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Abstract

A reliable battery thermal management system (BTMS) is essential to ensure proper performance, a long life span and
high electric vehicle safety. The primary objective of BTMS is to maintain the cells’ temperature in the range of 15-35 °C
while limiting the temperature spread between cells to below 5 °C. Active thermal management with polymeric hollow fib-
ers (PHFs) has been reported in a few articles, but its tremendous flexibility is mainly advantageous for cylindrical cells.
Extruded polymeric cold plate heat exchangers with rounded rectangle channels (RRCs) are proposed as a more elegant
solution for planar batteries. Heat exchangers using PHFs and RRCs were experimentally compared, with a strong focus on
minimizing the maximum temperature and temperature spread of the experimental setup while simultaneously achieving
minimal pressure drops. The system behavior with different parameters, including materials, geometry and thermophysical
properties, was further studied using properly validated CFD models.

Keywords Battery thermal management systems - Heat exchangers - Planar batteries - Polymeric cold plates - Polymeric

hollow fibers

Introduction

According to the International Energy Agency, the number
of electric cars on the world’s roads in 2010 was only around
17000. However, by the end of 2021, this number had sky-
rocketed to nearly 17 million. Despite the global downturn
in car sales caused by the pandemic, electric car registrations
saw a remarkable 41% increase in 2020, while overall global
car sales dropped by 16%. In 2020, approximately 3 million
electric cars were sold worldwide, accounting for a sales
share of 4.6%. This figure further rose to over 6.5 million
in 2021, representing a sales share of 10%. Additionally,
the cost of batteries has decreased by more than 85% since
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2010. Electric vehicles (EVs) are crucial in reducing air pol-
lution in densely populated areas and offer a promising solu-
tion for energy diversification and reducing greenhouse gas
emissions. EVs produce zero tailpipe emissions and dem-
onstrate better efficiency than internal combustion engines.
Combined with a low-carbon electricity sector, they have
significant potential for reducing greenhouse gas emissions.
These factors strongly indicate that the 2020s will witness a
significant expansion in electric mobility [1, 2].

One of the major challenges in electromobility is battery
thermal management, which significantly impacts battery
performance, safety and life span [3, 4]. Temperature varia-
tions caused by heat generation within the battery can lead
to various undesired effects such as capacity and power fade,
self-discharge and electrical imbalance. Maintaining battery
system temperature in the range of 15-35 °C is crucial to
ensure optimal battery performance, lifetime and safety.
Keeping temperature uniformity within 5 °C is also essen-
tial [5, 6]. Battery thermal management systems (BTMS)
are classified into passive, active and hybrid groups [7, 8].
Passive methods, such as immersion in liquid, natural air
convection, heat pipes or phase change materials (PCMs),
offer energy efficiency and durability but may not be suitable
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for long-term use in EVs [9-13]. Active methods provide
high-performance efficiency and safety, including forced air
and liquid flow. Also, liquid BTMS stands out as a more
compact option. Hybrid systems combine active and passive
approaches but are limited in their use due to complexity and
cost [14—17]. Currently, most EVs utilize active liquid or air
BTMS, with active liquid systems employed by TESLA and
Volkswagen. At the same time, Toyota, Hyundai, Nissan and
Renault primarily use active air BTMS. Further research
should focus on optimizing active BTMS, as it offers a rea-
sonable balance between cost and effectiveness. However,
the best arrangements and optimal operating conditions for
BTMS are still to be determined.

Existing BTMS predominantly utilizes metals such as
aluminum and copper, which come with a significant car-
bon footprint. In contrast, proposed polymeric materials
offer a much more environmentally friendly alternative. For
instance, extruded polypropylene generates approximately
five times less CO, per kilogram than extruded aluminum.
Additionally, polymers possess the advantages of being
lightweight and electrically non-conductive. The low ther-
mal conductivity of polymers can be partially addressed by
incorporating graphite or designing thin walls for the heat
exchangers (HEs) [18, 19]. Unlike metal HEs that require
additional (polymeric) electrical insulators to prevent short
circuits, polymeric counterparts eliminate the need for such
insulation. Notably, the thickness of these electrical insula-
tors is typically equal to the wall thickness of the polymeric
heat exchanger (PHE). Consequently, the marginal benefit
of highly conductive materials like aluminum becomes neg-
ligible [20, 21].

