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Abstract

From the perspectives of security, durability, and proper operation, effective temperature control via thermal manage-
ment systems (TMSs) on lithium-ion batteries is crucial for electric vehicle use. In this regard, a novel TMS based on
dielectric flow and tab cooling was presented in this paper. A functional prototype of the system was developed and
experimentally tested for performance analysis. A thermal model was built on computational fluid dynamics software,
and a comparative analysis of the initial and an optimised geometry of the prototype was carried on after validation.
Results demonstrate the adequate response of the system. Thermally speaking, temperature decrease was noticed
during operation, and the internal and among-cells thermal gradient was preserved into the recommended span. Be-
sides, the used dielectric fluid assisted with a low auxiliary consumption due to its particular viscosity. With the new
geometry, the dielectric flow duct volume was reduced by 79.8%, and the system particularities were enhanced due to
heat dissipation improvement: operating temperatures were even lower in every scenario examined. The temperature
difference among cells was reduced by 15%. Thermal dispersion within the cells was still below the limit, despite
being increased. Moreover, the necessary pumping energy consumption was below 0.004% of the exchanged battery
module’s energy, demonstrating the TMS efficiency. Thus, the application potential of the dielectric tab cooling-based
system for electric vehicles was highlighted.

Keywords: Thermal management system, dielectric flow, tab cooling, electric vehicle, lithium-ion battery,
electromobility

1. Introduction employed in consumer electronics over the last years.
This mature technology stands out because of its good
energy density, significant power storage capacity, lack
of memory effect and high efficiency ratios of 90%-
98% [4, 5]. However, these batteries’ main downside
stands in their great overheating potential, critically ex-
acerbated by the high demanding performances and fast
charging. Durability and performance are entirely as-
sociated with working temperature and its gradients in-
side and between cells. This operational temperature
span encompasses between -20 °C and 60 °C, with the
optimal range around 20 °C - 40 °C and the maximum
temperature dispersion of 5 °C. Additionally, high C-
rates accelerate degradation, deteriorating battery capa-

Electrification of goods and people transport repres-
ents a crucial pace toward decarbonising our society,
accounting for around 27% of global CO, emissions
[1]. On the path to replacing the prevailing internal
combustion engine vehicles, battery electric vehicles
(BEVs) are put forward as the main alternative, ahead
of less energy-efficient mobility technologies such as
hydrogen-based fuel cell electric vehicles or even syn-
thetic hydrocarbons, prevailing well-to-wheel efficiency
[2,3].

BEV’s expansion relays on the Lithium-ion Battery
(LIB) energy storage system, which has been broadly
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city and power capabilities [6—12].

Proper operation and major security are essential to
counter this degradation and ensure a longer life span.
Therefore, thermal stress is controlled through battery
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TMSs. These systems are in charge of temperature ad-
aption inside the optimal range of operation, using dif-
ferent approaches. Air cooling was used at the begin-
ning of commercial BEVs, being an easily implement-
able and economic system. However, the necessary
cooling contact area, due to low thermal conductivity
and specific heat capacity properties of air, decreases the
battery pack (BP) energy density and makes it unsuit-
able for high-current charge and discharges. Moreover,
air type TMS auxiliary consumption increases broadly
in the attempt for proper cooling of battery cells in
comparison with other technologies such as liquid TMS
[13-16].

This liquid TMS has been the predominant substitute
of the air type method, through cold plates (CPs) use. It
is an effective system capable of reducing cell temper-
ature below the optimal working point even under de-
manding applications and LIBs abuse conditions. Nev-
ertheless, there is always a thermal resistance between
the battery and the heat transfer fluid due to the need for
electrical insulation, reducing the overall heat transfer
capacity. Moreover, the system’s weight, cost and auxil-
iary energy consumption are also incremented [17-19].

The phase change material (PCM) solution has also
been deeply studied in the past few years. This pass-
ive technology uses phase changing effect to absorb the
thermal energy by latent heat, which avoids temperat-
ure change on the TMS device. Paraffin wax is usually
the employed element, having a melting/solidification
process. However, the low thermal conductivity of the
material obliges it to be incorporated into a porous alu-
minium structure to increase the heat transfer of the
device [20, 21]. The PCM has a high heat absorption
capacity avoiding abrupt temperature increases or heat
power peaks, so it is particularly indicated as a thermal
security element [22]. Even so, an active auxiliary sys-
tem for solidification and thermal characteristics recov-
ery is needed, losing the main benefits of the system
[23, 24].

Recently, the use of dielectric liquids for battery
thermal management systems (BTMSs) has gained in-
terest in the research community. These systems are the
natural evolution of air and coldplate systems, bringing
together the benefits of both systems. The first one uses
the least expensive dielectric fluid, which improves the
system’s simplicity. In contrast, the latter’s ability to
regulate heat is increased when liquid is used instead of
air. These dielectric fluids enable direct contact cool-
ing between the battery cells and the coolant, enhancing
heat transfer. Moreover, disposal of intermediary ele-
ments such as the coldplates, can reduce energy density
and specific energy ratios of the BP.

