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The thermal and electrical performance of lithium-ion batteries subjected to liquid immersion cooling conditions
in a dielectric fluid has been experimentally investigated in this study. A single 26650 LiFePO4 cylindrical cell is
completely immersed in Novec 7000 and charged and discharged at onerous maximum rates of up to 4C and 10C,
respectively, where C can be defined as the measure of the rate at which a cell is charged or discharged relative to
its rated capacity. Immersion cooling offers high rates of heat transfer from the cell’s surface, in particular when
the saturation temperature of the fluid is exceeded, and two-phase conditions are established. At a preheated
liquid pool temperature of 33 £ 0.5 °C for discharge rates > 2C, subcooled boiling conditions develop, with the
cell’s temperature rise limited to 3.6 °C at the end of 10C discharge. Furthermore, for 4C charging under the
same preheating conditions, the cell’s temperature rise does not exceed 1 °C. Superior performance is observed
under two-phase immersion cooling conditions in comparison to both single phase liquid immersion and natural
convection air cooling for the same charge and discharge rates. Excellent thermal homogenisation across the cell
is also determined, with a maximum axial temperature difference of 0.25 °C and 1 °C for 4C charging and 10C

discharging respectively.

1. Introduction

Greater adoption of vehicles with low or zero carbon emissions such
as electric vehicles (EVs) is required for various emission reduction
targets to be reached. However, the properties of the lithium-ion cells
from which their battery packs are comprised are highly temperature
dependent, with reduced lifespan and performance outside the restric-
tive optimal operating temperature range of 25 °C to 40 °C [1]. Above
this range, cells experience greater degradation from sources such as
electrolyte decomposition and growth of the solid electrolyte interphase
(SEI) layer which reduces cyclable lithium capacity [2]. At further
elevated temperatures thermal runaway is of significant concern, in
which exothermic cell decomposition can cause fire or explosion [3].
Issues are also faced below the optimum temperature range, in partic-
ular reduced charging rates, with the potential for lithium plating and
ultimately short-circuiting to occur [4]. Furthermore, a temperature
difference of no more than 5 °C between cells in a module configuration
is considered acceptable [1] to mitigate against uneven degradation and
detrimental cell imbalances. The environmental conditions which the
EV will operate in must also be considered, particularly for extreme
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temperatures. The identification of fast charging, in which cells are
charged to 80 % of their final capacity in 15 minutes [5], as a potential
solution to range anxiety will place increased stress on the battery
thermal management system (BTMS) due to power fade and accelerated
degradation concerns [6].

Conventional forced convection air cooling BTMS have been shown
to be incapable of maintaining an acceptable temperature distribution
under high discharge rates or ambient conditions (> 50 °C) [7,8].
Despite several proposed methods to improve the performance of air
cooling through module geometry optimisation [9-14] or flow redi-
rection [15,16], the maximum cell temperature for many of these sys-
tems remained significantly in excess of 40 °C and was maintained
below this limit only at low discharge rates or for modules consisting of
low-capacity cells.

To fulfil the criterion of a minimal temperature variation throughout
the module, the use of phase change material (PCM) for battery thermal
management has been investigated by several researchers (e.g., Refs.
[17, 18]). PCM based systems utilise the material’s high latent heat
during phase change to absorb the heat generated by the surrounding
cells, with paraffin wax commonly used. Despite the simplicity and
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passive nature of these PCM systems, many of the materials studied
possess phase change temperatures in excess of the maximum allowable
cell temperature. Consequently, the latent heat transfer and high ther-
mal homogeneity is available only at these elevated temperatures. For
high discharge rates or under repeated cycling, complete phase change
can occur, with the liquid phase offering little cooling due to its poor
thermal conductivity. While the addition of high conductivity materials
such as aluminium [19], copper foams [20-22], expanded graphite
[23,24], and carbon fibre [25] to form composite matrices enhances the
PCM’s thermal properties, the performance of these systems remains
poor under more onerous operating conditions.

The use of liquid (typically water or a water-glycol mixture) as the
working fluid for battery thermal management has been found to offer
increased heat transfer performance due to its superior heat capacity
and thermal conductivity. Indirect contact systems have included cold
plates containing minichannels [26-28] or microchannels [29-32], with
the maximum cell temperature found to be dependent upon the flow rate
of the working fluid, typically decreasing for greater flow rates. How-
ever, increased flow rates can have a deleterious effect on thermal ho-
mogeneity, increasing the thermal gradient along the channels and
potentially exceeding the acceptable 5 °C limit. More uniform thermal
conditions can be achieved for greater hydraulic diameters, the intro-
duction of discontinuities to the channel walls, and increasing channel
width from inlet to outlet. Improved thermal homogenisation has been
observed in minichannel systems for working fluids with saturation
temperatures in the cell optimum operating temperature range, such as
the dielectric HFE 7000 [33] and the refrigerant R134a [34]. However,
significant temperature excursions occurred for low inlet flow rates and
high discharge rates due to complete vaporisation of the working fluid.
Despite the greater performance illustrated by single and two-phase
indirect contact forced convection systems in comparison to air cooled
and PCM-based systems, the thermal contact resistance arising from the
required separation of the working fluid and cells remains detrimental to
heat transfer. Significant power consumption may also be associated
with indirect contact cooling due to the complex ancillary cooling loops
required to dissipate the generated heat.

The implementation of heat pipe BTMS has also been investigated,
with their compact geometry and flexible structure an advantage to
minimise system size. However, the start-up temperature of many of the
heat pipes studied exceeded the desirable cell operating range [35] and
would require integration in a thermal spreading device such as a cold
plate, increasing system thermal resistance.