Zarkadas and Sirkar introduced polymeric hollow fiber
heat exchangers (PHFHEs) in 2004 [22]. These PHFHEs
have been successfully used in thermal management for
cylindrical Li-ion 18,650 cells. By embedding polypro-
pylene hollow fibers with an inner diameter of 0.84 mm
into a durable polydicyclopentadiene housing, the mod-
ule achieved comparable temperature performance to the
TESLA S battery unit [23, 24]. In a 2021 prototype improve-
ment, the fibers were redesigned to have direct contact with
the cells, and the inlet/outlet manifolds were improved for
flexibility. Multiple heat exchangers were assembled to fill
the space between the cells, providing a heat exchanger-to-
battery mass-weighted ratio of about 1:5. With a coolant
flow rate of 45 mL min~' and discharging at a constant cur-
rent that discharged the whole battery in 1 hour, the achieved
temperature of 22 °C with a temperature spread of 4 °C met
the BTMS requirements [20]. Due to their flexibility, large
heat transfer area and chemical resistance, PHFHEs have
demonstrated feasibility in various fields, including desalina-
tion, automotive applications and air-conditioning [25-29].

Most current EVs seem to have planar cells (prismatic
and pouch). Thus, the exceptional flexibility of the fibers is
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unimportant. Furthermore, PHFHE manufacturing is expen-
sive to scale up. Only one channel (a fiber, respectively) is
extruded at the time. Thus, more extrusion machines are
required, or the production of a HE takes too much time.
More importantly, when it comes to the thermal manage-
ment of planar elements with fibers (i.e., tubes), a signifi-
cant issue arises due to inadequate physical contact between
them. Hence, a considerable amount of thermally conductive
paste is required. To preserve the advantages of PHFs and
overcome the issue with fiber geometry, authors propose the
usage of PHEs with a flat surface and rounded rectangular
channels (RRCs)—polymeric cold plate heat exchangers
(PCPHE). The inspiration comes from the commercially
used plastic cardboard used in logistics. Plastic cardboard is
also like fibers manufactured by extrusion. However, unlike
them, the whole board is extruded at once (i.e., all channels
in cardboard are extruded simultaneously), which enhances
production scalability.

Current technology and materials to produce plastic card-
board are not yet optimal for heat transfer long-term applica-
tions. Cheap polypropylene has to be replaced with a heat-
stabilized polymer. Further, the cardboard’s dimensions and
shape must be reconsidered to improve its mechanical sta-
bility, which is required by external loading from batteries.
An experimental comparison of two thermal management
approaches (PHFHE and PCPHE) of planar elements was
carried out with planar dummy cells maintained at constant
power. The experiments were also used to validate a numeri-
cal model, which was further used to study the system with
different parameters such as geometry and thermophysical
properties.

Methodology
Experimental description

Two heat exchangers were produced. The first one (further
in the text denoted as F) used 180 hollow fibers made of
polyamide with a length of 140 mm, 1 mm outer diameter
and 0.8 mm inner diameter, placed in a single layer (Fig. 1a).
Polyamide (PA) encompasses a broad spectrum of materi-
als, with PA6 and PA11 being the most commonly used in
technical applications. The fibers examined in this research
were produced using PA 612 (Zytel 6159). PA 612 is easily
processable by extrusion and by following the melt drawing
to the required dimension of the hollow fiber. The melt tem-
perature range by extrusion is 230-250 °C. Fiber extrusion
was performed by the company COMPUPLAST s.r.0.

The second HE (C) was made from plastic cardboard,
commonly used as a support or protection when transporting
materials. It contains 61 channels (Fig. 1b). The heat transfer
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Fig. 1 a Polyamide hollow (a)
fiber heat exchanger (F) with

details on the fiber geometry.

b Polypropylene rectangular

curved channels heat exchanger

(C) with details on its channel

geometry. ¢ Heat exchanger

between aluminum plates with

heating elements before placing

it into the thermal insulation (b)
and positioning thermocou-

ples. After that, this assembly

is denoted as an experimental

sandwich. d Thermocouples

positioning. In addition, they

are placed in the middle of the

plates’ thickness. e Experimen-

tal setup scheme. The pump

is used only to relocate water (c)
between barrels when needed Heating

(e)

Filter

Pump

surface-to-volume ratio of heat exchangers F and C is 4000
m? m~> and 964 m? m~>. Carbon tubes with an outer diam-
eter of 12 mm were used as the inlet and outlet collectors of
both HEs. Momentive’s SilCool  TIA350R Adhesive with
a declared thermal conductivity of 3.5 W m~' K~! was used
as an electrically non-conductive gap filler.

