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Abstract

Peltier cooling systems are usually smaller, more portable, and relatively simpler to operate compared to conventional
vapor compression cooling systems. For this reason, Peltier cooling systems are widely recommended for use in the field
of cooling applications and refrigerators. These cooling systems have relatively low efficiency despite extensive operation.
To solve this problem, a Peltier cooling system operated with advanced nanofluid is proposed in this study. In this cooling
system, water-based Fe;O, nanofluids were used to cool the Peltier. In order to obtain high stability in these nanofluids, the
nanoparticles were synthesized chemically with surface modification processes (Fe;O,@SiO,@(CH,);IM). By designing and
manufacturing an air-to-nanofluid cooling system, the performance of Peltier cooling system was evaluated and compared
to the conventional air-to-water system. The nanofluids were prepared in three different volume concentrations as 0.2%,
0.5% and 1.0% and then were examined at different working conditions. This research has been analyzed using both experi-
mental and numerical methods. Temperature measurements and experimental COP evaluations were made in the cooling
chamber. The flow structure and temperature distribution in spiral heat exchanger were closely surveyed and discussed in
detail. According to the results obtained, nanofluid volumetric concentrations, inlet temperatures and mass flow rates had a
significant effect on the cooling performance of the Peltier systems. It was observed that COP values decreased over time in
all experiments and approach zero gradually.
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Subscripts

1) Free stream or ambient
a Air

bf Base fluid
c Cold side
fa Fan

h Hot side
m Mean
max  Maximum
nf Nanofluid
P Particle
pe Peltier

pu Pump

tot Total

1 Introduction

Globally, a significant section of electrical energy is used for
cooling and long-term preservation of food, medicine, etc.
products. In accordance with this purpose, vapor compres-
sion systems are widely utilized. However, many researchers
are working on thermoelectric systems that can be used for
the same purpose as vapor compression systems. Nowadays,
with the increase in energy consumption, the use of high-
efficiency vehicles is gaining more importance. Although
the efficiency of thermoelectric systems is not as much as
the conventionally used vapor compression systems, they
are advantageous because they do not have extra costs, such
as valves, compressors, and working fluids (Pourkiaei et al.
2019; Afshari et al. 2020). In the studies carried out on the
thermoelectric cooler, various methods are applied to throw
away the heat from the cooler to the ambient. The most com-
mon of these methods are air to a refrigerant fluid (Gokg¢ek
and Sahin 2017), air-to-air with forced convection through
a fan (Caglar 2018), or air-to-air with natural convection
(He et al. 2021).

Although air-to-air systems are quieter and require less
equipment, it has been determined by experimental studies
that their cooling performance is lower than air-to-liquid
systems (Afshari 2021). For this reason, it may be more con-
venient to use liquid to remove waste heat in thermoelec-
tric cooling systems. An air-to-water thermoelectric system
prototype was designed and produced by Afshari (Afshari
2020) and the efficiency of the system in heating and cool-
ing modes was compared. The Coefficient of Performance
(COP) value was approximately 200% higher in the heating
mode than in the cooling mode after 60 s. Additionally, it
was stated that the energy consumption was higher in cool-
ing mode. In another study, experiments were carried out by
placing Peltier modules in an air channel and integrating a
water-cooling system on the modules to remove heat. The
COP values obtained with this installed system were found
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to be slightly more than 1.5 in the cooling mode and almost
2 in the heating mode (Cosnier et al. 2008). A thermoelec-
tric system providing air-to-water cooling was developed
by Tan and Zhao (Tan and Zhao 2015) and the effect of the
phase changer on the system performance was investigated
by integrating a phase change material into this system. The
experiments performed have demonstrated that the phase
change material increases the COP value of the system by
56%. In a study, tests were carried out on a thermoelectric
cooler integrated with a mini-channel heat exchanger by
Chein and Chen (Chein and Chen 2005). It has been reported
that the internal temperature of the cooler can decrease with
the increase of the applied electric current and the decrease
of the thermal resistance of the heat sink.