These systems approach is usually fully immersing
the batteries into the dielectric fluid, being capable of
reducing the cell maximum temperature compared with
the most extended coldplate TMS [25-27]. This tem-
perature reduction is especially effective under high C-
rates, where higher heat dissipation capability is re-
quired [28]. Moreover, these system usages can provide
lower pressure drop and therefore reduced parasitic
power consumption [26, 28]. In this way, the battery
module (BM) geometry has a significant effect on the
temperature of the cells; by reducing the space between
cells, the maximum temperature can be reduced due to
the velocity increase of coolant fluid, which at the same
time increases the pressure drop of the system [15]. All
these literature publications have worked under fully
immersion concepts for their TMS approaches. Cells
could be partially immersed and obtain reasonable tem-
peratures for the BM [29]. Something similar happens
with tab or radial cooling configurations. Radial cool-
ing causes a faster temperature drop, whereas tab cool-
ing reduces the internal thermal gradient of the cell [30].
This point is important as the thermal management res-
ults will differ depending on the approach of the TMS
selected, and if partial or full dielectric immersion, sur-
face cooling or tab cooling is chosen. In this regard,
several studies have analysed the degradation and per-
formance effect tab cooling has on the cells.

Hunt et al. [31] studied the degradation process
between tab and surface cooling for pouch cells, demon-
strating the importance of the thermal gradient nature.
A higher cell capacity decrease was noticed when the
thermal gradient was perpendicular to cell layers (sur-
face cooling), creating uneven performance and ageing.
In contrast, the thermal gradient along cell layers (tab
cooling) allows uniform distribution of degradation and
better performance.

Dondelewski et al. [32] continued comparing both
cooling approaches, concluding that surface cooling
results in lower usable capacity and energy than tab
cooling. However, analysing the cell geometry effect
on the cooling configuration determined that tab cool-
ing is not always better in degradation terms, as a lower
cell performs better than a longer cell in terms of heat
dissipation when it comes to tab cooling [33]. In that
regard, increasing the heat-releasing ability (i.e. im-
proving the conductivity through the tab) will make the
difference, as analysed by Li et al. [34], showing the
importance of the tab and current collector design for
proper heat release and internal temperature homogen-
isation. Tab cooling can therefore gain in importance
with new ’tabless’ cell designs proposed, reducing the
electrical and thermal resistance caused by the current



collector on today’s cylindrical cells [35], and be highly
beneficial for the TMS.

Deduced from the literature cases explained, both tab
cooling and dielectric TMS approaches show possibilit-
ies of great benefit for the BEV system, influencing the
security and efficiency of the battery pack, as well as
improving its energy density and specific energy.

This work implements both outstanding ideas in the
previous lines of this paper. For this purpose, a dielec-
tric fluid TMS was developed under tab cooling config-
uration. By this, dielectric cooling flow is implemented
on both tabs of a battery module formed with twelve
cylindrical cells, behind the idea of studying the bene-
fits and implementation possibilities of the technology.
The results will be primordial and could help in the fu-
ture design of these systems to increase energy density
and specific energy ratios when reducing the necessary
space on the BP for the TMS or even reducing the neces-
sary coolant quantity, as well as reducing the auxiliary
energy consumption while maintaining similar thermal
management ability. This will make the system more
efficient compared with classical cold plate systems or
with standard complete dielectric immersion solutions,
which make use of all the battery cell surfaces for a
higher heat dissipation capacity, whereas tab cooling fo-
cuses on the tab area for a more compressed solution.

Followed methodology in the work considers a bat-
tery module, where tab cooling can be implemented to
avoid any leakages. In that regard, a prototype was con-
structed, and the thermal model was developed and val-
idated with experimental results. Then an analysis of
the TMS system was carried out to optimise the sys-
tem’s heat transfer capacity.

Therefore, the main objective of the work is to
search for the feasibility of this technology and how
an industrial-level design should be for real implement-
ation. It will improve the published works in energy
density and specific energy while allowing performance
under fast charge and demanding driving.

2. Battery module and dielectric thermal manage-
ment system description

The dielectric tab cooling prototype is made of a
polyethylene machined structure, where the cells are in-
troduced and encapsulated, forming the necessary duct
on cells’ tabs for the dielectric fluid to flow through.
These duct dimensions are 262.5 x 69.5 x 22.5 mm, and
are sealed with a rubber pad between the structure and
the transparent cover. All sensor connections are ad-
ded at both sides, with three thermocouples (top, middle
body and bottom) for temperature measurements and

Table 1: Properties of LithiumWerks ANR26650m1B cell [36].

