water nanofluids increased by 15% and 12%, respectively,
compared to water at the Reynolds numbers in the range of 210–1100.

The effect of 10 PPI, 20 PPI and 40 PPI aluminum metal foam heat sinks placed in a
3 × 3 arrangement in a partially open cavity on natural and forced convection heat transfer
was experimentally investigated [16,17]. In both studies, the most heated elements were
determined, and solutions were offered for the appropriate cooling process. The natural
convection heat transfer in an inclined rectangular duct with metal foam heat sinks placed
separately on its surface was investigated experimentally by Dogan and Ozbalci [18].

The effect of using a copper-foam-filled copper tube and an R245fa refrigerant on
heat transfer and pressure drop was experimentally investigated by Abadi and Kim [19].
The obtained data were compared with correlations in the literature. New correlations
were proposed for the heat transfer and pressure drop of small tubes filled with the
foam material.

The effect of 5 and 20 PPI metal foam heat sinks with one, two, four and six fins
on forced convection heat transfer was investigated by Bhattacharya and Mahajan [20].
According to the results obtained, it was observed that the heat transfer increased when
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the fins were used with metal foam heat sinks. They stated that the heat transfer coefficient
increased with the increase in the number of fins, but after a certain number of fins, the heat
transfer was decreased depending on the interfacial boundary layer. It was determined
that the optimum geometry was the use of four fins in a 20 PPI sample. Experiments were
performed with one, two and four fin samples on a 5 PPI metal foam heat sink, and similar
results were obtained with a 20 PPI heat sink.

The effects of 10 PPI and 20 PPI metal foam heat sinks and pin-finned metal foam heat
sinks with the same pore density on heat transfer in electronic cooling were experimentally
and numerically investigated [21,22].

The effects of using water blocks with different shapes and sizes of heat sink surfaces
together with nanofluids in heat transfer were investigated in many studies [23–30]. In the
studies, the nanofluids prepared with different concentrations and different nanoparticles
were compared with the base fluid. The obtained results from all studies showed that the
heat transfer was increased significantly with the use of nanofluids in the water block.

The effect of nanofluids prepared by adding CeO2, Al2O3 and ZrO2 nanoparticles at
concentrations ranging from 0.5% to 2% into a mixture of 20% ethylene glycol and 80%
distilled water on the cooling performance in a microchannel heat sink was investigated by
AlFaryjat et al. [31]. The highest increase in heat transfer coefficient was obtained with the
CeO2 nanofluid, with 29%. In addition, an increase of 22% and 17% was observed with the
use of Al2O3 and ZrO2 nanofluids, respectively.

Ali and Arshad [32,33] investigated the effect of using different nanofluids on heat
transfer in the mini-channel where square-section pin fins prepared in different arrays and
angles are used. In the first study, TiO2(Anatase)/H2O and TiO2(Rutile)/H2O nanofluids
prepared at 4.31% and 3.99% volume concentrations by volume were used. When the results
were examined, more heat transfer amount was obtained in the same fluid in the staggered
pin fin heat sink than in the inline pin fin heat sink. For both geometries, TiO2(Rutile)/H2O
nanofluids showed better thermal performance than TiO2(Anatase)/H2O nanofluids. In the
second study, experiments were carried out in three different heat sinks with channel angles
of 22.5, 45 and 90 degrees using water-based graphene nanoplatelets (GNPs) nanofluid
with a concentration of 9.5% by volume. According to the results, the thermal performance
values of the heat sink with a channel angle of 22.5 degrees were better than the other
heat sinks.

The effect of using nanofluids with heat sinks prepared in different chevron fin shapes
on heat transfer was investigated experimentally and numerically by Hassani et al. [34].
In the experiments, water and different volumetric concentrations (0.5% and 1%) of the
Al2O3-water nanofluid were used together with the heat sink in seven different shapes.
According to the results, a high rate of heat transfer was achieved due to the decrease in
the surface temperature of the chevron shape finned heat sinks and the increase outlet
temperature of the coolant.