It has been proven by many studies in this field that
nanofluids exhibit better thermal performance than conven-
tional fluids, such as water, ethylene, and oil (Huminic and
Huminic 2011; Tiwari et al. 2013; Zheng et al. 2020; Kumar
and Sonawane 2016; Yu et al. 2008; Bhatti et al. 2022; Ozer-
ing et al. 2010). Since the thermal conductivity of solids is
quite high compared to liquids and nanofluids are obtained
from solid particles dispersed in the liquid, the thermal con-
ductivity of nanofluids is higher than conventional liquids.
The thermal conductivity of the Al,O5-water nanofluid was
evaluated according to the temperature and ultrasonication
duration and compared with the base liquid. The maximum
thermal conductivity enhancement was detected as 14.4% at
4% vol. concentration and at 65 °C temperature (Buonomo
et al. 2015). In a study carried out by Esfe et.al (Esfe et al.
2015), MgO nanoparticles were dispersed in a water-ethyl
glycol mixture (60:40). The maximum thermal conductiv-
ity increase compared to the base liquid approached 35%
at 3% vol. Experimentally, in the study with Al,O;-water
nanofluid, it was revealed that the heat transfer coefficient
of the nanofluid was 40% higher than that of water at 6.8%
vol. (Nguyen et al. 2007). The most important parameter
affecting the use of nanofluids, which have positive effects
in thermal applications, is their stability. The stability of
nanofluids depends on many factors, such as pH values,
nanoparticles concentration, size and morphology, capping
agent type, and van der Waals interactions (Rahman Salari
et al. 2022). The stability of nanofluids has been investigated
by many researchers and optimum preparation conditions
have been discussed (Liu et al. 2015; Gupta et al. 2021;
Sadeghi et al. 2015).

The nanofluids used in different heat exchangers and
micro/mini-channels exhibit better thermal performance
than water and other conventional liquids (Asadollahi
et al. 2019; Ellahi 2013) and this makes them attractive for
air-to-liquid thermoelectric cooling systems. A thermo-
electric system was designed and produced by Ahammed
et.al (2016a) for the cooling of electronic devices. In this
designed system, waste heat will be removed by transferring
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it to the circulating liquid in a mini-channel heat exchanger.
The performances of the fluids were compared using water
and 0.1 and 0.2% vol. Al,05-water nanofluids as coolant.
In experiments performed at various Reynolds numbers, it
was determined that the COP value of the system showed a
40% improvement in 0.2% vol. nanofluid compared to water.
In order to improve the performance of the thermoelectric
cooling module, an experimental study was carried out using
TiO,-water and Fe;0,-water nanofluids. The nanofluids were
obtained by dispersing 0.005% vol. TiO, and 0.015% vol.
Fe;0, nanoparticles into water. The temperature difference
between the cold and hot sides of Peltier for Fe;O,-water
nanofluid as a refrigerant is 3.94% lower than that of TiO,
nanofluid. It was also 21.42% lower than water (Wiriyasart
et al. 2021). An experimental study was conducted to exam-
ine the nanofluid effect on the cooling performance of the
thermoelectric system. To achieve this aim, a water block
was installed on the hot side of the Peltier module to remove
the waste heat and a water-to-air heat exchanger is adapted
to the system in order to throw away the heat of the liq-
uid coming out of this block. Three different nanoparticles,
Si0,, Al,O5 and TiO,, were dispersed in water at different
mass fractions (0.1, 0.5 and 1%). The obtained experimental
outputs indicated that the Al,O;-water nanofluid exhibited
better thermal performance than the others in all cases. Con-
sidering the cooled water temperature, Al,O;-water nano-
fluid showed an increase of 55.1% compared to water (Cuce
et al. 2020). In a study examining the nanofluid effect on the
Peltier module, Al,O5-water was used as the nanofluid. In
this experimental study, a heat exchanger was placed on both
sides of the thermoelectric module and the performance of
the system was investigated in three different situations. In
these cases, the first is the use of nanofluids on both sides,
the second is the use of water on the cold side and the nano-
fluid on the hot side, and the third is the use of nanofluid
on the cold side and water on the hot side. The findings
obtained in the experiments indicated that utilizing nano-
fluid on the hot side at low Reynolds numbers significantly
increased the COP value of the system and decreased the
entropy generation, but it was observed that the nanofluid
on the cold side had the opposite effect (Mohammadian and
Zhang 2014). In another study using nanofluid in the ther-
moelectric system, it was stated that graphene-water nano-
fluid enhanced the COP value of the system by 72% and the
heat transfer coefficient by 88.62% (Ahammed et al. 2016b).
In a research conducted by preparing TiO,-water nano-
fluid, it was emphasized that the use of nanofluid instead of
water reduces thermal resistance (Lin et al. 2020; Putra and
Iskandar 2011). Another study was carried out by Nnanna
et al. (Agwu Nnanna et al. 2009), water and Al,O;-water
nanofluid were used and compared for heat disposal from
the thermoelectric module. The temperature differences of
the hot and cold sides of the Peltier module were assessed

and the results reached illustrated that while the nanofluid
was almost 0 °C, it was higher for water.