Direct contact liquid immersion cooling, in which the cell is
immersed in an electrically non-conductive dielectric fluid, is receiving
increased attention as a potential battery thermal management solution
to mitigate against these issues, facilitating greater heat transfer and
increased safety in a thermal runaway event. Reduced spatial and
temporal cell temperature gradients have been observed for forced
convection single phase direct contact liquid conditions, with superior
performance in comparison to forced air convection conditions for
prismatic cells illustrated by Chen and Li [36] and Sundin and Sponholtz
[37] for complete immersion in a water-ethylene glycol mixture and the
synthetic hydrocarbon dielectric fluid Ampcool AC-100, respectively.
Acceptable thermal uniformity across a 20 Ah lithium iron phosphate
(LiFePO4 or LFP) prismatic pouch cell of less than 5 °C was observed
numerically by Patil et al. [38] at a 3C discharge rate, where C repre-
sents the C rate, which can be defined as the measure of the rate at which
a battery is charged or discharged relative to its rated capacity. They
combined immersion of the cell body in mineral oil and forced con-
vection air tab cooling. Liquid flow rates exceeding 0.0462 kg/s and
inlet air velocities of 5 m/s at the tabs were required for the necessary
thermal uniformity to be achieved in a full module design consisting of
14 cells. A 9.3 % decrease in the maximum cell temperature at 5C
discharge was reported in comparison to the water-glycol cold plate
module of Li et al. [39] for the same inlet flow rate and discharge con-
ditions. Wang et al. [40] experimentally examined the performance of a
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module consisting of five 10 Ah pouch cells connected in parallel and
immersed in mineral oil. Experiments were conducted for varying sub-
mergence depths and flow rates. For a discharge rate of 2C and complete
immersion, a maximum temperature increase of 39.4 °C and tempera-
ture difference of 1.43 °C across the module was determined for the most
optimal flow rate of 0.8 L/min.

Even greater rates of heat transfer and thermal homogenisation can
be provided by two-phase direct contact immersion cooling through the
latent heat of phase change; however, limited literature exists to date on
this potential BTMS.

Hirano et al. [41] were among the first to investigate the suitability
of this method, completely immersing a module consisting of ten 1 Ah
prismatic cells in the dielectric fluid HFE 7000. The cells’ surface tem-
peratures were maintained at 35 °C + 2.5 °C, with cell-to cell temper-
ature variations of less than 1 °C for a total of 5 charge-discharge cycles
at both 10C and 20C. Fluid preheating temperatures greater than 31 °C
and pulsed charge-discharge (PCD) cycles at 5C for 90 s were required
by van Gils et al. [42] to initiate nucleate boiling from a single 1 Ah
18500 cylindrical cell immersed in HFE 7000. Upon boiling incipience,
near identical temperatures at the cell’s electrodes were recorded, with a
temperature difference of approximately 1 °C between the battery and
surrounding fluid.

Single cell discharge in HFE 7000 was also investigated by Giam-
michele et al. [43] for a cylindrical 1.8 Ah 18650 LiFePOy4 cell, with
nucleate boiling observed from the cell’s electrodes for discharge rates
above 2C and a fluid preheating temperature of 32 °C. The cell’s surface
temperature increase of 3.6 °C under two-phase conditions at 3C
discharge was found to be approximately half of that under single phase
conditions. Similar performance was determined by Li et al. [44] for a 3
Ah cylindrical 18650 cell immersed in the dielectric fluid SF33, with the
average cell temperature maintained below 34.5 °C during 7C discharge
under saturated boiling conditions.

The suitability of two-phase immersion cooling for thermal man-
agement during fast charging was later investigated by the same authors
for the immersion of cylindrical cells of varying size and electrochem-
istry in the fluid SF33 [45]. The cell’s temperature was held at
approximately the fluid’s saturation temperature of 33 °C during the
constant current stage of 3C charging, with maximum temperature in-
creases of 1.87 °C, 3.25 °C, and 3.38 °C determined for 18650 lithium
titanium oxide (LTO), 26650 LiFePQ,4, and 21700 lithium nickel man-
ganese cobalt oxide (NMC) cylindrical cells, respectively.

The performance of a battery module under immersion cooling
conditions was studied by Giammichele et al. [46] for a module con-
sisting of nine cylindrical LiFePOy4 cells similar to those used in their
previous work [43]. The module was configured in a 3 in series, 3 in
parallel (3s, 3p) arrangement. For complete immersion in Novec (HFE)
7000 and at the greatest discharge rate investigated of 3C, a temperature
rise of 10.69 °C was determined for the cell at the centre of the module,
with minimal cell-to-cell temperature difference. In comparison, a
temperature rise of 37.76 °C under natural convection air cooling con-
ditions occurred under the same discharge rate.

Flow boiling arrangements for battery thermal management have
also been examined, with Wang and Wu [47] both numerically and
experimentally investigating the performance of a module consisting of
sixty 3.2 Ah NMC 811 cylindrical cells in a 5s, 12p arrangement and
utilising HFE 7000 as the working fluid. A maximum cell temperature of
37.2 °C and cell-to-cell temperature difference of 3.71 °C was reported
under 5C discharge. The inlet velocity was found to dictate the intensity
of the boiling, with increasing velocities reducing the maximum cell
temperature and improving thermal homogenisation across the module
due to low vapour fraction and bubble coalescence.

Wu et al. [48] implemented a flow boiling system for a single 20 Ah
LiFePO4 pouch cell to prevent the accumulation of low conductivity HFE
7000 vapour on the cell’s surface during 2C charge-discharge cycling
and non-replenishing pool boiling conditions. For coolant volumetric
flow rates from 6.8 mL/min to 25.5 mL/min, the cell temperature was



N.P. Williams et al.

maintained below 35 °C under cycling conditions; however, increased
temperature variations across the surface were observed as boiling was
supressed close to the inlet. To address this, the authors developed an
intermittent flow mode, in which a total coolant volume of 24 mL was
added at hourly intervals at a rate of 12 mL/min, with a maximum
temperature of 35 °C and temperature difference of less than 2 °C across
the cell.