The effects of using nanofluids in mini-channels with different shapes and sizes [35–37]
and small-diameter tubes [38,39] on heat transfer were also investigated. It was found
that the surface temperatures of both mini-channels and small-diameter tubes decrease
with the use of nanofluids of different concentrations. In addition, it was stated that the
surface temperatures were also affected by the shape and dimensions of the mini-channel.
In studies with wavy mini-channel heat sinks, it was determined that the Nusselt number
was more affected by the wavelength than the channel width.

Experimental analysis of the use of offset strip miniature heat sinks prepared in
different strip shapes and thicknesses with the Al2O3-water nanofluid was conducted by
Aliabadi et al. [40]. From the results, better cooling performance was obtained with the use
of miniature heat sinks with the nanofluid than with the use of the base fluid.

The effect of particle size on heat transfer with the use of the Al2O3-water nanofluid in
a tube was investigated by Anoop et al. [41]. Two different particle sizes of alumina-water
nanofluid were prepared. From the results, it was determined that a higher heat transfer
was achieved with the use of the nanofluid than the base fluid, and the highest convection
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heat transfer coefficient values were obtained with nanofluid with a particle size of 45 nm.
When x/D was 145, the Reynolds number was 1550, and the nanofluid was used at 4%
concentration by mass, an approximately 25% increase in heat transfer coefficient with the
use of nanofluids with 45 nm particle size and an 11% increase with the use of nanofluids
with 150 nm particle size were determined.

The effects of using pin fin heat sinks and nanofluids prepared in different ways on
heat transfer and pressure drop were experimentally investigated by Duangthongsuk and
Wongwises [42]. Experiments were carried out with the Reynolds number ranging from
700 to 3700 and heat flux values of 2 and 5 W/cm2. It was stated that the heat transfer
increased with the increase in the Reynolds number and particle size.

The effect of the use of the Al2O3 nanofluid on the cooling performance in a mini-
channel heat sink was experimentally investigated by Ghasemi and Hosseini [43]. It was
determined that the use of the nanofluid showed much better thermal performance and
higher average heat transfer coefficient than the base fluid. Apart from that, there was a
slight increase in the pumping power with the use of the nanofluid.

The mathematical model of peristaltic flow of the Rabinowitsch fluid in a rectangular
duct was designed by Nadeem et al. [44]. Physical parameters were used to determine the
velocity distribution, pressure gradient, pressure rise, convection and entropy values for
both the dilatant and pseudo-plastic fluids. It was determined that the dilatant nature of
the fluid had higher convection rates compared to the pseudo-plastic fluid.

The peristaltic flow of single-walled and multi-walled carbon nanotube water-based
nanofluids in a wavy rectangular channel was analyzed by Nadeem et al. [45] using the
Eigenfunction expansion method. From the results, it was determined that the single-
walled carbon nanotube/water nanofluid has a higher temperature profile than the hybrid
nanofluid (single-walled + multi-walled carbon nanotube/water). It was seen that nanoflu-
ids have an important role in the improvement of thermal conductivity.

A mathematical model of the peristaltic flow of multi-walled carbon nanotubes in an
elliptical channel with ciliated walls was designed by Ghazwani et al. [46]. According to the
results obtained, it was determined that the thermal conductivity of the fluid increased, and
the base fluid temperature decreased with the increase in carbon nanotube concentration.
The combined mathematical analysis of heat and mass transfer of peristaltic flow in an
elliptical vertical duct was investigated by Nadeem et al. [47]. When the results were
examined, it was determined that the concentration profile had a parabolic shape and an
axially symmetrical behavior.

As a result of the detailed literature research, it was determined that the experimental
studies on the use of PHS and nanofluids in the cooling of electronic systems were limited.
Therefore, it was seen that there was a need for extensive research on the thermal behavior
and pressure drop of aluminum PHSs with different pore densities exposed to nanofluid,
especially for the cooling of electronic elements. In this paper, the effects of using 10 PPI
and 40 PPI PHSs with nanofluid on the thermal and pressure performance of CPU cooling
systems were experimentally investigated. Al2O3-water nanofluid with a concentration of
0.1% by mass was used as the cooling fluid. The results obtained by using the nanofluid
with 10 PPI and 40 PPI PHSs were compared with pure water and empty channel. By
comparing the use of promising PHSs and nanofluids separately and together in electronic
cooling, it was investigated in which case more effective cooling was achieved. Apart from
this, the effect of pore density on cooling was investigated in detail with the use of 10 PPI
and 40 PPI PHSs, with both the basic fluid and the nanofluid.

