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Abstract: The thermal management of electronic devices has become a major problem in recent
years. Therefore, there is a growing need for research on many new materials and innovative
fluids due to the developing technology and increasing cooling need in electronic systems. In this
paper, heat transfer from a plate fin and pin fin type heat sinks that were placed in a water block
that are used in electronic systems was investigated. A base fluid (pure water) and 0.1% mass
concentration Al2O3-H2O nanofluid were used as cooling fluids. The experiments were carried out
for volumetric flow rates varying between 100 and 800 mL/min and heat flux values of 454.54 W/m2

and 1818.18 W/m2. The results demonstrated that the Al2O3-H2O nanofluid on the empty surface
provided a maximum improvement of 10.5% in heat transfer compared to the base fluid. In the use
of plate finned heat sink, the maximum amount of improvement in heat transfer compared to the
empty surface was obtained approximately 64.25% for the base fluid and 82.8% for the nanofluid. A
similar comparison was made for the pin-fin heat sink, a maximum thermal improvement of 56.4% in
the base fluid and 70.27% in the use of nanofluid was determined.

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

1. Introduction

There are many types of damage in electronic systems that cause performance degra-
dation or loss of parts because of failure. In addition to damage types such as humidity,
vibration, and incorrect installation, the most common type of damage is overheating.
Every electronic element in the device or machine needs electrical energy to work. After
all electronic elements fulfill their functions, they convert the excess energy that is formed
in their structures into heat energy. This energy accumulates in their structure and causes
increase in the temperature of the electronic elements. When this temperature increase
exceeds a certain limit, it causes the performance of the electronic element to decrease and
becomes unusable by deteriorating. To overcome this problem, studies on the development
of more effective cooling systems by many researchers are increasing day by day. While
the performance of electronic systems increases with the developing technology, their
dimensions decrease inversely. Accordingly, there is an increase in the amount of heat
that is produced per unit area. Considering the increased heat generation in the electronic
element, the cooling systems that are currently used are in some cases extremely inadequate.
The most effective way to solve this problem is to develop the cooling systems that are
used in accordance with the current technology. In this context, recent studies have been
reviewed and many studies that are aimed at increasing the performance of electronic
cooling systems are summarized below.

