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We investigated the results of the cooling performance of the pulsating water/nanofluids
flowing in the thermoelectric cooling module for cooling electric vehicle battery systems.
The experimental system was designed and constructed to consider the effects of the water
block configuration, hot and cold side flow rates, supplied power input, and coolant types
on the cooling performance of the thermoelectric module. The measured results from the
present study with the Peltier module are verified against those without the thermoelectric
module. Before entering the electric vehicle battering system with a Peltier module, the
inlet coolant temperatures were 2.5-3.5°C lower than those without the thermoelectric
system. On the hot side, the maximum COP of the thermoelectric cooling module was 1.10
and 1.30 for water and nanofluids as coolant, respectively. The results obtained from the
present approach can be used to optimize the battery cooling technique to operate in an
appropriate temperature range for getting higher energy storage, durability, lifecycles, and

efficiency.

1. INTRODUCTION

Due to higher power density, lower weight, and a small area
that results in higher generated heat, choosing a cooling
technique for electronic battery modules in the designated
temperature is warranted for obtaining higher energy storage,
durability, and efficiency, especially for the modern battery
pack. There are many advantages to this: high reliability, small
size, stationary parts, lightweight, and without coolant.
Thermoelectric cooling modules have been considered for
various applications. Gould et al. [1] studied the power
generation with the cooling system of the standard desktop
computer. Mart ez et al. [2] proposed a novel thermoelectric
cooling solution with zero energy consumption. Kinsella et al.
[3] designed a prototype electrical generator using a
thermoelectric module. Suh et al. [4] used a thermoelectric
system for cooling an electric vehicle's energy storage system.
Huang et al. [5] studied a power generator with a loop heat
pipe. Borisyuk et al. [6] considered the effect of film properties
based on metal nanoclusters (Au, Pd, Pt) on thermoelectric
performance. Kiflemariam and Lin [7] analyzed the geometric
and system parameters affecting thermoelectric performance.
Zhang et al. [8] estimated the internal battery temperature
using a novel simplified thermoelectric model. Atouei et al. [9]
experimentally investigated a two-stage Peltier generator
system. Liu et al. [10] applied the generalized predictive
control couple with a thermoelectric module to charge a
LiFePO4 battery. Rao et al. [11] proposed a liquid cooling
system for the electric battery. Chen et al. [12-16] developed
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the thermal efficiency of the battery pack cooling system with
parallel/ U-type/ secondary vent air-cooled BTMS. Lu et al.
[17] studied the channel width, and coolant flow rate on the
thermal characteristics of storage arranged battery packs. Zhao
et al. [18] applied a thermal-lumped treatment to analyze a
single battery’s heat generation. Arora [19] installed a
temperature controller near a specified state to identify the
potential candidate. Cao et al. [20] proposed a new heat pipe-
assisted thermoelectric generator for the automobile heat
recovery system. Daghigh and Khaledian [21] applied the
cooling and heating systems with thermoelectrics in the
photovoltaic collector. Ebrahimi and Derakhshan [22]
investigated a combined fuel cell and thermoelectric cooler. Li
et al. [23] developed the air conditioning system’s hybrid
model with a thermoelectric cooling system. Muralidhar et al.
[24] applied thermoelectric generators to an electric vehicle.
Song et al. [25] used phase materials and a semiconductor
thermoelectric device cooling system for a thermal
management system. Wang et al. [26] constructed a new
thermoelectric hybrid battery system to utilize FeS; battery
waste. Abedi et al. [27] studied a thermoelectric generator
based on a catalytic combustor to approach electrical output.
Cai et al. [28] considered the relevant parameters on the energy
and entropy performance of TAC and TSC systems.
Comamala et al. [29] proposed using an ATEG in an electric
vehicle. Dan et al. [30] applied the micro heat pipe in the
thermal cooling system. Darcovich et al. [31] combined the
micro and macro-scale cooling systems in the battery pack’s
thermal state. Dufo-Lcpez et al. [32] optimized the supplied
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electricity in off-grid systems using a thermoelectric generator.