The heat exchanger was placed between two
200 % 100x10 mm aluminum plates with heating elements
evenly bonded to the plates outside (Fig. 1c). The 30 W
power was provided into the electrical circuit using 1685B
Series 300-360W Switching Bench DC Power Supplies.
The heat exchangers were first tested without the heat-con-
ducting paste, and then, with it, 20 g of heat-conducting
paste was applied evenly to each side of the heat exchanger.
Eight K-type thermocouples were placed in the center of
the thickness of the aluminum plates into the drilled holes,
four in each, as shown in Fig. 1d, so temperatures could be
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measured directly at the level of the heating elements and
between them. The other two thermocouples measured the
temperature at the inlet (7;) and outlet (7)) of the distilled
water in the heat exchanger, which is the cooling liquid. Dis-
tilled water was used to eliminate the fouling of the system.

The plates with heating elements and heat exchanger
were placed in insulation—sibral, forming an experimen-
tal sandwich. The upper insulation was loaded with a mass
of 20 kg to ensure good and well-defined contact between
the heat exchanger and the aluminum plates. A PhoenixTM
PTM1220-K data logger was used to measure the tempera-
ture, which was simultaneously transferred to a laptop, as
shown in Fig. le. Temperatures were stored when the steady
state was reached. The flow rate of the coolant ranged from
1to 10 1h™!. Four values were measured for the experiments
without the paste 1,2,4 and 101 h~! and with the paste 1.3,
2,4 and 10 1 h~!. This flow rate was maintained using a
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HAM-LET Group H-1300 series valve, a filter section and
a KROHNE flow meter VA40V/R. The exchanger outlet was
brought above the inlet level, and the highest possible water
flow rate was driven through the exchanger to remove any
air or gases present in the system before the measurement
started.

The inlet water temperature was maintained at 21 °C,
draining by gravity from a barrel above the stand. The exper-
imental scheme setup is shown in Fig. le. Due to the low
flow rates, the pressure losses were negligibly small. Only
numerical calculations estimated the pressure losses. Firstly,
a comparison was made between the heat exchangers with-
out paste and those with paste, and the optimal configura-
tions were chosen for both. The main focus was on minimiz-
ing the highest recorded temperature within the plates. In the
case of experiments, four values are reported in the results
(temperature difference, temperature, flow rate and electric
power). The uncertainty intervals of these values will now be
described. The relative uncertainty of the thermocouple and
the data logger is 2.8-7.0% for the measured temperatures in
the 20.0-50.0 °C range, corresponding to the absolute error
of + 1.4 °C. The relative error of the measured flow rate is
not higher than 5%. The absolute error of the power supply
is+ 1.2 W, resulting in a relative error of 4%.

Simulation setup

The numerical model was built to simulate the experiment
described in the previous section. Heat is generated uni-
formly over the entire upper surface of the upper plate and
the lower surface of the lower plate, and the inlet tempera-
ture of water to all fibers (channels) is constant. Therefore, it
is sufficient to consider only one fiber (channel) and the cor-
responding part of the experimental sandwich in the model.
Moreover, since the fibers (channels) are centrally symmet-
ric (see Fig. 1) and the heating bodies are located both above
and below, we can advantageously consider only one-quarter
of the fiber (channel) and only the upper part of the sand-
wich. For heat exchanger F, the thermally conductive paste
is considered, which ensures better contact between the alu-
minum and the fibers and reduces the maximum temperature
in the experiment. On the contrary, in heat exchanger C, the
thermally conductive paste only brings additional thermal
resistance and increases the maximum measured tempera-
ture. Therefore, only better options are considered in the
simulations. The computational domain for heat exchangers
F and Cis shown in Fig. 2a and b. The models were created
in Ansys Workbench, and computations were performed in
Ansys Fluent (version 2022 R1) with solver SIMPLE.

The mathematical notation of these equations, according
to [30], follows. The law of conservation of mass:
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V-v=0, )

where v is a velocity vector. The law of conservation of
momentum:

(v-V)-v=—%Vp+vV2V )

where p is the static pressure and v is the kinematic viscos-
ity. The operator V represents the gradient, and by V2, the
Laplace operator is meant. Finally, the law of conservation
of energy:

pey(v - VT) = V - (kVT) 3)

Letter T stands for the temperature, ¢, is the specific
heat capacity (at the constant pressure) and k is the thermal
conductivity. The thermophysical properties of all compo-
nents are assumed to be constant. Their values are listed in
Table 1.

The boundary condition of the heat flux density through
the top wall of the aluminum plate is determined to be 750
W m~2 (shown as red arrows in Fig. 2), corresponding to
the 30 W delivered during experiments to two aluminum
plates with an area of 200 x 100 mm. Water at a tempera-
ture of 21 °C flows into the fiber (channel) at a rate deter-
mined by the flow rate and the cross-sectional area of the
fiber (channel). A water flow rate of 1 1 h™! corresponds
to a velocity of 0.0024 m s~ and 0.00082 m s~! for heat
exchangers F and C, respectively. The boundary condition
at the fiber (channel) outlet is chosen as a pressure outlet
with a value of 0 Pa. At the point of contact between the
water and the fiber (channel) wall, the no-slip condition is
set. Other interferences between the bodies are set as cou-
pled, and perfect thermal contact is considered. The system
is isolated from the surrounding environment. A symmetry
condition is prescribed at the boundary between the water
and the surroundings.