2. Material and Method
2.1. Experimental Setup

Nanofluids are innovative materials that are still being investigated for use in many
different areas (solar collectors, automobile radiators, electronic devices, etc.) due to their
higher thermal conductivity coefficients in cooling applications compared to commercial
fluids. In addition, it is noteworthy that PHSs are preferred, especially in electronic cooling
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applications due to their high thermal performance. In the present study, the appearance of
the experimental setup to examine the effect of using these two promising materials together
on heat transfer and pressure drop for electronic cooling systems is given in Figure 1.
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Figure 1. Schematic diagram of experimental setup.

The experimental setup operated in a closed loop consisted of a pump, by-pass line,
test area, radiator and liquid tank. The volumetric flow rate of the fluids ranged from
100 mL/min to 800 mL/min, and a 12 V liquid pump was used for fluid circulation. Thirty-
gauge copper-constantan thermocouples and thermometers were used for temperature
measurements. Signals from the thermocouples were collected, processed, stored and
analyzed using the ELIMKO brand data acquisition system. A total of 9 thermocouples
were used in the test area. Three of these were placed at the bottom of the water block, two
of these were placed at the entrance and exit section of the fluid, and four of these were
placed symmetrically on the bottom and top of the insulation material. The amount of
pressure drop between the inlet and outlet sections of the test area was measured with a
U manometer.

In the study, a 5 × 5 cm electric heater with 88 Ω resistance was used to represent the
heated electronic elements (CPU). The voltage of the electric current applied to the heater
was controlled by means of a TT Technic VC-9808+ multimeter and variac. A constant
temperature water bath was used to keep the temperature of the fluid entering the test
area as constant as possible and for it not to be affected by changes in room temperature
during the day. The liquid tank used for the storage of the fluid in the study was placed in
a constant temperature water bath, and the temperature of the two tanks was controlled
with thermometers.
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In the cooling of electronic systems, a commercial water block was used as the test
area, and the experiments were carried out by placing aluminum Al-6101 alloy PHSs
with different pore densities (10 PPI and 40 PPI) inside. The bottom part of the water
block was made of a copper plate, and the other sides were made of plexiglass. The
characteristics of the porous heat sinks are given in Table 1, and their appearance is given
in Figure 2. In order to ensure full contact with the copper plate, the base of the PHSs was
manufactured as a very thin aluminum plate with a thickness of 1 mm. A thermal pad
with high thermal conductivity (ARTIC brand thermal pad, 0.5 mm, 6 W/mK) was used
to reduce the contact resistance by ensuring the adhesion of aluminum PHSs and copper
surface as much as possible.

Table 1. Aluminum (Al 6061) PHSs properties.

Pore Density (PPI) 10 (Al-6101) 40 (Al-6101)
Porosity (є) 0.910 0.910

Permeability (m2) 7.73 × 10−8 2.40 × 10−8

Thermal conductivity (W/mK) (Katı) 218 218
Dimensions (m) (×10−3) 25 × 25 × 10 25 × 25 × 10
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The schematic drawing of the test area is given in Figure 3. Since the heat losses from
the side and top of the water block were very small, they were neglected. Glass wool and
foamboard with dimensions of 5 × 5 × 5 cm3 were placed under the test area in order
to reduce the heat losses that may occur only from the lower part of the water block. As
a result of the calculations, it was determined that the transmission losses were 0.55%
of the total power supplied by the electric heater. The radiation losses were neglected.
It was observed that steady-state conditions were reached after approximately 1.5 h for
each experiment.

2.2. Preparations of Nanofluids

In this study, ultrapure water, as the basic fluid, and Al2O3 nanoparticles with the
trade name Aeroxide Alu130 (Evonik Ind. AG, Essen, Germany) were used to prepare
the nanofluid. The appearance of both the base fluid and the nanofluid used in the
study are given in Figure 4a. The density and surface area of Al2O3 nanoparticles were
3.27 g/cm3 and 130 ± 20 m2/g, respectively. The shape and size of the Al2O3 nanoparticles
were examined with the FEI transmission electron microscope, which was set to 120 kV
accelerating voltage. For the analysis, Al2O3-H2O dispersion was dropped on the carbon-
coated copper grid and was dried. Particle size distribution and mean particle size of Al2O3
nanoparticles were determined from TEM images using the Image J program. As seen in
Figure 4b, the particles have a spherical shape and a monomodal distribution. The mean
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particle size of the Al2O3 nanoparticles is 9.21 ± 0.56 nm. The properties of the Al2O3
nanoparticles are given in Table 2.