Choi and Eastman. [1] demonstrated the applicability of the nanofluids concept the-
oretically for the first time. They stated that materials with high thermal conductivity in
nature (metal, ceramics, carbon nanotubes, etc.) can be used by adding in certain concentra-
tions to the base fluid to increase the performance. By increasing the thermal conductivity
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of nanofluids with copper nanophase materials, they made predictions about heat transfer
enhancement as a function of the thermal conductivity. It should also be noted that the
term nanofluid was first introduced to the literature by Choi and Eastman. After the
publications of Choi and Eastman, many researchers have carried out many studies on
nanofluids with different parameters in different fields. Nazari et al. [2] investigated the
effect of different nanofluids on heat transfer in the CPU (central process unit) cooling
system. In the study, nanofluids with volumetric concentrations of 0.1%, 0.25%, and 0.5%
alumina-water and 0.1% and 0.25% CNT (carbon nanotubes) were used as cooling fluids.
The obtained results compared with water and ethylene glycol. Rafati et al. [3] studied
the effect of different nanofluids using a cooling kit used in computers. The fluids were
prepared using three different (SiO2, TiO2, and Al2O3) nanoparticles. A water-ethylene
glycol mixture was preferred as the base fluid. In the heat transfer results that were ob-
tained, they determined that the nanofluids reduced the processor temperature compared
to pure water. The highest temperature drops of 5.5 ◦C in the processor temperature were
obtained with the use of alumina nanofluid at a flow rate of 1 L/min and a concentration
of 1% by volume. Sarafraz et al. [4] experimentally investigated the thermal performance
of a cooling block working with gallium, CuO-water nanofluid, and water. They used 0.1%,
0.2%, and 0.3% CuO-water nanofluid by mass. According to the results that were obtained,
higher thermal performance was obtained with the use of gallium compared to nanofluid,
pure water, and fan cooling. Although there was a significant increase in the pressure drop
and pumping power, by using gallium, the best thermal performance was obtained. The ef-
fect of nanofluids on the microchannel heat sink performance of computer cooling systems
was experimentally investigated by Alfaryjat et al. [5]. Nanofluids that were produced
with CeO2, Al2O3, and ZrO3 nanoparticles and a mixture of 20% ethylene glycol-80% pure
water were used as a cooling fluid. While the concentrations of the used nanofluids were
changed between 0.5% and 2%, the mass flow rate was changed in the range of 0.028–0.084
kg/s. Selvakumar and Suresh [6] experimentally investigated the effects on heat transfer
CuO/water nanofluids with a volume concentration of 0.1% and 0.2% in a copper water
block. It was seen that 0.2% CuO/water nanofluid lowered the surface temperature by a
maximum of 1.15 ◦C compared to pure water. The effect of the particle volume concentra-
tion on the convective heat transfer coefficient and pressure drop was also presented in
detail. Korpys et al. [7] used distilled water and copper oxide nanofluids with different
volume fractions (0.0086 and 0.0225) to cool the PC processor on which a commercial finned
heat sink was placed. The experimental results were compared to validate the numerical
model the ANSYS Fluent 13 was employed to generate a CFD heat transfer simulation.
According to the results that were obtained, the maximum decrease in the CPU temperature
was 0.5 K, with the use of 0.0225% CuO-water nanofluid by volume. As a result, they stated
that the use of water in CPU cooling was sufficient. Another experimental study examining
the use of nanofluids in the cooling of microprocessors was conducted by Nguyen et al. [8].
A water block with needle-finned plates was used as a heat sink. Volume concentrations
of 0.95%, 2.2%, and 4.5% Al2O3-water nanofluid was chosen as the cooling fluid. As a
result of the study, it was seen that the use of nanofluids to cool a heated element is more
advantageous than pure water. It was stated that the convection heat transfer coefficient
increased with both the mass flow rate and particle volumetric concentration. A 23% heat
transfer improvement was observed in Al2O3-water nanofluid at 4.5% vol. concentration
compared to pure water. Turgut and Elbasan [9] experimentally investigated the cooling
performance of nanofluid with a particle concentration of 6.33 volumetric percent and
diluted to 1 volumetric percent with water. The results showed that nanofluids with low
volume concentration of alumina particles decreased the maximum temperature of the
system by approximately 2.7 ◦C, compared to water. Qi et al. [10] discussed the effects of
the Al2O3-water and TiO2-water nanofluids with different mass concentrations on thermal
performance and flow characteristics in a CPU heat sink. The experiments were made for
Reynolds numbers that varied from 146 to 812. In the obtained results, it was seen that
for the best heat transfer performance did not occur at the highest mass concentration.
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They determined that the Nusselt number first increased and then decreased with mass
concentration. They stated that the best results in Al2O3-water and TiO2-water nanofluids
were obtained at concentrations of 1% and 0.4% by mass, respectively. At the same time,
they determined that the CPU temperatures with Al2O3-water and TiO2-water nanofluids
were improved by 23.2% and 14.9%, respectively, when compared to water. To reduce the
interface temperature of the water block, Shah et al. [11] prepared a TiO2-water nanofluid
with a volume fraction of 0.1% by dispersing nanoparticles in pure water. Different volu-
metric flow rates (1, 1.25, and 1.5 L/min) were studied in the experiments. They reduced
the interface temperature of the water block by about 6.4 ◦C compared to pure water. The
obtained results showed that the maximum energy efficiency reached up to 77.56% with
the use of nanofluids. Arya et al. [12] experimentally presented the thermal performance
of a convective cooling loop for ZnO-water nanofluids at mass concentrations that varied
from 0.1% to 0.4%. The results showed that ZnO/water nanofluid was a promising coolant
for cooling microelectronic devices and chipsets, although the pressure drop was slightly
higher than that of pure water. In addition, it was stated that the maximum heat transfer
coefficient was provided at a mass concentration of 0.3% which was an optimum value
of nanofluid. The existence of nanoparticles enhanced the friction factor and pressure
drop, however, it was concluded that it was not very important when compared with the
base fluid. Ho and Chen [13] investigated the thermal performance of the Al2O3-water
nanofluid at mass concentrations that varied from 0.5% to 10% in a mini-channel heat
sink under forced convection conditions. Compared to pure water, it was stated that the
average heat transfer coefficient in the use of 10% Al2O3-water nanofluid by mass increased
by 72% and 35%, respectively, according to the bulk and inlet temperature differences.
They noticed that taking into account the pumping power penalty, the merit parameters
of using the Al2O3-water nanofluid at a constant flow rate in the heat sink seem to be
augmenting greater than unity with the particle fraction at 6 wt.%. Numerical investigation
of the thermal characteristics of a hybrid nanofluid in micro-pin fin heat sink for electronic
cooling was modelled by Sukhor et al. [14]. An Al2O3-Cu/water hybrid nanofluid with
a volume concentration in the range of 0.1% to 0.5% was used for the working fluid in a
micro heat sink. The obtained numerical results were compared with experimental results
from the literature to validate the accuracy. Hasan [15], numerically investigated the heat
transfer from three types of micro-pin heat sinks with square, triangular, and circular
geometries and finless micro-channel heat sinks. Pure water, diamond-water, and Al2O3-
water nanofluids were used as coolants. The volumetric concentrations of the nanofluids
that were used varied between 1% and 4%. To compare the hydrodynamic and the thermal
characteristics of different fin geometries and cooling fluids, the calculations were made
under the same value of Reynolds number and constant wall temperature thermal bound-
ary condition. Sajid et al. [16] experimentally investigated the effects of TiO2 nanofluid on
heat transfer and hydrodynamic characteristics in wavy channel heat sinks having three
different channel configurations. The obtained results from the TiO2-water nanofluid with
volumetric concentrations of 0.006%, 0.008%, 0.01%, and 0.012% were compared with that
of pure water. It was observed that nanofluids provided better heat transfer than pure
water in all heat sink types. In addition, it was stated that the thermal performance of the
TiO2-water nanofluid decreased with the increase of the heater power. In the heat sink
where the fin wavelength is 5 mm and the fin amplitude is 0.5 mm, for nanofluid with
0.012 % volume, the minimum surface temperature was determined as 33.85◦C and the
maximum improvement amount in the Nusselt number was determined as 40.57%. In
addition, Sajid et al. [17] investigated the thermal and exergetic performance of corrugated
mini-channel heat sinks that were prepared in different shapes and sizes with MgO-water
nanofluid that was prepared at different volumetric concentrations. They stated that the use
of nanofluids with corrugated mini-channels reduces the wall temperature more than water.
Miry et al. [18], experimentally conducted thermal and hydrodynamic performances of a
miniature tangential heat sink by using Al2O3-H2O and TiO2-H2O (volume concentrations
of 0.5%, 1%, 1.5%, and 2%) nanofluids. The obtained results showed an enhancement in
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the convective heat transfer by using nanofluid instead of pure water. In addition, it is
concluded that the increase in pumping power can be considered negligible when com-
pared with the increase in the thermal performance and decrease in the thermal resistance.
Sehgal et al. [19] presented an experimental study of the effect of inlet and exit conditions
being effective due to different flow arrangements on the thermal performance of a copper
micro-channel heat sink. There were three different flow arrangements that were studied
as U type, S type, and P type. The Reynolds number varied from 224 to 1121. The Nusselt
number and pressure drop were determined based on the temperature difference and
pressure drop across the inlet and outlet sections for various test combinations. Sarbazi and
Hormozi [20] experimentally investigated the optimization of the thermal and hydraulic
performances of various nanofluids in a rectangular miniature channel in which different
types of longitudinal fins were placed. The highest thermal-hydraulic performance in
the miniature channel was obtained in the use of quadrant-2, rectangular, quadrant-1,
and semicircular finned silicon oxide/water nanofluids with 1.27, 1.26, 1.16, and 1.11,
respectively. The effects of copper-water nanofluid and pin channel on the performance of
the plate heat exchanger were experimentally investigated by Alabadi and Hormozi [21].
From the results, it was determined that the pin channel improved the thermal-hydraulic
performance of the plate heat exchanger by approximately 38% compared to the straight
channel. A 1.65 increase on the average performance was observed with the use of nanoflu-
ids and pin channel simultaneously inside the plate-fin heat exchanger. The effect of the
Al2O3-water nanofluid use with the miniature heat sinks of plate fins and plate-pin fins
with different shapes (triangular, trapezoidal, and sinusoidal) on the thermal and hydraulic
performance was investigated by Aliabadi et al. [22]. The experiments were made between
100 and 900 Reynolds numbers. The temperature distribution and velocity vectors were
also investigated numerically by the CFD approach. According to the results, it was seen
that the thermal performance of the use of plate-pin fins in the corrugated miniature heat
sink were better than that of plate fins. Holes and winglets on chevron plate-fins were used
to enhance the performance of a plate-fin heat exchanger by Aliabadi and Mortazavi [23].
An Al2O3-water nanofluid was used as a refrigerant. From the results, it was seen that the
Nusselt number increased with the simultaneous use of chevron plate fins and nanofluid.
Abdollahi et al. [24], thermal and hydraulic properties of nanofluid flow in microchannels
with longitudinal inner fins were numerically investigated under laminar flow conditions.
A total of four different nanofluids, namely SiO2-water, Al2O3-water, CuO-water, and
ZnO-water, were prepared in 1–2% volumetric concentration range. It was seen that the
SiO2-water nanofluid had the highest heat transfer performance among all the nanoflu-
ids. To determine the best hydrothermal performance, the use of hybrid nanofluids with
different particle sizes and properties in the mini-channel heat sink was experimentally
investigated by Kumar and Sarkar [25]. Al2O3-MWCNT-water hybrid nanofluid at 0.01%
volume concentration with various nanoparticle mixing ratios (5:0, 4:1, 3:2, 2:3, 1:4, and
0:5) was used as the refrigerant. The convection heat transfer coefficient, Nusselt number,
pressure drop, and friction factor increased with the increase of MWCNT concentration in
the fluid. Compared to pure water, the maximum increase in the convection heat transfer
coefficient was obtained with the use of MWCNT (5:0) nanofluid with a ratio of 44.02%.
The simultaneous optimization of geometric and nanofluid parameters using four dif-
ferent nanofluids (Al2O3-water, Cu-water, SiO2-water, and CNT-water) in a rectangular
microchannel heat sink was performed by Fazeli et al. [26]. From the results, better thermal
performance was obtained with the CNT nanofluid compared to other nanofluids. In
addition, it was determined that the thermal performance increased with increasing the
nanoparticle concentration and decreasing the nanoparticle diameter. The effectiveness of
using Al2O3-water+EG nanofluid of four different cross-section pin fin shapes in a heat
sink was investigated by Khetib et al. [27]. According to the results that were obtained, it
was determined that the total entropy production decreased with the fluid velocity, thus
improving the heat transfer. In the use of circular shaped fins, minimum thermal entropy
production, and maximum heat transfer were obtained. The effect of nanofluid usage on
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heat transfer in mini-channels that were made of square-section pin fins that were prepared
by Ali and Arshad [28,29] in different arrays and angles was investigated. The use of
nanofluids in small diameter pipes were investigated [30,31] and it was observed that there
was a decrease in the surface temperatures compared to the base fluid. The heat transfer
analysis of needle-finned surfaces of different shapes and sizes in the water block was
investigated with different nanofluids [32,33].

