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ARTICLE INFO ABSTRACT
Keywords: The thermal management of a lithium-ion battery module subjected to direct contact liquid immersion cooling
Immersion cooling conditions is experimentally investigated in this study. Four 2.5 Ah 26650 LiFePOy4 cylindrical cells in a square
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arrangement and connected electrically in parallel are completely immersed in the dielectric fluid Novec 7000.
The thermal and electrical behaviour of the module is assessed at charging and discharging rates of 1C to 4C.
Experiments are conducted with initially ambient temperature liquid, resulting in single phase natural convec-
tion cooling, as well as preheated liquid temperatures of 33 °C &+ 0.5 °C to study the influence of the phase
change process under pool boiling conditions. Superior performance is observed when two-phase immersion
cooling conditions are established for discharge rates of 2C and above, limiting the average cell temperature rise
to 1.9 °C at the end of 4C discharge, corresponding to a maximum temperature of 34.7 °C. For the most onerous
charging rate of 4C, considered fast charging, this maximum temperature rise is limited to 1.3 °C, corresponding
to a maximum temperature of 35 °C. Vigorous boiling is observed from the cells’ electrodes, leading to more
effective heat transfer from the locations of high heat flux. Excellent module thermal homogeneity is exhibited,
maintaining a maximum temperature difference of 1.2 °C for all cases investigated. The axial temperature
gradients of the module’s individual cells are also greatly reduced under two-phase conditions. The influence of
cell spacing within the module is also investigated for inter-cell spacings of 0.25D and 1D, where D is the cell
diameter. Marginally improved heat transfer performance is observed for the more closely spaced cell ar-
rangements, reducing the maximum cell temperatures and thermal inhomogeneity within the module.

difficult as future battery technologies are predicted to result in smaller,
lighter, more energy dense cells [4] and battery packs of increased
power density. These thermal limits are antagonistic to consumer de-
mand for faster pack charging to bring ‘refuelling’ times in line with
those of internal combustion engine (ICE) vehicles. Greater heat gen-
eration rates within the battery pack are associated with fast charging, in
which cells are charged to 80 % of their final capacity within 15 minutes
[5], placing further demand on any BTMS.

Previous and current BTMS approaches employed in production EV
have included passive [6] and forced air cooling [7], as well as indirect
contact liquid cooling utilising heat spreading devices such as cold
plates containing minichannels [8] or microchannels [9]. Despite at-
tempts to improve its performance, air cooling is proven to be unsuitable
for maintaining the required thermal limits at high discharge rates or
unfavourable ambient conditions [10]. Furthermore, the thermal con-
tact resistances associated with the heat spreading devices of indirect
contact liquid cooling are detrimental to heat transfer, which would only
be further exacerbated at elevated charging/discharging rates. Several

1. Introduction

A wider adoption of electric vehicles (EV) has been targeted by many
organisations and governments to meet various emission and climate-
related goals. It is long established that the lithium-ion cells of pro-
duction level EV operate optimally within a narrow temperature range
between 25 °C and 40 °C [1]. Further requirements to maintain tem-
perature differences within individual cells below 2 °C [2] and between
cells within a module to less than 5 °C [1] pose significant challenges to
current battery thermal management systems (BTMS). Failure to meet
these temperature criteria can result in poor battery pack performance
including reduced capacity [3] and lifespan, coupled with safety con-
cerns such as thermal runaway.

The heat generated by lithium-ion cells is dependent on numerous
factors including their electrochemistry, capacity, charge/discharge
rate, geometry, state of charge (SOC), and environmental conditions.
The thermal management challenge is likely to become increasingly
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Nomenclature

C Cell C-rate, 1/h

Ceell Cell capacity, Ah

D Diameter, m

4 Entropic heat coefficient, V/K
I Current, A

sT Temperature difference, 'C or K
AT Temperature rise, 'C or K

t Time, s

Vv Voltage, V

Subscript

avg Average

cell Cell

i,j Cell number

max Maximum

min Minimum

module  Module

0 Initial

Greek symbol

n Overpotential, V

Acronyms

BTMS  Battery thermal management systems
CC Constant current

Cv Constant voltage

DAQ Data acquisition module

DOD Depth of discharge

EV Electric vehicles

HFE Hydrofluoroether
HFO Hydrofluoroolefin

ICE Internal combustion engine
LFP Lithium iron phosphate
NCA Lithium nickel cobalt aluminium oxide

OCV Open circuit voltage, V
PCM Phase change material

SEI Solid electrolyte interphase
SOC State of charge

alternate BTMS have been proposed in literature, including phase
change materials (PCM) [11] and heat pipes [12]. However, poor per-
formance has been observed with these methods, such as operating
temperature requirements above the 40 °C limit and module tempera-
ture differences far in excess of 5 °C.