Electronics 2022, 11, x FOR PEER REVIEW 8 of 22 
 

 
Figure 3. Test section’s detailed schematic drawing. 

2.2. Preparations of Nanofluids 
In this study, ultrapure water, as the basic fluid, and Al2O3 nanoparticles with the 

trade name Aeroxide Alu130 (Evonik Ind. AG, Essen, Germany) were used to prepare the 
nanofluid. The appearance of both the base fluid and the nanofluid used in the study are 
given in Figure 4a. The density and surface area of Al2O3 nanoparticles were 3.27 g/cm3 
and 130 ± 20 m2/g, respectively. The shape and size of the Al2O3 nanoparticles were exam-
ined with the FEI transmission electron microscope, which was set to 120 kV accelerating 
voltage. For the analysis, Al2O3-H2O dispersion was dropped on the carbon-coated copper 
grid and was dried. Particle size distribution and mean particle size of Al2O3 nanoparticles 
were determined from TEM images using the Image J program. As seen in Figure 4b, the 
particles have a spherical shape and a monomodal distribution. The mean particle size of 
the Al2O3 nanoparticles is 9.21 ± 0.56 nm. The properties of the Al2O3 nanoparticles are 
given in Table 2. 

Table 2. The properties of Al2O3 nanoparticles, which were used for nanofluid preparation [48]. 

Specific Surface Area 130 ± 20 m2/g 
Tamped Density 50 g/L 

PH (in %4 dispersion) 4.4–5.4 
Density 3.27 g/cm3 

  

Figure 3. Test section’s detailed schematic drawing.

Electronics 2022, 11, x FOR PEER REVIEW 9 of 22 
 

 

 

 
(a) (b) 

Figure 4. (a) Appearance of base fluid (deionized water) and fraction of 0.1% Al2O3-H2O nanofluid 
by mass; (b) TEM image and particles size distribution graph of Al2O3 nanoparticles. 

While preparing the nanofluid with a concentration of 0.1% (w/w), the desired 
amount of nanoparticles was mixed with ultrapure water, and then, ultrasonic treatment 
(Elma, Elmasonic S100 H, 50 Hz, Elma Schmidbauer GmbH, Singen, Germany) was ap-
plied for 2 h. A stable and transparent colloid was obtained in which no precipitation was 
observed throughout the entire experimental study. The density of the prepared 
nanofluid was measured with a 25 mL volume pycnometer, and its viscosity was meas-
ured with the Fungi Lab ALPL model viscometer. The heat capacity [49] and thermal con-
ductivity coefficient [50] of the nanofluid were taken from the literature. The thermophys-
ical properties of the nanofluid at the specified concentration are presented in Table 3. 

Table 3. Base fluid and nanofluid thermophysical properties. 

Fluid 
Density (ρ) 

(g/cm3) 
Viscosity (μ) 

(kg/ms) 

Thermal  
Conductivity 
(k) (W/mK) 

Specific Heat (Cp) 
(kJ/kgK) 

Water 0.9984 0.00098 0.5962 4182.8 
(w/w) 0.1% Al2O3-Water 0.9986 0.00134 0.5973 4181.8 

In the studies with nanofluid, both mass and volumetric concentration values were 
used. The relationship between mass concentration and volumetric concentration was de-
termined by the following equation [27]. 

𝜑𝜑 =  
1

(1 𝜔𝜔⁄ )�𝜌𝜌𝑝𝑝 𝜌𝜌𝑛𝑛𝑛𝑛⁄ �
 (1) 

Figure 4. (a) Appearance of base fluid (deionized water) and fraction of 0.1% Al2O3-H2O nanofluid
by mass; (b) TEM image and particles size distribution graph of Al2O3 nanoparticles.