It is seen in the literature, there is an interest in increas-
ing the thermal performance (COP) of thermoelectric cool-
ers with the usage of nanofluids (Maneewan et al. 2014).
Although this issue has been discussed in terms of thermal
performance, no evaluation has been made on nanofluid
stability problems. One of the effective methods to avoid
stability problems is the surface modification process. The
lifetime of nanofluids can be increased by particle-specific
surface modification processes. In addition, stable nanofluids
can be obtained by applying surface modification to par-
ticles, such as Cu and Fe oxides, which are very difficult
to prepare in the stable but show high thermal conductiv-
ity. In this study, nanofluids obtained by applying surface
modification to Fe;O, nanoparticles with relatively high
thermal conductivity were used. The effects of the prepared
long-term stable nanofluids on the thermal performance
of a thermoelectric cooler were investigated. In this way,
unlike the literature, a higher thermal performance increase
could be achieved and a thermal system design with a long
service life was proposed. Air-to-nanofluid Peltier cooling
system has been designed and manufactured to improve the
efficiency of the cooling system using stable Fe;O,-water
nanofluid in different volume concentrations. The used heat
exchanger was also simulated using ANSYS Fluent as a CFD
program.

2 Experimental procedure details
2.1 Preparation of Fe;0,@Si0,@(CH,);IM NPs

The Fe;0,@Si0,@(CH,);IM NPs were synthesized
according to published method presented in open liter-
ature (Teimuri-Mofrad et al. 2018a, b). Briefly, FeCl,,
4H,0 and FeCl; were heated in deionized water to 80 °C
and NH,OH was added to the stirred solution. The
observed precipitates are Fe;O, NPs which collected by
an external magnet, washed with deionized water, and
dried in the oven at 60 °C. The Fe;O, NPs were dispersed
in EtOH and deionized water, NH,OH along with 2 mL
tetraethyl orthosilicate were added at 50 °C. After 2 h
Fe;0,@Si0, precipitates were separated by the magnet.
In continue, the Fe;O0,@Si0, were dispersed in toluene
and (3-chloropropyl) trimethoxysilane was added and
stirred for 24 h. Then, N-methylimidazole was added
and mechanically stirred for 48 h. The Fe;0,@Si0,@
(CH,);IM was separated by magnet, and dried by the
oven. In order to approve the nano-sized dimensions of
prepared Fe;0,@SiO,@(CH,);IM NPs, the SEM image
was displayed in Fig. 1. Spherical morphology with an
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Fig.1 SEM image of Fe,0,@Si0,@(CH,);IM NPs

Fig.2 TEM images of Fe;0,@Si0,@(CH,),IM NPs

average diameter of about 12 nm for prepared NPs were
observed.

The Fe;0,@Si0,@(CH,);IM NPs were also character-
ized via transmission electron microscopy (TEM) tech-
nique (Fig. 2). The TEM image demonstrated the spherical
shape as well as the core—shell structure of the synthesized
nanoparticle.

2.2 Preparation of nanofluid
In this section, total amounts of pure water and nano-

particles required for the preparation of nanofluids with
volume concentration ratios of 0.2%, 0.5%, and 1% were
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calculated. As shown in the schematic view below (Fig. 3),
the mixture of pure water and nanoparticles was initially
prepared and then mechanically stirred. Finally, a Hielscher
UP400S ultrasonic homogenizer device was used to pre-
pare a homogeneous nanofluid. The homogenizer was oper-
ated with a power of 200 W at 10 kHz for 210 min. The
anti-decomposition properties of nanofluids prepared with
surface-modified nanoparticles were evaluated in detail by
Mandev et al. (2022). In this study, the long-term stability
and thermo-physical property changes of nanofluid samples
were investigated.

2.3 Installation of the cooling system

Peltier thermoelectric modules are a type of energy con-
verter systems that consist of a number of semiconduc-
tors connected in series. By applying appropriate voltage,
the cooling effect of thermoelectrics is revealed. In Peltier
cooling systems, different kinds of heat exchangers are pro-
posed to use on both sides to enhance heat transfer rate. In
this study, a styrofoam refrigerator box with a volume of
0.0061 m® was utilized to examine the Peltier cooling per-
formance. Experiments were performed on TEC1-12715
model Peltier according to the principle of air-to-water
thermoelectric cooling model. After the experiments on
the water system, the heat transfer fluid was replaced and
nanofluids with different volume concentrations were used,
which was named as air-to-nanofluid cooling model. In
the hot side of Peltier module, a liquid-cooled exchanger
was used (Al heat exchanger). In this heat exchanger, fluid
temperature rises and this temperature should be decreased
to the requested inlet temperature. For this reason, fluid
was transferred to the fluid tank by passing through the
spiral heat exchanger in the constant temperature water
bath. On the cold side, a small fan and heat exchanger have
been employed. The pump, Peltier and cooling chamber fan
used in the system were supplied with a multi-channel DC
power supply. A schematic view of the installed setup is
given in Fig. 4 in more detail.