To facilitate greater heat transfer rates under more onerous oper-
ating conditions, direct contact liquid immersion cooling is receiving
increased attention in both academic literature and industry. In this
BTMS, cells are immersed in an electrically non-conductive dielectric
fluid. This method can result in improved spatial and temporal tem-
perature uniformity and offer increased safety in thermal runaway
events.

A number of studies have investigated the use of high viscosity
dielectric fluids for direct contact battery thermal management under
both natural and forced convection single phase conditions, including
mineral oils, ester oils and those traditionally used in transformers.
While the maximum temperatures of individual prismatic [13] and cy-
lindrical cells [14] were maintained below 40 °C for discharge rates of
up to 3C (where C is the ratio of operating current to rated cell capacity),
poor thermal homogeneity was observed for cylindrical cell module
arrangements with small inter-cell spacings (< 2 mm), far exceeding the
5 °C acceptable limit [15]. Increased cell spacings and flow rates in
excess of 0.4 L/min [16] maintained desirable thermal homogeneity
within cylindrical cell modules, while similar flow rates were required
by Wang et al. [17] to prevent the maximum temperature within a
prismatic pouch cell module from exceeding 40 °C. For a module con-
sisting of 14 prismatic pouch cells which combined forced convection air
cooling at the tabs and immersion of the cells’ bodies as proposed by
Patil et al. [18], flow rates greater than 3 L/min and inlet air velocities of
5 m/s were necessary to maintain thermal uniformity. These increased
flow rates to limit thermal inhomogeneity are coupled with greater
pressure drops due to the fluids’ highly viscous nature. A drop contact
cooling method was proposed by Zha et al. [19] in which a transformer
oil was introduced at flow rates of up to 20 mL/min above the centre of
3.4 Ah 18650 lithium nickel cobalt aluminium oxide (NCA) cells ar-
ranged in a 21 cell module. Greater thermal performance was observed
in comparison to fully immersed forced convection single phase condi-
tions, maintaining a maximum cell temperature of 37.23 °C for a 2C
discharge rate. A maximum temperature difference across the module of
1.1 °C was observed experimentally at a discharge rate of 1C. However,
a difference of approximately 1.9 °C across the individual cells was
determined from numerical simulations, approaching the limit for

degradation minimisation.

The use of dielectric fluids with lower viscosities such as the
hydrofluoroethers (HFE) Novec 7200 [20,21] and Novec 7500 [22] can
improve the thermal homogeneity within module arrangements as heat
transfer is increased due to heightened mixing of the fluid, particularly
under single phase natural convection conditions. The cells’ thermal
limits have been maintained for a small cylindrical cell module
immersed in Novec 7200 at cycling rates of up to 3C under natural
convection conditions by Liu et al. [20], as well as a module of 25 cells
cycled at the low rate of 1.33C for over 1000 cycles by Koster et al. [21]
when characterising cell degradation under forced convection single
phase conditions in the same fluid. The desired thermal homogeneity
was also maintained by Solai et al. [23] for the immersion of eight cy-
lindrical cells in the dielectric fluid CFX70 at the onerous cycling rate of
10C, albeit for extremely short cycle durations of 10 s. To improve heat
transfer to the surrounding Novec 7500 fluid, a hybrid BTMS was pro-
posed by Choi et al. [22] for a prismatic pouch cell module in which the
spacing between each cell contained graphite fins. Slightly improved
thermal performance was observed for this hybrid BTMS in comparison
to a fluid-only arrangement, though the thermal homogeneity remained
close to allowable limits. A flow rate of approximately 1.9 L/min was
required for the hybrid system, resulting in a lower pressure drop across
the module against the fluid-only arrangement. However, for larger
modules of cylindrical cells at discharge rates > 2C, flow rates < 1 L/min
were found to be insufficient to successfully manage the cells’ temper-
ature which exceeded 60 °C at the end of 4C discharge, accompanied by
a temperature difference of 16.8 °C across the module for immersion in
the fluid E5-TM410 [24].

To further improve the performance of direct contact liquid im-
mersion cooling, the use of dielectric fluids with phase change temper-
atures within the desirable operating limits has received increasing
attention due to the high rates of heat transfer and thermal homogeni-
sation offered by the latent heat of phase change.

Studies have predominantly examined the performance of single
cells under static immersion conditions in the dielectric fluid Novec
7000, which has a saturation temperature of 34 °C. For discharge rates
of up to 3C [25] and pulse charge-discharge cycling at 5C [26], the
temperature rise of single cells was reduced significantly in comparison
to natural convection conditions, with vapour bubble nucleation during
phase change concentrated at the cells’ electrodes. Similar performance
was observed by Li et al. [27] at a maximum discharge rate of 7C for cell
immersion in the hydrofluoroolefin (HFO) SF33, which has similar
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thermophysical properties to Novec 7000. Module arrangements of cy-
lindrical cells at 3C discharge [28] and low capacity prismatic pouch
cells at the extreme discharge rates of 10C and 20C [29] have also been
investigated for immersion in Novec 7000, with temperature differences
of less than 1 °C observed across these modules.

