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In this paper, the design and the thermal analysis of a tribled microprocessor cooler combining the advantages of 
strong swirl fl ow and minichannel-fi ns and CuO nanofl uid, have been presented. It is thought that the results will 
contribute to the understanding of the effects of parameters on the cooling fl ux of the heat sink and the decline 
at the microprocessor temperature, as Reynolds number in the minichannels and CuO % volume fraction. The 
results have exhibited that the total performance of the heat sink cooled with the mixture of water–CuO-EG 
nanofl uids increases with the increase of Re number and the %load of nanoparticles in the coolant. It has been 
determined that the energy withdrawn from the microprocessor was 241 times higher than the energy generated 
for maximum CuO load and Re number conditions. Besides, the highest temperature decrease has been measured 
at the maximum CuO load value and maximum Re number.
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INTRODUCTION

  A heat sink is a kind of cooler that absorbs especially 
unwanted thermal energy from a microprocessor (or 
called Central Processing Unit, CPU) and distributes it 
to surrounding. Besides the cooling of CPUs, heat sinks 
have extensive usage areas, such as the cooling of micro-
turbines, microreactors, micro electromechanics, military 
technology, and space applications. Heat transfer in the 
heat exchangers generally occurs between two fl uids and 
a metal wall separating them. Generating strong turbu-
lent fl ows on both sides of this wall, using a nanofl uid 
as a heat transfer fl uid, and using minichannel-fi ns to 
enhance the surface area of the wall will have affi rma-
tive effects on the heat transfer. This process has been 
accomplished by enhancing the heat transfer surface of 
the heat sinks and the fl ow rate of cold fl uid that moves 
across its extended surface area. A heat sink is a kind 
of passive-type cooler. Generally, air or a liquid is used 
as a coolant in heat sinks, where the heat is absorbed 
away from the CPU, thereby allowing regulation of the 
CPU’s temperature.

Microprocessors, one of the most important inventions 
of high technology, are used in almost every electronic 
device, including desktop computers, and industrial 
applications1, 2. A CPU is somewhat the brain of the 
computer system that controls many electronic and 
electromechanical systems. New-generation CPUs have 
higher processing speeds and data processing capabilities 
and can perform millions of operations per second. The-
refore, the electrical current value passing over them is 
getting enhanced as the data processing rates are getting 
increased more and more. In addition, their dimensions 
are getting smaller, and their effectiveness is getting 
enhanced more and more compared to conventional 
CPU coolers in line with technological developments.

Nowadays, the heat thrown into the air by the CPU 
of a desktop computer available is between 50 and 150 
joules per second, and normal operating temperatures 
range between 55 and 85oC1, 2. However, the operating 
temperature of CPUs should be kept at a temperature 
lower than the upper limit of 85oC, not to be passed the 
upper limit because of sudden temperature increases2, 3, 4. 
The main challenge in cooling CPUs is to distribute 

a greater amount of heat than produced while maintai-
ning the CPU temperature below the determined value 
of 85oC3. It is known that CPUs are very susceptible to 
a temperature increment above the limit value that can 
burn the CPUs5. It is known that power density of the 
new-generation CPUs under normal operating conditions 
is 150 W/cm2 and this value also reaches a peak value 
of 300 W/cm2 in some cases6. This generated heat must 
be removed with a higher heat fl ux (such as 1200 W/
cm2) in order for CPUs to operate in a safe temperature 
range. The cooling of new generation CPUs will also 
be solved not by the conventional heat sinks, but by 
the production of new generation heat sinks that are 
compact and highly effective, which can electronically 
control the cooling rate. To satisfy the cooling needs of 
the new-generation CPUs needs new-generation heat 
sinks using new cooling techniques, which are swirl fl ows, 
improved heat transfer fl uids like nanofl uids, and the 
heat fi ns produced from minichannels.

Heat sinks with minichannel-fi ns for cooling CPUs have 
been studied by lots of researchers using single-phase 
or double-phase coolant fl uids and laminar or turbu-
lent fl ows in the cooling system. In the literature, Yuki 
and Suzuki concluded that a single-phase cooler using 
liquid-coolant and absorbing a large amount of heat 
energy has many advantages, such as any movement, any 
phase change, and lack of corrosion on the heat transfer 
surface6. Heat sinks with minichannels can absorb and 
dissipate heat from any surface to surrounding air using 
extended surfaces7, 8, 9. In the classifi cation which is made 
by Kandlikar and Grande as to minichannels’ hydraulic 
diameters, it was stated that the hydraulic diameters of 
minichannels are changing between 200 μm and 3 mm. 

For a few years, the attention of researchers, whose 
research area is heat transfer, has been focused on the 
heat sink with minichannels. Although minichannels 
have a smaller heat transfer surface than microchannels, 
they give low-pressure drop versus microchannels, and 
thus permit a higher mass fl ow rate. It is stated in the 
literature that heat sinks with minichannels provide a gre-
ater heat transfer rate than those of microchannels3, 10. 
Yuki and Suzuki reported that the heat transfer surface 
area of the heat sink could be increased by using fi ns 

Polish Journal of Chemical Technology, 25, 3, 89—100, 10.2478/pjct-2023-0029



90 Pol. J. Chem. Tech., Vol. 25, No. 3, 2023

to enhance the heat transfer rate using a single-phase 
cooler. In this case, it is possible to take advantage of 
the great heat transfer rate of the undeveloped heat 
boundary layer in the heat sink6. 

A heat sink, in which a single-phase fl ow in minichan-
nels exists, was developed by Gayatri. In the research, 
the cooling performance of ethylene glycol (EG) and 
water was compared with each other, separately. The 
best results were achieved with water11. A few rese-
archers produced a heat sink with minichannels using 
water as a coolant. In their study, they determined CPU 
performance for liquid coolant with nanoparticles and 
without nanoparticles. They found that Nu numbers 
for coolant with nanoparticles were greater than that 
without nanoparticles. Besides, they concluded that Nu 
numbers increased depending on increment of the mass 
fl ow rate of the coolant3.

The different ways of increasing the mass or heat trans-
fer rate by producing the swirl fl ow both by active and 
passive methods have been reported in the literature. It 
is known that swirl fl ows are favorable active techniques 
used to increase mass-heat transfer rates12. If it is neces-
sary to increase the convective heat transfer rates on the 
surface, where simultaneously both a heat transfer and 
a fl uid fl ow occur, it is highly recommended to use swirl 
fl ow on the surface. Arzutug et al recorded that at the 
bottom surface of the swirl jet fl ow cell, the increasing 
swirl intensity has an increasing effect on mass transfer, 
and the uniformity of mass transfer coeffi cients enhan-
ced with increasing swirl intensity. Swirl fl ows produce 
macro-sized vortices on the heat transfer surface and 
thus disrupt the heat transfer boundary layer, reducing 
thermal resistance on the heat transfer surface. So, the 
convective heat transfer can be increased between the 
surface and the fl uid fl owing on the surface13. Some 
researchers explained the increment of heat transfer 
on a surface originates from “the swirl fl ow brings the 
different layers of the liquid refrigerant in contact with 
the heat transfer surface depending on time”14. Vortex 
cooling tubes have been developed and used in the avi-
ation industry. Besides, the vortex chambers have been 
used for cooling the solutions and the electrolytes, and 
good results have been obtained15, 16.