The temperature of cooling chamber was measured using
four K-type thermocouples and a data logger during the test
time. The obtained data was transferred to a computer using a
Hioki LR8402-20 model data logger with 0.01 °C resolution.
In the calculations, average values of obtained temperatures
were computed and used as the mean temperature of the cool-
ing chamber. The properties of the used Peltier module and
water pump are presented in Table 1. In this work, the tem-
perature variation of the cooling chamber was also evaluated
by a TESTO 885-2 model thermal Imager, which accuracy and
thermal sensitivity are+2 °C and <30 mK at 30 °C, respec-
tively. In Table 2, various parameters performed in the experi-
ments have been presented.
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Table 1 Properties of used Peltier module and water pump

Peltier module

Model

Qmax

Dimensions

Imax

Operating current

Operating voltage

231 W

4%x4%x0.4 cm

15A

<3A

v

12

TECI1-12715

Water pump

Weight

Working temperature

Flow rate Dimensions

Motor type

Operating voltage

Model

0.2 kg

10-60 ml/ 41x55x67 mm0-50 °C

Permanent magnet

DC-12V

Kamoer
NKP DCL

min

Table 2 Various parameters selected in the experiments

Volume concentration Water bath tempera- Mass flow rates

tures

Pure water 5°C 0.0003 kg/s
0.2% vol. NF 10°C 0.0006 kg/s
0.5% vol. NF 15°C 0.0009 kg/s
1.0% vol. NF 20 °C 0.0012 kg/s
- - 0.0015 kg/s

3 Numerical approach

In this section, the spiral-type heat exchanger used for cool-
ing nanofluids was simulated by CFD methods. The geom-
etry of heat exchanger was created in Fluent software and
the mesh generation was performed, then boundary condi-
tions of the domain were defined. The working conditions
selected in the experimental analyses were considered in
numerical solutions to evaluate temperature distribution and
flow structure in spiral heat exchanger. In Fig. 5, the geom-
etry and boundary condition of the spiral heat exchanger
are presented.

In the simulation created, it was assumed that the
thermo-physical properties of the fluid do not change with
temperature. In addition, solutions were made considering
steady-state conditions. Parallel solver was selected in Flu-
ent launcher settings. Since there is an incompressible flow
in the simulation performed, the solvent type was preferred
pressure-based. Also, the velocity formulation was deter-
mined as absolute. In order to obtain more precise results,
couple was chosen in the scheme section of the solution
method. Direct Numerical Simulation (DNS) method is
generally insufficient to simulate the flow field and vorti-
ces. Therefore, Reynolds-Averaged Navier-Stokes (RANS)
equations have been used in this simulation (Afshari et al.
2022a). In addition to all these, turbulent kinetic energy and
turbulent dissipation rate were chosen as first order upwind
and momentum and energy equations were chosen as second
order upwind.

The walls of water bath are in constant temperatures
during test time. In the next figures, the configuration of
mesh generated for spiral heat exchanger and whole system
are illustrated (Fig. 6). With the aim of having the required
accuracy, several revisions and different mesh numbers and
configurations have been considered to solve the problem
with minimum error rate. For this purpose, the MultiZone
method was applied to obtain a smooth mesh configuration
on the spiral heat exchanger. Since there is no flow in the
enclosure area, no method has been applied to facilitate the
solution. It should be stated in the regions near walls and
boundaries a more compact and finer mesh were applied.
Additionally, the skewness value of produced meshes was
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Fig.5 Geometry and boundary
condition defined domain spiral
heat exchanger

Water at
constant
temperature

Fig. 6 Mesh configuration of the spiral heat exchanger

carefully checked in numerical experiments to ensure the
required precision was reached. A maximum of 1,500,000
mesh number with growth rate of 1.2 was performed in the
mesh generation process. Maximum and average skewness
values are 0.84 and 0.23 respectively. The average skewness
values in the range of 0-0.25 indicate that excellent quality
mesh is obtained (Fatchurrohman and Chia 2017; Park et al.
2022).