Ambreen and Kim [34,35] numerically investigated the use of nanofluids with mini-
and micro-channels under laminar forced convection conditions. The water-based Al2O3
and TiO2 nanofluids that were prepared at different mass and volumetric concentrations
were used as cooling fluids. In the first study, it was observed that the best hydrothermal
results were obtained in the discrete phase model (DPM) for all nanofluid volume concen-
trations. In the second study, it was determined that the heat transfer and friction factor
were inversely related to the particle diameter for constant nanofluid compositions and
flow conditions. The effect of heat transfer using micro-pin finned heat sink nanofluids
was numerically investigated in various studies [35–39]. Different pin fin geometries and
different fin placements were investigated using different nanofluids. In the obtained
results, it was determined that the nanofluids performed better in certain fin cross-sections.
The heat transfer and pressure drop properties of water-based multi-walled carbon nan-
otube (MWCNT) nanofluid and multi-walled carbon nanotubes/graphene nanoplatelet
(MWCNT/GNP) nanofluids were numerically investigated by Ambreen et al. [40]. The
analysis was performed in the range of 0.075% to 0.25% by weight of the particle concen-
tration and the Reynolds number in the range of 200–470. According to the results, it was
determined that the Lagrange–Eulerian approach provided the most accurate convective
heat transfer values for all the nanofluid combinations and operating conditions. Numeri-
cal investigation of the use of aqueous-based nano-encapsulated phase change material
(PCM) at different fin angles (0 ≤ ζ ≤ 270) in a heat exchanger with different wing-like
fins was carried out by Shehzad et al. [41]. According to the results, it was determined that
the vertical alignment of the blades increased the thermal performance compared to the
horizontal alignment of the blades. The thermal efficiency of the aqueous-based Ti3C2Tx
MXene nanofluid in a pin-fin heat sink was investigated experimentally and numerically
by Ambreen et al. [42]. From the results, it was seen that there was a significant increase in
the average Nusselt number despite the small increase in pumping power with the use of
Ti3C2Tx Mxene nanofluid.