LithiumWerks ANR26650m1B

Chemistry LFP
Viom [V] 33
Capyom [Ah] 2.5
Max CHA Current [A] 10 (4C)
Max DCH Current [A] 50 (20C)
Temperature Range [°C]  0to 55
Diameter [mm] 26
Length [mm] 65
Mass [kg] 0.076

voltage readings on every cell tab. The prototype geo-
metry can be seen in fig. 1.

Electrically speaking, the module comprises 12 Lith-
iumWerks ANR26650m1B cylindrical LFP cells with
2.5Ah capacity each. The table 1 shows cell’s specific-
ation. Cells are connected in 12S1P configuration, ob-
taining 39.6 V and 2.5Ah module.

Following the BP requirements previously stated for
a combustion vehicle’s electrification case study [37], a
theoretical extrapolation from the battery module to the
battery pack level was done. Thus, establishing the bat-
tery cycling C-rate and the appropriate dielectric volu-
metric flow rate. An amount of 290 prototype mod-
ules should be needed on a 10S29P configuration to as-
semble a 28.71kWh and 72.5Ah battery pack. Consid-

Cells

Power
connector ,

measurements

(a) Complete geometry. (b) Exploded geometry.

Cover

Duct Rubber Pad
outlet
Prototype
Cell tabs Structure

Duct inlet
(c) Cross section.

Figure 1: Dielectric tab cooling TMS geometry.



ering the theoretical battery pack’s electrical configura-
tion and the constant driving energy consumption of the
vehicle at 120km/h [38], the electrical profile to be used
was defined. Hence, each cell’s discharging current was
estimated at 3.45A, corresponding to a 1.38C-rate. On
the other hand, the charge was carried out to the cell’s
maximum capability, performing a fast charge of 4C.
The selected working span was specified between 10%
and 90% of the state of charge (SOC).

The dielectric fluid used for cooling was the hydro-
fluoroether (HFE) 7200, with a boiling point of 76 °C,
zero ozone depletion and low global warming potential.
It also has a low viscosity, which is of great import-
ance in reducing auxiliary energy consumption. This
also eases achieving a turbulent flow, increasing the
heat transfer capacity. The fluid properties are shown
in table 2.

Table 2: HFE 7200 fluid thermophysical properties. [39-42]

T P C, k v H

[°C] [kgm™] [Jkg™' °C™'] [Wm™' °C'] [m*s™'] [Pas]
230 1550.2 1148.6 8.48e72 8.76e7 1.36e7
20 15272 11925 8.05¢72 7.39¢77 1.13¢73
-10 1504.1 1236.3 7.66¢72 6.28¢77 9.44e74
0 1481.1 1280.2 7.30e72  5.45¢77 8.08*
10 1458.1 1324.1 6.97e2 4.73¢77 6.90e™*

6.67¢72 4.19¢77 6.02¢™*

6.41e2 3.78¢77

20 1435.0 1367.9
30 14120 1411.8
40 1389.0 1455.7 6.17¢2 3.42¢77 4.76¢7*
50 1366.0 1499.5 5.97¢72 3.15¢77 4.31e™*

5.34e™*

Regarding the dielectric flow rate used, the hydraulic
connection between modules was studied. BP’s max-
imum dielectric flow rate was 20 1/min [38]. That flow
rate was divided into cooling loops, formed by the 290
modules divided into serialised groups of 10, 29 or 58
modules. This gives a flow for each module of 0.7 1/min,
2.0 I/min and 4.0 1/min.

3. Battery and TMS models

This section explains the models and their use for
the consequent analysis. A lumped thermal model for
heat generation of the cells was used, co-simulating it
through the primary 3D CFD model for the BTMS ana-
lysis.

3.1. Co-simulation between CFD model and cell heat
generation FMU

The co-simulation process between the heat genera-
tion lumped thermal model and the CFD thermofluidics
model was performed by the Functional Mock-Up In-
terface (FMI) standard, which allows the exchange of
dynamic simulation models. With that aim, the thermal
lumped model was exported as a Functional Mock-Up
Unit (FMU), which can be read by the CFD software,
where both models were co-simulated. In that pro-
cess, cell temperature from computational fluid dynam-
ics (CFD) feeds the FMU, whereas the generated volu-
metric heat on each cell is transferred from the lumped
model to the CFD. Model interaction and the lumped
thermal model scheme are explained in fig. 2.
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3D CFD Model for Thermal
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Thermal Model
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Figure 2: Co-simulation scheme between models.

3.2. Lumped heat generation thermal model

The lumped heat generation model was developed
following the eq. (1), where Bernardi et al. [43], defined
the reversible and irreversible heat generation effects of
cells. As was previously emphasised, considering both
effects on the cell’s characterisation is essential for ad-
equate thermal behaviour analysis [37].

dUan
1T (1)
I [A] is the cell charging (positive) or discharging
(negative) current, R;, [Q] is the internal resistance of
the cell, T [K] is the cell’s temperature, and dU*"8 -dT!
[V-K~!] is the entropic heat coefficient (EHC) defined
by equilibrium potential changes to temperature. Both

O=P -Ry,+I-T-



Table 3: CFD model element properties.