Outlet
cold fluid

Walls

Spiral heat
exchanger

Computational fluid dynamics is one of the main parts of
today's engineering articles, which is frequently employed
for thermodynamics, aerodynamics and hydrodynamics
simulation of problems. In this study, CFD analysis was
also employed to evaluate the working conditions of the
spiral-type heat exchanger used for cooling nanofluids. In
the numerical solutions boundary conditions were defined
and the governing equations were used which are given as

@ Springer
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follows (Tuncer et al. 2020, 2021; Ciftci et al. 2021; Selime-
fendigil et al. 2021),
Continuity equation:

V.(p¥) =0 M
Energy conservation balance:

- _ s R -y 20+ =
V.(V(pE+p)) = VkyVT - hJ + <p[(Vv + Vi) 3V.vl] .v)
@)

In this equation, & represents enthalpy and 7 indicates

diffusion flux of species.
Momentum equation:

V.(pi) = —vp+v.(y[(vv+wT) - %vﬂ]) 3)

In the solution, the problem was assumed to be steady
state. Considering studies in the literature, k—e Realizable
method is widely utilized in CFD works (Giingor et al.
2022). In this research, the mentioned method was also uti-
lized to solve the problem. Transport equations in k—e model
are turbulent kinetic energy (k), and rate of dissipation of
kinetic energy (¢), which are expressed as,

i(w £) = O |(H
0x; i ox; |\ o

l ] [

o ((H ok 9
5((;}{“’)@) = pe + Gy = —|(u;pk)] Q)

i 'j i

oe | € €2
+ /4> a] szCls - p?Ck @

7

The turbulent viscosity y, is obtained as;
=pC — 6
= pCy— (6)

The turbulent kinetic energy (G, ) due to the mean veloc-
ity gradients found in Eqgs. 4 and 5 is defined as;

Gy =~ pulu, )

4 Experimental analysis and calculations

Experimental analyses were carried out to reveal perfor-
mance of cooling system. In the field of cooling and heating
systems, performance (COP) of the manufactured systems
can be calculated using two different methods. Thermody-
namically, COP value can be calculated as a ratio of cooling
rate (or heating rate) to the consumed power in the system
(generally is electrical power). This first method, is gener-
ally utilized in the literature, which has been also used in
this work. In the following, the calculation procedure of this
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method has been presented. The total COP value of the Pel-
tier cooling system can be achieved using Eq. 8. In this equa-
tion, the power consumption of electrical elements, such as
water pump, fan, and Peltier module, should be taken into
consideration.

0.

cop, = —=¢
tot Woe + Wy + W, ®)

All electrical elements have been considered and their
power consumptions were calculated from the current and
voltage values as,

W=1Vxt )

Qc is the heat energy transferred from the inside cool-
ing chamber to the heat transfer fluid that is nanofluid in
this study. For this reason, following equation was used to
calculate Q- value,

Qc = mcp,a(Tm,Z - Tm,l) (10)

In this equation, mean temperatures are the first and sec-
ond average temperatures of the cooling chamber. The air
mass inside cooling chamber is indicated by m, that can be
obtained from volume of the cooling chamber and the den-
sity of the air as,

m = p¥ (11)

In the second method presented in the literature, electrical
properties and physical properties of the Peltier device are
used to evaluate COP value of the cooling system. Assuming
constant electrical and thermal features of Peltier module,
cooling and heating values at cold and hot sides (Q. and Q,)
have been expressed as,

Qh:aThI—%(]zR) -K(T,-T.) (12)

1
Q. =ald -3 (PR) - K(T, - T,) (13)
and in the next step, the performance of the thermoelec-
tric cooling system can be obtained using COP equation as
follows,

r V1+ZT, -2
COP = —< : (14)
Thw=Tc \J1+2ZT, +1

In this equation, ZT,,, is defined as figure-of-merit of TE
element at average cold and hot side temperatures that is 7,,,.
In this study, nanofluid thermo-physical properties were
obtained to use in CFD simulation. Thermal conductivity
and viscosity values of nanofluids were measured with the
specified measuring devices (see experimental results), but
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density and specific heat were calculated with given equa-
tions Egs. 15 and 16 respectively (Xuan and Roetzel 2000;
Zeeshan et al. 2022).

Pot = @, + (1 — @)pys (15)
Pos p

Cone = (1 —€0)<—b>cp,bf+(l’<—p>cp,p (16)
Pnf Puf

Here ¢ is volume concentration of nanofluid, and thermo-
physical properties of nanofluid are calculated using prop-
erties of both base fluid which is water in this study and
particles.

5 Results and discussion
The results of experiments and CFD simulation have

been presented and discussed in this section. The impor-
tant parameters including temperature variation of cooling

chamber, performance of the system, and heat transferred
from cooling chamber (Q,) are obtained and analyzed. Addi-
tionally, achieved results from ANSYS-Fluent modeling are
given in the form of contours to evaluate temperature distri-
bution and flow structure in the spiral heat exchanger.