Fotso et al. [33] analyzed a solar thermoelectric generator’s
thermal performance with a vortex tube for hybrid vehicles.
Jiang et al. [34] studied a thermoelectric cooler’s performance
in the thermal management of a cylindrical battery module.
Kwan et al. [35] reviewed the energy management method for
a fuel cell thermoelectric hybrid system. Lan et al. [36] studied
a bifunctional thermoelectric generator that was applied in
vehicle engines. Lyu et al. [37] studied the battery thermal
cooling technique for emerging electric vehicles. Massaguer et
al. [38] analyzed the behavior of an ATEG in a mid-size
vehicle under a world harmonized light vehicle test procedure.
Sulaiman et al. [39] combined the thermoelectric generator,
heat pipe, and heat sink system in the heat recovery process.
Shiriaev et al. [40] used an AC/DC converter in the
thermoelectric generator system of automotive. Finally, Toan
et al. [41] studied the effectiveness of a thermal
electrochemical generator with nano-flow channels. It is clear
that air cooling as a technique is not appropriate for reducing
battery temperature. This is due to the limitation of air’s
thermal properties. As a result, cooling systems have been
continuously developed for obtaining higher thermal
efficiency using different channel configurations [42-45] or by
changing coolant. There are many applications of thermal
cooling systems using nanofluid applications as a working
fluid. Nanofluid has more heat capability. Many papers
presented on the application of different nanofluids in the
cooling systems; photovoltaic thermal system [46], flow
regimes [47], automotive radiator [48], and tube convective
heat transfer enhancement [49]. In addition, Ambreem et al.
[50] and Babar and Ali [51] used nanofluid flowing through
the Airfoil shaped pin-fin heat sink to determine thermal
efficiency.

The literature review above shows that many works have
considered the thermoelectric applications or thermal cooling
of the electric vehicle battery module with different coolant
types. Although the air-cooling technique is lower in weight,
its cooling efficiency is low. The liquid cooling techniques
result in higher thermal efficiency but are more complicated
systems and have higher energy requirements. Generally,
water and oil are mostly used as coolant in thermal cooling
systems. In addition, nanofluid applications as a coolant in
heat transfer augmentation have provided excellent heat
transfer enhancements. However, no works are reported on the
thermoelectric applications for the electric vehicle battery
module, especially with nanofluids in pulsating flow
conditions—some techniques for decreasing the operating
temperature of the battery pack. The working fluid is cooled
by the TCM, which reduces the inlet temperature, before
flowing into the battery pack with greater cooling efficiency.
The objective of the current study is to consider the thermal
performance of the thermoelectric cooling module with
water/nanofluids in a pulsating flow for an electric vehicle
battery system. The effects of the relevant parameters,
including the water block configurations, the flow rate of both
sides of the working fluids, supplied power to the Peltier plate,
and different coolants on the thermoelectric cooling module’s
cooling efficiency, were investigated.

2. EXPERIMENTAL APPARATUS AND PROCEDURE
2.1 Experimental apparatus

Figure 1 shows the experimental apparatus of the pulsating
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water/nanofluids flowing in the cooling module of the electric
vehicle battery system. The system is classified by two main
loops: the hot side coolant loop for the hot side of the Peltier
module and the cold side water loop for the cold side of the
Peltier module. The hot side water/nanofluid’s loop consists of
a sonicated system, water pump, peristaltic pump, and radiator.
The water/nanofluids flow out of the sonicated bath and into
the peristaltic pump and then flow into the hot side of the
Peltier cooling system before returning to the sonicated bath.
The cold side loop consists of an electric vehicle battery
system, radiator, flow meter, pump, and storage tank. Two
water pumps (Model: MD-30R) operate in the system to
circulate two side coolants. The coolant flows out of the water
tank and into the cold side to reduce its temperature. It then
flows through the radiator to cool the environment before
returning to the storage tank.