Concerning the meshing of domains, the aim is to keep
the skewness of the cells as small as possible. Although an
ideal scenario would have entailed a zero-thickness layer of
thermally conductive paste at the narrowest point (concern-
ing the case with heat exchanger F), the formation of cells
with excessive skewness can lead to computation conver-
gence issues was avoided using a 0.03 mm thickness instead.
As a result, the maximum skewness in both models was lim-
ited to 0.75, with a mean value of approximately 0.06 in both
cases, see Table 2. The inflation mesh method created a finer
mesh at the interface between the water and the fiber wall to
better capture the boundary layer region where temperature
and velocity changes occur. Although a large aspect ratio
is typically undesirable, it was possible to use in this case
due to the highly anisotropic flow inside the fiber (channel).
As a result, the number of cells required was significantly
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Fig.2 Simulations domains for the case with a polyamide hollow fiber heat exchanger (F) and b polypropylene rectangular curved channels heat
exchanger (C), illustration of boundary conditions, and details of used mesh grids

reduced without compromising the accuracy of the results.
The overall number of cells was around 490 000 in both
cases. Details of the meshes are displayed in Fig. 2.

Results

Workflow

The procedure of the work itself is divided into two stages:
(1) In the Ansys Fluent environment, create a model so
that the results of the simulations are as close as possible
to the reality measured in the experiment described in the
experimental section. The measured values of the maxi-
mum temperature in the aluminum plates and the water
temperature at the outlet of the fiber (channel) differ at
most 10% from the corresponding values predicted by the
simulations. (2) Substitute the material properties of the
aluminum plate for the pouch battery (Table 1), including

consideration of anisotropy, and compare the plastic vari-
ants from the first stage with heat exchangers made of
aluminum, keeping the same geometry.

The comparison of the simulation prediction with
experiments for heat exchanger F (left column) and C
(right column) for the maximum temperature (Fig. 3)
shows an error of up to 5% (or up to 11%) for F (or C),
indicating good accuracy. Similar observations hold for
the outlet water temperature. Based on the calculations and
data above, the model accurately describes the experiment
and can be utilized in subsequent parameter studies. The
maximal temperature from the simulation is taken as the
temperature in the middle of the thickness and width of
the aluminum plate and 30 mm from the outlet, so it is the
exact location as in the experimental case.

Replacement of the aluminum plate with a pouch
battery

Two additional models were created using ANSYS FLU-
ENT, with the same geometry as in the previous stage but
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Table 1 Thermophysical properties of aluminum, thermally conduc-
tive paste, polyamide, polypropylene, water and a pouch battery

Aluminum [31] ) 2702 (kg m™3)

¢, 903 (Jkg™'K™

k 237 (Wm™' K™
Thermally conductive p 3100 (kg m~3)

paste [32] ¢ 1100 Jkg™' K™

k 3.5 (Wm™' K™
Polyamide [33] p 1140 (kg m™3)

¢ 1700 (T kg 'K

k 0.23 (Wm™' K™
Polypropylene [34] p 895 (kg m™3)

¢, 1920 (T kg 'K

k 0.19 (Wm™'K™h
Water [31] o 997.86 (kg m™>)

¢ 4179 (T kg 'K

k 0.613 (Wm™'K™

v 0.855107° (m?s™)
Battery [35] p 2510 (kg m™3)

¢ 990 (T kg 'K

k 399 0 0 (Wm™'K™)

0 1.19 0
0 0 399

with aluminum fiber (channel) material instead of polymeric.
We compared three parameters: the maximum temperature,
the water outlet temperature and the temperature difference
in the aluminum plate. The plates’ thermophysical proper-
ties were replaced with batteries to make the simulations
closer to reality. The anisotropy of the battery was specified
in the form of a tensor, and the thermophysical properties