Complementary of the swirl fl ow and the minichan-
nel-fi ns usage use a nanofl uid, consisted of a composite 
of water, nanoparticles, and ethylene glycol as a hi-
gh-performance heat transfer fl uid. Nanofl uid usage as 
a heat transfer carrier in heat exchangers is one of the 
heat transfer increment techniques. In the state of using 
nanofl uids, nanoparticles produce micro-sized vortices 
within the boundary layer and it causes mixing within 
the boundary layer. As a result, the vortices improve 
heat transfer between the nanofl uid and the surface by 
reducing thermal resistance13, 17, 18. 

Generally, water is used as a base fl uid in the prepara-
tion of the nanofl uids because of its higher density and 
specifi c heat than the other base solutions. Carr et al. 
have stated that the heat-absorbing capability of water 
due to the temperature increment across the cooler is 
approximately 3500 times than that of air10. In the lite-
rature, the effective thermal conductivity of nanofl uids 
depends on the following properties of the nanofl uids: 
the heat conductivity of the nanoparticles, the kind of 

base solution, nanoparticles volume fraction, particle 
size, and the shape of nanoparticles, the thickness of 
nanolayer, and the heat conductivity of nanolayer. Some 
researchers have declared that the increment ratio of 
the heat conductivness in the nanofl uids has been cal-
culated by using the ratio of the heat conductivity of 
the nanofl uids to that of the base fl uid15, 19. According 
to some researchers, in the case of using nanofl uids as 
heat carrier fl uid, the increment of heat transfer rate 
depends on the enhancement of interactions and fl uc-
tuations of nanoparticles, the chaotic movement of the 
nano-sized particles, and the heat conductivity of the 
base fl uid20, 21. Besides, the addition of nanoparticles to 
a liquid fl uid affects the mass transfer rate positively. 
The effective mechanisms of the mass transfer rate are 
hydrodynamics, diffusion, and blockage of the active 
surface with nanoparticles. The researchers recorded that 
the fi rst two mechanisms enhance the mass transfer rate. 
However, the third mechanism affects it negatively16, 22. 

A few researchers discovered that the nanoparticles 
up to a volume ratio of 2% don’t affect the viscosity 
of the nanofl uid. However, as the solid-liquid ratio 
increases in the nanofl uid, the viscosity value of the 
nanofl uid enhances compared with the base solution19. 
The new-generation coolants or heat transfer fl uids 
are composed of a mixture of a low-volume fraction 
of nano-sized particles with any carrier liquid or base 
liquid19. Lots of researchers as Kakaç et al.15, Masuda 23, 
and Lee et al.24 have recorded that the nanofl uids with 
low concentrations (1–5 vol%), which consist of such as 
Al2O3, CuO, Cu, SiO, TiO nanoparticles, have enhanced 
the effectual heat conductivity and the convective heat 
transfer coeffi cient of heat transfer solutions more than 
20%. It has been recorded by Lee et al.24 and Wang et 
al.25 that the heat conductivity ratio has increased by 
50% by using nanofl uids consisting of ethylene glycol 
with 15% CuO nano-sized particles. In a review study, 
Marcelino et al stated the usage of a CuO-water nanof-
luid as a heat transfer carrier has provided reasonable 
stability and particle dispersion. Afshari et al conducted 
an exhaustive numerical study to determine the heat 
performance of block heat sinks for cooling CPU by 
using nanofl uid Fe3O4/water with a volume concentra-
tion of 0.2%. They used two different block heat sink 
confi gurations, including mini channels, for testing under 
various working conditions26. 

Some researchers stated that using a nanofl uid as 
a coolant enhanced the heat performance of minichan-
nels compared with pure water. In a study conducted 
by Naranjani27, the thermal performance of the small 
heat sink with corrugated channels and nanofl uids was 
investigated. The researchers stated the heat transfer 
performance of the heat sink increased by using modifi ed 
channels instead of straight ones by 24–36% in the heat 
sinks. Besides, they concluded that when the water-based 
nanofl uids containing nano-sized Al2O3 particles with 
different volume fractions of less than 3% is used as 
a coolant, the total performance of the heat sink incre-
ased by 22–40% compared to the situation using water. 
Additionally, they informed that the total performance 
of the heat sink was increased by enhancing nano-sized 
particle volume fraction and reducing the mean size of 
nano-sized particles in water–Al2O3 nanofl uids. Ebrahimi 
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et al. examined conjugated heat transfer thermo-hydraulic 
performance for nanofl uid fl ow numerically in rectangu-
lar microchannel CPU cooler with longitudinal vortex 
producers using a fi nite-volume technique at different 
ranges of Reynolds numbers. They have used CuO and 
Al2O3 nanofl uid as heat transfer carriers in numerical 
study. The researchers have concluded from the heat 
analysis that the heat transfer increased by 2.29–30.63% 
and 9.44%–53.06% for water-Al2O3 and water-CuO 
nanofl uids, respectively28.

In the study, the conical-geometry pin fi ns with fi ve 
different conical size ratios (Hcp/d) have been taken into 
account, and the performances of conical-geometry fi ns 
have been compared to those of cylindrical fi ns by rese-
archers. Researchers have determined the temperature 
distribution and Nusselt number distribution in different 
Re numbers. Besides the heat resistance, pressure drop in 
the CPU heat remover, and hydro-thermal performance 
of the CPU heat remover have been calculated. The 
results showed that the heat resistance decreased with 
enhanced Re and Hcp/d ratio29. In the study about heat 
sinks by Bencherif et al., the heat dissipation rate was 
tried to be increased, while the occupied volume and 
mass values of the CPU coolers, and the heat transfer 
surface area was tried to be decreased30. Some theore-
tical and practical studies have been executed to fi nd 
the hydrothermal performance of a CPU cooler with 
hemispherical pin fi ns and the optimum hemispherical 
pin fi ns confi guration by Sahel et al. Experimental 
results have showed that the perforations lead to new 
vortex structures allowing a better mix of the fl uid bulk 
and increased heat transfer as expected. Besides, it is 
concluded that heat transfer rate was increased with 
increasing Re number and hole diameter31.

