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Abstract: The aim of the present work is to develop and test an innovative cooling system for the
thermal management of batteries for electric vehicles (EVs). At present, the technology most used
for electric propulsion is based on lithium-ion cells. The power supply unit must often deliver a
large amount of power in a short time, forcing the batteries to produce a considerable amount of
heat. This leads to a high working temperature that can cause a sharp decrease in the battery perfor-
mance or even a malfunction. Moreover, their working outside of the prescribed temperature range
(2040 °C) or with a significant temperature gradient across the battery meaningfully accelerates
their aging or breakage. In this case, a battery thermal management system (BTMS) is necessary
to allow the batteries to work as efficiently as possible. In the present work, a pulsating heat pipe
with a three-dimensional structure is proposed as cooling technology for a battery pack. At first the
performance of the proposed PHP is evaluated in a dedicated experimental setup under different
boundary conditions and a wide spectrum of power input values. Then the PHP is tested by applying,
as load at the evaporator section, heat power distribution corresponding to three different discharging
processes of a battery. These tests, directly referring to an applicative case, show that the proposed
3D PHP has an optimal cooling ability and the possibility to offer a powerful solution for electrical
battery thermal management.

Keywords: pulsating heat pipes; batteries for electric vehicles; thermal management system

1. Introduction

One of the main challenges of the 21st century is represented by the transition to
sustainable mobility. A prominent role in this scenario is played by the development
of electric propulsion in vehicles. It constitutes a crucial topic in the world, taking on a
major role in the economic, social and climate strategies. Electric vehicles (EVs) allow
significant reduction in the environmental impact by decreasing emissions of pollutants
into the atmosphere to zero. Furthermore, they also lead to a reduction in the acoustic
impact of vehicles in high population density zones or near these areas. At present, the
technology most used for electric propulsion is based on lithium-ion (Li-ion) cells [1-3].
Although the industrial market is already under development, it is in an experimental
phase and electric traction systems still require accurate improvement and development.
From the electrochemical perspective Li-ion cells have reached a satisfactory level of
optimization, however, one of the bigger and still open challenges is represented by the
thermal management of the batteries. Indeed, the power supply unit must often deliver
a large amount of power in a short time, forcing the batteries to produce a considerable
amount of heat. This leads to a high working temperature that can cause a sharp decrease in
the battery performance or even a malfunction. Moreover, when the batteries work outside
of the prescribed temperature range (2040 °C) or with a significant temperature gradient,
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it meaningfully accelerates their aging [4,5]. In this case, a battery thermal management
system (BTMS) is necessary to allow the batteries to work as efficiently as possible and
means extending their useful life. Therefore, the environmental impact of Li-ion cell
production and disposal is reduced if compared with the operative period. In the open
literature and in the industrial applications, various cooling strategies are adopted. The
easiest one comprises air-cooling systems often aided by heat sinks/fins [6-8]. These kinds
of BTMS, however, are not suitable for high-power vehicles. Liquid chilling approaches are
more efficient for EVs because of their higher thermal capacity. This methodology adopts a
single- or two-phase refrigerant [9-12], that streams inside a heat exchanger, enveloping the
power module. In this arrangement, despite its efficacy, an additional thermal resistance is
added due to the heat exchanger’s presence. For these reasons, a directly cooling BTMS
could be an interesting solution for EVs’ Li-ion battery cells [13,14]. Moreover, in recent
studies the performance of innovative BTMSs such as phase change materials [15,16] and
heat pipes was investigated [17,18]. The ideal BTMS should be able to operate safely and
robustly [19] within the restricted space available in EVs, provide the necessary cooling in
terms of maximum temperature and uniformity of distribution, and be low cost. Among
the previously cited cooling techniques the liquid-based approaches in a two-phase state
are the most effective but normally they require an outside power source and their energetic
and economical price is not trivial. One fascinating solution that brings together a passive
operating behavior and a small economical expense is offered by the implementation of
pulsating heat pipes (PHPs). The PHPs fit into the class of passive two-phase capillary-
driven circuits. PHPs are extremely easy and cost effective compared to other heat transport
devices [20]. They cope with elevated heat power due to the phase change phenomena
and to the substantial sensible heat transfer carried out by the continual pulsations [21,22].
Moreover, PHPs are totally passive, so they avoid electric energy consumption and allow a
compact power supply unit, and their adoption in the battery pack could also represent a
promising approach to attain a uniform temperature. In addition, effective heat dissipation
is a critical concern, not just limited to Li-ion batteries. It holds even greater significance for
emerging technologies such as batteries employing solid-state electrolytes, where higher
energy density is expected [23,24]. In fact, these batteries experience potentially hazardous
temperature rises under conditions of elevated ambient temperature or high discharge
currents [25]. In the present work a 3D PHP is realized to envelope a practical application
represented by a nine-cell battery pack with a nominal voltage of 9.6 V and a capacity
of 5.4 Ah [26]. At first the performance of the proposed PHP is evaluated in a dedicated
experimental setup under different boundary conditions and a wide spectrum of power
input values. Then the PHP is tested by applying, as load at the evaporator section, the
power distribution corresponding to the heat generated for three different discharging
processes by the battery tested in [26]. The three discharging curves referred to different
fully discharging processes with a constant operating current at various values of C-rates
(i.e., C1,C2 and C3).