Battery module
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Figure 1. Schematic illustration of the thermoelectric cooling
system for the battery module

2.2 Nanofluids preparation

Experiment: Two different TiO, nanofluid concentrations
(0.005% and 0.015% by volume) were prepared for the present
study by being suspended in the base fluid (water) and stirred
by a sonicated system. The titanium dioxide nanoparticles had
an average diameter of 21 nm with a purity of > 99.9%. Before
the experiment, the nanofluid was stirred continuously for an
hour until stable nanofluids were obtained, as shown in Figure
2. However, to get the stable ferrofluid for the whole
experiment, the sonicated unit was run for 20 minutes each
hour which can be confirmed by monitoring the nanoparticle’s
precipitation after 8 hours. Physical nanofluid properties are
determined from the proposed correlations [52-55].

ty = A+ 2.50) u,, (1)
k +2k,—2¢(k, —k
. kp+ 2K @)
o +2k, +o(k, —K,)
Put =9pe + (1—9) p,, 3)
(pCy), =#(pC,), +@=#)(rC,), @)



g Vo Length .
EM-2100 200k 150000 x 50 nm

Figure 2. Photograph of the TiO; nanoparticles (SEM) used
in the present study

2.3 Test section

As shown in Figure 3, the Peltier cooling module consists
of two water blocks and three Peltier plates. The present study
tested the water heat sink with two different configurations
(see Figure 4 for details). The optimized heat sink
configuration was obtained from the numerical analysis using

the CFD method, which is fabricated from the aluminum block.

Two sides of three Peltier plates were attached with a water
block using glue with high thermal conductivity to reduce
interface thermal resistance. The details of the Peltier plates
are listed in Table 1. The cold water obtained from the
thermoelectric cooling module’s cold side was used for
cooling the electric vehicle battery system in which the hot
water replaces the generated heat from the cylindrical electric
vehicle battery system with a constant temperature of 70°C.
Type-T thermocouples were utilized to measure the hot and
cold water inlet temperatures. An additional six thermocouples
were used to measure the hot and cold surface temperatures of
the Peltier plates (see Figure 3). The side surface temperatures
of the Peltier plates were measured by machining the heat sink
surface in a straight groove and then attaching three
thermocouples to it. Acrylic and insulator sheets were used to
insulate the TCM to decrease the energy loss during the
experimental process. To repeat the experimental results, all
parameters were measured and recorded five times using a
Datataker DT85 and a personal computer.

Table 1. Details of thermoelectric plate

Details Ranges
Voltage (V) 12
Vimax (V) 15.2
Imax (A) 6
Qmax (W) 92
DeltaTmax (°C) 75

Internal (QQ) 1.98:10%
Size (mm*mm) 40>40

Inlet Thermocouples

Heat sink (Hot side)
Heat sink (Cold side)

20 40 40 20

40

Thermoelectric

el 120

Outet

(@) (b)

Figure 3. Schematic diagram of (a) TCM (b) positions of
installed thermocouples

Alurninum cover

Aluminum heat sink

Alumioum cover

Aluminumn heat sink

Figure 4. Schematic diagram of heat sinks with different
configurations (Water block)

2.4 Experimental procedure

Experiments were performed with different working fluid
flow rates, supplied power input to the thermoelectric plate,
and a pulsating flow frequency of coolant. For a given coolant
flow rate and power provided to the thermoelectric plate, the
nanofluids flowing through the thermoelectric module were
increased in small increments. The experimental unit
approached the steady-state condition before some relevant
parameters were measured and recorded. All temperatures,
pressure drop, supplied power to the Peltier plate, and working
fluid flow rates were recorded five times. The working fluid
flow rate was monitored and measured by flowmeters and the
precise container was measured with a stopwatch, respectively.
The collected fluid mass flowing in the system was measured
using a digital weight scale (a 0.01% full-scale reading). A
precision multi-meter was applied to measure and record the
supplied current and voltage in the variation-controlled DC
power supply (SP-Series: 60 V). The details of the
experimental conditions are listed in Table 2. All data
collection was performed using a data acquisition system. The
pressure drop across the TCM was measured with the
transducer (Yokakawa, MT120).

Table 2. Details of experimental conditions

Details Ranges

Hot side flow rate of coolant (m3/hr) 0.03-0.07
Cold side flow rate of coolant (m®/hr) 0.03-0.07
Pulsating flow frequency (Hz) 10, 15, 20
Supplied voltage (V) 8, 10, 12

Nanofluids concentration (%vol.) 0.005, 0.015
Constant temperature of cell electrical vehicle 70
batteries (°C)

2.5 Data reduction process

The input power given to the thermoelectric module, the
heat removed by the nanofluids from the hot side channel, and
water flowing through the cold side channel of the TCM was
determined from the following equations;

Q, =1V (%)