From the literature review above, the effect of using different surface types together
with nanofluids on heat transfer in electronic systems and CPU cooling systems were
investigated in many studies. It is noteworthy that there were very few studies comparing
the Thermo-hydraulic performance of plate-fin and pin-fin heat sinks used commercially in
electronic cooling systems and CPU cooling systems with the use of nanofluids. Most of
the studies that were mentioned were numerical studies. In the experimental study, the
effect of the using a plate fin and pin fin heat sink in a water block on thermohydraulic
performance was examined in detail, in order to eliminate this deficiency that was seen in
the literature. As the cooling fluid, an Al2O3-H2O nanofluid was used at a concentration of
0.1% by mass, prepared using spherical Al2O3 nanoparticles that were smaller than 20 nm.
The obtained results were compared with pure water and empty surface. In this context, as
a result of experiments with different heat fluxes and different volumetric flow rates with
both fluids, comparisons were made in various parameters, and it was determined which
surface geometry was more effective in electronic cooling.

2. Materials and Methods
2.1. Experimental Set-Up

The appearance and schematic drawing of the experimental setup in which the effect
of heat sinks with different surface areas that were used in electronic cooling systems on
heat transfer was examined and given in Figure 1.
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Figure 1. Picture (A) and schematic (B) of the experimental layout.