Material Dimensions (x, y, z) [mm] p kg m_3] CplJ kg_1 °C_1] k[W m-! °C_1]
Cell - =26,1=65 2318.14 1089.6 axial= 2.17, radial=0.434
Busbar Steel 40x 13x0.6 8030 502.48 16.27
Structure PE1000 312.5x51.75 x 130.15 930 1800 0.4

thermal parameters of the cells were experimentally
characterised. The internal resistance (R;,) values were
measured through the Hybrid Power Pulse Character-
isation (HPPC) tests [44], with constant current charge
and discharge pulses of 18 seconds for three temper-
ature levels all over the SOC scope. Moreover, EHC
measurements were carried on by variable temperature
potentiometry [45]. Both measured parameters can be
seen in fig. 3.
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(a) Entropic Heat Coeficient. (b) Internal Resistance.

Figure 3: ANR26650m1B cell’s properties for heat generation model.

The lumped heat generation model estimates each
cell’s variable heat production, which only depends on
the instantaneous electrical solicitations in the form of
current. The current is employed to evaluate the in-
stantaneous SOC value using the Coulomb Counting
approach, and a volume-averaged temperature is calcu-
lated (from CFD) at each cell every time step. With
those two last values, the entropic heat coefficient and
the internal resistance are calculated at every time step.
These determine the entropic and ohmic heat, resulting
in the cell’s total heat generation for that time step, as
represented in fig. 2.

3.3. 3D CFD model

With the lumped model generated, the CFD model
was developed. Intending to reduce the computa-
tional cost, the prototype’s constructive particularities
were simplified but still provided a realistic idea of the
thermal distribution inside the module. Moreover, only
half of the BM explained in section 2 was included in
the computational domain, incorporating a symmetry
plane. Therefore, six cells with their respective busbars
and half of the two top and bottom ducts for the dielec-
tric flow were included, as seen in fig. 4.

The battery cells were treated as homogeneous
volumes, as the lumped thermal model replaces the heat
generation associated with the processes dependent on
the internal geometry construction of the cell. Nev-
ertheless, cylindrical-orthotropic thermal conductivity
was used, defining the radial and axial thermal con-
ductivity values experimentally obtained from the hot
disk transient plane source technique [46]. Uniform
thermal capacity was also used, acquired from exper-
imental measurements by means of accelerating rate
calorimetry (THT, EV Standard Calorimeter) [47]. Ma-
terials and properties were defined following the data in
table 3.

CFD symmetry plane
-
Cell Tab
Busbar

Dielectric
fluid inlets

Prototype
structure

Dielectric tab

cooling ducts
Li-ion Cell

Figure 4: Geometry for the CFD model of the BTMS.

The Navier-Stokes (RANS) equations’ Reynolds Av-
erage method and the Energy equation on [48] were em-
ployed to incorporate turbulence effects into the fluid
region’s mean flow variables. In order to achieve an ac-
curate description of the hydrodynamic and convective
heat transfer phenomena, the flow regime, which was
considered turbulent in the velocity range examined,
was modelled using the Realizable k-epsilon viscous
model [49] and a two-layer near wall treatment [50].
Mass-flow inlet and pressure outlet were defined as fluid
boundary conditions, so different cooling capacities can
be simulated. Heat generation in the busbars by joule
heating is also contemplated, introducing the current
density through the material.

To ensure the model results are independent of the
mesh used during the CFD analysis, a grid refinement



study was done for the geometry, focusing on the fluid.
The procedure followed is the Grid Convergence Index
(GCI) analysis, based on the Richardson Extrapolation
method [51]. Thereby, three different meshes were cre-
ated, and the discretisation error when comparing the
results for the pressure drop and the heat transfer coeffi-
cient on the dielectric fluid duct was compared. Res-
ults can be seen in fig. 5, for the coarse mesh (Nj:
1,099,821 elements), the medium mesh (N,: 2,231,507
elements) and the fine mesh (N3: 9,135,272 elements)
with a resulting refinement factor of r;; = 1.26 and r3;
=1.6. Both GCI factors were nearly zero for the pres-
sure drop results and heat transfer coefficient. The relat-
ive error between meshes for pressure drop was €;jariver1
=4.22% and €,¢145ive32 = 0.25% and for the heat trans-
fer coefficient €,¢14sive21 = 2.62% and €,4141ive32 = 0.82%.
These results show a clear convergence tendency with
mesh refinement. Therefore, the medium N, mesh was
selected owing to mesh elements and results concord-
ance.
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(a) Heat transfer coeflicient results. (b) Pressure drop results.