2. Experimental Setup

The PHP studied here comprised three sections: the evaporator, the condenser and the
adiabatic section characterized by a length of 9 cm, 7 cm and 3 cm, respectively, as shown
in Figure 1. Moreover, as seen from Figure 1 the studied PHP presented a 3D structure
characterized by turns on 3 sides to adequately embrace the battery without hindering
the assembly. The device was fabricated by bending a stainless-steel pipe with internal
and external diameters of 1.76 mm and 3.18 mm, in 11 turns. The tube was bent by using
a Swagelok® hand tube bender to avoid flattening the tube, which represents a classical
problem when bending a pipe with a small diameter. Stainless-steel pipes were employed
since they are easy to purchase and cheap, two core factors for real industrial applications.
The pipe was vacuumed and afterward not completely charged (filling ratio = 50%) with
HFC-134a. The filling ratios between 20% and 80% let the device work as a true PHP [24].
The filling ratio (FR) represents the fraction by volume of the PHP which is initially filled
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with the liquid (evaluated at room temperature). The fluid volume was estimated from
the liquid density at environmental temperature and from the fluid mass, which was
determined by weighing the PHP with and without the fluid using a high-precision balance
(KERN EG 620 3NM). Furthermore, the empty device was experimentally investigated
to analyze the difference from the totally conductive mode. The charging process was
performed through the setup reported in Figure 2.
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(a)
Figure 1. Photo (a) and 2D sketch (b) of the PHP.
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Figure 2. Vacuum and filling system.

During the emptying of the PHP using a vacuum pump (Agilent DS40M.), valves
V3, V4 and V5 (Figure 2) were closed. The obtainment of a sufficient degree of void was
checked through a vacuum gauge controller (RGC-150 Agilent). In the next phase valves
V1, V2 and V5 were closed, and the device was charged with the working fluid.

The heat power at the evaporator section was furnished by Joule effect by means of a
wire resistor wound around the tubes along the whole evaporator length and connected to
a power supply. The condenser zone was cooled by means of air under different convection
conditions, i.e., natural convection and forced convection at different air velocity values
(1 and 2.5 m/s). For the tests in forced convection a wind tunnel was adopted as shown
in Figure 3. The air velocity was measured with an anemometer (TESTO 435), it was
measured corresponding to several points of the 3D structure of the PHP and a maximum
difference lower than 15% was found between the different measures. The temperature of
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the evaporator and the condenser was detected through five and four T-type thermocouples,
respectively (see Figure 1a). All the thermocouples were fixed on the PHP’s external wall by
employing aluminum and Kapton® (DuPont, Washington, DC, USA) tapes. Additionally,
the temperature at the adiabatic section and in the atmosphere was detected by T-type
thermocouples. The fluid pressure at the adiabatic section was measured by a miniature
pressure transducer (Kulite XTL-190S-500 PSI SG), directly inserted in the fluid stream and
positioned in series with an in-line amplifier (Kulite® KEA-C-1B, Leonia, NJ, USA).

WIND TUNNEL

PRESSURE
SENSOR

ELECTRIC
POWER
SUPPLY

Figure 3. Photo (a) and sketch (b) of the experimental setup.