The experimental setup consisted of a water block which is currently used in electronic
cooling systems, a liquid tank, a pump, a by-pass line, a manometer, and a float flowmeter.
A 12 V liquid pump was used to circulate the fluid. The flow rate was measured with
a float flowmeter with a measuring range of 100–1000 mL/min, pressure was measured
with a U manometer, and the temperature values were measured with 30-gauge copper-
constantan T-type thermocouples and thermometers. All thermocouples that were used
in the experiments were separately calibrated. The signals that were received from the
thermocouples were processed with a data acquisition system and the temperature values
were read from a PC computer. A variac (variable transformer) with 0–250 V range, was
used to adjust the heater’s voltage and a TT Technic VC-9808+ multimeter was used to
measure the voltage value. The float flowmeter and by-pass line were used to adjust the
volumetric flow rate of the fluid.
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A liquid tank that was made of plexiglass material was placed in a large volume water
bath considering the possibility that changes in the ambient temperature during the day
may affect the fluid inlet temperature. The temperatures of both tanks were checked by
thermometers during the day, and it was observed that they were kept at an approximately
constant temperature. In the experimental setup, the fluid was passed through a complete
cycle in a closed system and waited until continuous conditions were reached. A radiator
was used in the system to remove the excess heat of the fluid that was coming out of the
test section and bring it back to its initial condition. The test section was made out of a
water block and by placing plate fin type and pin fin type aluminum heat sinks that were
made of an Al-6063 alloy and then the experiments were carried out for both base fluid
and nanofluids. The material properties of the aluminum heat sinks are given in Table 1.
The appearance and dimensions of plate-fin and pin-fin coolers are given in Figure 2. The
heat sinks were mounted on the copper base of the water block. To minimize the contact
resistance between surfaces as much as possible, a 0.5 mm thick ARCTIC brand thermal
pad with high thermal conductivity (6 W/mK) was used.

Table 1. Material properties of the Aluminum heat sinks.

Density (ρ) 2700 kg/m3

Thermal Conductivity (k) 209.5 W/mK

Melting Point 615 ◦C

Dimensions 2.5 × 2.5 × 1 cm
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Figure 2. The schematic diagram of the plate fin and pin fin heat sinks (dimensions were given in mm).

The test section was made of a plexiglass material and the lower part consisted of a
copper plate with dimensions of 5 × 5 cm2. The aluminum heat sinks were attached to
this copper surface using a thermal pad. To represent CPUs in computers, a heater with a
resistance of 88 ohms, with the same dimensions as the copper surface, was placed in the
lower part of the test section. The view and schematic drawing of the test section are given
in Figure 3 in detail. Glass wool and foamboard material with a thickness of 5 × 5 × 5 cm3

were used to provide insulation at the bottom of the test section.
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A total of 9 thermocouples and 2 thermometers were used to measure the temperatures
in the experiments. There were three thermocouples that were placed in the lower part
of the water block which is made of copper to measure the surface temperature. A total
of four thermocouples were placed at the top and bottom of the insulation material to
determine conduction losses. A total of two thermocouples were placed at both ends of the
water block to measure the inlet and the outlet temperature of the fluid.

2.2. Nanofluid Preparation

The appearance of the base fluid (pure water) and the Al2O3-H2O nanofluid that was
prepared at 0.1% mass fraction are given in Figure 4a. While preparing the nanofluid, Al2O3
nanoparticles that were named Aeroxide Alu 130 (Evonik Ind. AG, Essen-Germany) were
used. The mixtures were then subjected to ultrasonic mixing (Elmasonic S100 H, 50 Hz,
Elma Schmidbauer GmbH, Singen-Germany) for 2 h to break up any particle aggregates. A
TEM image of the Al2O3-H2O nanofluid that was prepared at 0.1% mass fraction is given
in Figure 4b. The size and morphology of the Al2O3 particles were examined by using
FEI Transmission Electron Microscope (CTEM). The instrument was worked at 120 kV
accelerating voltage. The Al2O3 particles were deposited on a carbon-coated copper grid
for analysis. The image revealed partially agglomerated particles which have a spherical
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shape and a size that was less than 20 nm The properties of the Al2O3 nanoparticles are
given in Table 2.
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Table 2. Properties of the Al2O3 nanoparticles [43].

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

The thermophysical properties of the base fluid and nanofluid are given in Table 3. The
viscosity of the nanofluid was measured with a viscometer (Fungi Lab ALPL, Barcelona,
Spain) and the density was measured with a pycnometer with a volume of 25 mL. It used
the literature values at the specific heat capacity [44] and thermal conduction coefficient of
nanofluid [45].

Table 3. Thermophysical properties of the base fluid and nanofluid.

Fluids 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-H2O 0.9986 0.00134 0.5973 4181.8
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In this study, the mass concentration was used for the nanofluid. The relationship
between the mass and volumetric concentration was calculated as below [10]:

ϕ =
1

(1/ω)
(
ρp/ρnf

) (1)

where ϕ, ω, ρp, and ρnf are volumetric concentration, mass concentration, particle density,
and the density of nanofluid, respectively.

To calculate the specific heat of the nanofluid, the specific heat values of both the base
fluid and the nanoparticle were used. The following equation was used to calculate the
specific heat of the nanofluid [10]:

Cpnf
= ϕCpnp

+ (1 −ϕ)Cpbf
(2)

2.3. Analysis of Experimental Data

According to the data that were obtained from the experimental study, the net amount
of heat that was transferred from the electric heater to the fluid was calculated from the
equation below:

.
QConv. =

.
QHeater −

.
QCond. (3)

In the given equation,
.

QConv.,
.

QHeater, and
.

QCond. represents the net heat rate that was
given to the fluid, the heat that was given off from the electric heater, and the heat losses by
conduction, respectively.