The major factors affecting the heat performance of 
CPU coolers are air velocity, choice of material, and fi n 
design10. The solution of a simple CPU cooling problem 
is accomplished by using a conventional heat sink, in 
which generated heat is transferred by a conduction 
mechanism through the solid fi ns and dissipated from 
the surface of the solid fi ns to air. Besides, in the heat 
sinks recirculating liquid-coolant, the generated heat is 
transferred by liquid coolant to a radiator and exhausted 
from the fi ns of the radiator to air. However, the design 
of the heat sink or the fi ns used in the present study is 
too different from the models existing in the literature. 
In the present study, there are minichannels inside the 
used fi ns. Most of the heat produced by the CPU is 
transferred (convection mechanism) to the minichannels 
by fl uid fl ow. And then, the heat is transferred by conve-
ction from the outer surface of the fi ns to the cold air.

It has been demonstrated that in Figure 1, the fi n 
temperature is at a maximum value of Tb at the base of 
the fi n and decreases towards the tip of the fi n in the 
axial direction in the heat sinks with conventional-type 
fi ns32. Thus, the amount of heat transferred out of the 
fi n by convection gradually decreases. Since the fi n 
cross-sectional area is too small, the temperature can 
be assumed as uniform across the blade section. In this 
situation, the temperature difference of [T(z) – T∞] 
between the fi n surface and the bulk fl uid outside of 
the fi n decreases towards the tip of the conventional 
fi n, as shown in Figure 1.

In the present study, the minichannel-fi ns have been 
used to keep this temperature difference at higher values, 
that is, to increase the fi n effi ciency. Since a fl uid fl ow 
occurred in used minichannel-fi ns, the temperature gradi-
ent between the fi n surface with the nanofl uid is higher 
than that of conventional type fi n. In this confi guration, 
the [T(z) – T∞] temperature difference has been kept at 
a high value along the fi n, resulting in a more effi cient 
heat transfer from inside the fi n to the cold fl uid outside.

Figure 1. The temperature distribution along a metal-rod fi n32

Reviewing the relevant heat transfer literature shows 
that heat sink studies focus on different nanofl uids, 
mini-micro channels and channel geometry, and fl ow 
types inside of minichannels or out of minichannels. 
In the literature, there are many studies on heat sinks, 
including double combinations of factors affecting heat 
transfer33. However, there are no heat sink studies invo-
lving swirl fl ow, nanofl uid, and minichannel trio, in the 
literature. The present study puts forward a novel heat 
sink design with high cooling performance that contains 
three effective properties on the heat transfer together in 
this heat sink. Besides, the cost of the heat sink in the 
present research is less than that of a dual-phase heat 
sink because of using a single-phase heat transfer fl uid, 
and it is not needed to use complex systems as used 
in dual-phase heat sinks. Heat sinks using dual-phase 
fl uids require a lot of power because they have a pump, 
a condenser surge valve, and a radiator. The present 
study helps to understand that, unlike the transferred 
heat by conduction throughout the fi ns of a conventional 
heat sink, the heat transfer by convective mechanism in 
the minichannel-fi ns of the heat sink can be developed. 
The present study shows the effects of the nanofl uids 
with different CuO volume fractions used as a coolant 
and the swirl fl ow and Reynolds number of this liquid 
on the cooling rate. In addition, the present study also 
includes the temperature change depending on the time 
at the contact surface of the aluminum block heater 
with the heat sink. Besides, the measurement step of 
the heat absorption performance of the developed heat 
sink and the determination step of the heat fl ux values 
at specifi ed nanofl uid Reynolds numbers and CuO% 
volume fractions in case of constant air fl ow conditions 
are included in this study also.
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EXPERIMENTAL

The heat sink designed in this research consists of 
three parts in Figure 2. The fi rst part is called the swirl 
fl ow chamber which is located at the bottom section of 
the heat sink and is made of aluminum. As a result, 
the heat sink contacts with the CPU’s upper surface 
and absorbs heat from the CPU. In this part, the swirl 
fl ow generated by 2 tangential inlets at the swirl cell, 
carries the heat absorbed from the bottom surface of 
the cell upward in a vertical pipe (Fig. 2). And then 
it is distributed to the minichannel-fi ns. In the second 
part where there are mini-channels positioned laterally, 
liquid fl ow in the vertical pipe is poured into an annular 
fl ow channel by passing through the minichannels. The 
minichannels made of copper pipes are used as the heat 
fi ns in the heat sink, where there exist 264 pieces of 
copper pipe in 800 μm hydraulic diameter and 25 mm 
length. The heat transfer fl uid, which is taken into the 
annular geometry chamber, is then collected in a storage 
tank, where it is suctioned by a centrifugal pump and 
pumped back to the swirl fl ow chamber. In the third 
part, an air turbine (16,000 rpm) existing at the top of 
the cooler ensures airfl ow over the mini-channels used 
as heat fi ns. Thus, the transferred heat by the fl ow of 
copper oxide (CuO) nanofl uid is exhausted into the air 
by convection from the outer surface of 264 pieces of 
25 mm long and 800 μm inner diameter mini-channels. 
Both the liquid pump and air turbine are controlled by 
an electronic control card. 

In the present study, an aluminum block heater as 
CPU simulator is used with 50.6 W in power and a size 
of 4 cm x 4 cm x 1 cm. This aluminum heater supplies 
a constant heat fl ux from only the surface that touches 
the heat sink. In this confi guration, since the lateral 
surfaces of the aluminum block heater are insulated 
with glass wool materials against heat loss, the heat is 
transferred vertically. Electric energy is transformed into 
heat energy with 100% effi ciency. So, the produced heat 
in the aluminum heater is transferred to the heat sink 
completely. According to the design, the contact surface 
of the CPU with the heat sink is 4 cm x 4 cm in size. 
So, the absorbed heat from this surface of 16 cm2 has 
been discharged into the atmosphere from a 35 times 
bigger surface than the heat-absorbing surface. In this 
design, absorbed heat from the CPU is exhausted to the 
air by way of mini channel fi ns. In addition, the heat 
carried by the fl uid fl ow in the fi ns is thrown into the air 
by convection. The photograph of the prototype of the 
heat sink and showing the structure of the minichannels 
are displayed in Figure 3a and Figure 3b, respectively. 