The 3D PHP was sized considering a practical application constituted by a 9-cell
battery pack with a nominal voltage of 9.6 V and a capacity of 5.4 Ah [26]. The element
considered here, for larger vehicles, is certainly insufficient but lends itself to modular
scalability, making it suitable for many conditions. Clearly, the composition of multiple
modules could generate additional issues regarding the system’s thermal management
space requirements, and this element will be studied in future work. In the present study
the battery was simulated from the thermal point of view by the wire resistor described
earlier. However, to better understand the forecasted coupling of the PHP with the battery
a sketch is reported in Figure 4.

Figure 4. Sketch of the battery—PHP coupling.
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At first the performance of the proposed PHP was evaluated under different boundary
conditions and a wide spectrum of power input values. During these tests, a stepwise
heating input was supplied to the evaporator from 1 W to 90 W by a DC power supply.
The measurements were gathered by a data acquisition system (AGILENT 34970A), for
every power load once the PHP accomplished the pseudo-steady state. Then the PHP was
tested by applying, as load at the evaporator section, the power distribution corresponding
to 3 different discharging processes of the battery tested in [26]. The 3 discharging curves
referred to different fully discharging processes with a constant operating current at various
values of C-rates (i.e., C1, C2 and C3). The measurement uncertainties of the T-type
thermocouple and the voltage and the current of the power supply were 0.1 °C, £0.05%
(full-scale V) and £0.05% (full-scale A), respectively.

3. Results and Discussion
3.1. Staircase Function Load

During these tests, a staircase function heating input was supplied to the evaporator
from 1 W to 90 W. At first the thermal performance of the proposed device was evaluated in
terms of average thermal resistance R, as reported by several authors in the literature [27-30]:

Req =5 (1)

where T,y is the average of the temperatures measured by the thermocouples at the
evaporator as it is for T, regarding the condenser, and Q is the electric power input
supplied to the wire heater. The evaporator and condenser temperatures were obtained
by averaging the measured values, at constant load, over a 600 s period; these values
were collected only when a pseudo-steady state was reached. The uncertainty in thermal
resistance was estimated by means of the propagation of error method [31]; the maximum
uncertainty on the thermal resistance was +10%.

The performance of the proposed PHP was tested considering air cooling at the
condenser by evaluating three different flow conditions, i.e., natural convection, forced
convection at 1 m/s and forced convection at 2.5 m/s. In Figure 5 the temperature distribu-
tions measured by all the thermocouples together with the pressure signal versus the time
for the input load range of 1-78 W for the case of natural convection are reported.
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Figure 5. Temperature distributions vs. time for the case of natural convection at the condenser.
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Figure 6 shows the overall thermal resistance versus the heating input for the case
of natural convection at the condenser together with the results obtained with the empty
device. When the device is empty it operates as a purely conductive device and its thermal
resistance is practically invariant (~2 °C/W) with the power load. When the PHP is charged
with the working fluid, the transport phenomena (thermally induced pulsations) decrease
the average thermal resistance more than five times compared to the empty PHP. From
Figure 5 it is interesting to notice that the startup condition seems to appear very early;
between 3 and 5 W the first significant oscillations rise in the temperature distribution.
Shortly after imposing 3.4 W input power, it can be seen that the condenser temperatures
approached those of the evaporator, indicating an increase in the heat transfer capacity of
the device. This is also confirmed by the sudden decrease in the average thermal resistance
for the same power input values observable in Figure 6. The vertical operation is certainly
helping the arising of the startup condition. The fact that the liquid phase is pushed to
the condenser more effectively if the device works in the bottom-heated mode (evaporator
at the bottom) or gravity-assisted mode is confirmed in the literature [24,32]. When the
pulsation onset and the fluid inertia have a significant role, the PHP demonstrates excellent
thermal performances, with even a thermal resistance that is 10 times lower compared to
the empty device case for the power input range of 10-30 W. After this range it is possible
to see a slight increase in the thermal resistance; this is probably due to the fact that the
quantity of vapor is approaching the dry-out condition in some of the turns and the heat
dissipated at the condenser with the natural convection mechanism is not sufficient to allow
the recondensation of the fluid in all the turns. This is also confirmed by the temperature
distribution of the thermocouple T, in Figure 5 that from the power input of 41 W reaches
values significantly higher than the other sensors, highlighting that that branch is probably
mostly filled by vapor even if the condition is not of a complete dry-out since it is possible
to observe various drops in the temperature distribution due to flow reversal phenomena
of liquid from the condenser.