Qh,nf =m, Cp,nf (Th,out _Th,in)nf (6)
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Qc,w =Mew Cp‘w (Tc,in _Tc,out)w ™)

The heat transfer coefficient and Nusselt number in the hot
side channel of the TCM was determined from:

— Qh‘nf — (p&ru )nf Cp‘nf (Toul,nf _Tin‘nf )
As (ATLMTD)
8

& AT _ Tp _Toul‘nf )_(Tp _Tin‘nf ) ( )

e (T 7Tout nf)

In p 1
(Tp 7Tm,nf )
u,D
Re = pnf nf ~inlet (9)
Mg

The cold side and hot side coefficient of performance of the
thermoelectric cooling module was calculated from:

CcopP. :3" = S (10)
W Mew vaw (Tc,m _Tc,Dut)W
cop, = 2 - % (11)

Qo M, Cont (Thout = Thin )t

where, As is the surface area of the flow channel, T, .,
T

out,nt are the temperatures at the inlet and outlet ports of the

nanofluids, AT,,., is the logarithm mean temperature

difference, m, is the coolant mass flow rate, U, is the

coolant velocity, h is the average heat transfer coefficient,
Dinlet is the diameter at the inlet port of the flow channel, AP

is the pressure drop across the test section, Q. is the heat

transfer of the nanofluids, Thp is the hot side thermoelectric
plate temperature, and Re is the Reynolds number.

2.6 Uncertainty analysis

Based on the uncertainties and accuracy (as shown in Table
3), the calculated maximum uncertainties [56] of the heat
transfer coefficient and COP obtained from the calculation
process are 35.0%, 35.0%, calculated from the following

equations:
oh ¥ (on Y
[EAUJ +[6TAT“] +
Uncertainty of h= LT , (12)
o Tin + oh ATout
aTin aTout
2 2
aCOPAVJ +[@Alj +
oV ol
2 2
Uncertainty of COP = [fgpm}]h] +[Z%‘£ATn,um] + (13)
h Lout
2
\[acop ATh.n]
0Ty
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Table 3. Accuracy and uncertainty of the instruments

Instruments Accuracy (%) Uncertainty

Power supply, V 0.2 0.5
Type-T thermocouple 0.1 0.1
Pressure transducer 0.02% +0.02
Data taker (°C) 0.1 0.1
Multi-meter 0.1 +0.05

3. RESULTS AND DISCUSSION

Based on the electric battery system review, it was found
that most prior studies were numerically performed. The
present analysis was done experimentally on the constant
generated heat from the battery cell of 12.24 W (1860 type,
3.4A, 3.6V). For the generated heat that was less than
10W/cell, the battery cell surface temperature must be less
than 40°C and less than 70°C for the generated heat 20-
40W/cell [3]. The battery system’s liquid cooling module and
the TCM’s water block were a newly designed configuration
in the present study. Therefore, there are no previously
published results with the same conditions for validation of the
measured data. However, some papers presented the COP of
the thermoelectric liquid chiller with similar conditions [57,
58]. In the present study, an electric vehicle battery’s
generated heat was replaced by an electric heater, which kept
a constant temperature of 70°C. Figure 5 shows the variations
of (A) the hot side heat transfer coefficient and (B) the hot side
COP of the TCM for different water block configurations.
Two water blocks with different configurations, as shown in
Figure 4, were tested for obtaining the highest thermal
performance of the TCM. The hot side heat transfer coefficient
and COP were determined from Egns. (8) and (11),
respectively. For a given supplied power input and cold side
working fluid flow rate, a higher hot side coolant flow rate
increases the heat transfer coefficient. This is because the
removal cooling capability depends on the coolant flow rate.
As seen in Figure 4, the coolant path lines in water block
model | are wavy, while model Il has straight lines, which
gives a higher heat transfer rate. Therefore, the hot side heat
transfer coefficient and COP obtained from the heat sink unit
model | are higher than those from the heat sink unit model II.
Based on the thermoelectric cooling module’s maximum
thermal performance with water block model I, the effect of
cold side coolant flow rate on the hot side heat transfer
coefficient and hot side COP of the TCM is shown in Figure
6. As expected, the hot side’s removal capability depends on
the coolant flow rates of the hot and cold sides. As the hot and
cold coolant flow rates increase, so does the COP and heat
transfer coefficient. We found that the present COP of the
thermoelectric liquid cooling module was in the range of 0.5-
1.2, while the COP obtained from Faraji et al. [57] and Liu et
al. [58] were found to be in the range of 0.2-1.4, and 0.2-1.2,
respectively.