In the study, the nanofl uids with four different com-
positions are used as heat carrier fl uids. These are the 
mixtures of CuO, water and EG. Ethylene glycol (EG) is 
used as a base fl uid in the nanofl uids. The heat transfer 
fl uid is not subject to phase change as the heat sink is 
a closed system. In addition, EG is used to increase the 
boiling point of the coolant by a few degrees Celsius 
and helps decrease corrosion in the heating systems and 
decrease the freezing point of the heat transfer solution. 
The fi rst nanofl uid is composed of 3% EG and water 
(no nanoparticle), and the other three nanofl uids are 
composed of three different volume concentrations of 

CuO nanoparticles with a 3% EG-water solution. These 
nanofl uids are prepared by using the ultrasonic bath for 
24 hours. The nanofl uids provide reasonable stability 
and nanoparticle dispersion. The mixture of EG-water 
keeps the CuO nanoparticles loose and free. In this way, 
the nanofl uid fl ows inside the minichannels and other 
parts of the heat sink without coagulation. The used 
CuO nanoparticles in the research were provided by the 
Nanoamor Company. According to the producer, the geo-
metrical structure of the nanoparticles can be accepted 
as spherical, and the mean diameter of nanoparticles 
is 30–50 nm with a density of 6300 kg/m3. A powerful 
pump is used to overcome pressure drops, and to attain 
fl uid fl ow in the system. Logically, a swirl fl ow chamber 
was used to increase the heat transfer rate at the bottom 
surface of the heat sink, fi rst. Secondly, thanks to the 
swirl fl ow generated at the bottom, the nanoparticles in 
the nanofl uid are prevented from precipitating at the 
bottom. So, the swirl fl ow formed on the base surface 
of the swirl cell not only creates a uniform nanofl uid 
concentration by carrying the nanoparticles up but also 
prevents blocking the base surface of the swirl cell. By 
means of an electronic control card mounted on the 
system, the speed of the pumps and fans can be con-
trolled, and thus it is aimed to provide energy effi ciency 
and reduce the noise level.

Figure 2. The schematic representation of the heat sink

Figure 3. a) The structure of the minichannel-fi ns in the heat 
sink. b) The photograph of the prototype heat sink
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Reynolds number of the coolant (nanofl uid) and CuO% 
volume fraction parameters were chosen as parameters 
in the research (Table 1). In the experiments, the effect 
of Re number of the coolant (nanofl uid), CuO% volume 
fraction in nanofl uid were investigated on the heat fl ux 
withdrawn by heat sink (cooling rate of the heat remover) 
and on the decrement in the CPU temperature.

Ni-CrNi thermocouples, which are used in the per-
formance test system, were calibrated before cooling 
performance tests of the heat sink, by referring to a hi-
gher accurate thermocouple. And then, a thermocouple 
calibration curve has been graphed using calibration 
data and used in heat transfer performance calculations.

The thermophysical properties of CuO nanofl uid are 
fi gured out using the following equations: Firstly, the 
effective density of the nanofl uid is fi gured out by using 
Equation-I16. 

 (I)
Where, ρo is the density of base fl uid, p is the density 

of CuO nanoparticle, is the volume % fraction of CuO 
nanoparticles. It is reported by a few researchers that 
nanoparticle additives up to volume ratio of 2% don’t 
affect heat transfer solution viscosity19. For this reason, 
the used viscosity values of nanofl uids in this research 
were taken as the same with base fl uid which consists 
of EG 3% and distilled water. The effective heat con-
ductivity of the nanofl uids has been fi gured out using 
Equation-II, suggested by Koo and Kleinstreuer34, 35.

 (II)
Where, keff-nf is the effective heat conductivity of the 

nanofl uid. Thermophysical properties of ethylene gylicol 
(average temperature of CPU at 71oC), pure water and 
CuO nanoparticles used in the present work is given in 
Table 2. 

The geometrical structure of the nanoparticles can 
be accepted as spherical, and the mean diameter of 
nanoparticles is 30–50 nm with a density of 6300 kg/m3.

In this equation, the static term is only a function 
of the conductivity of the base fl uids and the volume 
concentration of the nano-sized particles. The effective 
heat conductivity of the nanofl uids (keff-nf) has been 
calculated considering both static and Brownian effects. 
The effective conductivity values have been used in 
other calculations. In the present study, since the value 
of the volume fraction of the CuO nanoparticle in the 
nanofl uid is less than 1%, in calculating the effective 
heat conductivity of the nanofl uid according to the 
heat conductivity models, the static conductivity due to 
the intermolecular energetic potential and the thermal 
conductivity according to the Brownian motion should 
be calculated. In this study, in laminar fl ow through 
minichannels, the Nusselt numbers Nu are obtained 
from the Sieder and Tate correlation (Equation-III)34, 35:

 (III)

Some researchers discovered that up to a volume ratio 
of 2%, the solid particles do not affect the viscosity of 
the nanofl uids. However, as the nanoparticle amount in 
the nanofl uid has increased, the viscosity of the nanofl uid 
increases compared to the base fl uid19. Dynamic viscosity 
values of CuO nanofl uid used in this correlation, deve-

Table 1. The values of the parameters used in the research

Table 2. Thermophysical properties of ethylene gylicol, pure water and CuO nanoparticles used in the present work

Figure 4. The performance test system used for the heat sink2

Test Banch and Measurment Technique
Heat sink performance has been tested by using the 

system in Figure 4. In this system, an aluminum block 
of 2 cm in height and 4 cm x 4 cm in size has been 
placed between the heat sink and the aluminum block 
heater, and heat enhancing paste has been applied to the 
contact surfaces to reduce the heat contact resistance. 
The lateral surfaces of the aluminum block and heater 
are insulated with rock wool heat insulation material. 
Thus, the generated heat is only transferred to the 
heat absorber. By applying a constant electric current 
at 1.5 A to the resistors, constant heat fl ux conditions 
are provided. And then the obtained heat is conveyed 
to the heat remover through the aluminum block. After 
steady state conditions are met, temperature measure-
ment is made using 2 thermocouples placed at T1 and 
T2 points shown in Figure 4. 

Aluminum material heat conduction coeffi cient (k) is 
240 W/mK as obtained from the literature. The product 
of the heater’s current output value gives the value of 
heat produced. In the formula of Fourier’s law, the 
value of k, the difference between T1 and T2 tempera-
tures, and the distance between the two temperature 
measurement points (15 mm) are replaced to fi nd the 
thermal fl ow rate (J/s).
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loped by Kulkarni et al for CuO-water nanofl uid, are 
calculated using the following Equation-IV34, 37:

 (IV)
where, μnf is dynamic viscosity of nanofl uid (mPa . s), 
A and B are parameters in the equation of the volume 
fraction of CuO nanoparticles, R2 is the correlation 
coeffi cient. A and B have been calculated by using the 
equations as follows34.

 (V)

 (VI)

Uncertainty Analysis
The error analysis of the experimental measurements 

for the present study is realized using a sensitive method 
called uncertainty analysis, defi ned by Kline and Mc-
Clintoc, at a 95% confi dence level38, 39, 40. Errors have 
been determined using by lowest counts and sensitivities 
of the measuring apparatuses used in the present study. 
The detailed error analysis for the present study is given 
in Table 3. For the given experimental conditions, the 
maximum uncertainty (WRe) is calculated at 1.5% in the 
Reynolds number, in the heat fl ux (Wq) 2.1%, and for 
Reynolds numbers less than 300, in the Nusselt number 
as (WNu) 11%.