As part of their work on a proposed hybrid electric vehicle (HEV)
propulsion system, in which the fuel for the internal combustion engine
(ICE) could be vaporised by the heat generated by the battery module,
Al-Zareer et al. performed several numerical pool boiling studies
examining the thermal performance of both cylindrical and prismatic
cells under immersion cooling conditions. These combined battery
thermal management-ICE fuels included propane [49], ammonia
[50,51] and the refrigerant R143a [52]. A coupled 1D electrochemical
and 3D lumped heat and mass transfer model was developed, in which
the cell heat generation rate was determined from the electrochemical
model based on the work of Doyle et al. [53] and a nucleate boiling
correlation was applied to the liquid pool for an incipience temperature
of 5 °C. Lower maximum cell temperatures coupled with improved
thermal homogeneity were observed for increasing immersion pool
heights as a greater cell surface area was subjected to boiling heat
transfer rather than low conductivity vapour. For partial immersion pool
heights of up to 30 % of the total cell height, the temperature difference
between cells remained above the allowable limit. Complete immersion
conditions were found to offer the lowest cell temperatures and greatest
thermal homogeneity. The influence of the cylindrical cell spacing on
module performance was also investigated for spacings of 0.5R to 2R,
where R is the cell’s radius. Lower maximum cell temperatures were
observed for increasing spacing, with greater thermal homogeneity
exhibited for more closely packed cells as the vapour volume fraction
approached unity more rapidly, albeit this came at the expense of higher
cell temperatures.

Zhuo et al. [54] proposed a heat pipe-immersion cooling BTMS in
which a total of fourteen 60 Ah NMC pouch cells were arranged in a
module format and immersed in the dielectric fluid Novec 649, with
porous polyurethane mats placed between the cells to promote the up-
ward movement of the vapour. Sixty heat pipes with acetone as the
working fluid were used to condense the vapour produced, with the
evaporator sections of the heat pipes placed above the liquid pool.
Aluminium fins were attached to the condenser sections housed outside
the battery module to increase heat transfer to the ambient air. The
module was subjected to cycling typically encountered by a hybrid tram
system, with a maximum discharge rate per cell of 2.5C. Under the most
onerous conditions, a maximum cell temperature of 46.5 + 0.2 °C was
maintained under ambient temperature conditions of 28 °C. Under a
constant current discharge rate of 2C per cell, a maximum cell temper-
ature of 48 °C was reached, with a temperature gradient of 2 °C between
the cells.

1.1. Research aim

This study aims to ascertain the effectiveness of immersion cooling of
lithium-ion cells by experimentally examining the thermal and electrical
response of a single cylindrical lithium-ion cell during charging and
discharging. Specifically, the study examines the cell voltage and cur-
rent profiles, and the cell surface temperature at five locations.

A purpose-built test chamber is constructed, in which the cell is
completely immersed in a dielectric fluid with a saturation temperature
in the required lithium-ion cell operating temperature range. The fluid is
preheated to a temperature conducive to the establishment of two-phase
cooling during cell charge/discharge. First, the performance of the cell
under constant current discharge rates of up to 10C is investigated. The
proposed method is assessed with regard to the cell’s maximum tem-
perature and thermal gradient. The measured performance during
discharge of the two-phase immersion cooling method is subsequently
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compared to both single phase immersion cooling using the same liquid
and natural convection air cooling conditions. The behaviour of the cell
under liquid immersion cooling conditions at charging rates of up to 4C,
considered fast charging, is also investigated.

A number of pertinent studies investigating liquid immersion cooling
BTMS are summarised in Table 1. To the authors’ knowledge, the cur-
rent study presents the most extensive set of results reported for the
charging and discharging performance of this cell type under liquid
immersion cooling conditions in any dielectric fluid.

2. Experimental method
2.1. Test chamber

The test section consists of a central chamber of internal dimensions
0.1 m x 0.1 m x 0.2 m constructed from welded 316L stainless steel
plates each of 0.01 m thickness, as illustrated in Fig. 1. Machined 316L
stainless steel flanges are secured to the chamber’s faces via M5 bolts,
with the upper and lower flanges sealed by Viton (FKM) rubber O-rings
of 0.025 m? cross sectional area and the vertical flanges sealed by
0.0015 m thick Viton rubber gaskets. These were chosen for their ma-
terial compatibility with the working fluid which is known to extract
plasticisers from polymer materials and can lead to contamination. All
required connections to the cell are made through cable glands with
Viton seals secured to the external flanges, with polycarbonate viewing
windows located in two opposing flanges to allow for inspection of the
cell during the charging and discharging processes. The cell is orientated
such that the positive electrode is located closest to the liquid pool’s
surface.

The cell is completely immersed in an initially quiescent liquid pool
which has a volume of approximately 1 L. Vapour produced during the
liquid’s phase change is condensed by a copper coil of 8 mm outer

Table 1
Summary of liquid immersion cooling BTMS studies.
Cell type Fluid (boiling  Discharge/ Maximum
point) charge rate temperature rise

[°C]

Novec (HFE)
7000 (34 °C)

1 Ah prismatic pouch (10
cell module) [41]

10C discharge 5.7

Novec 649 7.4
(49 °C)
1 Ah Sony cylindrical HFE 7000 5C charge- 1.5
18500 [42] (34°0) discharge
pulse

1.8 Ah ENERpower
cylindrical 18650 LFP

2C discharge 3.3
3C discharge 3.6

[43]