Figure 7 shows the effect of input power on the
thermoelectric plates on the hot side heat transfer coefficient
and the hot side COP of the TCM. For a given hot side coolant
Reynolds number of 830, the hot side heat transfer coefficient
and COP of the thermoelectric cooling module was 2400
W/(m?°C) and 1.1 with an input voltage of 8V, respectively.
By contrast, the hot aide heat transfer coefficient and COP of
2200 W/(m?°C) and 0.9 were obtained with an input voltage
of 12 V. This means that higher input voltage to the Peltier



plate increases the Joule heating and Fourier conduction
effects which dominate over the Peltier effect. Therefore, the
heat transfer coefficient and COP decrease as the input power
increases.
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Figure 7. Variations of (A) hot side heat transfer coefficient
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Figure 8 shows the hot side heat transfer coefficient
variations and COP of the thermoelectric cooling module for
different pulsating hot side coolant flow frequencies. At cold
and hot side working fluid flow rates of 0.03 m%nhr and 0.05
m3/hr, the experiment was conducted at various pulsating hot
side flow frequencies. The pulsating flow frequency had a
significant influence on the turbulent intensity of coolant by
increasing removal capacity. Therefore, the pulsating flow
frequency increases the heat transfer coefficient and COP of
the TCM compared with using a continuous flow. Also, a
higher pulsating flow frequency gives a higher mixing flow
intensity, which increases the heat transfer coefficient and
COP, as shown in Figure 8.

Figure 9 shows the effect of coolant types on the COP of the
thermoelectric cooling module. Nanoparticles with an average
diameter of 21 nm were used in an experiment in which
nanoparticle suspension in the base fluid (water) influenced
the nanofluid properties and the effect on turbulent intensity.
Therefore, the coolant capability of nanofluid is greater than
that of water; that is, the hot side heat transfer rate and COP of
the thermoelectric cooling module were higher for nanofluids
than for water. A larger heat transfer surface area and
molecular collisions, higher nanofluid concentration yields an
increase in cooling capability and COP. However, this also
slightly increases the pressure drop across the test section. The
thermal physical properties tend to increase due to
nanoparticles being suspended in the base fluid when
compared to water. Nevertheless, different nanofluid
concentrations, like those used in the present experiment, have
slightly different influences on the pressure drop increases (see
Figure 10).
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4. CONCLUSIONS

Due to higher power density and heat generation inside the
modern electric vehicle battery system, choosing cooling
solutions for these devices significantly affects the
maintenance of their operating temperature. The
water/nanofluids pulsating flow results in the thermoelectric
module for cooling electric vehicle battery systems were
presented. We found that the designed heat sink model I (water
block) yields a higher heat transfer coefficient and COP
compared to model Il. The coolant two side flow rates, power
input, and coolant types have a significant influence on the
thermoelectric cooling module’s thermal performance. The
thermoelectric module yields around 2.5-3.5°C lower inlet
temperatures before entering the electric vehicle battery
system relative to those without a thermoelectric module. The
proposed water block model from this study was used to
optimize the battery thermal management system for obtaining
higher performance.
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NOMENCLATURES

ATEG

automotive thermoelectric generator

AC/DC alternatiing current/direct current, A
BTMS battery thermal management system
TCM thermoelectric cooloing module

Cp specific heat, kJ. kg*. °C*!

COP coefficient of performance

D diameter, m
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k
Mt
Pr

Q
Re
T
TAC
TCM
TSC
U

Greek symbols

¢
Yol
Y7

Subscripts

ave
in
nf

p
out

thermal conductivity, KW. m, °C*
nanofluids mass flow rate, kg. s*
Prandtl number

heat transfer rate, KW

Reynolds number

temperature, °C

thermoelectric active cooling
thermoelectric cooling module
thermoelectric self-cooing
velocity, m. s

nanofluids concentration, %

density, kg. m3
viscosity, kg. m1. s

average
inlet
nanofluids
particles
outlet
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