Electronics 2022, 11, 2471 9 of 21

Table 2. The properties of Al2O3 nanoparticles, which were used for nanofluid preparation [48].

Specific Surface Area 130 ± 20 m2/g
Tamped Density 50 g/L

PH (in %4 dispersion) 4.4–5.4
Density 3.27 g/cm3

While preparing the nanofluid with a concentration of 0.1% (w/w), the desired amount
of nanoparticles was mixed with ultrapure water, and then, ultrasonic treatment (Elma,
Elmasonic S100 H, 50 Hz, Elma Schmidbauer GmbH, Singen, Germany) was applied for
2 h. A stable and transparent colloid was obtained in which no precipitation was observed
throughout the entire experimental study. The density of the prepared nanofluid was mea-
sured with a 25 mL volume pycnometer, and its viscosity was measured with the Fungi Lab
ALPL model viscometer. The heat capacity [49] and thermal conductivity coefficient [50]
of the nanofluid were taken from the literature. The thermophysical properties of the
nanofluid at the specified concentration are presented in Table 3.

Table 3. Base fluid and nanofluid thermophysical properties.

Fluid Density (ρ)
(g/cm3)

Viscosity (µ)
(kg/ms)

Thermal
Conductivity (k)

(W/mK)

Specific Heat
(Cp)

(kJ/kgK)

Water 0.9984 0.00098 0.5962 4182.8

(w/w) 0.1% Al2O3-Water 0.9986 0.00134 0.5973 4181.8

In the studies with nanofluid, both mass and volumetric concentration values were
used. The relationship between mass concentration and volumetric concentration was
determined by the following equation [27].

ϕ =
1

(1/ω)
(

ρp/ρn f

) (1)

In this equation, ϕ was the volumetric concentration, ω was the mass concentration,
ρp was the density of the nanoparticle, and ρn f was the density of the nanofluid.

The specific heat of the nanofluid was determined according to the following equation [27].

Cpn f = ϕCpnp + (1 − ϕ)Cpb f (2)

here, Cpn f , Cpnp and Cpb f were the specific heat of the nanofluid, nanoparticle and base
fluid, respectively.

2.3. Calculation of Experimental Data

The amount of heat transferred from the heated surface to the fluid in the test section
was calculated from the energy balance and is expressed below.

.
QConv. =

.
QHeater −

.
QCond. (3)

here,
.

QHeater represents the total amount of heat taken from the electric heater, and
.

QCond.
represents the heat losses by conduction from the bottom of the test section. In this
calculation, the total heat addition from the electrical heater and conduction losses at the
bottom of test section were determined as shown below.

.
QHeater =

V2

R
(4)

.
QCond. = −kAs

∆T
∆x

(5)
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In Equation (4), V and R were the electrical voltage and resistance applied to the heater,
respectively. The thermal conductivity coefficient of the insulation foam was k, the surface
area was As, the temperature difference between the two surfaces of the insulation material
was ∆T, and the thickness of the insulation material was ∆x in Equation (5). The amount of
heat transferred from the heated surface to the fluid per unit area was calculated as follows.

qconv. =

.
Qconv.

As
(6)

The inlet temperature of the fluid was taken into account in determining the mean
surface temperature of the test section.

T∗
Smean = TSmean − Ti (7)

In the test section, the mean surface temperature was represented by T∗
Smean, and the

fluid inlet temperature was represented by Ti. The mean arithmetic temperature of the
surface was represented TSmean and calculated from

TSmean =
(T1 + T2 + T3)

3
(8)

The mean convection heat transfer coefficient (h) and the mean Nusselt number (Nu)
were calculated using the following equation.

hmean =
qconv.

TSmean − Ti
(9)

Numean =
hmeanDh

k f
(10)

here, hmean, Numean were the mean convection heat transfer coefficient and the mean Nusselt
number, respectively. The mean Nusselt number was calculated according to the hydraulic
diameter (Dh). The hydraulic diameter is given below.

Dh =
4Ac

P
(11)

where Ac was the cross-sectional area, and P was the perimeter of the channel.
The thermal resistance between the surface and the fluid in the test region was calcu-

lated using the equation below.

Rth =
TSmean − Ti

.
QConv.