20 Ah prismatic pouch 4C discharge 10
LFP [48]

3 Ah Sony cylindrical SF33 7C discharge 4.5
18650 [44] (33.4°C)

2.5 Ah cylindrical 26650 3C charge 3.3
LFP [45]

3 Ah Sony cylindrical SF49 (49 °C) 1C charge 4
18650 (21 cell module) 2C charge 4.2
[55] 3C charge 4.6

4C charge 4.8

3.5 Ah LG Chem E5-TM 410 1C discharge 7.4

cylindrical 18650 NMC () 2C discharge 17.3

(16 cell module) [56] 3C discharge 29.1
4C discharge 35.2
3 Ah Murata cylindrical CFX70 10C charge- 4
18650 (8 cell module) (70.6 °C) discharge
[571 pulse
68 Ah Samsung prismatic =~ Ampcool AC- 1C discharge 2.1
hard shell [37] 100 (-) 2C discharge 4.8
20 Ah A123 prismatic Mineral oil 1C discharge 7
pouch LFP [38] -) 2C discharge 15
3C discharge 20
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Fig. 1. 3D computer aided design (CAD) render of experimental set-up.

diameter located above the liquid pool. Water at a constant temperature
of 15 °C and a fixed flow rate of approximately 3 L/min (5 x 10~> m?/s)
is supplied to the coil by a Thermo Scientific Accel LC 500 recirculating
chiller which can control the temperature of the coolant to +0.1 °C. The
flow rate is monitored by a Gems Sensors FT-110 Series turbine flow
meter with a measurement range of 1 L/min to 15 L/min. The internal
arrangement of the test chamber including connections to the cell is
illustrated in Fig. 2 (a), with a schematic of the complete experimental
set-up presented in Fig. 2 (b).

2.2. LiFePOy lithium-ion cell details

The performance of a single LithiumWerks ANR26650M1B 26650
LiFePO4 cylindrical cell is investigated in this study. Electrical and
thermophysical cell properties are outlined in Table 2. The cell is 25.96
+ 0.5 mm in diameter, 65.15 + 0.5 mm in length, and has a mass of 76
+ 1.0 g. The heat generation rate of lithium-ion cells is time-dependent,
and dictated by their temperature, state of charge, and the current either
supplied or drawn during operation. Indicative heat generation rates can

PR
(a) Pressure sensor — D g
[ ]

Vapour temperature
thermocouple

Condenser 1. Cell voltage
coil measurement
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Table 2
Electrical and thermophysical properties of the LithiumWerks ANR26650M1B
LiFePOy, cell.

Property Value Unit
Nominal capacity 2.5 Ah
Nominal voltage 3.3 A
Maximum continuous discharge current 50 (20C) A
Maximum continuous charge current 10 (40) A
Density 2047 [59] kg/m3
Specific heat capacity 1605 + 80 [60] J/kgK
Axial thermal conductivity 32 + 1.6 [60] W/mK

Radial thermal conductivity 0.15 + 0.01 [60] W/mK

be determined from previous studies on the same lithium-ion cell under
natural convection air cooling conditions [58], varying from approxi-
mately 3 W to 28 W at the end of 1C and 10C discharge, respectively.

Nickel tabs of 0.15 mm thickness were spot-welded to the cell’s
electrodes by the cell’s supplier. The required electrical connections are
made using spade terminals and 6 mm? tri-rated cable. All cabling
within the test chamber is covered in suitable heat shrink material for
increased material compatibility with the working fluid.

The cell’s parameters can be expressed in terms of the state of charge
(SOC) which describes the cell’s charge level with respect to its capacity,
and is defined as in Eq. (1):

L o)

cell

S0C(1) = SOC(ty) + / ’

Here t is the elapsed time during the charge/discharge process in
seconds, I is the current either provided to or drawn from the cell in
Amperes and C, is the cell’s nominal capacity in Ampere hours (Ah).
During the discharge process, the cell’s parameters are often expressed
with respect to the depth of discharge (DOD), which is the converse of
SOC, and varies from values of 0 (fully charged) to 1 (fully depleted):

DOD(f) = 1 —SOC(1) )

Bernardi et al. [61] performed a general energy balance on a com-
plete lithium-ion cell to describe the internal heat generation during the
charging/discharging process, which can be expressed in a simplified
form as the sum of the irreversible (Q;,) and reversible (Q,.,) heat gen-
eration rates:

chll = Qirr + Qrev (3)

The irreversible heat generation rate is determined as the product of
the charge/discharge current and the cell’s overpotential 5, which arises
as a result of ohmic losses and mass transfer limitations within the cell
[62]. For discharge, the irreversible heat generation rate can be
expressed as in Eq. (4) where U and V are the cell’s open circuit voltage
(OCV) and terminal voltage respectively:

N //7 I t
\ Cell surface temperature
thermocouples

Power connections to
cell

Cartridge - [ljilr
heater |
—1 Pool temperature
thermocouple
Cell =
mount [ ]

(b) Flowmeter
\—/ Recirculating
Chiller
Power Supply/ o+ F® Vacuum
Electronic Load fﬁ" Port ' Pump
i ] ©
A4

(@ Check o
Valve
A\ Membrane
O Contactor

s

ox

L N2 e\
TN Y
Pump Filter  Metering  Flowmeter
Valve

Fig. 2. Schematics of (a) the internal arrangement of the cell within the test chamber and (b) the experimental set-up including the degassing loop and electrical

connections.
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Qirrais = gy = 1(U - V) (C))

For the charging process, the voltage at the cell’s terminals is greater
than the OCV for a given SOC. Therefore, the irreversible heat genera-
tion can be expressed as:

Qirrchar = Mejer =1 (V-0 ©)

The reversible heat is dictated by the cell’s entropic heat coefficient
4 which describes the behaviour of the cell’s OCV at a given SOC with
respect to the average cell temperature T in K.
dau

Qrcv =IT d7 (6)

2.3. Working fluid

The cell is completely immersed in 3M’s Novec 7000 engineered
fluid, a hydrofluoroether (HFE) dielectric liquid chosen for its desirable
saturation temperature of 34 °C which is within the required cell optimal
operating range. Furthermore, this fluid has no flash point and thus
provides increased safety in the event of thermal runaway. Some prop-
erties of the working fluid are detailed further in Table 3.