This thermal management method has also been subjected to fast
charging conditions by Li et al. [30] investigating the performance of
cylindrical cells of varying geometry and electrochemistry when
immersed in SF33, with the maximum temperature rise limited to 3.4 °C
during 3C charging. The authors later immersed a module of 21 cylin-
drical cells in the dielectric fluid SF49 [31], with the temperature rise
and module inhomogeneity limited to 4.8 °C and 1 °C respectively
during more onerous 4C charging. The current authors’ previous study
on two-phase immersion cooling of single cylindrical cells in Novec
7000 restricted their temperature rise under onerous 10C discharge and
4C charge conditions to 3.6 °C and 1 °C respectively [32]. The effect of
cylindrical cell to cell spacing within a module was investigated
numerically by Al-Zareer et al. in their work on a hybrid electric vehicle
(HEV) system featuring two-phase immersion cooling with propane [33]
as the working fluid. However, the dynamics of the phase change pro-
cess were not modelled, with empirical correlations applied to replicate
the increased heat transfer rates of the boiling process.

The application of flow boiling to battery thermal management has
also been investigated by Wang and Wu [34] for a large module
arrangement consisting of 60 cylindrical cells immersed in Novec 7000,
with low vapour fractions at the module’s outlet required to reduce the
maximum cell temperature and improve thermal homogenisation. The
authors later examined cell performance when ethanol was added to the
low boiling point refrigerant R1233zd(E) to improve its thermal prop-
erties [35]. Boiling from the cells’ walls was observed to depart from the
nucleate regime for refrigerant volume fractions in excess of approxi-
mately 0.8, increasing the vapour volume fraction at the outlet and
subsequently the temperature difference across the module.

Despite the promising performance of this method of battery thermal
management, the majority of two-phase immersion cooling studies have
been performed experimentally for a single cell solely charging or dis-
charging at high rates, with limited work on module arrangements
which investigate the thermal homogeneity purportedly offered by this
proposed BTMS. Furthermore, in a number of these studies an open
immersion vessel is used to maintain saturation conditions, with no
method of vapour condensation. This is unrealistic of real battery
module applications, with the liquid level varying throughout the
charging and/or discharging process. In certain cases, in which the
module is a sealed system, the absence of a condensation or cooling
mechanism leads to a pressure increase and subsequently varying
saturation conditions.

1.1. Research aim and objectives

This study aims to experimentally determine the effectiveness of
liquid immersion cooling for battery thermal management by investi-
gating the electrical and thermal performance of a battery module
consisting of four lithium iron phosphate (LFP or LiFePOy) cylindrical
cells. The thermal homogeneity and maximum cell temperature of the
module is compared under single phase natural convection and two-
phase immersion conditions for both charging and discharging rates of
up to 4C, placing the cells under onerous operating conditions. The ef-
fect of cell spacing on performance, thermal uniformity in particular, is
examined, which to the authors’ knowledge has not been previously
studied experimentally for cylindrical cells. These findings can inform
future designs of two-phase immersion cooling systems.
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2. Experimental method
2.1. Test chamber

The experimental set-up consists of a central test chamber and
auxiliary flow loop, as illustrated in Fig. 1. The lithium-ion cell module is
housed in a 316L stainless steel chamber of 0.1 m x 0.1 m x 0.2 m in-
ternal dimensions, as illustrated in Fig. 2, assembled with Viton (FKM)
rubber seals which were found to have good material compatibility with
the working fluid. While Viton is slightly fluorinated, no reaction has
been detected with the working fluid. However, the time period over
which a reaction between the two materials takes place may be such that
it has yet to be detected. Power and sensor connections pass through
cable glands containing compatible seals to minimise liquid loss from
the chamber and are wrapped in a suitable heat shrink material to
further prevent contamination of the working fluid. The chamber is also
insulated to minimise heat loss. The experimental set-up is discussed in
greater detail in the authors’ previous work on single cell immersion
cooling [32].

The module consists of four 2.5 Ah LithiumWerks ANR26650M1B
26650 LiFePOy4 cylindrical cells connected electrically in a 1 in series, 4
in parallel (1s, 4p) configuration via copper busbars. The module’s
nominal capacity is therefore 10 Ah, such that a C rate of 1C refers to a
charge/discharge current of 10 A. Power connections to the busbars are
made through 6 mm? tri-rated cable. The module’s cells, each of
diameter D, are arranged in a square array, with equally spaced hori-
zontal and vertical cell wall-to-wall distances. In this study, spacing
distances of 0.25D and 1D are investigated, as presented in Fig. 3. The
orientation of the module is such that the cells’ positive electrodes are
closest to the surface of the liquid pool. Additional cell details are
available in Table 1.