Table 3. The average possible error for the experimental para-
meters

Figure 5. The cooling performances of the heat sink for different 
coolant mixtures: (a) Coolant with 3% EG-water; 
(b) Nanofl uid-coolant containing water, 3% EG, and 
0.08% CuO nanoparticle; (c) Nanofl uid-coolant con-
taining water, 3% EG, and 0.16% CuO nanoparticle; 
(d) Nanofl uid-coolant containing water, 3% EG, and 
0.24% CuO nanoparticle

RESULTS AND DISCUSSION 

Within the scope of this experimental study, a new heat 
sink, including parts: minichannel-fi ns, nanofl uid, and 
swirl fl ow chamber, having positive effects on cooling, 
has been designed and the heat removing capability has 
been tested at the room temperature of 25oC.

The experimental procedure consists of two steps: 
In the fi rst step, the heat of 50.6 W has been produced 

by using an aluminum block heater, which is used as 
a CPU simulator at constant heat fl ux conditions. An 
aluminum heat bridge has been located on an aluminum 
block heater to measure temperatures and compute 
the cooling fl ux of heat sink. After a ten minute elec-
tric current has been applied to resistors, a required 
maximum CPU temperature value of 135oC has been 
achieved. In the second step, the heat sink is located 
on an aluminum heat bridge, and a centrifugal liquid 
pump is started immediately. And then, a nanofl uid fl ow 
has been supplied at a determined liquid rate in heat 
sink. Simultaneously, a timer has been started with the 
starting of the pump. To determine the heat fl ux rate 
of heat sink, temperature measurements are taken by 
using two Ni-CrNi thermocouples, located inside two 
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holes laterally on the aluminum bridge. The aluminum 
bridge and aluminum block heater have been covered 
with insulating material, called stone wool. Consequently, 
throughout the cooling process, temperature values versus 
time have been measured and saved.

By using the temperature data measured at different 
times, the computed heat fl ux values (W/cm2) of the heat 
sink have been calculated and graphed versus time in 
Figure 5(a–d). According to these graphs, it has been seen 
that the heat removal fl ux with increasing time increased 
dramatically in fi ve minutes. However, after 5 minutes, 
the heat removal fl ux values have increased together 
with the tangential decreasing. After 20 minutes, it has 
become steady state. Besides, heat fl ux values increased 
depending on the increase of Reynolds number values.

It is seen from Fig. 5(a–d) that the heat fl ux values 
have increased exponentially for studied Re numbers 
depending on the volume fraction of CuO. For example, 
at the 20th minute for Re of 286, the heat fl ux value 
is 808 W/cm2 for no nanoparticle, water with 3% EG. 
However, in nanofl uids containing 0.08 CuO, 0.16 CuO, 
and 0.24, the heat fl ux values are 920, 967, and 1160 W/
cm2, respectively.

The variation of heat fl ux withdrawn through minichan-
nel-fi ns versus pressure drops in different time intervals, 
for different cooling fl uids, is shown in Figure 6(a–c). 
As cooling fl uids, 3% EG-water mixture is used fi rstly, 
and also CuO-EG-water nanofl uids with different three 
CuO% volume fractions are used. It can be seen from 
Figure 6(a–c) that as the pressure drop throughout the 
minichannel-fi ns has increased, the heat fl ux values with-
drawn from the CPU have also increased. Besides, it is 
shown in Figure 6(a–c) that as CuO load is increased in 
CuO nanofl uids, the heat fl ux withdrawn from the CPU 
is enhanced. According to the graphs in Figure 6(a–c), 
at 472 Pa conditions, if CuO load in the nanofl uid is 
increased from 0.0 to 0.24%, the heat fl ux withdrawn 
increases respectively 1.40, 1.41, and 1.42 times.

Figure 7 shows that, as the Reynolds number enhances 
inside of the minichannel-fi ns depending on fl uid fl ow 
rate, it is observed that the pressure drops through the 
minichannel-fi ns increases dramatically. The pressure 
drop difference, for the CuO-EG-water nanofl uids with 
different CuO% volume fractions is too low at the value 
of Re equals 108. It is observed from Figure 7 that, 
the difference among curves showing pressure drop 
for nanofl uids with different CuO% volume fractions, 
is getting increased as the Reynolds number enhances.

It is seen from Figure 8(a–d) that the junction tem-
perature has changed depending on the time, on the 
heat transfer surface between the heat sink and the 
aluminum block heater. According to these graphs, it 
can be observed that the junction temperatures dropped 
exponentially in 20 minutes and remained constant after 
20 minutes. 

In Figure 8–a, the temperature values reached 76oC at 
the 20th minute, for Re is 286, and water with 3% EG. 
Besides, at 20th second and Re is 286, the temperature 
values were measured as 67.9oC, 61.7oC, and 58oC for 
nanofl uids containing 0.08 CuO, 0.16 CuO, and 0.24 
respectively, from Figure 8(b–d).

A comparative presentation of the present study results 
with the literature data41 showing the effect of Reynolds 

Figure 6. The relationship between pressure drop in the mi-
nichannel-fi ns and heat fl ux withdrawn from CPU 
in the different time intervals for nanofl uid-coolants 
composed of water with 3% EG and different CuO% 
volume fractions: (a) for 5 minutes; (b) for 10 minutes 
and (c) for 15 minutes

Figure 7. The relationship between pressures drop in the 
minichannel-fi ns and Reynolds Number, for nano-
fl uid-coolants composed of water with 3% EG and 
different CuO% volume fractions
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number and CuO % volume fraction on contact surface 
temperature between the aluminum block heater and the 
heat sink is given in Figure 9. According to the graph, the 
temperature behavior observed in the 100–300 range of 
Reynolds in the CPU cooling study carried out by Mirry 
et al41 with water and nanofl uid containing 0.5% Al2O3 
is similar to the behavior obtained in the present study 
for nanofl uid containing 0.24% and 0.16% CuO in the 
same Reynolds range, and also that overlap the curves.

In Figure 10, Nusselt numbers distribution versus Rey-
nolds numbers is given at different CuO% volume frac-

Figure 10. Nusselt number distribution versus Reynolds number 
for diff erent CuO % volume fractions

Figure 9. The infl uence of Reynolds number on the temperature 
of the contact surface between aluminum block heater 
and heat sink, for nanofl uid-coolants with different 
nanoparticle % volume fractions (Present study versus 
Miry et al.41)

Figure 8. The changing of temperature at the contact surface of the aluminum block heater with the heat sink versus time for different 
coolant mixtures: (a) Coolant containing 3% EG and water; (b) Nanofl uid-coolant containing water, 3% EG, and 0.08% 
CuO nanoparticle; (c) Nanofl uid-coolant containing water, 3% EG, and 0.16% CuO nanoparticle; (d) Nanofl uid-coolant 
containing water, 3% EG, and 0.24% CuO nanoparticle

tions. In the given graph of Figure 10, Nusselt numbers 
have increased exponentially depending on the increase 
of Reynolds numbers. The enhancement of Nu numbers 
can be explained by the increment of the convective heat 
transfer rate depending on the increment of Reynolds 
numbers in the minichannel-fi ns has increased42.