As the heat generation rate of lithium-ion cells is known to be rela-
tively low due to their high efficiency in converting the stored electro-
chemical energy to electrical energy, an auxiliary cartridge heater is
located in the liquid pool to raise the bulk fluid temperature to a value
conducive for two-phase heat transfer conditions to be established
during cell charging and discharging. For results presented in Sections
3.1.1 and 3.2.1 of this study, the bulk fluid was preheated to a setpoint
temperature of 33 + 0.5 °C.

2.4. Data acquisition

The cell’s voltage is measured directly using a National Instruments
(NI) 9215 data acquisition module (DAQ), with an uncertainty of 0.02 %
of the reading at room temperature in the range of +£10.4 V. The current
either drawn from or supplied to the cell during operation is indirectly
measured using a Honeywell CSLA1CF open loop current transformer
which has a range of 0 to 100 A. The voltage output proportional to the
current flowing through the transformer is recorded using an NI 9201
DAQ, which has an uncertainty of 0.04 % of the reading at room tem-
perature in the range of +£10.53 V.

The cell’s surface temperature as well as the temperature difference
across the cell is determined from five T-type thermocouples of 2 x 10~
m diameter. The thermocouples are attached to the cell’s surface using
high conductivity thermal adhesive (OMEGABOND 101) at an axial
spacing of 11 mm. T-type thermocouple probes, each of 1.5 x 10> m
diameter, are used to measure the liquid pool and vapour temperatures.
All temperatures are recorded using an NI 9213 DAQ with an uncer-
tainty of 0.02 °C. The instantaneous readings of the five surface mounted
thermocouples are averaged to determine the cell’s surface averaged
temperature Ty ayg-

The saturation conditions of the working fluid within the chamber
are monitored by an Omega PX61C1 pressure transducer with a mea-
surement range of 0 to 50 psi (0 to 345 kPa). The voltage output from

Table 3

Thermophysical and electrical properties of 3M Novec 7000 at 25 °C.
Property Value Unit
Boiling point 34 °C
Liquid density 1400 kg/m*
Kinematic viscosity 3.2x1077 m?/s
Specific heat capacity 1300 J/kgK
Thermal conductivity 0.075 W/mK
Latent heat of vaporisation 142 kJ/kg
Surface tension 0.0124 N/m

Dielectric strength 40 kv
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this sensor is recorded using an NI 9219 DAQ which has an uncertainty
of 0.1 % of the reading at room temperature in the range of +£0.125 V.

2.5. Uncertainty reporting

An uncertainty analysis was performed to determine the uncertainty
in the measured and calculated parameters. The uncertainty of directly
measured parameters including the cell’s voltage is determined from the
measurement, or Type A, uncertainty, and instrument uncertainty. For
the thermocouple and current transformer measurements, the precision
error for the least-squares fit from their calibration at a 95 % confidence
level is also considered [63]. All uncertainties are reported in Table 4.

2.6. Cell charging procedure

The cell is charged under constant current-constant voltage (CC-CV)
conditions using a programmable Elektro-Automatik EA-PS 8360-10 T
power supply, which has accuracies for current and voltage setpoints of
+0.02 A and +0.72 V respectively. The charging process is controlled
through a bespoke NI LabVIEW program which also records all
measured parameters. First, the cell is discharged at a rate of 1C until the
cut-off voltage of 2 V is reached, indicating the cell is completely
depleted and at a SOC of 0. The cell is allowed to rest for a period of 1 h
post-discharging for the OCV to settle. This also ensures that all charging
commences from a similar initial OCV. During the constant current stage
of the charging process, the desired current is supplied while the voltage
across the cell’s terminals is allowed to increase until the charge voltage
limit of 3.6 V is reached. The constant voltage stage is subsequently
initiated, in which this voltage limit is maintained across the cell elec-
trodes while the current from the power supply decays. Charging ceases
and the cell is considered fully charged when the current supplied rea-
ches the cut-off value of 0.125 A as defined by the cell’s manufacturer.

Due to limitations in the power supply equipment, the correct
voltage limit of 3.6 V is supplied during the CV stage of charging;
however, the cell experiences a drop in the voltage across its terminals
during the power supply’s switching event between its constant current
and constant voltage output modes. This voltage subsequently recovers
to the charge limit.

2.7. Cell discharging procedure

Prior to constant current discharging, the cell is charged under CC-
CV conditions at a rate of 1C and in a similar manner to the charging
procedure, allowed to rest for a period of 1 h post-charging for the OCV
to settle. The cell is subsequently discharged at the required current
using a programmable Elektro-Automatik EA-EL 9080-45T electronic
load, with a current accuracy of +0.09 A. The discharge process ceases
when the cut-off voltage of 2 V is measured across the cell’s terminals.
The discharging process is also controlled through a bespoke NI Lab-
VIEW program.

3. Results and discussion

In this section, several figures plot the surface temperature rise of the
cell, described by Eq. (7) as the difference between the average surface
temperature during charge or discharge and the initial average surface
temperature.