5.1 Experimental results

In Figs. 7 and 8, the thermal conductivity and viscosity of
nanofluid samples versus temperature were presented. In the
figures, results of pure water were also presented to compare
with nanofluids. It should be stated that, thermal conductiv-
ity and viscosity of pure water presented in the literature,
were added to the provided diagrams.

In this context, after preparing nanofluids samples in
different volume concentrations (0.2, 0.5 and 1% vol.), an
A&D SV-10 model vibro viscometer and a Linseis THB
100 model thermal conductivity measuring instrument
were used to obtain required data. The results presented
in the figures show that, by increasing nanofluid volume

Fig. 7 Thermal conductivity of 0.70 .
nanofluids compared to water in ~~@-— Pure Water (Literature)
different temperatures 0.68 ® - Pure Water (Measured) ]
0.2% NF
A 0.5% NF
0.66 | A
- B 1.0% NF
~
g 0.64
% 0.62
=<
0.60
0.58
0.56

Fig.8 Viscosity of nanofluids
compared to water in different
temperatures 1.4

20 30 T (°C) 40 50 60 70

temperatures

@ Pure Water (Literature)
—@— Pure Water (Measured)

0.2% NF
A 0.5% NF
B 1.0%NF

1

20 30 T (°C) 40 50 60 70
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«Fig.9 Temperature reduction inside cooling chamber for different
heat transfer fluids (water and Fe;O,~water NFs (0.2%, 0.5%, and
1.0% vol.) at water bath temperature of 5 °C

concentration, both thermal conductivity and viscosity
values increase and all nanofluid samples are in higher
levels when compared to the pure water. Additionally, the
effects of temperature on the mentioned parameters were
examined. Increasing the fluid temperature increased ther-
mal conductivity, but on the contrary, viscosity of the fluid
decreased with temperature of the fluid.

Thermal conductivity increase observed in nanofluids
improves thermal performance, while viscosity increase
requires extra pumping power. If the fluid viscosity results
given in Fig. 8 are examined, it will be seen that nanofluids
have higher viscosity properties than the base fluid. The
high viscosity feature also shows that the use of nano-
fluids will cause an increase in pumping power. In this
study, no pressure loss or pump power analysis results are
given directly. However, the additional pumping power
was taken into account in the calculation of COP for the
thermoelectric cooler given in Eq. 8.

In this part of the study, the effects of important factors
including water bath temperature, mass flow rate, and used
heat transfer fluid were investigated on the temperature
drop of cooling chamber. In Fig. 9, temperature reduc-
tion inside cooling chamber has been presented for tested
heat transfer fluids at a constant water bath temperature of
5 °C. It can be seen that, in all experiments, temperature of
cooling chamber decreases with test time which is 300 s.
Additionally, the mass flow rate plays a notable role in
efficient cooling. The highest temperature decrease was
recorded in the maximum flow rate, which is 0.0015 kg/s,
and the temperature of the refrigerator approaches 3 °C.

In Fig. 10, temperature drop inside cooling chamber for
different heat transfer fluids including water and nanoflu-
ids Fe;O,—water (0.2%, 0.5%, and 1.0% vol.) have been
presented at the mass flow rate of 0.0015 kg/s. In follow-
ing figures, four separate diagrams were provided to show
operation conditions of different heat transfer fluids as
pure water and nanofluids in different volume concentra-
tions. In the experiments, it was observed that the effec-
tive temperature drop occurred about half of the time, but
after approximately 150 s, the temperature results were
fixed. At the same time, the effect of water bath tempera-
ture was clearly observed, which indicates the effective
performance of spiral-type heat exchanger in the cooling
apparatus. By reducing the water bath temperature from
5 °Cto 20 °C in 1% volumetric nanofluid, it was observed
that the temperature drop in the refrigerator at the end of
the experiment changed from 8.8 °C to 3.8 °C after 300 s.
This means an improvement in temperature reduction of
about 5 °C.

To compare the results of using nanofluid as a heat trans-
fer fluid, the obtained results were analyzed exactly. It was
seen that the temperature drops in the cooling chamber using
water and nanofluids were close to each other and the curves
obtained were overlapped in the diagrams. Therefore, the
results of one of the test nanofluid samples were selected and
compared with the pure water. In this context, temperature
reduction inside cooling chamber for nanofluid 0.5% vol.
and pure water has been presented in Fig. 11. These results
are presented for water bath temperatures of 5, 10, 15, and
20 °C, at mass flow rate of 0.0003 kg/s, which reveal that the
nanofluid used had a relative improvement in the tempera-
ture drop of the refrigerator. As an example, at a water bath
temperature of 5 °C, the temperature drops of the cooling
chamber for pure water and nanofluid Fe,O,—water 0.5%
vol., were 8.8 and 9.9 °C, respectively, which indicates an
improvement of about 1 °C.