In Figure 11, Nusselt numbers distribution versus CuO 
% volume fraction is given at different Reynolds numbers. 
The behavior of Nusselt numbers versus CuO% volume 
fraction has shown that the cooling rate of the situation 
using the nanofl uids is greater than the value obtained 
using the base fl uid. Besides, Nu numbers increase with 
the increment of CuO% volume fraction. The increment 
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has been explained by Saadoon et al. with the higher 
thermal effi ciency of nanofl uids than that of water and an 
increase in the heat conduction contribution to the total 
energy. The enhancement of total energy is attributed to 
the collision rate of the nanoparticles with the increment 
in CuO nanofl uid concentration, which enhances the 
Brownian motion of the nanoparticles in the nanofl uid, 
and the heat conductivity of the nanofl uid42.

with the results of the study done by Saadoon showing 
the effect of CuO % volume fraction on the Nusselt 
number’s distribution is given in Figure 12. According 
to the graph, the Nusset number distribution observed 
in the 0.025–0.075 range of CuO % volume fraction in 
the CPU cooling study carried out by Saadoon et al, 
is similar to the distribution obtained in the present 
study for CuO nanofl uid and that overlapped with the 
curves also42.

The heat energy absorbed by the heat sink versus the 
energy produced by the CPU for different composition’s 
coolants was graphed by considering the data at the 20th 
minute, and the Re is 286 in Figure 13(a–d). For the fi rst 

Figure 11. Nu number distribution versus CuO % volume fraction 
in the nanofl uids, for diff erent Reynolds Number

Figure 12. Nu number distribution versus the CuO % volume 
fraction in the nanofl uids, at Reynolds number of 210 
(Present study results versus Saadoon et al.42)

Figure 13. The absorbed heat energy by the heat sink versus the produced energy by the CPU for diff erent coolant mixtures at Re of 286: 
(a) Coolant with 3% EG with water; (b) Nanofl uid-coolant containing water, 3% EG, and 0.08% CuO nanoparticle, (c) Nanofl u-
id-coolant containing water, 3% EG, and 0.16% CuO nanoparticle; (d) Nanofl uid-coolant containing water, 3% EG, and 0.24% 
CuO nanoparticle

Sadoon et al.42, in their mini-channel heat sink study, 
which has minichannels with different wave amplitudes 
and geometry, determined the effects of wave amplitude 
and different nanofl uid types on the heat sink performan-
ce. A detailed comparison of the present study results 
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coolant composed of 3% EG with water, the absorbed 
heat is 166 times higher than the produced heat, and 
heat fl ux value is 810 W/cm2. For the second coolant 
composed of water with 3% EG and 0.08% CuO, this 
value is 190 times higher, and heat fl ux value is 925 W/
cm2. That value is 200 times for the third coolant com-
posed of water with 3% EG and 0.16% CuO, and heat 
fl ux value is 975 W/cm2. This value is 241 times for the 
fourth coolant composed of water with 3% EG and 
0.24% CuO, and heat fl ux value is 1175 W/cm2.

By considering that the power density of the new-
-generation CPUs6 under normal operating conditions 
is 150 W/cm2, the heat sink with 810 W/cm2 heat fl ux 
(min. value) at Re 286 is suffi cient for cooling the new-
-generation CPUs (Fig. 13a). However, the power density 
of the new-generation CPUs under normal operating 
conditions is 150 W/cm2, and the cooling fl ux value of 
the heat sink (max. value) at Re 286 is 1175 W/cm2 (Fig. 
13d), the developed heat sink has eight times faster 
cooling capacity.

CONCLUSIONS

In this research, the heat sink with high thermal perfor-
mance, and the capability to lower the CPU temperature 
very quickly when needed is tried to be developed. Using 
this heat sink, it has been tried to test whether heat 
can be absorbed in high fl uxes or not, without having 
to worry about energy consumption for liquid pumping. 
According to the results, heat dissipates from the surfa-
ce of the minichannel-fi ns, more effi ciently than those 
of conventional fi ns, allowing for higher cooling rates. 
Within the scope of the research, after the determined 
parameters have been tested following conclusions have 
been reached:

The overall performance of the heat sink increases 
by enhancing nano-sized particle volume fraction and 
Reynolds number in the minichannels.

As a result, the produced heat sink in the present 
research is adequate for heat management of the new-
generation CPUs and so, they can operate in a safe 
temperature range. The cooling performance of the 
produced heat sink is higher than a lot of heat sinks in 
the literature aside from impinging jet heat sink.   

The heat sink has a large number of fi ns and thus suf-
fi cient heat transfer surface area, and the mass fl ow rate 
of coolant in the minichannel-fi ns is enough. However, 
because a fast enough cold airfl ow couldn’t be provided 
across the outer surface of the minichannel-fi ns in the 
experiments, the heat removal fl ux could not exceed the 
value of 1175 W/cm2, at Reynolds number of 286 and 
for coolant containing 3% EG with water and 0.24% 
CuO nanopowder.

Thanks to the used minichannel-fi ns, the temperature 
gradient between the surface of fi n and the airfl ow has 
been kept at the maximum value along the fi ns. The CPU 
temperature decreased from 135 to 76oC for water with 
3% EG in 20 minutes at a Reynolds number of 286. For 
the coolant, which consists of water with 3% EG and 
0.24% CuO, the CPU temperature decreased from 135 
to 58oC in 20 minutes at a Reynolds number of 286.

It has been found that the heat removal fl ux of the 
heat sink has increased from 660 to 810 W/cm2 depend-

ing on the Reynolds number increase from 108 to 286 
for water with 3% EG in 20 minutes. The cooling fl ux 
of the heat sink has increased from 927 to 1175 W/cm2 
depending on the Reynolds number increase from 108 
to 286 for a coolant containing 3% EG with water and 
0.24% CuO nanoparticle. At the end of 20 minutes 
and with the highest Re number value of 286, the heat 
removing fl ux of the heat sink has increased from 810 
to 1175 W/cm2 due to the increase in CuO load of the 
coolant fl uid from 0 to 0.24.

Pressure drop in the heat sink has increased depending 
on the increment of Reynolds number and CuO volume 
% fraction. Heat fl ux withdrawn from the CPU for 15 
minutes has increased depending on increased pressure 
drop and reached the value of 1106 W/cm2 at the pres-
sure drop of 472Pa. At the end of the 20th minute, the 
heat energy withdrawn from the CPU was found to be 
241 times more than that of the produced, for water 
with 3% EG+ 0.24% CuO at the fl ow conditions of 
Reynolds number 286.