Table 4

Measurement uncertainties.
Measurement Uncertainty Unit
Temperature +0.59 °C
Voltage +0.0016 v
Current +0.068 A
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AT = Tsurf,avg (t) - Txurf.avg (ZD) (7)
3.1. Cell discharging

3.1.1. Preheated immersion cooling in HFE 7000

Fig. 3 (a) presents AT for preheated immersion cooling in (Novec)
HFE 7000 and constant current discharge rates of 1C to 10C. The cor-
responding voltage profiles are provided in Fig. 3 (b). Increasing cell
average surface temperatures are observed for all discharge rates, with
greater temperature rises for higher discharge rates. This occurs as
greater irreversible heat generation rates are produced as a result of the
development of more significant overpotentials # within the cell,
coupled with the increased current. The temperature profiles of the cell
appear to be dictated by their corresponding voltage profiles, with the
initial sharp temperature rise a result of the rapid decline in voltage at
the beginning of the discharge process due to high internal resistance.
For the lower discharge rates examined of 1C to 3C, the cell’s temper-
ature remains somewhat constant for DOD values of 0.2 to 0.9, in
response to the cell’s relatively ‘flat’ voltage profile which is charac-
teristic of the LiFePO4 chemistry. For discharge rates of 4C and above,
the cell’s decreasing voltage profile is more pronounced and accompa-
nied by a more distinct surface temperature increase throughout the
discharge. As the completely discharged state at DOD = 1 is approached,
the cell’s voltage rapidly drops in response to its increasing internal
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Fig. 3. (a) Average surface temperature rise of the ANR26650M1B cell under
constant current discharge rates of 1C — 10C with respect to initial cell tem-
perature for preheated immersion conditions, and (b) corresponding voltage
profiles of the cell.
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resistance, generating greater irreversible heat. This rapid drop occurs
earlier in the discharge process for increasing C rates, initiating at DOD
= 0.95 and DOD = 0.85 for rates of 1C and 10C respectively. The suit-
ability of two-phase immersion for battery thermal management is
clearly evident, as the average cell temperature is maintained within the
desirable operating limit of 40 °C at all discharge rates investigated. A
maximum temperature rise of 3.6 °C is determined under the most
onerous discharge conditions of 10C, corresponding to an average cell
surface temperature of 35.9 °C.

For the lowest discharge rate of 1C, the cell’s average surface tem-
perature does not exceed the saturation temperature of the fluid, with
single phase natural convection remaining the dominant mechanism of
heat transfer.

Subcooled boiling conditions are established for discharge rates > 2C
as while the cell’s temperature rises above the fluid’s boiling point, the
bulk liquid temperature remains below the saturation temperature due
to its low thermal conductivity. The latent heat of phase change main-
tains a relatively constant cell average temperature profile under pre-
heated conditions during the ‘flat’ stage of the voltage profile between
DOD values of 0.2 and 0.9 as the saturation temperature is exceeded.

The nucleation of vapour bubbles is not observed until a DOD ~ 0.8
is reached under 4C discharge. These vapour bubbles grow and coalesce
on the cell’s lower (negative) electrode before departing, enhancing heat
transfer by disturbing the cell’s thermal boundary layer as they rise
through the liquid pool. This behaviour has also been observed in pre-
vious studies on lithium-ion battery immersion cooling [43,44]. As the
discharge process progresses, vapour bubbles of smaller diameter sub-
sequently develop on the upper (positive) electrode surface, first
observed at the end of 4C discharge at a DOD ~ 0.98. These bubbles
depart the surface more frequently in comparison to the lower electrode,
with the spot-welded interface between the nickel tab and upper elec-
trode observed to act as a nucleation site for their development. The
intensity of the boiling process is noted to increase for greater discharge
rates, developing on both upper and lower electrode surfaces at lower
DOD values and with increasing bubble departure frequency.

The trends of the cell’s voltage profiles of Fig. 3 (b) for all discharge
rates investigated are consistent and show good agreement with those
provided by the cell’s manufacturer for constant current discharge under
natural convective air cooling conditions at 25 °C [64]. Decreasing cell
voltages, in particular at the start of discharge, are observed for
increasing C rates as more substantial overpotentials occur within the
cell. The cut-off voltage is noted to be reached at decreasing DOD values
for the higher C rates investigated, as greater losses arise within the cell
due to increased resistance to the lithium-ion transfer process, reducing
the available capacity [65].

3.1.2. Single phase immersion cooling in HFE 7000

To compare the performance of preheated immersion cooling, Fig. 4
(a) plots the cell average surface temperature rise against those obtained
for single phase liquid immersion in (Novec) HFE 7000. For discharge
rates of 1C to 4C, greater average surface temperature increases are
observed under single phase liquid immersion conditions in comparison
to preheated immersion cooling conditions, for bulk liquid temperatures
between 18 °C and 21 °C. A consistent and more pronounced surface
temperature rise is observed throughout the discharge process under
single phase liquid immersion conditions compared to preheated im-
mersion cooling. For 4C discharge, a temperature rise of 6.8 °C is
determined under single phase liquid immersion conditions, while a rise
of only 2.1 °C occurs under preheated conditions, illustrating the su-
perior performance of two-phase immersion cooling. These temperature
rises correspond to average cell surface temperatures of 27.3 °C and
34.7 °C respectively.

3.1.3. Natural convection air cooling
Further comparison of preheated conditions can be performed
against natural convection air cooling conditions in the same
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Fig. 4. Temperature rise of the ANR26650M1B cell under (a) single phase liquid immersion cooling and (b) natural convection air cooling, in comparison to liquid

preheating (solid lines) for constant current discharge rates of 1C — 4C.

experimental set-up for bulk air temperatures between 19 °C and 21 °C.
Good agreement was found between the maximum temperature rise
under natural convection air cooling conditions in Fig. 4 (b) and the
work of Giammichele et al. [58] and Chiew et al. [66] for the discharge
of similar 26650 cylindrical LiFePO4 cells. The average surface tem-
perature rise of 7.4 °C during 1C discharge in stagnant air exceeds that
measured for all discharge rates investigated under both preheated and
single phase liquid immersion cooling in (Novec) HFE 7000. A cell
average surface temperature of 39.9 °C is reached under natural con-
vection air cooling at the end of 4C discharge, representing a tempera-
ture rise of approximately 19 °C. The unsuitability of natural convection
air cooling for battery thermal management is clearly illustrated, with
the cell likely to exceed the required operating limit for discharge rates
of 5C and above.