The module is completely immersed in approximately 0.81 L of the
dielectric fluid Novec 7000 which has a saturation temperature of 34 °C,
within the operating temperature range for lithium-ion cells. The fluid is
degassed under ambient temperature and pressure conditions by circu-
lation through a membrane contactor via a canned pump, with the
vacuum applied across the membrane removing the dissolved air. The
degassing loop, as well as a schematic of the complete experimental set-
up, is presented in Fig. 4. Further details on the working fluid are out-
lined in Table 2. Due to their high electrochemical efficiency, lithium-
ion cells produce relatively low heat generation rates. Combined with
the low specific heat capacity and thermal conductivity of the coolant
fluid, two polyimide film auxiliary heaters (Omega KHLVA-104/10-P)
are required for fluid preheating to 33 °C £ 0.5 °C to study the mod-
ule’s response during two-phase flow and heat transfer conditions. The
temperature of all cells and bulk fluid is monitored throughout the
preheating process, with the heating power adjusted until the required
preheating temperature is reached. Upon a steady state being estab-
lished during which the temperature fluctuations stabilise, charging and
discharging under preheated conditions commences.

For all tests, an 8 mm outer diameter copper coil supplied with water
at15°C =+ 0.1 °C and a flow rate of 3.7 L/min + 0.1 L/min by a Thermo
Scientific Accel LC 500 recirculating chiller condenses vapour produced
during the phase change process. The typical fluctuation of the cooling
water temperature is less than 0.1 °C, which is the precision of the
recirculating chiller. An Omega PXM319 pressure transducer monitors
the saturation conditions. The module’s voltage and system pressure are
recorded by a National Instruments (NI) 9219 data acquisition module
(DAQ).

Five T-type exposed junction thermocouples are spaced 11 mm apart
along each cell’s primary axis, affixed using OMEGABOND 101 high
conductivity thermal adhesive. The cell surface averaged temperature
T; g, where i is the cell number, is determined from the average of their
instantaneous measurements. The liquid pool and vapour temperatures
are monitored by 1.5 mm diameter T-type stainless steel thermocouple
probes. All temperature measurements are recorded using NI 9213 and
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Fig. 1. Experimental set-up, including test chamber and degassing flow loop.
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}

Liquid pool thermocouple

Fig. 2. 3D CAD render of the test chamber within the experimental set-up, including schematic of thermocouple locations on cells.

9214 DAQs.

The cell module is charged under constant current-constant voltage
(CC-CV) conditions using a programable Elektro-Automatik EA-PSI
9080-60 T power supply. The maximum charge voltage during the CC
stage is 3.6 V and the cell is considered fully charged (SOC = 1) when a
current of 0.125 A is reached at the end of the CV stage. Module dis-
charging is performed under CC conditions using a programmable
Elektro-Automatik EA-EL 9080-45 T electronic load, ceasing when the

cut-off voltage of 2 V is measured across the module. The current sup-
plied to or drawn from the module is determined directly from the power
supply and electronic load respectively. The module is rested for 1 h
prior to a charging or discharging event at SOC’s of 0 and 1 respectively,
to allow for the open circuit voltage (OCV) to settle. Both the charging
and discharging processes are controlled via bespoke NI LabVIEW pro-
grams, which also record all measurement parameters from the DAQs.
The performance of a cell or module can be described in terms of
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Fig. 3. Schematic of the numbered cells’ arrangement within the module for
spacings of (a) 1D and (b) 0.25D.

state of charge (SOC), which expresses the ratio of the available capacity
to rated capacity as defined in Eq. (1), where t is the elapsed time during
charging/discharging in seconds, I is the cell’s operating current in A,
and C,y is the nominal capacity of the cell in Ah:

t

1

SOC(t) = SOC(to) + / —dt (€8]
0 cell

Fully depleted and fully charged cell states are represented by SOC

values of 0 and 1 respectively. The discharge process is often described

in terms of the depth of discharge or DOD, which is the converse of SOC:

DOD(t) = 1 — SOC(1) )

2.2. Uncertainty reporting

Measurement uncertainty, also known as Type A uncertainty, as well
as instrument uncertainty is used to determine the uncertainty of
directly measured parameters such as the module’s voltage. The preci-
sion error for the least-squares fit of the thermocouples’ calibration is
also considered. The uncertainty of the module’s current measurement
is taken to be the uncertainty associated with the power supply and
electronic load. Table 3 reports the uncertainties determined.