Performance value (COP) is considered as an important
factor in cooling and heating systems. The apparatus that
provides a high level of heating or cooling in the face of the
given work has a high performance and a comparison can be
made between the different energy systems considering COP
value. In Fig. 12, COP results during cooling time have been
presented for nanofluid sample Fe;0,—water (1.0% vol.) at
different water bath temperatures and mass flow rates. All
obtained values were taken into account and the COP values
were calculated over time for all nanofluid samples. It was
revealed that, the performance value initially increases in the
first times of experiments but in the next stages constantly
decreases over time. The reason for this can be interpreted as
the reduction of the thermal energy source in the refrigera-
tor during the test. According to this issue and in order to
better compare the COP values, the average COP values for
the experiments performed were calculated and presented in
the following diagrams.

As noted earlier, the average results of the COP data were
calculated and presented in histograms for better comparison
as shown in Fig. 13. Obtained results of all tested nanoflu-
ids and water have been presented for all operating condi-
tions. Considering the mass flow rate, it can be seen that by
increasing 0.0003 kg/s to 0.0006 and 0.0009 kg/s a signifi-
cant jump in efficiency results is achieved. However, with
the further increase of flow rate, there has not been much
change in the COP results. At the same time, the adverse
effect of the water bath temperature on the performance was
also clearly observed in the results. For the nanofluid sample
Fe;0,—water (1.0% vol.), by increasing mass flow rate from
0.0003 kg/s to 0.0015 kg/s, average COP increases about
150%. When the COP values given in Fig. 13 are examined,
it will be seen that the thermodynamic efficiency increases
significantly with the use of nanofluid as the working fluid.
For example, when the flow rate was 0.0015 kg/s and the
bath temperature was 20 °C, around 7% COP increase was
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Fig. 10 Temperature reduction inside cooling chamber for different heat transfer fluids (water and Fe;O,~water NFs (0.2%, 0.5% and 1.0% vol.)
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Fig. 12 COP results during
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obtained using 1% vol. nanofluid instead of pure water. This
rate grew to around 50% for the same water bath temperature
and flow rate of 0.0003 kg/s. And also with the use of 1%
vol. nanofluid, the COP increase was between 5 and 30% for
a bath temperature of 5 °C.

The physical reason for the increase in COP observed
as a result of the usage of nanofluids is directly related to
the increase in thermal conductivity. The use of nanofluids
with a high thermal conductivity as the working fluid allows
the thermoelectric cooler to remove waste heat more effec-
tively. In this way, the surface temperature of the Peltier unit
decreases, and its efficiency increases. The reason for this
is the low thermal resistance obtained in the heat transfer
zone. In addition, the particles in the nanofluid form addi-
tional micro-convection zones due to the Brownian Effect
mechanism. This situation leads to the strengthening of con-
vection interactions in the region where the waste heat will
be removed.

5.2 Numerical results

In this work, CFD simulation of the used spiral heat
exchanger has been performed. Generally, heat exchangers
have many applications despite their relatively simple struc-
ture and play a very important role in energy systems (Jam-
shed et al. 2021; Giirbiiz et al. 2020; Khanlari 2020; Selime-
fendigil and Sirin 2022; Khanlari et al. 2020). In this study,
a cooling system was manufactured and a spiral-type heat
exchanger was designed and employed in the system to cool

Fig. 14 Temperature volume
rendering result of spiral heat
exchanger
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the heat transfer fluid by heat transfer from the system to
the water bath as explained previously. The used spiral heat
exchanger plays an important role in cooling the heat transfer
fluid, which is at a high temperature due to the extraction of
heat energy from inside the cooling chamber by the Peltier
module. For this reason, this element was considered to be
simulated using ANSYS-Fluent and temperature distribu-
tion and flow structure were evaluated in the presented con-
tours. In the CFD simulation, thermo-physical properties of
nanofluid Fe;O—water 0.2% vol., were defined to evaluate
significant contours of the nanofluid as heat transfer fluid.
First of all, the temperature volume rendering result of the
heat exchanger has been presented in Fig. 14 to visualize
obtained results in three-dimensional appearance. It can be
stated that 3-D results can be analyzed for a better estimation
of energy and flow conditions in the model.