In addition, considering that the increase in Re number 
and CuO volume concentration will increase the pressure 
drop and accordingly the pump power, the nanofl uids 
with relatively low CuO concentrations were chosen as 
a coolant and worked at low Re values. These measures 
are advantageous in terms of the life of the pump.
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 NOMENCLATURE

CPU – Central Processing Unit
EG – Ethylene glycol
Nu – Nusselt number
WRe – the maximum uncertainty in the Re
WNu – the maximum uncertainty in the Nu
h  – Heat transfer coeffi cient (W/m2K)
Q  – Heat transfer rate from total surface (J/s)
k  – Thermal conductivity (W/mK)
keff-nf – Effective thermal conductivity of the nanofl uid 
    (W/mK)
D  – Diameter of mini channel (m)
L  – Length of mini channel (m)
T  – Temperature
  – Density (kg/m3)
o  – Density of base fl uid (kg/m3)
μb  – Dynamic viscosity of fl uid at bulk temperature
    (Pa . s)
P  – Particle properties
o  – Base fl uid properties
Re – Reynolds Number in minichannel
Pr  – Prandtl number
rpm – Rotational per minute
Wq – the maximum uncertainty in the q
Tb  – temperature at the base of the fi n
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q  – Heat fl ux (W/cm2)
A  – Amper (A)
Dh  – Hydraulic diameter (m)
K  – Kelvin degrees (K)
W  – Watt (J/s)
Cp  – Heat capacity (J/kg K)
R2  – Correlation coeffi cient

  – volume % fraction of CuO nanoparticles
μ0  – Dynamic viscosity of fl uid at wall temperature 
    (Pa . s)
η  – Fin effi ciency
nf  – Nanofl uid

LITERATURE CITED
1. Agostini, B., Fabbri, M., Park, J.E., Wojtan, L., Thome, 

J.R. & Michel, B. (2007). State of The Art of High Heat 
Flux Cooling Technologies. Heat Transf. Eng. 28(4), 258–281. 
DOI:10.1080/01457630601117799.

2. Arzutug, M.E. & Basci, A.A. (2021). A New Heat Sink 
Design for Cooling Microprocessors and Investigation of Co-
oling Performance, Proceedings, Int. Symposium on Applied 
Science and Enginnering (Proceedings of ISASE 2021), 7–9 
April, 2021 (pp. 120-123) Erzurum, Türkiye. 

3. Al-Tae’y, K.A., Ali, E.H. & Jebur, M.N. (2017). Experi-
mental Investigation of Water Cooled Minichannel Heat Sink 
for Computer Processing Unit Cooling, Int. J. Eng. Res. Appl. 
7-8(1), 38–39. DOI: 10.9790/9622-0708013849.

4. Pal, A., Joshi, Y., Beitelmal, M.H., Patel, C.D. & Wenger, T. 
(2002). Design and Performance Evaluation of a Compact Ther-
mosyphon, IEEE Transactions on Components and Packaking 
Technologies. 25(4), 601–607. DOI:10.1109/TCAPT.2002.807997.

5. Badruddin, I.A., Al-Rashed, A.A., Salman, A.N.J., Kha-
leed, H.M.T., Ahmed, N.A., Kamangar, S., Yunus Khan, T.M. 
(2014). Investigation of Discrete Heating At Upper Section 
of A Porous Annulus. Aust. J. Basic Appl. Sci. 8(24), 283–289.

6. Yuki,K. & Suzuki, K. (2011). Applicability of Minichan-
nel Cooling Fins to The Next Generation Power Devices as 
a Single-Phase-Flow Heat Transfer Device. Trans. Japan Inst. 
Elect. Power Packaking, 4(1), 52–60. DOI: 10.5104/jiepeng.4.52. 

7. Dixt, T. & Ghosh, I. (2015). Review of Micro and Mini-
-Channel Heat Sinks and Heat Exchangers for Single Phase 
Fluids. Renew. Sust. Energy Rev. 41, 1298–1311. DOI: 10.1016/j.
rser.2014.09.024.

8. Lee, H. (2010). Thermal Design: Heat sinks, thermoelectrics, 
heat pipes, compact heat exchangers and solar cells (2nd ed.). 
John Wiley & Sons Inc.

9. Kraus, A.D. & Bar-Cohen, A. (1995). Design and analysis 
of heat sinks. John Wiley & Sons Inc.

10. Carr, J.D. An Examination of CPU Cooling Technologies. 
Retrieved December 23, 2022, from dsiventures.com/up-contect/
uploads/2019/04/CPU-cooling-Technologies.pdf.

11. Gayatri, M. and Sreeramulu, D. (2015). Performance of 
Water and Diluted Ethylene Glycol as Coolants for Electronic 
Cooling. Int. J. Eng. Res. Appl. 5, 135–140.

12. Nikhil, S.S. & Kriplani, V.M. (2013). Review of Heat 
Transfer Enhancement Techniques in Swirl Flow Using Active 
and Passive Methods. Int. J. Eng. Res. Tech. 6(1), 86–94.

13. Arzutug, M.E. & Yapıcı, S. (2009). Electrochemical 
Mass Transfer in Impinging Swirl Jets. Ind. Eng. Chem. Res. 
48, 1593–1602. DOI: 10.1021/ie0715097.

14. Siddique, H., Hoque, Md. S.B. & Ali, M. (2016), Effect of 
Swirl Flow On Heat Transfer Characteristics In A Circular Pipe. 
July, 2016 (pp. 1-7). International Conference on Mechanical 
Engineering: Proceedings of the 11th International Conference 
on Mechanical Engineering (ICME 2015), Dhaka, Bangladesh. 

15. Biruk, V.V. (1993). Vortex Effect of Energetic Gas 
Separation in Aviation Technics and Technologies, Izv. Vuzov. 
Aviac. Tekhn. 1(2), 20–23. 

16. Khatalov, A.A. (1989). Theory and experience of swirl 
fl ow. Naukova Dumka Press. 

17. Kakac, S. & Paramuanjaroenkij, A. (2009). Review of 
Convective Heat Transfer Enhancement with Fluids. Int. J. 
Heat and Mass Transf. 52, 3187–3196. DOI: 10.1016/j.ijheat-
masstransfer.2009.02.006.

18. Sara, O.N., İçer, F., Yapici, S. & Sahin, B. (2011). Effect 
of Suspended CuO Nanoparticles on Mass Transfer to a Rota-
ting Disc Electrode. Exp. Therm. Fluid Sci. 35, 558–564. DOI: 
10.1016/j.expthermfl usci.2010.12.011.

19. Patuleanu, L., Manolache-rusu, I.C., Andronic, F. &  
Radion, I. (2014). Heat Transfer Through Mini and Micro 
Circular Channels of CPU’s Cooling Systems. J. Eng. Stud. 
Res. 20(1), 76–81. DOI: 10.1117/12.823670.