Journal of Energy Storage 86 (2024) 111289

3. Results and discussion
3.1. Module discharge

3.1.1. Temperature rise

The instantaneous surface averaged temperature increase AT;q, of a
cell within the module with respect to its initial temperature T;q,g(to)
can be described as in Eq. (3), where i is the cell number:

T avg (10) ©))

The surface averaged temperature rise of Cell 1 during CC discharge
is presented in Fig. 5 (a) and (b) for the cell spacings of 0.25D and 1D
respectively, for single phase natural convection with initial ambient
temperatures of 18.3 °C to 23.5 °C, and preheated fluid conditions of
33 °C £+ 0.5 °C. ATy q, is observed to increase with both DOD and
discharge rate for the spacing arrangements investigated. This arises as a
greater internal overpotential #, which is the difference between the
cell’s OCV and terminal voltage and is realised as a loss in energy in the
form of the irreversible heat, is produced by the higher current drawn.
Additionally, the internal resistance of the cell rises throughout the
discharge process, resulting in increasing n which reaches its maximum
at the end of discharge.

The surface temperature rise, as well as the rate of that rise, is less
pronounced under preheated immersion conditions as the phase change
process provides more significant heat transfer. For the discharge rate of
1C, heat transfer through natural convection dominates as the cell sur-
face does not exceed the fluid’s saturation temperature. Conditions
conducive to subcooled boiling are established for discharge rates of 2C
and above, reaching saturated boiling conditions at the end of 3C and 4C
discharge for the 1D spacing case as the fluid temperature rises above
34 °C. At these elevated temperatures, the cell’s electrochemistry is
more efficient as a result of increased electrolyte conductivity and
electrode diffusivity, reducing the overpotential and as a consequence
the heat generated, particularly at the end of discharge. This decrease in
overpotential is reflected in the greater terminal voltages for preheated
conditions, as seen in Fig. 5 (¢). Furthermore, the phase change process
can prevent excursions beyond this desirable operating range, which can
lead to accelerated degradation from side reactions such as growth of the
solid electrolyte interphase (SEI) layer.

The nucleation of vapour bubbles is observed from the surface of the
electrodes only, consistent with the authors’ previous work on single cell
immersion cooling for the same cell-liquid combination [32]. Vapour
bubble departure frequency is observed to increase with discharge rate.
The localising of the boiling to the electrode surfaces is presumed to
arise from the cell’s greater axial thermal conductivity and the elec-
trode’s surface roughness, in addition to Joule heating from the elec-
trical connections. As the electrochemical material within the cell is
wound around a central mandrel, its thermal conductivity is

AT = Tiavg (1) —

Table 1
Geometric, electrical, thermophysical properties of LithiumWerks ANR26650M1B LiFePO, cells.
Property Value
Diameter 26 mm
Length 65 mm
Mass 76 g
Nominal capacity 2.5 Ah
Nominal voltage 3.3V
Max. continuous current:
Discharge 50 A (20C)
Charge 10 A (40)
Density [36] 2047 kg/m®

Specific heat [37]
Thermal conductivity [37]
Axial
Radial

Heat generation rate (Natural convection conditions, 1C to 10C discharge) [38]

1605 + 80 J/kgK

32 £+ 1.6 W/mK
0.15 + 0.01 W/mK
3to28W
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Table 2
Thermophysical and electrical properties of 3M Novec 7000 at
25 °C.

Property Value

Boiling point (1 atm) 34°C

Liquid density 1400 kg/m>

Kinematic viscosity 3.2 x 1077 m%/s

Specific heat 1300 J/kgK

Thermal conductivity 0.075 W/mK

Enthalpy of vaporisation 142 kJ/kg

Surface tension 0.0124 N/m

Dielectric strength 40 kv

Table 3

Measured and calculated parameter uncertainties.
Parameter Uncertainty
Temperature +0.59 °C
Voltage +0.01V
Charge Current +0.12A
Discharge Current +0.09 A
Pressure + 0.01 bar

significantly larger along its axis, as in Table 1, leading to greater heat
flux on the electrode surface.

Furthermore, their increased surface roughness in comparison to the
cylindrical surface yields a greater number of potential nucleation sites
for vapour production, known to be a requirement for low viscosity
dielectric fluids such as Novec 7000 [39]. As the electrodes serve as the
contact location for the cell’s electrical connections, some additional
heat would be expected at these surfaces due to Joule heating. Immer-
sion cooling may also be advantageous in maintaining the electrical
connection components such as the busbars and cabling at lower tem-
peratures, therefore reducing electrical losses.