Figure 5: Grid refinement study results.

4. Experimental analysis and results

This section covers the experimental tests carried out
to analyse the dielectric tab cooling TMS’s properties.
Following, the CFD model was validated through ex-
perimental data.

4.1. Experimental test setup

An experimental setup was developed to study the
TMS’s thermal performance all over the system’s op-
erational scope.

The hydraulic circuit of the TMS was formed with
two independent loops; the first and main one compre-
hended the prototype’s ducts with an independent pump
for the dielectric fluid and was thermally connected to
the second one by a coil heat exchanger. This latter loop
employed the water of a chiller to control the dielectric
fluid’s temperature on the main loop. The scheme of
this configuration can be seen in fig. 6a.
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(a) Experimental setup scheme.
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(b) Dielectric tab cooling TMS.

Figure 6: TMS experimental tests.

The electrical profile used on the tests, as explained in
section 2, was a cycle of 1.38C discharge followed by a
4C fast charge, with the SOC range oscillating between
90% and 10% continuously. To carry out such tests, the
battery was connected to a programmable cycler (Indus-
trial Battery Tester (IBT) with + 0.1% accuracy of full
scale, which runs with Digatron Firing Circuits BTS-
600 software for data evaluation). This cycle was re-
peated six times for the prototype temperature to sta-
bilise, so the thermal jump from the initial to the final
temperature could be checked. The ambient temperat-
ure was adjusted to the inlet temperature of the dielec-
tric fluid by testing it in a thermal chamber (CTS, Clima
Temperatur Systeme) with an accuracy of +0.3K and a
temperature range from -70 °C to +180 °C.

Cells’ temperature was measured on the positive
tab, negative tab and body surface using an Agilent
34970A data acquisition system and T-type thermo-
couples. Moreover, each cell’s voltage was also meas-
ured for module security and stabilisation purposes. As
seen in fig. 6b, these connections were made on the pro-
totype side faces. The accuracy specifications of the
Agilent are +0.0035% of reading and 0.0005% of range



for voltage. Moreover, the temperature accuracy of Agi-
lent is £0.5 °C of range and 0.2% of reading and the
type-T thermocouple has +1.0 °C tolerance.

4.2. Experimental test results

The experimental test results were divided into two
blocks. The first block refers to the volumetric flow
rate change study, whereas fluid inlet temperature was
changed in the second part. Therefore, three tests were
accomplished in the first block at 25 °C with the volu-
metric flow rate at 0.0 1/min, 0.7 I/min and 3.2 1/min,
being the last the maximum flow rate achievable with
the used pump. In the second part of the study, three
more tests were done at 0.7 1/min, with the fluid inlet
temperature at 15 °C, 25 °C and 35 °C, respectively.

The temperature evolution of cells during the tests
was analysed. The average temperature during the mod-
ule cycling is shown in fig. 7a for the flow change tests
and in fig. 8a for temperature change tests. Moreover, a
coloured band is also shown, enclosing each test’s max-
imum and minimum cell temperatures.

On the other hand, fig. 7b and fig. 8b showed the
thermal jump of each test (AT, ). This value was calcu-
lated by the difference from the initial test temperature
to the averaged temperature of the last cycle, once the
module temperature between test cycles was stabilised.

All of the tests showed quick stabilisation time due
in a certain way to the cells’ relatively low heat gener-
ation and the system’s effective cooling capacity. The
case without fluid flow in fig. 7a illustrates this, where

-#- Tests at 25°C

AT [°C]
H N W h U o N ©

0.0 0.7 1.4 2.1 2.8 3.5
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(b) Thermal jump of the stabilised experimental cycle with respect to the initial
temperature, under volumetric flow rate change.

Figure 7: Volumetric flow rate change results for 25 °C inlet temperature condition.
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Figure 8: Fluid inlet temperature change results for 0.7 I/min volumetric flow rate condition.



after the six electric cycles, the AT, increase was 7.9
°C, considerably higher than all of the rest of the tests,
and the temperatures seem to be increasing (no stabilisa-
tion). Regarding the other two tests in fig. 7, the AT,
was reduced from 2.6 °C to 1.6 °C as the volumetric
flow rate increased from 0.7 I/min to 3.2 1/min.

Concerning results on the inlet temperature changing
tests, the AT, reduction as inlet temperature was in-
creased can be seen in fig. 8b. This effect is predom-
inantly due to the cell heat generation change over the
temperature scope. The cell’s internal resistance is con-
siderably increased at low temperatures, as shown in
fig. 3b. Therefore, the heat generation due to the irre-
versible effect is higher than at more elevated temper-
atures. At the test scope between 15 °C and 35 °C, the
heat generation reduction entails a AT, reduction from
34°Cto2.3°C.