(12)

The thermal performance of the nanofluid relative to the base fluid can be measured
using the heat transfer efficiency (εh) equation [51].

εh =
hn f

hb f
(13)

Pumping power, taking into account the increase in the pressure drop calculated from

Pp =
.

V∆P (14)

where
.

V and ∆P represent the volumetric flow rate and the pressure difference, respectively.
The thermal performance index was used to compare the changes in thermal and hydraulic
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performance as a result of the use of the nanofluid with PHS and was calculated with the
following formula [2].

η =

Numean,n f , f oam
Numean,n f ,empty

∆Pn f , f oam
∆Pn f ,empty

(15)

2.4. Uncertainty Analysis

Uncertainty analysis was conducted to ensure the accuracy and reliability of the results
obtained from the experimental study. Within this scope, the uncertainty analysis was
performed using the current sensitivity ratios of each measuring equipment given in Table 4.
The uncertainty analysis [52] was calculated using the following equation.

wf =

[(
∂f
∂x

wx

)2
+

(
∂f
∂y

wy

)2
+ · · ·

]1/2

(16)

Table 4. Measuring equipment properties and sensitivities.

Measurement Tools Sensibility Uncertainties

T-type Thermocouples ±1.5% 0.015%
TT Technic VC-9808+ ±0.8% +5 (AC) 0.14%
TT Technic VC-9808+ ±0.8% +3 (Ohm) 0.042%

Float Flowmeter ±3% 0.03%

In general, the uncertainties in the heat transfer coefficient, thermal resistance, heat
transfer efficiency, pumping power and Nusselt number were calculated as 1.501%, 1.38%,
1.46%, 2.08% and 2.078%, respectively.

3. Results and Discussion

In the present study, the effects of the combined use of the nanofluid and PHS on heat
transfer and pressure drop were investigated experimentally, and the Al2O3-H2O nanofluid
was used as the cooling fluid at a concentration of 0.1% (w/w) by mass. Experiments were
carried out for all surfaces (empty, 10 PPI and 40 PPI) at 454.54 W/m2 and 1818.18 W/m2

constant heat flux and volume flow range from 100 mL/min to 800 mL/min. The results
were compared with the heat transfer and pressure drop results obtained with the base
fluid. In Figure 5, the change in the pressure drop for both the nanofluid and the base
fluid according to the volumetric flow rate is given. When the nanofluid was used as a
cooling fluid, an increase in pressure drop was observed for all surfaces. The increase in
pressure drop with the use of the nanofluid compared to the base fluid increased further
with the addition of PHSs. It was determined that the pressure drop in the heat sink with
a pore density of 40 PPI is higher than that of the 10 PPI for both fluids. The larger the
pore density, the greater the web connection intensity, resulting in increased flow resistance.
There was no significant change in pressure drop for all conditions at low volumetric
flow rates (≤200 mL/min). However, when nanofluid was used at flow rates greater than
200 mL/min, an increase in the pressure drop gradient from 7.29% to 17.94% was observed
in the 40 PPI PHS compared to the 10 PPI PHS. In addition, in the case of using the base
fluid, an increase in the pressure drop gradient from 20% to 27.50% was observed.

As a result of using both the nanofluid and PHS (10 PPI and 40 PPI), the variation of
average surface temperatures according to volumetric flow at 1818.18 W/m2 constant heat
flux are given in Figure 6A,B. When both figures were examined together, with the use
of the nanofluid, a significant decrease in the average surface temperature was observed
on all surfaces compared to the base fluid. In the case of using a 10 PPI PHS, it was seen
that the nanofluid lowered the surface temperature more than the base fluid (Figure 6A).
In addition, when the data obtained from the 10 PPI PHS were compared with the empty
surface, it was determined that the surface temperatures decreased significantly. While
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the difference between the surface temperatures was more pronounced in all cases at low
volumetric flow rates, the surface temperatures approached each other with the increase in
the volumetric flow rate. Results from the use of 40 PPI PHS under the same conditions are
given in Figure 6B. Compared to 10 PPI PHS, the surface temperatures of 40 PPI PHS were
seen to be close to each other.
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Figure 5. Effect of using nanofluid and porous HS on pressure drop.