The amount of heat that was given from the electric heater and the heat loss by
conduction were calculated from the equations that are given below. The heat loss by
conduction from the lower part of the test area was calculated from the temperature values
that were obtained from the T-type thermocouples that were placed on the lower and upper
parts of the insulation material, using Fourier’s heat conduction equation.

.
QHeater =

V2

R
(4)

.
QCond. = − kAs

∆T
∆x

(5)

The amount of voltage that was applied for the heater was V and its resistance is
R. In the calculation of conduction loss, k, As, ∆T, and ∆x were the thermal conductivity
coefficient, surface area, temperature difference, and insulation thickness, respectively.
Radiation losses were neglected in this study. The conduction losses in insulation materials
were calculated and found to be approximately 0.55% of the total heat transfer rate. In
addition, since the side and top parts of the water block have very small surface areas, the
conduction losses from these surfaces were also neglected.

The amount of heat that was transferred to the fluid by convection per unit area was
calculated as below:

qconv. =

.
Qconv.

As
(6)

The mean surface temperature of the test area was determined as follows depending
on the fluid inlet temperature:

T∗
Smean = TSmean − Ti (7)

Here T∗
Smean represents the mean surface temperature of the heat sink, and Ti repre-

sents the inlet temperature of the fluid to the test section. The TSmean was calculated by
averaging the surface temperatures (TSmean = (T1 + T2 + T3)/3).
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The mean convection heat transfer amount and the mean Nusselt number were calcu-
lated according to the following equations:

hmean =
qconv.

Ts mean − Ti
(8)

Numean =
hmeanDh

kf
(9)

The thermal resistance was calculated from the equation given below [11]:

Rth =
Ts mean − Ti

.
QConv.

(10)

The thermal performance of the Al2O3-H2O nanofluid was calculated from the follow-
ing equation [11]:

εh =
hmean,nf

hmean,bf
(11)

The required pumping power was calculated as below [11]:

Pp =
.

V∆P (12)

Here,
.

V is volumetric flow rate and ∆P is pressure difference between test section’s
inlet and outlet.

To evaluate the overall performance of finned heat sinks, both the thermal and hy-
draulic performance of the heat sink must be considered. Therefore, a performance in-
dex [46] was given as below:

η =

Numean,nf,fin
Numean,nf,empty

∆Pnf, fin
∆Pnf,empty

(13)

2.4. Uncertainty Analysis

To determine the reliability of the results that were obtained from the experimental
study, an uncertainty analysis was performed on all the measured variables and on the
quantities that were calculated from the measurement results.

Uncertainties were evaluated according to the standard procedures that were reported
in the literature [47]. Variable f was a dependent variable that was related to independent
variables x and y, and the uncertainty was calculated as given below:

wf =

[(
∂f
∂x

wx

)2
+

(
∂f
∂y

wy

)2
+ . . .

]1/2

(14)

The characteristics and sensitivities of the measuring instruments that were used in
the experimental study are given in Table 4.

Table 4. Features and sensitivities of the measuring instruments.

Measurement Tools Sensibility Uncertainties

30-gauge T-type Thermocouples ±1 ◦C 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%

U manometer ±0.5 (Pa) 0.029%
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Overall, the uncertainty in the convection coefficient was calculated as ±1.49% and
for the mean Nusselt number around ±2.071%.

3. Results and Discussion

In this present study, the effect of different fin surfaces (plate fin and pin fin) on heat
transfer was investigated by using nanofluids in CHIP cooling. In the experiments, firstly
measurements were made using the empty surface and the base fluid. Afterwards, measure-
ments were made with the Al2O3-H2O nanofluid with a mass fraction of 0.1% (w/w), and the
results were compared with the results that were obtained with the base fluid.

In Figure 5, the pressure drops were given according to the use of base fluid and
nanofluid for empty surface, plate fin, and pin fin through the water block. As seen in the
figure, the amount of pressure drop that was occurring in the use of base fluid and nanofluid
was very close to each other. However, with the use of plate and pin fin heat sinks, it was
observed that the pressure difference between the fluids increased significantly. In the case
of using both the base fluid and nanofluid at lower volumetric flow rates (from 100 mL/min
to 200 mL/min), the pressure drop for empty surface, plate fin, and pin fin remained almost
the same while this drop increased rapidly as the flow rate increased. To make an evaluation
for the base fluid, when all the surfaces were considered, it was seen that the pressure drop
on the empty surface was less than that on the finned surfaces. Considering the nanofluid,
more pressure drop was observed on the empty surface compared to the base fluid due to
its high viscosity. On the finned surfaces, on the other hand, it was seen that the amount of
pressure drop increases even more with the effect of both viscosity and increasing surface
area using the nanofluid as a working fluid. As the volumetric flow rate increased, it was
seen that the pressure drop was higher than the base fluid due to flow frictions in the use
of nanofluids.
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Figure 5. Pressure drop inside the water block for base fluid and nanofluid in different surfaces.