5 , , , ;

—c— Empty device - Natural convection

— % —FR50% - Natural convection

= 3 :
O
<
o
m”2x\%\@ 1
t
|
1H |
WX
* —
e
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Figure 6. Thermal resistance for the case of natural convection at the condenser.

With the adoption of forced convection at the condenser this local phenomenon of
non-uniformity of temperature at the evaporator disappears as is testified by Figure 7
where the temperature distribution measured by all the thermocouples versus the time for
the input load range of 1-90 W for the case of forced convection with air velocity of 1 m/s
is reported.
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Figure 7. Temperature distributions vs. time for the case of forced convection (v = 1 m/s) at the
condenser.

In addition, in this case the activation of the device occurs in the range of power input
values of 3-5 W. From the startup, clear oscillation phenomena could be observed from the
sensor measurements for all the heat loads. The complete activation of the device is also
testified by the lower temperatures reached at the evaporator with respect to the case of air
natural convection at the condenser. What was observed for the case of forced convection
with air velocity of 1 m/s was also detected for the case of air velocity of 2.5 m/s where the
heat transfer condition at the condenser is even more favorable.

Then, in Figures 8 and 9, the comparisons between the overall thermal resistance and
the average evaporator temperature for all the configurations considered, respectively, are
represented. For every analyzed case the experimental tests have been repeated at least
3 times to verify the repeatability of the phenomenon and the robustness of the data, and
all the experiments have been conducted at environmental temperature equal to 18 °C.
To obtain this ambient condition the experimental tests were performed inside a climatic
chamber of 4.0 m x 2.3 m x 2.6 m with 60 mm thick panels that, thanks to an air handling
unit (CTA series CETRA air flowrate 500 m>/h), allowed simulation of ambient conditions
in the interval of 10-30 °C.
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Figure 8. Thermal resistance.
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Figure 9. Average evaporator temperature.

It is possible to see from Figure 7 that the two configurations with forced convection
at the condenser, as predicted, perform better in terms of overall thermal resistance of the
device. Additionally, the natural convection configuration shows promising performance
with a thermal resistance that is only slightly higher than the ones found for forced convec-
tion cases in the range of 40-80 W, but it is characterized by significantly higher temperature
values at the evaporator (Figure 9) and by a non-negligible non-uniformity between the
different turns as shown in Figure 5. This aspect could be crucial for the application under
study since, as already explained in the Introduction section, working outside of the pre-
scribed temperature range (2040 °C) or with a significant temperature gradient across the
battery meaningfully accelerates its aging or could even cause premature breakage.

3.2. Discharging Process at Mild Environmental Temperature

To investigate the efficiency of the proposed cooling system in real-world battery
operating conditions, the device was tested by applying, as power load at the evaporator
section, the power distribution corresponding to the heat generated for three different
discharging processes by the battery pack presented in [26]. The three discharging curves
referred to different fully discharging processes with a constant operating current at various
values of C-rates (i.e., C1, C2 and C3). The values of the current at the three different C-rates
are reported in Table 1 and the heat power generated by the battery during the discharging
process, as determined in [33], is shown in Figure 10. The Bernardi equation [34] was used
to evaluate the heat generation of a single cell:

oT

Q=1(V—Upc) + 1T @)
where [ is the discharge current, V is the cell potential, T is the battery surface temperature
(expressed in K), Upc is the open circuit potential and dUpc/dT is the entropic heat coeffi-
cient (EHC). Both EHC and Upc were measured for the battery under testing with specific
tests described in [33] for every 10% of state of charge. The other terms of Equation (1)
(i.e., current, cell potential and surface temperature) were measured during full discharge
tests at the three C-rates reported in Table 1 for a single cell. The heat power presented in
Figure 10 is the result of Equation (2) multiplied by the number of cells used in the battery
pack under investigation.
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Table 1. Constant current discharge process [23].

C-Rate Current [A] Time [s]
1 54 3600
2 10.8 1800
3 16.2 1200
30 T
—Cl1
—C2
257 —3|]
20 1
2 st ]
o
10 - b
5 . N
0 1

0 500 1000 1500 2000 2500 3000 3500 4000
t(s)

Figure 10. Discharging curves.