At 1818.18 W/m2 constant heat flux, the variation of the convective heat transfer
coefficient and the Nusselt number according to the volumetric flow rate with the use of
the nanofluid and PHSs are given in Figures 7 and 8. When both figures were examined
together, it was observed that hmean and Numean were increased with the increase in volu-
metric flow rate with the use of the nanofluid on all surfaces compared to the base fluid.
Results with the use of the nanofluid and the base fluid in 10 PPI and 40 PPI PHSs are
given in figures separately. With the use of the nanofluid, higher hmean and Numean were
obtained in the PHS compared to the base fluid. In addition, it was observed that hmean and
Numean were increased for both fluids with the use of PHS compared to the empty surface.
This is because two types of heat transfer mechanisms take place in the PHS. The first of
these is that the metal foam materials with a high area/volume ratio greatly increase the
thermal conductivity due to their skeleton structures, and the other is that they increase the
convection heat transfer by mixing the flow with their porous structures.

With the use of nanofluid on the empty surface, a 6.9% improvement in heat transfer
was achieved compared to the base fluid. By passing the base fluid through 10 PPI and
40 PPI PHS, an improvement of 31.7% and 27.9% was obtained in the heat transfer rela-
tive to the empty surface, respectively. In the case of passing nanofluid, the amount of
improvement obtained for both PHSs was determined as 52.3% and 62.7%, respectively.

The variation of the Nusselt number with respect to the Reynolds number as a result
of using 10 PPI and 40 PPI PHS with nanofluid is given in Figure 9, together with different
studies in the literature. As in the other studies, the Nusselt number increased with the
increase in the Reynolds number with the use of nanofluids. In addition, it was seen that
the Nusselt numbers obtained as a result of using nanofluid in both PHSs were of the same
magnitude as the studies mentioned. However, the results obtained from the studies were
different due to the use of PHS with a different foam structure, as well as the geometry,
design and measurement parameters of the test region.
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Figure 9. Variation of mean Nusselt number against Reynolds number in various studies Pourfarzard
et al. [2], Bayomy et al. [4].

In the case of using 10 PPI and 40 PPI PHS with the nanofluid, the change in thermal
resistance according to the volumetric flow were given in Figure 10A,B. A significant
reduction in thermal resistance occurred at 10 PPI and 40 PPI PHS for both the base fluid
and the nanofluid compared to the empty surface. Thermal resistance is a measure of a
system’s ability to remove heat, and it varies inversely with heat transfer. A 6.33% decrease
in thermal resistance was observed with the use of the nanofluid on the empty surface
compared to the base fluid. With the use of 10 PPI and 40 PPI PHSs, a decrease of 16.9% for
the base fluid and 23.48% for the nanofluid was determined.
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Figure 10. At 1818.18 W/m2 constant heat flux, thermal performance variation with volume flow
rate (A) 10 PPI; (B) 40 PPI.

The thermal performance of the nanofluid used for the empty surface at a heat flux
of 454.54 W/m2 compared to the base fluid is given in Figure 11. As seen in the figure,
the thermal performance increased with the use of the nanofluid compared to the base
fluid. In addition, the thermal performance value of the nanofluid increased with increas-
ing volumetric flow. With the increase in volumetric flow, slight fluctuations in thermal
performance occurred at certain values. These fluctuations in thermal performance values
were due to the inability of the nanofluid to find sufficient contact time with the surface due
to the increase in volumetric flow. Similar results were seen in the study of Khaleduzzaman
et al. [46] examining the use of nanofluids in the cooling of electronic systems.
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Figure 11. In empty channel, thermal performance of nanofluid according to volumetric flow.