The change in the mean surface temperature according to different volumetric flow
rates at 1818.18 W/m2 is given in Figure 6. It was observed that the use of nanofluids
reduces the mean surface temperature in all the surface types, due to its high thermal
conductivity compared to the base fluid. It was clearly seen in the results that were
obtained for both the base fluid and the nanofluid that the finned surfaces have a positive
effect on heat transfer. Moreover, with the addition of the nanofluid’s effect of removing
heat from these surfaces, it was clearly seen from the figure that the temperature values
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decrease further. It was also observed that these temperature values approached each other
with the increasing volumetric flow rate.
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The variation of the mean convective heat transfer coefficient according to different
volumetric flow rates at 1818.18 W/m2 for all surfaces where both fluids were used is given
in Figure 7. The mean convective heat transfer coefficient increased for all the surfaces with
increasing volumetric flow rate. In the case of using the nanofluid, it was clearly seen that
the plate fin heat sink increased the heat transfer more than the empty surface and pin thin
heat sink due to the intense solid-liquid interaction.
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The variations of the mean Nusselt number with different volumetric flow rates at
1818.18 W/m2 is given in Figure 8. It was observed that the mean Nusselt number for
all cases increased as the volumetric flow rate increased. By using both nanofluid and
finned surfaces, the amount of heat that was transferred from the surfaces was found to
be higher than the base fluid. The results that were obtained from the use of nanofluid for
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the empty surface provided a 10.5% improvement in heat transfer compared to the base
fluid. Using the base fluid, the mean Nusselt number improved by 64.2% and 56.4% for the
plate fin and pin fin heat sinks, respectively. The maximum improvement in heat transfer
was determined as 82.8% and 70.2%, in the use of both nanofluid and plate fin and pin fin
heat sinks, respectively. When evaluated in terms of the amount of improvement in heat
transfer, it was observed that the plate fin cooler was more effective in surface cooling with
the use of nanofluids.

Processes 2022, 10, x FOR PEER REVIEW 15 of 22 
 

 

than the base fluid. The results that were obtained from the use of nanofluid for the empty 
surface provided a 10.5% improvement in heat transfer compared to the base fluid. Using 
the base fluid, the mean Nusselt number improved by 64.2% and 56.4% for the plate fin 
and pin fin heat sinks, respectively. The maximum improvement in heat transfer was de-
termined as 82.8% and 70.2%, in the use of both nanofluid and plate fin and pin fin heat 
sinks, respectively. When evaluated in terms of the amount of improvement in heat trans-
fer, it was observed that the plate fin cooler was more effective in surface cooling with the 
use of nanofluids. 

 
Figure 8. Variation of the mean Nusselt numbers with volumetric flow rates. 

The variation of the thermal resistance according to volumetric flow rate at 1818.18 
W/m2 is given in Figure 9. As seen in the figure, the highest thermal resistance values were 
observed at volumetric flow rate of 100 mL/min in the case of the base fluid and the empty 
surface. When the values that were obtained for the base fluid and nanofluid were com-
pared, the thermal resistance values on all the surfaces were higher in the base fluid. In 
addition, a decrease in the thermal resistance was observed with increasing volumetric 
flow rate for all cases. While this drop in thermal resistance occurred faster at low volu-
metric flow rates, on the contrary it was slower at high values. 

20

40

60

80

100

100 150 200 350 500 650 800

N
u m

ea
n

Volumetric Flow (mL/min)

1818.18 W/m2

Water, Empty Surface

Water, Plate fin

Water, Pin fin

%0.1, Empty Surface

%0.1, Plate Fin

%0.1, Pin Fin

Figure 8. Variation of the mean Nusselt numbers with volumetric flow rates.

The variation of the thermal resistance according to volumetric flow rate at 1818.18 W/m2

is given in Figure 9. As seen in the figure, the highest thermal resistance values were
observed at volumetric flow rate of 100 mL/min in the case of the base fluid and the
empty surface. When the values that were obtained for the base fluid and nanofluid were
compared, the thermal resistance values on all the surfaces were higher in the base fluid. In
addition, a decrease in the thermal resistance was observed with increasing volumetric flow
rate for all cases. While this drop in thermal resistance occurred faster at low volumetric
flow rates, on the contrary it was slower at high values.
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To compare the thermal performance of the nanofluid with the base fluid, the empty
surface was taken as a reference. The graph showing the variation of the thermal perfor-
mance of the nanofluid with different volumetric flow rates was drawn for 454.54 W/m2 in
Figure 10. As a result of the calculations, it was observed that the heat transfer performance
of the nanofluid was much higher than the base fluid. An increase in the thermal perfor-
mance of nanofluids was observed with increasing volumetric flow rate. Slight fluctuations
in the thermal performance occurred at certain volumetric flow rates. It was estimated that
these fluctuations in thermal performance were due to the increased volumetric flow rate
and the inability of the nanofluid to have sufficient time for heat transfer within the water
block. Similar results were seen in the experimental work of Shah et al. [11]. In addition, the
thermal performance of the nanofluid in the figure was compared with other studies in the
literature [2,3] using a water block and Al2O3-H2O nanofluid. The thermal performance of
the nanofluid that was used in this study was found to be close to the thermal performance
values that were obtained from the studies. The differences seen in the graph between the
studies occurred due to the concentration of the nanofluid, the geometry of the test region,
and the parameters of the studies.
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Figure 10. Variation of the nanofluid thermal performance with volumetric flow rate (Empty chan-
nel) [2,3].