Under preheated conditions, boiling first occurs on the lower elec-
trode of the cell as greater heat is generated in the anode during the
deintercalation process, dominated by the irreversible heat [40]. Vapour
production is initiated at lower DOD values for increasing discharge
rates, commencing immediately at the beginning of 4C discharge. The
departure of smaller diameter vapour bubbles at greater frequency from
the surface of the upper electrode is first observed for the 0.25D spacing

arrangement at approximately 0.56 DOD during 2C discharge, as suffi-
cient heat is generated by the cathode to induce boiling. As the discharge
rate is increased, the greater overpotentials lead to more irreversible
heat at the cathode, and earlier vapour incipience at 0.19 DOD and 0.14
DOD for 3C and 4C discharge respectively. The saturation conditions
remain constant throughout all discharge cases for both spacings when
two-phase conditions are established, with the pressure in the chamber
maintained at 1 bar + 0.02 bar. While not measured in this work, the
electrode temperatures were previously determined for the case of a
single cell under the same preheated immersion conditions. The lower
electrode temperature remained approximately 0.8 °C above the
average surface temperature throughout the discharge process at a rate
of 4C.

Greater surface averaged cell temperature increases are determined
under single phase natural convection conditions for 1D spacing in
comparison to 0.25D spacing, except at 1C discharge. Maximum tem-
perature rises of 7 °C and 7.8 °C occur at the end of 4C discharge for
spacings of 0.25D and 1D respectively, corresponding to temperatures of
25.5 °C and 27.2 °C. The low viscosity of the dielectric fluid enhances
instability within the flow, with turbulent natural convection conditions
developing at the highest discharge rate as the surface and bulk fluid
temperature difference increases. The greater mixing offered by this
regime is experienced more intensely when the cell spacing is at its
closest, leading to lower temperature rises. However, this behaviour
requires further investigation for larger cell modules in which the
portion of the cells’ surface influenced by neighbouring cells will not be
uniform.

Under the preheated conditions, the establishment of boiling on the
electrodes, the locations of greatest heat generation, leads to more
effective heat removal and lower cell temperatures. Additionally, the
rising vapour from the lower electrodes disturbs the thermal boundary
layers of the cells, further improving the heat transfer rate. For pre-
heated conditions, lower surface averaged cell temperature rises are
determined for the more closely arranged cells in the 0.25D spacing case,
with Cell 1 temperature rises of 1.9 °C and 2.4 °C, corresponding to
maximum temperatures of 34.7 °C and 36 °C, for the 0.25D and 1D
spacings respectively at the same discharge rate of 4C. It is postulated
that greater heat transfer occurs for the more closely spaced case as the
vapour generated from the surface of the lower electrodes of neigh-
bouring cells interacts while rising towards the liquid pool’s surface.
This interaction has the effect of creating greater mixing in the
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Fig. 5. Average surface temperature rise of Cell 1 under single phase natural convection and preheated conditions for 1C to 4C discharge at cell spacings of (a) 0.25D
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(e) preheated and (f) single phase natural convection conditions.

interstitial region between the cells and disturbing their thermal
boundary layers more significantly. However, further work is required
to better determine this behaviour.

All cells within the module are maintained below the recommended
operating limit of 40 °C for the discharge rates investigated. Fig. 5 (d)
presents the average surface temperature rise for all cells in the 0.25D
spacing arrangement at a discharge rate of 4C under preheated

immersion conditions. Cell 2 experienced the greatest temperature in-
crease of 1.9 °C, corresponding to a surface temperature of 34.7 °C.

3.1.2. Voltage profiles

The module voltage profiles during discharge for both single phase
natural convection and preheated conditions are presented in Fig. 5 (c)
for a spacing of 0.25D only, as cell spacing is observed to have little
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influence on the voltage behaviour. The sharp decrease in the profiles at
the extremes of the discharge process, more evident as a DOD of 1 is
approached, arise due to increased cell internal resistance, resulting in
higher heat generation rates which are reflected in the corresponding
temperature rises of Fig. 5 (a). Greater overpotentials are produced
within the cells for increasing discharge rates, reflected in the module’s
reduced terminal voltage.

The duration of the discharge process, and therefore the module’s
usable capacity, is greater for all discharge rates under preheated con-
ditions as a higher voltage is maintained in comparison to single phase
natural convection conditions due to the reduced overpotential. The
rapid decay of the voltage profile at the end of discharge is also
approached notably later, as the temperature-sensitive electrochemical
reactions are more efficient at higher temperatures. By increasing the
duration and terminal voltage of the discharge process a greater elec-
trical power can be delivered by the module, desirable for EV
applications.

3.1.3. Thermal homogeneity

Temperature differences both across individual cells and between
cells within a module develop during the charging and discharging
processes. An important criterion of any proposed BTMS is the mini-
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misation of these temperature differences to mitigate against acceler-
ated degradation that results from imbalances both internal to the cell as
well as cell-to-cell. The maximum temperature difference across a cell
8T;max can be expressed as the maximum instantaneous difference be-
tween the cell’s temperature measurements, as in Eq. (4):

- Ti,min (t) (4)

The maximum temperature difference across the module 8T;0qu iS
determined as the instantaneous maximum difference between the
temperature measurements of all cells. The subscripts i and j refers to
different cell numbers:

6Tmodule = Ti.max(t) - Tj‘min (t) (5)

Fig. 6 presents the maximum temperature difference across Cell 1,
8T max, and the maximum module temperature difference 8T ;g4 for
both spacing arrangements investigated. Greater temperature differ-
ences across the individual cell are observed under single phase natural
convection conditions, with similar temperatures differences deter-
mined for both spacing arrangements. For the 1D spacing arrangement
shown in Fig. 6 (b), a maximum temperature difference of 2 °C is
determined across Cell 1 at the end of 4C discharge, at the limit to
minimise cell degradation.