As the heat generated by a lithium-ion cell is dependent upon factors
such as the electrochemistry, capacity, charge/discharge rate, geometry,
state of charge and environmental conditions, direct comparison with
other BTMS studies utilising different cell types can prove difficult.
However, to indicate the potential performance enhancement offered by
immersion cooling, several pertinent PCM and liquid based BTMS
studies on cells whose properties most closely align with those investi-
gated in the current study are summarised in Table 5.

Improved performance is observed for both the single phase and two-
phase immersion cooling conditions of this study in comparison to these
alternative BTMS, with significantly lower cell temperature rises for
similar discharge rates.

3.1.4. Cell temperature gradient comparisons
During operation, temperature differences develop within lithium-

Table 5
Summary of BTMS studies on single cylindrical cells.
Cell type BTMS Discharge Maximum
rate temperature rise
[°C]

2.5 Ah Samsung Aluminium fin 1C 4.1
INR18650-25R enhanced PCM 2C 9.2
cylindrical NCA [67]

26650 cylindrical LFP PCM-graphite 5C 18
[68] matrix

2.5 Ah A123 26650 PCM only 2C 8.3
cylindrical LFP [69]

2 Ah 18650 cylindrical Indirect contact 0.5C 3.6
NMC [70] water cooling 1C 8.7

tubes 3C 9.1

ion cells which increase in intensity with charge/discharge current
and can lead to accelerated aging through reduced capacity as well as
lithium plating. It is therefore desirable for a battery thermal manage-
ment solution to minimise these cell temperature gradients. Fig. 5 il-
lustrates the maximum temperature difference between any two
thermocouple measurements on the cell surface for selected discharge
rates of 2C to 10C under preheated immersion conditions. At 2C, as the
heat generation rate is low due to the cell’s high electrical efficiency, the
surface temperature remains relatively uniform with a temperature
difference of approximately 0.1 °C established across the cell at the end
of discharge. More significant temperature differences are experienced
by the cell for greater discharge rates as more intense electrochemical
reactions occur. A maximum point-to-point surface temperature differ-
ence of approximately 1.1 °C is determined under the most onerous
discharge conditions of 10C, in this case between the thermocouples
located closest to the lower and upper electrodes as lithium-ions are
transferred from the anode to cathode during the discharge process. For
comparison, under otherwise the same test conditions, maximum axial
temperature differences under 4C discharge of 0.9 °C for both single
phase liquid cooling and natural convection air cooling are obtained.
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Fig. 5. Maximum measured cell surface temperature difference across the

ANR26650M1B cell during discharge for preheated liquid immersion, single
phase liquid immersion, and natural convection air cooling conditions.
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3.2. Cell charging

3.2.1. Preheated immersion cooling in HFE 7000

The average surface temperature change of the cell under preheated
immersion cooling in (Novec) HFE 7000 is illustrated in Fig. 6 as a
function of SOC for CC-CV charging rates of 1C to 4C. As before, the cell
temperatures are presented with respect to their initial temperature
upon commencement of charging, as described in Eq. (7). Corresponding
voltage and current profiles are also provided in Fig. 7 (a) and (b)
respectively.

The cell experiences an initial decrease in average temperature when
charging commences as the reversible heat generation is of significance
at low SOC. The entropic heat coefficient & of the cell is negative at the
beginning of the charging process [71], with the reversible heat gener-
ation, and by extension the overall heat generation, subsequently
endothermic to enable the cell’s electrochemical reactions to occur. At
greater charge rates the reversible heat is less influential as the cell’s
heat generation (Q.) is dominated by the irreversible heat. This leads
to successively smaller reductions in cell temperature at the beginning of
charging. The average surface temperature of the cell rises from an SOC
of approximately 0.03 onwards and continues to increase throughout
the CC stage of the charging process, with more rapid temperature rises
for greater charging currents due to the cell’s higher irreversible heat
generation. As illustrated in Fig. 7 (a), higher cell voltages are reached
more quickly as the C rate increases, as more significant overpotentials
are required to supply the charging current. An average surface tem-
perature rise of approximately 1 °C is determined at the end of the CC
stage for both 3C and 4C charging rates, despite the greater heat gen-
eration rate at the 4C rate. This is attributed to the shorter duration CC
stage for 4C charging as the cell’s voltage limit is reached more quickly
at an SOC of 0.83. The heat generation rate subsequently falls below that
during 3C charging, for which the voltage limit is not reached until an
SOC of 0.93.

It is noted that the dominant mechanism of heat transfer during
charging under the preheated liquid immersion conditions investigated
remains single phase convection, with the fluid’s saturation temperature
exceeded only at the end of the CC stage at the 3C charging rate.
Furthermore, the lowest charging time required for the cell to reach an
SOC of 1 is observed under preheated immersion conditions as the ef-
ficiency of the cell’s electrochemical reactions are improved at elevated
temperatures.

Upon initiation of the CV stage of the charging process, a decrease in
the cell’s voltage is observed, which arises due to a limitation of the

T e ——
—1C —3C
1 —1e 4c |

-0.2
0 01 02 03 04 05 06 07 08 09 1 1.1

SOC

Fig. 6. Average surface temperature change of the ANR26650M1B cell under
CC-CV charge rates of 1C — 4C with respect to initial cell temperature for pre-
heated immersion conditions.
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Fig. 7. (a) Voltage profiles of the ANR26650M1B cell under CC-CV charge rates
of 1C — 4C for preheated immersion conditions, and (b) corresponding current
profiles of the cell.

equipment used. During the power supply’s switching event from its
constant current mode to the constant voltage mode when the charging
voltage limit of 3.6 V is reached, there is a slight decrease in output
voltage to match this limit. There is a corresponding decrease in the
cell’s voltage, which subsequently recovers to the maximum charge
limit during the CV stage as can be observed in Fig. 7 (a).