The effect of the volumetric flow rate on the fluid pumping power is given in Figure 11.
As seen from the figure, the required pumping power (Pp) increased with increasing
volumetric flow rate. In the case of using empty surface and base fluid, the pumping power
was at a minimum for all the flow rates, while more pumping power was needed for both
fluids in the case of adding fin heat sinks. The greatest increase in the required pumping
power was observed in the use of nanofluid and plate fin heat sink.
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Figure 11. Pumping power versus the volumetric flow rate at different surface type heat sinks.

To determine which fin is better than the other in terms of performance in nanofluids,
the performance index analysis that was given in equation 13 was performed. In the case of
using nanofluid, the variation of the performance index of both the finned heat sinks with
volumetric flow rates is given in Figure 12. If the performance index value is less than unity,
it is understood that the pressure losses are more dominant than the heat transfer, and if
it is greater than unity, the heat transfer is more dominant than the pressure losses. As
seen in the figure, the lowest performance index was obtained on the pin fin surface, while
the highest performance index was obtained on the plate fin surface. In addition, it was
observed that the performance index values of all the surfaces approximately approached
each other at high volumetric flow rate.
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4. Conclusions

In this study, the heat transfer from plate fin and pin fin heat sinks that were placed
in a water block was investigated. Both the basic fluid (pure water) and the Al2O3-H2O
nanofluid with a mass fraction of 0.1% were used as cooling fluids. The measurements were
taken for the volumetric flow rates that ranged from 100 to 800 mL/min and the constant
heat flux values of 454.54 W/m2 and 1818.18 W/m2. The results that were obtained from
the finned surfaces for the base fluid and the nanofluid were compared with the empty
surface and the following results were presented:
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• For all cases, it was observed that the mean surface temperatures decreased rapidly
with increasing volumetric flow rate. However, after a certain flow rate (650
mL/min), it was observed that the amount of decrease in the mean average surface
temperature decreased.

• With the use of nanofluid on the empty surface, a greater decrease in the mean surface
temperatures was observed compared to the base fluid. Accordingly, the maximum
improvement amount that was obtained by using nanofluids at the mean surface
temperatures was determined as 10.5%.

• By using plate fin and pin fin heat sinks with a base fluid, an improvement of 27.48%
and 24.57% was observed in the surface temperatures compared to the empty surface,
respectively. In the use of nanofluid with the plate and pin-finned heat sink in-
stead of the base fluid, 35.73% and 29.49% improvements in the surface temperatures
were obtained.

• With the use of nanofluid on the empty surface, a 22.15% improvement was observed
in the mean Nusselt number compared to the base fluid.

• In the use of pin fin and plate fin heat sinks with the base fluid, 56.4% and 64.2%
improvements in the mean Nusselt number were obtained, respectively. The maximum
improvement in the mean Nusselt number that was obtained using nanofluid with
pin fin and plate fin heat sinks was determined as 70.2% and 82.8%, respectively.

• When the performance index was examined, it was seen that the use of a plate fin heat
sink was more suitable than the pin fin heat sink in the cooling of electronic systems.
Although the performance index that was obtained for the two fin types approached
each other with increasing volumetric flow rate, the best result was obtained in the
plate fin heat sink.

• With the use of nanofluid on the empty surface, no significant increase in pressure
drop and pumping power was observed compared to the base fluid. However, with
the use of finned heat sinks, the pressure drop and the increase in pumping power for
both fluids became more pronounced. When the performance index was examined, it
was determined that this increase in the use of finned heat sinks and nanofluids could
be ignored according to the amount of improvement in heat transfer.

• Commercial Al2O3 nanoparticles (Alu 130) which were used in this study promise
hope for both nanofluid research and the production of commercial nanofluids for
electronic cooling.
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Abbreviations

Symbols
As Water block surface area [m2]
Cp Specific heat [J/kgK]
Dh Hydraulic diameter [m]
hmean Mean convective heat transfer coefficient [W/m2K]
k Thermal conductivity [W/mK]
kf Fluid conductive heat transfer coefficient [W/mK]
Numean Mean 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]
R Electrical resistance [Ohm]
Rth Thermal resistance [◦C/W]
Ti Fluid inlet temperature [◦C]
T*

Smean Mean Surface temperature [◦C]
V Voltage [V]
.

V Volumetric flow rate [mL/min]
∆T Temperature difference [K]
∆x Thickness [m]
wf Uncertainty [-]
ε 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
PPI Pores Per Inch
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