The variation in pumping power according to the volumetric flow rate as a result of
the use of the PHS and nanofluid is given in Figure 12. In all cases, there was no rapid
increase in the pumping power up to 200 mL/min volumetric flow, while a significant
increase in pumping power was observed at higher values of volumetric flow. It was seen
that the pumping power required for the nanofluid was higher at the empty surface when
compared to the base fluid, and it was also determined that this difference, which was
observed with the use of PHSs, increased even more. The highest pumping power was
obtained especially when the nanofluid and 40 PPI PHS were used together.
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The comparison of the improvement in heat transfer with the use of the nanofluid
and PHS with the increase in pressure drop was made with the thermal performance value
given in Equation (14). Accordingly, in the case of using the nanofluid and PHS in the
test region, the variation of thermal performance with respect to the volumetric flow rate
is given in Figure 13. It was observed that the thermal performance values obtained by
using both 10 PPI PHS and 40 PPI PHS approach each other with increasing volumetric
flow. The highest performance index was obtained with the use of 10 PPI metal PHS and
nanofluids. The increase in pressure drop with the use of 40 PPI PHS and the nanofluid
was more effective than the increase in the amount of heat transfer.
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4. Conclusions

In the experimental study, the effect of the use of nanofluids and PHS on the thermal
and pressure performance of the cooling of electronic systems was investigated. The
Al2O3-H2O nanofluid with a concentration of 0.1% by mass was used as the refrigerant.
The experimental study was conducted for a constant heat flux of 454.54 W/m2 and
1818.18 W/m2 and volumetric flow rates of 100 mL/min to 800 mL/min. The results
obtained from 10 PPI and 40 PPI PHSs using both the base fluid and the nanofluid were
compared with the empty surface.
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• In the cooling of electronic systems, a significant increase in heat transfer compared to
the empty surface was observed with the use of PHS for both the base fluid and the
0.1% mass concentration nanofluid.

• With the increase in the volumetric flow rate, the surface temperature was decreased
due to the increased heat transfer. While the difference between the results obtained in
heat transfer for all surfaces and both fluids was more pronounced at low volumetric
flow rates, these differences gradually decreased at high volumetric flow rates.

• By using the Al2O3-H2O nanofluid at a concentration of 0.1% by mass on the empty
surface, the maximum improvement in heat transfer was determined as 6.9% compared
to the base fluid.

• By using 10 PPI and 40 PPI PHS together with the base fluid, the highest improvement
in the mean heat transfer coefficient was determined as 31.7% and 27.9%, respectively.
With the use of 10 PPI and 40 PPI PHS together with the nanofluid, the highest
improvement in the mean heat transfer coefficient was determined as 52.3% and
62.7%, respectively.

• With the use of nanofluid on the empty surface, the highest thermal performance
value compared to the base fluid was determined as 1.36.

• With the use of nanofluid and 10 PPI and 40 PPI PHSs together, the highest values of
thermal performance index values were determined as 1.258 and 1.193, respectively,
compared to the blank surface.

These results suggest several guidelines for the thermal design of electronic systems.
They recommend the use of the Al2O3-H2O nanofluid with a concentration of 0.1% by mass
in systems with low power dissipation and the use of both 10 PPI PHS and nanofluids in
systems with high power dissipation. Accordingly, it is thought that the combined use
of the investigated nanofluid and PHS may be more advantageous than fan systems in
cooling the CPUs that experience the worst heating problems.
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Abbreviations
Symbols
Ac Channel cross-sectional area [m2]
As Water block surface area [m2]
Cp Specific heat [J/kgK]
Dh Hydraulic diameter [m]
h Convective heat transfer coefficient [W/m2K]
k Thermal conductivity [W/mK]
kf Fluid conductive heat transfer coefficient [W/mK]
Nu Average Nusselt Number [-]
Pp Pumping power [W]
.

QCond. Conduction heat transfer rate [W]
.

QConv. Convection heat transfer rate [W]
.

QHeater Heat transfer rate from heater [W]
qconv. Convection heat flux [W/m2]
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P Perimeter [m]
R Electrical resistance [Ohm]
Rth Thermal resistance [◦C/W]
Ti Fluid inlet temperature [◦C]
T*

Smean Mean surface temperature [◦C]
V Voltage [V]
∆T Temperature difference [◦C]
∆x Thickness [m]
wf Uncertainty [-]
εh Thermal performance of nanofluid [-]
η Performance index [-]
ρ Density (g/cm3)
ν Viscosity [m2/s]
ϕ Volumetric concentration [-]
ω Mass fraction [-]
Subscripts
bf Base fluid
nf Nanofluid
p Nanoparticle
s Surface
f Fluid
Abbreviations
PHS Porous Heat Sink
PPI Pores Per Inch
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