The temperature dispersion among cells on the mod-
ule (AT,oque) Was also compared, as seen in table 4.
The maximum AT,,,4.. Was identified at 15 °C and 2.0
I/min test, with a value of 2.7 °C. A similar effect can be
found concerning the maximum temperature dispersion
inside each cell (AT,.;), with a 2.7 °C value localised
on the same test. This effect is due to the combination
of high cells’ heat generation at low operating temper-
atures and the high flow rate, which results in elevated
heat dissipation difference from one cell to another. Re-
ferring to the lowest AT,,;pgu. and ATy, 1.2 °C and 0.9
°C were identified respectively on the 0.0 1/min and 25
°C test. In every test, the thermal dispersion was kept
below the recommended 5 °C.

These results demonstrated the need to work at mid-
high temperatures to reduce the cells’ heat generation.
There is also no need for high volumetric flow rates for
dielectric tab cooling TMS efficient working.

Table 4: Experimental results: Test ending temperature averaged on
the last cycle (Tavg asi—cycte)> thermal jump of the test (ATy.s), and
maximum thermal dispersion among cells on the module (AT oqute)
and inside cells (AT..;).

Test Tavg last—cycle ATtest ATmadule ATcell

[°C] [°CI [°C] [°C]
15 °C - 0.7 l/min 18.1 34 2.0 2.4
15 °C - 2.0 I/min 17.0 2.5 2.7 2.7
25 °C - 0.0 I/min 32.6 7.9 1.2 0.9
25 °C - 0.7 I/min 27.2 2.6 1.8 2.0
25 °C - 3.2 I/min 26.3 1.6 2.2 24
35°C - 0.7 I/min 37.1 24 1.6 1.6

35°C - 2.0 /min 36.1 1.7 1.9 1.9

4.3. Model validation results

From the experimental tests previously presented,
three were selected to perform the validation process of
the dielectric TMS CFD model. 15 °C and 35 °C tests
at 0.7 1/min were selected to check the model’s response
to temperature change, whereas the test at 25 °C at 3.2
I/min was used to verify the flow rate change effect. The
six cycles, as in the experimental tests, were replicated
with the model to validate the whole thermal perform-
ance observed on the prototype.

The validation results for the three studied cases can
be seen in fig. 9 with the experimental (continuous line)
and numerical (discontinuous line) temperature evolu-
tion. The absolute error (e,,s [°C]) is placed below
them, showing the difference between the experimental
and CFD temperature values. Thus, the maximum er-
ror was 1.92 °C, whereas the mean errors were 0.88 °C,
0.39 °C and 0.34 °C for the 15 °C, 25 °C and 35 °C
cases, respectively.
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Figure 9: Model validation results: temperature evolution of the ex-
perimental tests (continuous line) and numerical tests (discontinuous
line), and the absolute error (e,5;) between them.

The results show that the dielectric TMS model cor-
rectly follows the heat generation and transfer phenom-
ena on the analysed cycles. It properly captures the
charging and discharging processes and the associated
physical effects on the battery temperature. In addition,
it accurately represents the various AT, over the differ-
ent test conditions. Therefore, the battery module and
the thermal management system were adequately char-
acterised, and the CFD model can be employed in the
following analysis.



5. Dielectric TMS duct optimisation and analysis
results

This section focuses on the CFD analysis of the
dielectric prototype. Initially, the duct size changing
possibility was studied for the TMS optimisation. This
was performed after observing the flow’s laminarity due
to the prototype’s excessive duct size. With its reduc-
tion, the flow turbulence could be increased and heat
transfer capacity enhanced. Therefore, the optimal duct
size was looked for. With the resultant optimised geo-
metry, the calibrated model was used to perform a CFD
study on the duct change to enhance the heat dissipa-
tion capacity and the energy density of the dielectric tab
cooling system.

5.1. TMS duct optimisation

For the duct optimisation process, a simplified
lumped thermal model was used. This model repres-
ents the prototype’s heat generation and dissipation pro-
cess, calculating the maximum cell temperature under
thermal equilibrium when both heat generation and dis-
sipation are stabilised, computing the heat transfer coef-
ficient to the dielectric fluid and, thus, the thermal res-
istance on the duct surface.

The duct was divided into two narrower channels, so
each of them passes through the tabs of one cell row.
The estimation was done under the three different volu-
metric flow rates each battery module would have under
different hydraulic connections, as mentioned in sec-
tion 2; 0.7 1/min, 2.0 I/min and 4.0 1/min. Moreover,
two duct heights, 5 mm and 10 mm and four widths of
10 mm, 15 mm, 20 mm and 26 mm were studied, being
the last width the same dimension as the cell diameter.
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Figure 10: Duct size optimisation analysis.
The results in fig. 10 also show the Reynolds num-

ber value of the flow, being the green-coloured top zone
laminar flow zone and the red area below the turbulent

zone. As can be seen, with high flow rates, the flow
becomes turbulent, and the thermal resistance reduces
drastically as the heat transfer is enhanced. When the
volumetric flow rate is not high enough to reach the tur-
bulent zone, the thermal resistance is reduced as duct
width reaches cell diameter size. Both flows on the
laminar zone (0.7 1/min and 2.0 1/min) show little dif-
ference due to the correlations on that regimen being
mainly duct size and not flow speed dependant.