6Ti,ma)c = Ti.max(t)
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Fig. 6. Maximum temperature difference across Cell 1 for (a) 0.25D and (b) 1D spacing, and maximum module temperature difference under (c) single phase natural

convection and (d) preheated conditions, for 1C to 4C discharge.
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Fig. 5 (f) illustrates all temperature measurements across Cell 1 for
the same conditions at 0.25D spacing, corresponding to 8T; mqy of Fig. 6
(a). A notable axial gradient is established between the upper and lower
electrodes at a DOD of approximately 0.2, which continues to grow
throughout the discharge process in response to the high polarization of
the cell and the natural convection thermal boundary layer. In contrast,
preheated immersion cooling exhibits excellent cell thermal homoge-
neity, maintaining 8T; mex below 0.5 °C for all discharge rates and
spacing arrangements investigated. As illustrated in Fig. 5 (e) for Cell 1
during 4C discharge at 0.25D spacing, the axial gradient is significantly
reduced by the two-phase process, with the increased mixing and
boundary layer disturbance induced by the vapour providing greater
rates of heat transfer.

While the surface temperature gradient is used to illustrate the
thermal homogeneity of the cell under the mechanisms of heat transfer
investigated, it should be noted that a temperature difference will exist
between the surface and inner core arising from the poor radial con-
ductivity. The inner core temperature was not investigated in this study
due to issues surrounding the resealing of the cells against the dielectric
fluid such that the electrochemistry is unaffected. This may be examined
in future studies in combination with numerical modelling of the cell.

Single phase natural convection conditions provide adequate cooling
to maintain 8T odue.max Delow 5 °C for all discharge rates investigated, as
in Fig. 6 (c), with a maximum module temperature difference of 3.2 °C
observed at 4C discharge for the 0.25D spacing. Greater module tem-
perature differences are determined for 3C and 4C discharge at this
0.25D spacing compared to 1D, whereas differences at the lower
discharge rates of 1C and 2C are within measurement uncertainty (see
Table 3).

A marked improvement is observed for preheated conditions as
illustrated in Fig. 6 (d), with a maximum value of 1.2 °C for 8 Trodute max at
the end of 3C discharge for the 1D spacing case. This arises as the ab-
sorption of the heat generated through the latent heat of the dielectric
fluid during the phase change process provides greater thermal ho-
mogenisation, both between cells and along their axes. In contrast to the
single phase natural convection conditions, lower module temperature
differences are determined for the more closely arranged cells under
preheated conditions. However, the thermal inhomogeneity determined
for 1D spacing is not substantially larger than for the more compact
arrangement of 0.25D, approximately 0.5 °C higher at the discharge rate
of 4C. Furthermore, this is of the order of the measurement uncertainty
of the thermocouples. When considered with the average surface tem-
perature rise of Fig. 5 (a) and (b), it appears that the closer spacing of
0.25D is preferable for more effective thermal management when
employing two-phase immersion cooling. However, further work is
required to investigate this behaviour in greater detail. No effect of the
condensate reflux on the cells’ temperature measurements, and there-
fore the thermal homogeneity, is observed under both module charging
and discharging, as the height of the liquid pool is 15 mm above the
cells’ upper electrode.

3.2. Module charge

3.2.1. Temperature rise

Fig. 7 (a) and (b) presents AT qy for CC-CV charging under single
phase natural convection conditions at ambient temperatures between
22.7 °C and 24.2 °C, and preheated conditions of 33 °C + 0.5 °C.
Charging rates of 1C to 4C are investigated for both cell spacing ar-
rangements. The cell average surface temperature is observed to in-
crease with SOC throughout the CC stage of the charging process, as the
module’s terminal voltage, and as a consequence the overpotential and
irreversible heat, rises towards the charging limit. As the CV stage
progresses, an ever-reducing current is required to maintain the charge
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voltage limit as the cells’ internal resistance continuously increases,
illustrated in the corresponding voltage and current profiles of Fig. 7 (c)
and (d). The reduction in charge current at the beginning of the CV
charging stage, and therefore the irreversible heat generation, is not at
first sufficient to cause an immediate decrease in the cell surface tem-
perature, as the radial thermal conductivity is low. As an SOC of 1 is
approached, the average cell temperature rapidly decreases in response
to the reduced irreversible heat generation and the high heat transfer to
the immersion fluid. The reversible heat generation of lithium-ion cells,
dictated by the entropic heat coefficient g—‘T’, is known to be of signifi-
cance at low SOC. As this coefficient is negative at the beginning of the
charging process, the reversible heat generation, and therefore the
overall heat generation, is endothermic and results in an initial decrease
in the average surface temperature as exhibited in Fig. 7 (a) and (b). The
reversible heat generation is less influential for increasing C rates,
leading to lower reductions in temperature upon charging initiation.