The current supplied to the cell falls significantly during the CV
stage, as illustrated in Fig. 7 (b), and is accompanied by a decrease in the
cell’s temperature as the irreversible heat generation rate Q. is reduced.
The exceedance of an SOC value of 1 is attributed to the increase in
charge current in response to the drop in voltage after the power sup-
ply’s CC to CV switching event. The current subsequently decays as the
voltage recovers to the charging limit, with greater recovery times
observed for increasing charging rates.

Similar behaviour at the charging rate of 3C was observed by Li et al.
[45] for the same 26650 LiFePO4 cylindrical cell immersed in the
dielectric fluid SF33, which has comparable thermal properties to
(Novec) HFE 7000. Good agreement was found for the total charging
time, as in Fig. 8 (a), with the CC stage observed to end at an SOC of
approximately 0.92 in this study, in comparison to a value of 0.9 as
reported by Li et al. [45]. The previously discussed drop in voltage
during the CV switching event is clearly evident. However, as illustrated
in Fig. 8 (b), a greater cell temperature increase was determined by Li
et al. [45] throughout the charging process as the cell was immersed in a
significantly lower volume of fluid.
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3.2.2. Single phase immersion cooling in HFE 7000 and natural convection
air cooling

The average temperature rise of the cell at a charging rate of 1C
under preheated immersion cooling conditions in (Novec) HFE 7000 is
compared in Fig. 9 to single phase liquid immersion cooling in the same
fluid, as well as natural convection air cooling conditions, for initial
temperatures of 19 °C and 20 °C respectively. In a similar manner to the
discharging performance, greater average surface temperature rises of
1.6 °C and 4.5 °C are determined under single phase liquid immersion
and natural convection air cooling conditions respectively when
compared to a temperature rise of only 0.3 °C under the preheated im-
mersion case.

3.2.3. Cell temperature gradient comparisons

Examining the temperature difference across the cell’s axis during
charging, excellent thermal homogeneity is observed under preheated
immersion conditions with a maximum point-to-point surface temper-
ature difference of approximately 0.3 °C established across the cell for
all charging rates investigated. This temperature gradient occurs at the
end of the CC stage of the charging process, when the cell’s heat gen-
eration rate is at its greatest. As the CV stage proceeds, the heat gener-
ation rate declines due to the reduced current, leading to a slightly lower
temperature difference across the cell at the end of charging of
approximately 0.2 °C for all charging rates. Under single phase liquid
immersion and natural convection air cooling conditions, maximum
temperature differences of 0.3 °C and 0.6 °C are reached respectively at
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Fig. 9. Temperature rise of the ANR26650M1B cell under preheated immer-
sion, single phase immersion and natural convection air cooling conditions at a
charging rate of 1C.

a charging rate of 1C.
4. Conclusions and future work

The suitability of dielectric liquid immersion cooling for the thermal
management of lithium-ion batteries was experimentally investigated in
this study for a single 26650 LiFePO4 cylindrical cell completely
immersed in the dielectric fluid (Novec) HFE 7000. The thermal and
electrical performance of the cell was examined for charging and dis-
charging rates of up to 4C and 10C, respectively, where C can be defined
as the measure of the rate at which a cell is charged or discharged
relative to its rated capacity.

At a preheated liquid pool temperature of 33 + 0.5 °C for discharge
rates > 2C, subcooled boiling conditions were established as the average
surface temperature of the cell exceeded the fluid’s saturation temper-
ature of 34 °C, with the change of phase significantly increasing the rate
of heat transfer. The generation of vapour bubbles was first observed
from the cell’s electrodes at the end of 4C discharge. The frequency of
their nucleation and departure was noted to increase for greater
discharge rates, further enhancing the rate of heat transfer through
agitation of the cell’s thermal boundary layer. For this cooling method,
the cell was maintained within the required operating temperature
limits for lithium-ion cells for all discharge rates investigated, with the
temperature rise and average cell temperature limited to 3.6 °C and
35.9 °C at the end of 10C discharge, respectively. Additionally, two-
phase immersion cooling was shown to provide good thermal homoge-
nisation, with a maximum axial temperature difference of 1 °C across
the cell under the most onerous conditions of 10C discharge. Superior
performance during discharge was illustrated for two-phase immersion
cooling against both single phase liquid immersion in the same liquid
and natural convective air cooling under 4C discharge, with temperature
rises of 2.1 °C, 6.8 °C and 19 °C respectively. The improved performance
offered by immersion cooling was also evident for charging of the cell for
rates up to 4C, typically considered as fast charging, with the tempera-
ture rise limited to approximately 1 °C and a maximum axial tempera-
ture difference across the cell of only 0.3 °C.

Future work will further examine the suitability of immersion cool-
ing for vehicle battery thermal management, including the arrangement
of cells within a module, reduction of the fluid volume, as well as the
performance of this cooling method under drive cycling conditions
which replicate real-world conditions more closely.
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Nomenclature

C cell C rate, 1/h

Ceenl cell capacity, Ah

‘é—IT] entropic heat coefficient, V/K

I current, A

Q heat generation rate, W

t time, s

T temperature, °C or K

AT temperature difference, °C or K
U open circuit voltage, V

Vv voltage, V

Subscript

avg average

cell cell

char charge

dis discharge

irr irreversible

max maximum

rev reversible

surf surface

Greek symbols

n overpotential, V

Acronyms

BTMS battery thermal management system
CC constant current

cv constant voltage

DOD depth of discharge

EV electric vehicle

HEV hybrid electric vehicle

HFE hydrofluoroether

ICE internal combustion engine
LFP lithium iron phosphate

LTO lithium titanium oxide

NCA lithium nickel cobalt aluminium oxide
NMC lithium nickel manganese cobalt oxide
OCV open circuit voltage

PCM phase change material

SEI solid electrolyte interphase
SOC state of charge
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