N
Optimised ~ Duct
Duct optimisation pieces

(a) Widthwise view of Geom02 design. (b) Lengthwise view of Geom02
design.

/ CFD symmetry plane
Cell Tab
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Dielectric
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structure
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ducts
Li-ion Cell

(c) CFD model geometry.

Figure 11: Enhanced duct geometry Geom0?2.

i

Figure 12: Front view comparison between GeomOI (left) and
Geom02 (right).

Therefore, considering that different hydraulic con-
nections or flow rates could be used, 5 mm x 26 mm was
chosen as the most appropriate duct size to enhance the



heat transfer. The duct must cover the entire cell tab to
increase the heat transfer area, and having a 5 mm height
helps flow to increase its turbulence. The resultant geo-
metry, hereafter called Geom02, is designed by insert-
ing an extra polyethene machined piece on the duct for
flow canalising as can be seen in fig. 11a and fig. 11b
and also compared in fig. 12. This modular design fa-
cilitates experimentally testing diverse duct shapes and
sizes. Moreover, fig. 11c shows the consequent CFD
model’s simplified geometry.

With the new geometry, GCI was conducted once
again to verify the results’ independence from the geo-
metry change. The three meshes employed in the
study (N;: 2,037,014; N,: 4,114,147; N3: 16,115,061)
had a refinement factor of r,;=1.26 and r3;=1.57, and
the pressure drop and heat transfer coefficient were
measured as seen in fig. 13. The GCI factor for
heat transfer coefficient was nearly zero, whereas for
the pressure drop low values of GCl,; 4,=0.46% and
GCl32.,=0.17% were achieved. With this convergence
tendency results, the medium N, mesh was selected for
the following simulations.
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(a) Heat transfer coefficient results. (b) Pressure drop results.

Figure 13: Grid refinement study results.

5.2. Enhanced TMS CFD analysis and results

Several cases were simulated using CFD to compare
the dielectric TMS with the initial geometry, referred to
as Geom01, and duct-improved Geom0?2. In that regard,
experimental tests’ charging and discharging conditions
were kept on while reducing the cycle number. Hence,

only one cycle formed by a 4C charge followed by a
1.38C discharge was simulated for every case.

In this analysis, four of the experimental test con-
ditions were replicated. Three of them used 0.7 1/min
volumetric flow rate at 15 °C, 25 °C and 35 °C for
temperature change effect evaluation. Moreover, a case
at 4.0 I/min and 25 °C was utilised to study the flow
rate changing effect. With the resultant data, both geo-
metries were compared from the thermal and hydraulic
points of view. Cell temperature evolution for Geom01
and Geom02 can be seen in fig. 14. Moreover, diverse
simulation results are shown in table 5.

The maximum temperature of the cycle (T,,,,) and
the maximum thermal gradient among cells in the bat-
tery module (AT,,q4.) can be seen, followed by the
maximum thermal gradient inside the cells (AT,.;). Fur-
thermore, the fluid pressure drop (Ap [Pa]) on the duct
was used for auxiliary consumption estimation, calcu-
lating the resultant dielectric fluid pumping energy con-
sumption (E; [Wh]). This was evaluated following
eq. (2), where the power consumption corresponding to
the pressure drop and volumetric flow rate (v [m3/s]) re-
lation was interpolated on the cycle time span (#y — 7).

Eh:ft(V~Ap)dt

fo

)

For every case studied, the temperature all over the
cycle was lower with Geom02, reducing the maximum
temperature from 1.4 °C to 0.7 °C, depending on the
case. Besides, the case with the highest AT,;,q,. Was
also reduced from 2 °C to 1.7 °C, whereas the AT,
was increased from 2.7 °C to 3.7 °C. This is a dir-
ect consequence of the increased heat transfer capacity
after the duct geometry change. The four cases ana-
lysed showed the same tendency as the experimental
results data in section 4.2; at higher temperatures, the
thermal jump (AT,.) decreases, the same as with high
volumetric flows. All these data can be summarised in
fig. 15, which shows the temperature profiles at the end
of 4C fast charge for the 15 °C and 0.7 I/min case, where

Table 5: TMS geometry optimisation analysis results: maximum cycle temperature (T,,,), maximum thermal dispersion among cells on the
module (AT,,;pqu1) and inside cells (AT..y), pressure drop (Ap), hydraulic power (P;) and necessary auxiliary energy consumption (Ej).