In this section, the results of temperature and velocity
are presented comparatively and the effects of different
operating conditions on the contours are discussed. Due to
the spiral form, presenting the results in 2D was difficult,
but this problem was solved by choosing the proper plan in
domain using a combination of 2D and 3D results to ana-
lyze the obtained results. As shown in Fig. 15, temperature
distribution in spiral heat exchanger has been presented at
different flow rates as 0.0003 kg/s, 0.0006 kg/s, 0.0009 kg/s,
0.0012 kg/s, and 0.0015 kg/s. Cooling water bath is kept at
278 K. At very low flow rates (Fig. 15a), it can be seen that,
the fluid inside spiral exchanger has time enough to cool
down by heat transfer to the water bath. However, as the flow
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Fig. 15 Temperature contours in different flow rates 0.0003 kg/s (a), 0.0006 kg/s (b), 0.0009 kg/s (c), 0.0012 kg/s (d), and 0.0015 kg/s (e)
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Fig. 16 Velocity contours in different flow rates 0.0003 kg/s (a), 0.0006 kg/s (b), 0.0009 kg/s (c), 0.0012 kg/s (d), and 0.0015 kg/s (e)
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Fig. 17 Velocity contour on
a plan on upper section of
the spiral heat exchanger at
0.0015 kg/s
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Table 3 Comparison of performance (COP) results in this study with literature (Ceviz et al. 2022)

References Cooler class Application Performance
Giirbiiz et al. (2022) Diffusion absorption Cooling apparatus 0.08-0.2
Sozen et al. (2021) Diffusion absorption Cooling apparatus 0.1
De Marchi et al. (2009) Vapor compression cooling cycle Conventional refrigerator 0.2-0.8
Min et al. (2006) Thermoelectric Prototype domestic refrigerator 0.36-1.1
Abdul-Wahab et al. (2009) Thermoelectric Portable solar TE refrigerator 0.16
Wang et al. (2011) Organic Rankine cycle and vapor compres-  Integrated cycle 0.6

sion cycle combined
Martinez et al. (2013) Thermoelectric Refrigerator 0.14
Martinez et al. (2016) Thermoelectric Refrigerator 0.09-0.33
Mirmanto et al. (2019) Thermoelectric Cooling box <0.03
Afshari et al. (2022b) Thermoelectric TE refrigerator 0.01
Presented study Thermoelectric TE refrigerator <0.01

rate increases, the conditions change and the fluid inside the
spiral exchanger has a reduced opportunity to heat transfer
and the temperature is at higher levels. It can be noted that,
the temperature of the fluid flowing in the last stages of the
heat exchanger approximates the temperature of the water
bath.

In Fig. 16, velocity contours of the spiral heat exchanger
have been illustrated at the same flow rates. The flow rate
inside the exchanger clearly shows that, as the mass flow rate
increases, the velocity contour changes and the heat transfer
fluid passes through the spiral exchanger more quickly. In
the areas close to the walls, the velocity values are low and

@ Springer

approach zero, which is a sign of friction and obstruction
against the movement of the fluid inside heat exchanger.

In order to show the velocity scales and flow structure
inside the tube, a plate was considered at the top of the spiral
heat exchanger, and the velocity changes are demonstrated
as shown in Fig. 17. This contour was provided for the case
when mass flow rate is 0.0015 kg/s.

In Table 3, a comparison of COP results in this study
with literature has been carried out. It can be seen that, in
refrigerators, COP value is significantly lower and the results
obtained in the present study are similar to the literature.
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6 Conclusion

Peltier cooling systems have a relatively low efficiency
despite their high potential for use in heating and cooling
systems. In this study, an attempt has been made to improve
their efficiency considering different parameters. Due to the
fact that the deposition of nanoparticles is a major problem,
the synthesized nanoparticles Fe;0, were chemically modi-
fied for use in the present study. After stability analyses,
water—(Fe;0,@S10,@(CH,);IM) nanofluid was selected to
be utilized as heat transfer fluid in the Peltier cooling sys-
tem and the effect of fluid flow rate and fluid temperature
was tested. This study revealed that, in Peltier cooling sys-
tem, the effect of temperature and flow rate of heat transfer
fluid is relatively greater. However, the choice of nanofluid
can have a moderate improvement on system performance.
Nanofluids were prepared in three different volume per-
centages of 0.2, 0.5, and 1% vol. and examined in different
working conditions. This study was evaluated both experi-
mentally and numerically using CFD method. The main heat
exchanger of the system was simulated and temperature and
flow structure inside spiral heat exchanger were analyzed.
According to the obtained results, for the nanofluid sample
Fe;0,—water (1.0% vol.), increasing the mass flow rate from
0.0003 kg/s to 0.0015 kg/s caused an increase in the average
COP by about 150%. Additionally, at a water bath tempera-
ture of 5 °C, the temperature drops of the cooling chamber
for pure water and nanofluid Fe,O,~water 0.5% vol. were
compared, which indicates an improvement of about 1 °C
using the nanofluid.
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