The discharging curves have been adopted as conditions to evaluate the applicability
of the proposed thermal management system since Li-ion cells are usually subjected to
very stressful operating conditions during the battery discharge phase.

The three discharging curves were applied at the evaporator for all the considered
boundary conditions at the condenser. In Figure 10 the average temperature at the evap-
orator and at the condenser for C1, C2 and C3 discharge curves for the case of natural
convection is reported. The tests were performed at an ambient temperature of 18 °C. To
avoid malfunctioning or possible runaway the goal for the BTMS is trying to keep the
maximum temperature under 40 °C. This achievement is reached for the two curves at C1
and C2 while, at C3, where a higher power must be dissipated, the evaporator temperature
surpasses 45 °C.

In the case of C1 the power to be dissipated is very low and the device can keep
the temperature under the upper limit even if it is not working in oscillating mode for
the first 3000 s. Indeed, from Figure 11a it is possible to define the PHP activation of the
device only around t = 3000 s where both the temperature at the evaporator and at the
condenser exhibits appreciable oscillations. It is worth noting that in the first 3000 s the
device is neither working in oscillating mode nor in pure conductive mode as happened
with the empty device. In the case of pure conductive mode, the evaporator curve will be
characterized by a significant increasing trend while from Figure 11a it is possible to see a
plateau distribution of temperature in the interval of 500-3000 s.

At this stage the device is probably working as a thermosyphon where the motion
engine is represented exclusively by the buoyancy and gravity forces. The heat transfer
due to the latent heat of evaporation and condensation is still present but it is missing,
with respect to the PHP case, the significant sensible heat transferred thanks to the high-
frequency oscillations that characterize the PHP’s pulsating working mode. The distribution
of the temperature at the evaporator and the condenser is indeed characterized by a
smoother trend [35]. For the C2—-C3 rates the activation occurs before, i.e., around 200 s,
but it is not enough to keep the temperature under the upper limit for the C3 case. The
bottleneck in this case is due to the low heat transfer coefficient between the tubes at the
condenser and in the environment since natural convection is usually characterized by
convective heat transfer coefficient in the range of 10-25 W/m?2°C. To overcome this issue,
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it is necessary to increase the heat transfer surface. This problem is not present in the case
of forced convection at the condenser. In Figures 12 and 13 the average temperatures at the
evaporator and at the condenser for C1, C2 and C3 discharge curves for the case of forced
convection are reported for air velocity v =1 m/s and v = 2.5 m/s, respectively. These
values are quite conservative with respect to the ones achievable during the moving of an

electric vehicle, i.e., cars, planes or even bicycles.
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(c) discharging curves for the case of natural convection.
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(c) discharging curves for the case of forced convection (v=1m/s).
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Figure 13. Average temperature at the evaporator and at the condenser for C1 (a), C2 (b) and C3

(c) discharging curves for the case of forced convection (v =2.5m/s).

For both the air velocity values the goal of keeping the temperature lower than the
upper limit is achieved for all the C-rates, demonstrating the ability of the proposed device
as an efficient passive battery thermal management system. As already said, all these
tests were performed at ambient temperature of 18 °C, so further investigation varying the

environmental temperature must be performed.
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Since the aim of the device presented here is to provide a robust, efficient and totally
passive battery cooling system for all the working conditions it is necessary to solve the
bottleneck represented by the low heat transfer coefficient at the condenser section in
natural convection, by increasing the surface heat transfer area. Indeed, the device must
be able to guarantee the optimal working temperature range of the battery when forced
convection is not available, avoiding the use of external power. This is, for instance, the
case of a charging process where the vehicle is not moving and air flow cannot be naturally
conveyed to the battery without using a fan and so consuming energy.

The heat transfer area at the condenser could be easily increased by adding fins as is
reported in Figure 14.

L/

Figure 14. Sketch of the PHP configuration with fins.

As it is possible to see from Figure 15 the simple configuration of fins on the battery
pack of Figure 14 allows the temperature of the evaporator to remain under the upper limit.

40 \ \ 25
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Figure 15. Cont.
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Figure 15. Average temperature at the evaporator and at the condenser for C1 (a), C2 (b) and C3

(c) discharging curves for the case of natural convection and PHP with fins.