Case Tonax [°C] AT odute [°C] AT [°C] Ap [Pa] P, [W] E;, [Wh]
Geom0l Geom02 Geom0l Geom02 GeomOl Geom02 Geom0l Geom02 Geom0l Geom02 GeomOl Geom02
15°C-0.7/min  20.1 18.8 2.0 1.7 2.7 3.7 8.3 110 9.7¢ 128 59> 7.8¢7
25°C-0.7/min  29.0 27.9 1.5 1.3 2.0 2.8 7.8 10.1  9.1e 11.8e™ 5.6e> 7.2¢7
35°C-0.71/min 384 37.5 1.3 1.1 1.8 24 7.4 9.4 87e 11.0e 53¢ 6.7
25°C-4.01/min 269 26.2 04 04 32 3.6 163.5 1478 109e™> 9.9e¢3 6.6e> 6.0
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(d) Temperature evolution at 25 °C and 4.0 1/min test.

Figure 14: Temperature evolution for Geom0I and Geom02 on the duct enhancement analysis results.

T nax reduction can be seen with the implementation of
Geom0?2.

The pressure drop is increased up to 2.7 Pa in
Geom02 due to duct size reduction and fluid velocity
rise. Nevertheless, the case with 25 °C and 4.0 I/min
shows a different behaviour, as Geom(2 has a lower
pressure drop than GeomO1. This phenomenon can be
understood because both curves cross from 2.2 1/min
onwards. This means that the increase in pressure
loss concerning flow rate in Geom0?2 is slower than in
GeomOl1. Therefore, Geom02 has an advantage over
GeomO1 when using higher flow rates.

However, the pressure drop values on the dielectric
TMS prototype are low due to the particular viscosity of
the employed fluid. This peculiarity results in a reduced
necessary pumping energy consumption in comparison
with the battery module energy.

Concerning the duct shape change, its volume was
reduced by 79.8%, which is especially important for the
energy density reduction of the system contrasting with
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more classical TMS.

Finally, it should be noted that if the dielectric TMS’s
cycle is operated repeatedly, it is necessary to lower the
fluid inlet temperature. By doing this, the cycle-ending
temperature would be lowered to at least the ambient
temperature, enabling safe repetition of the fast charge.

6. Conclusions

An innovative battery tab- and dielectric-based
thermal management system was introduced in this
work. Empirical testing was carried out on a functional
prototype. Using CFD software, the thermal model of
the TMS was also created for the system’s thermal sim-
ulation and geometry improvement study.

The experimental analysis was made under diverse
temperature and volumetric flow rates, repeating the
cycle of 4C charge and 1.38C discharge. An expo-
nential temperature-controlling capacity was bounded
to the volumetric flow rate, evidencing a thermal jump



cell_temperature
Static Temperature
25.0

240

. 220

23.0

21.0
20.0
19.0
18.0
17.0
16.0
15.0

e

-
E

- ¥

e

(a) Geom01 temperature profiles.

ﬁ
101I

cell_temperature
Static Temperature
.0

.25

24.0
23.0
220
21.0
20.0
19.0
18.0
17.0
16.0
15.0

(b) Geom02 temperature profiles.

Figure 15: Comparison of temperature profiles at the end of 4C fast charge with 0.7 1/min flow rate at 15 °C, for Geom01I and Geom02.

reduction of 67% with the lowest flow level activa-
tion. Additionally, fluid temperature change influences
the heat generation of the cells, reducing at 24.3% the
thermal jump when maintaining the cell at least at 25
°C. Moreover, the dielectric TMS proved the potential
of preserving the maximum temperature on the battery
module, as well as both the thermal gradient among and
inside the cells.

A CFD thermal model of the dielectric system was
used to study and enhance its heat transfer ability.
Modifying dielectric fluid’s duct size and shape, thermal
management on the system was improved, reducing the
operating temperature for all the studied cases. Besides,
the temperature difference among cells in the battery
module was also reduced with the new geometry by up
to 15%. In contrast, the maximum temperature differ-
ence inside the cells was increased by as much as 37%.
This is a clear effect of the heat transfer capacity in-
crease of the system with the new geometry. Neverthe-
less, all the temperatures were retained inside the op-
timal operation span for the batteries.

In terms of auxiliary energy consumption, the low
viscosity of the fluid allows for drastically reducing the
pumping energy consumption, which was in the worst
case, and despite the higher flow rate used, less than
0.004% of the energy exchanged in the battery.

The duct volume decrease of 79.8% attained with the
geometry modification is worth noting. This is an illus-
tration of the possibilities of dielectric tab cooling tech-
nology. Considering the absence of prototype measur-
ing sensors in a final BM, with the right design, the en-
ergy density of a vehicle can be boosted by decreasing
the enclosure structure. This, along with the thermal en-
hancement and reduced auxiliary consumption, exhibits
the potential of the proposed dielectric- and tab-based
thermal management system.
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