20. Al Shdaifat, M.Y., Zulküfl i, R., Sopian, K. & Salih, 
A.A. (2020). Thermal and Hydraulic Performance of CuO/
Water Nanofl uids: A Review, Micromachines. 11(416), 1–19. 
DOI:10.3390/mi11040416.

21. Heris, S.Z., Etemad, S.G. & Esfahany, M.N. (2006). 
Experimental Investigation of Oxide Nanofl uids Laminer Flow 
Convective Heat Transfer. Int. Commun. Heat Mass Transf. 33, 
529–535. DOI: 10.1016/j.icheatmasstransfer.2006.01.005.

22. Caprani, A., Fricquelmont-Laizas, M.M. & Peranneau, 
P. (1988). Mass Transfer in Laminer Flow at a Rotating Disc 
Electrode in Suspensions of Inert Particles. J. Electrochem. 
Soc. 135(3), 635–642.

23. Masuda, H., Ebata, A., Teramae, K. & Hishinuma, N. 
(1993). Alterlation of Thermal Conductivity and Viscosity Li-
quid by Dispersing Ultra-fi ne Particles (Dispersion of g-Al2O3, 
SiO2 and TiO2 ultra- fi ne particles). Netsu Bussei. 7, 227–233. 
DOI: 10.2963/jjtp.7.227.

24. Lee, S., Choi, S.U.S., Li, S. & Eastman, J.A. (1999). 
Measuring Thermal Conductivity of Fluids Containing Oxide 
Nanoparticles, Trans. ASME, J. Heat Transfer. 121, 280–289. 
DOI: 10.1115/1.2825978.

25. Wang, X., Xu, X. & Choi, S.U.S. (1999). Thermal Con-
ductivity of Nanoparticle-Fluid Mixture. J. Thermophys. Heat 
Transfer. 13, 474–480. DOI: 10.2514/2.6486. 

26. Afshari, F. & Muratçobanoğu, B. (2023). Thermal analysis 
of Fe3O4/water nanofuid in spiral and serpentine mini channels 
by using experimental and theoretical models. Int. J. Environ. 
Sci. Technol. 20, 2037–2052. DOI: 10.1007/s13762-022-04119-6.

27. Naranjani, B., Roohi, E. & Ebrahimi, A. (2021). Thermal 
and hydraulic performance analysis of a heat sink with cor-
rugated channels and nanofuid. J. Therm. Anal. Calorim. 146, 
2549–2560. DOI: 10.1007/s10973-020-10225-9.

28. Ebrahimi, A., Rikhtegar, F., Sabaghan, A. & Roohi, E. 
(2016). Heat transfer and entropy generation in a microchannel 
with longitudinal vortex generators using nanofl uids. Energy. 
101, 190–201. DOI: 10.1016/j.energy.2016.01.102.

29. Souida, S., Sahel, D., Ameur, H. & Yousfi , A. (2022). 
Numerical Simulation of Heat Transfer Behaviors in Conical 
Pin Fins Heat Sinks. Acta Mechanica Slovaca. 26(3), 32–41. 
DOI: 10.21496/ams.2023.002.

30. Bencherif, B., Sahel, D., Benzeguir, R. & Ameur, H. 
(2023). Performance Analysis of Central Processing Unit Heat 
Sinks Fitted with Perforated Techniques and Splitter Inserts. 
J. Heat Mass Transf. 145(1), 014501. DOI: 10.1115/1.4055815.

31. Sahel, D., Bellahcene, L., Yousfi , A. & Subasi, A. (2021). 
Numerical investigation and optimization of a heat sink having 
hemispherical pin fi ns. Int. Comm. Heat Mass Transf. 122, 
105133. DOI: 10.1016/j.icheatmasstransfer.2021.105133.

32. Çengel, Y.A. (2006). Heat and Mass Transfer- A Practical 
Approach (3rd ed.). Mc Graw Hill.

33. Ismail, M., Fartaj, A., Karimi, M. (2013). Numerical 
Investigation on Heat Transfer and Fluid Flow Behaviors of 
Viscous Fluids in a Minichannel Heat Exchanger, Numerical 
Heat Transfer, Part A. 64(1), 1–29. 

34. Marcelino, E., Riehl, R.R. & Silva, D. de O. (2016). 
A Review on Thermal Performance of CuO-Water Nanofl uids 



100 Pol. J. Chem. Tech., Vol. 25, No. 3, 2023

Applied to Heat Pipes and Their Characteristics. In: Proc. of 
15th IEEE Intersociety Conference on Thermal and Ther-
momechanical Phenomena in Electronic Systems (ITherm). 

35. Beck, M.P. (2008). Thermal conductivity of metal oxide na-
nofl uids. PhD Thesis. Georgia Institute of Technology, Georgia.

36. Engineering Toolbox: Ethylene Glycol Heat-Transfer Fluid 
Properties. Retrieved December 25, 2022 from https://www.
engineeringtoolbox.com/ethylene-glycol-d_146.html

37. Kulkarni, D.P., Namburi, P., Misra, D. & Das, D.K. 
(2007). Viscosity of Copper Oxide Nanoparticles Dispersed 
in Ethylene Gylcol and Water Mixture. Exp. Therm. Fluid Sci. 
32(2), 397–402. DOI: 10.1016/j.expthermfl usci.2007.05.001.

38. Genceli, O. (2005). Measurement technnique (Dimension, 
Pressure, Flow and Temperature Measurements). Istanbul, Tür-
kiye. Birsen Publisher.

39. Kline, S.J. & McClintock, F.A. (1953). Describing Uncertain-
ties in Single-Sample Experiments. Mechanical Engineers. 75, 3–8.

40. Mikielewicz, D. & Wajs, J. (2017). Possibilities of Heat 
Transfer Augmentation in Heat Exchangers with Minichannels 
for Marine Applications. Pol. Marit. Res. 24, 133–140. DOI: 
10.1515/pomr-2017-0031.

41. Miry, S.Z., Rowshani, M., Hanafi zadeh, P., Ashjaee, M. 
& Amini, F. (2016). Heat Transfer and Hydrodynamic Perfor-
mance Analysis of a Miniature Tangential Heat Sink Using 
Al2O3-H2O and TiO2-H2O Nanofl uids. Exp. Heat Transf., 29, 
1–25. DOI: 10.1080/08916152.2015.1046016.

42. Saadoon, Z.H., Ali F.H., Hamzah, H.K., Abed, A.M. & 
Hatami, M. (2022). Improving the Performance of Mini-Channel 
Heat Sink by Using Wavy Channel and Different Types of Na-
nofl uids. Sci. Rep., 12, 9402. DOI: 10.1038/s41598-022-13519-0.