3.3. Discharging Process at Extreme Environmental Temperature

After verifying the effective high potentiality of the proposed device it is necessary to
explore the working limits of its application. On one side, low environmental temperature
could be problematic for the activation of the oscillating mode of the PHP due to the
higher viscosity of the fluid inside the device. On the opposite side, high environmental
temperature of course represents a critical issue since the device is cooled by ambient air.
To investigate these two conditions a thermal chamber (MPM Instruments—M400-1B) was
adopted to simulate the environmental conditions of Tepy = 5 °C and Tepn = 30 °C. The most
critical configuration among the three studied, i.e., natural convection, was tested as the
cooling mode at the condenser. The setup with fins was kept.

From Figure 16, where the average temperatures at the evaporator and at the condenser
for the different C-rates for the case of T,;, =5 °C are reported, it is possible to notice that
the device effectively counters problems of activation that seems to occur with some delay
with respect to previous cases, i.e., at t = 3200 s for C1, at t = 1200 s for C2 and at t = 500 s
for C3. In any case, with this boundary condition no problem of overheating is faced, in
fact, there could be the issue of not reaching the lower limit of the optimal working range.
In this case an additional control system, such as a simple thermal resistance activated by
the battery only when the temperature is lower than the lower limit, could be arranged.

The opposite problem is encountered for Ty = 30 °C where the upper temperature
limit is approached both for the C2 case and C3 case (Figure 17). The positive aspect is
that the limit is overcome only in the C3 case and the excess is limited to less than 3 °C.
Of course, with an increase in the environmental temperature this problem will become
greater, for instance, for T,y = 35 °C where the excess has been measured to be about
5 °C for the C2 case and 8 °C for the C3 case. Nevertheless, it must be considered that the
natural convection represents the worst-case scenario for a battery of an electric vehicle
as seen from Figures 11-13 and, moreover, until the environmental temperature remains
below the upper limit it can be managed by increasing the heat transfer surface area with
an improved battery pack with fins.
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Figure 16. Average temperature at the evaporator and at the condenser for C1 (a), C2 (b) and C3

(c) discharging curves for the case of natural convection and PHP with fins at Teun = 5 °C.
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Figure 17. Average temperature at the evaporator and at the condenser for C1 (a), C2 (b) and C3
(c) discharging curves for the case of natural convection and PHP with fins at Teyn = 30 °C.

In conclusion, the presented device for the thermal management of batteries for electric
vehicles was demonstrated to be effectively applicable to real working conditions, showing
promising cooling performance.

4. Conclusions

In the present work an innovative cooling system for the thermal management of
batteries for electric vehicles is presented and tested. At first the performance of the
proposed PHP was evaluated in terms of average thermal resistance of the device under
different boundary conditions and a wide spectrum of power input values. Then the
PHP was tested by applying, as load at the evaporator section, the power distribution
corresponding to three different discharging processes of a battery already tested in [23].
From the tests directly referring to an applicative case the proposed 3D PHP was shown to
be able to keep the battery in the optimal working temperature range (2040 °C) for all the
tested C-rates in the case of forced convection in a condition that simulates the case of a
moving vehicle. The issue becomes more critical for the case of natural convection at the
condenser section, a condition that can occur, for instance, during the charging phase. It
requires the reducing of the thermal resistance at the condenser that can be successfully
obtained by a fin pack. Then critical thermal conditions were analyzed, showing for all
the studied cases optimal cooling ability and the possibility to offer a powerful solution
for electrical battery thermal management. Finally, it is important to highlight that the
fitting of the proposed thermal management system inside a vehicle is one of the issues
that will be studied in future research activities, from a perspective of product engineering,
considering that it would probably not have much bigger dimensions than an actual
thermal management system based on liquid cooling, composed of the battery case, fluid
circuit and radiator, or one based on air cooling that comprises a finned pack.
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Nomenclature

D [m] Diameter

h [W/m2°C] Heat transfer coefficient
I [A] Discharge current

Q [W] Heat load

q [W/m?2] Heat flux

R [°C/W] Thermal resistance

T [°C] Temperature

t [s] Time

Uopc [V] Open circuit potential
Vv [V] Battery cell potential
v [m/s] Velocity

Subscripts

cond Condenser

env Environment

eva Evaporator
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