Table2 Number of cells used for models considering heat exchang-
ers F and C. Selected mesh parameters used in the models: skew-
ness and aspect ratio of cells. For each parameter, the interval (I) over

are listed in Table 1. A significant difference was observed
between the models with batteries and those with aluminum
plates. The thermal conductivity in the y-axis direction was
more than 30 times smaller than in the other two directions,
resulting in a higher maximum temperature and a change in
the temperature profile. The temperature field in the case of
the plastic heat exchanger F with a flow rate of 1.3 1h~! with
the replacement of the aluminum by a battery is shown in
Fig. 4d. The values of the maximum temperature, the outlet
water temperature and the maximum difference inside the
battery are shown in Fig. 5. The relative differences between
the aluminum and the plastic variants were most significant
for exchanger C at a flow rate of 10 1 h™!, with the maximum
temperature difference of the polymeric variant being almost
12% lower. However, the absolute difference was less than
0.1 °C, i.e., negligible. This is attributed to the fiber mate-
rial’s significantly lower thermal resistance in comparison
with other thermal resistances. Due to the laminar flow and
low water velocity values, the heat transfer coefficient (HTC)
of the heat exchangers is significantly not dependent on the
flow rate. Thus, only mean values will be stated. The HTC
of the heat exchanger C was 842.89 W m~ K~! for poly-
meric channels and 877.61 W m~2 K~! for the aluminum
ones, leading to an increase of circa 4% for the latter case. A
higher HTC can be observed for the heat exchanger F due to
the smaller inner diameter, i.e., 2691.46 W m~2 K~! for poly-
meric fibers and 2765.48 W m~2 K~! for aluminum ones.

which the values occur, the mean) and the standard deviation (o) of
the parameter are specified

Amount of cells Skewness Aspect ratio

I u o 1 u o
F 492 000 0-0.71 0.060 0.12 3.68-35.49 14.33 8.04
C 487 600 0-0.51 0.058 0.092 10.23-53.43 16.55 6.26
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Fig.3 Results of simulation for (a) (b)
the case with heat exchanger F
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Fig.5 Comparison of maximal Fibres Channels
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Conclusions

Experiments were performed to compare two types of heat
exchangers for cooling flat elements with an emphasis on
batteries. These are polymeric heat exchangers, one made
of polymeric hollow fibers (F) and the other made of plas-
tic cardboard (C) with rectangular channels with rounded
corners. The heat exchangers were placed between two
aluminum plates, to which a power of 30 W was applied.
Water flowed (1-10 1 h™") through the fibers (channels),
and the temperature inside plates were monitored at sev-
eral positions. The results showed that applying a thermally
conductive paste to the F exchanger is necessary. In con-
trast, the application of paste to the C exchanger only brings
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additional thermal resistance and thus leads to worse thermal
performance.

The experimental data further validated the computa-
tional model, which was also conscientiously verified. The
F and C heat exchangers were compared in polymeric and
aluminum versions with the same geometry in simulations.
It is important to note that the thermophysical properties
of the battery are fundamentally different from aluminum.
This is mainly the anisotropy of thermal conductivity. In
the case of including anisotropy in the model, where the
thermal conductivity is more than 30 times smaller in the
direction perpendicular to the heat exchangers than in the
other two directions, minor differences were observed
between the polymeric and aluminum variants in terms of
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maximum temperatures and temperature differences across
the battery. The F heat exchanger exhibited a higher heat
transfer coefficient (2691.46 W m~2 K™!) attributed to the
smaller inner diameter of its fibers, while the heat transfer
coefficient for the C exchanger was 877.61 W m~2 K=,
Importantly, replacing the polymeric wall with an aluminum
one yielded only a marginal increase in heat transfer coef-
ficient, not exceeding 5%.

In addition, the polymeric exchangers are not electrically
conductive and, therefore, do not need to be electrically
isolated from the batteries, as with the aluminum exchang-
ers. They also bring the advantages of lower mass, cheaper
manufacturing material and lower carbon footprint per unit
mass. Research and development in polymeric heat exchang-
ers will grow with interest in electromobility, where properly
designed thermal management plays an essential role.

In current electric vehicles, battery thermal management
systems do not optimize the coolant flow rate. Usually, two
states occur: (1) Either there is no need to cool (driving at
reasonable speeds without much acceleration), or (2) there
is a great need to cool (charging, significant acceleration).
Therefore, if the vehicle is actively cooling the battery, it
does so with high flow rates. We have shown that at higher
flow rates, we do not observe a significant difference in
maximal temperature between the polymeric and aluminum
versions of the heat exchangers. Moreover, the plates with
the polymeric variant have a lower temperature difference.
Currently, the main drawback of plastic exchangers is their
higher price due to mass production limitations. In future
work, the design of the PCPHE will be provided. The overall
channel dimensions and wall thicknesses will be optimized
to ensure solid mechanical stability of the system while
maintaining good thermal performance. Moreover, tests
with actual batteries of different types will be performed to
validate more sophisticated computational models.
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