In a similar manner to the discharge process, lower maximum cell
temperature increases occur under preheated conditions as a result of
the high heat transfer rates during phase change, particularly at the
electrode. The cell surface exceeds the saturation temperature at a
charge rate of 2C and above in the 1D spacing arrangement under pre-
heated conditions, and during 3C and 4C charging in the 0.25D spacing
case, establishing subcooled boiling. Vapour bubble nucleation in-
creases in intensity with charging rate, as greater heat is generated by
the module’s cells in response to the higher applied current. Vapour
bubble production is first observed from the lower electrode at a rate of
2GC, nucleating at lower SOC values for increasing C rates and appearing
immediately upon initiation of charging at 4C due to high cell polari-
zation. For the 1D spacing case, boiling is first observed from the upper
electrodes at approximately 0.27 SOC at the same charging rate,
becoming extremely vigorous at an SOC of 0.62 as the average cell
temperature exceeds the saturation temperature. During the CV stage,
the irreversible and total heat generation of the cells markedly decrease
as the current decays towards its cut-off criteria at 0.125 A. This
significantly reduces the heat flux at the upper electrode to such an
extent that boiling is no longer sustained on that surface. The chamber
pressure is maintained at 1 bar +0.02 bar for both spacings when two-
phase conditions are established, which are similar saturation condi-
tions to those of the discharge cases.

Temperature increases during the CC stage are comparable to those
experienced by the cell during the equivalent period of the discharging
process for both immersion conditions. Similar quantities of heat are
generated due to the dominance of the irreversible heat, which is
dependent upon the current supplied to or drawn from the cell and the
overpotential, which is of equivalent intensity for both processes.
However, during the CV stage of charging, the cell’s temperature pla-
teaus before dropping sharply, as the irreversible heat continuously
decreases in response to the reduced applied current. The reversible heat
will also fall during this stage, contributing to the diminished total heat
generation. In contrast, the temperature continues to rise throughout
discharge as evident in Fig. 5., as the operating current remains constant
and the terminal voltage decays rapidly, inducing significant
overpotentials.

The influence of spacing on the cell’s maximum temperature rise is
found to be minimal for single phase natural convection cooling. Under
preheated conditions the spacing of 1D produces greater temperature
rises at each C rate, with a maximum of approximately 1.8 °C, corre-
sponding to a temperature of 34.8 °C, during 4C charging. In compari-
son, a maximum temperature rise of 1.3 °C occurs for the 0.25D spacing
at the same charging rate, equivalent to 35 °C. As in the preheated
discharge case, the greater proximity of the cells is presumed to allow for
greater vapour interaction and mixing, enhancing heat transfer from the
cell’s surface. However, these cell temperature increases under charging
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are lower in comparison to AT gy for the equivalent discharge case due
to the reduced heat generation, as previously discussed.

The average surface temperature rise during 4C charging under
preheated conditions is presented in Fig. 8 for the spacing of 0.25D. All
cells remain below the operating limit, with the maximum temperature
increase of 1.5 °C experienced by Cell 4. The required operating tem-
perature limits are maintained under both immersion conditions and for
the two cell spacing arrangements throughout the charge rates investi-
gated, further illustrating the suitability of immersion cooling for

10

battery thermal management.

3.2.2. Voltage and current profiles

Module voltage and current profiles under both single phase natural
convection and preheated conditions are presented in Fig. 7 (c) and (d)
for the cell spacing of 1D. The duration of the CC stage reduces for
increasing C rate, as the upper voltage limit is reached more quickly in
the charging process due to the greater overpotentials developed within
the cells in response to the higher charge current.
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Lower charging voltages are required for equivalent SOC values
under preheated conditions as the electrochemical reactions are more
efficient at these elevated temperatures, decreasing the cells’ internal
resistance and overpotential. The CV stages are of shorter duration as in
Fig. 7 (d), accompanied by a reduction in charging times. This is
particularly evident at the fast charging rate of 4C as the CC stage is
significantly extended under preheated conditions, terminating at an
SOC of approximately 0.76 in comparison to an SOC of approximately
0.63 under single phase natural convection conditions. With regard to
total charging time, the module is considered fully charged after
approximately 1201 s and 1329 s for preheated and single phase natural
convection conditions respectively.

The advantageous performance of immersion cooling is particularly
evident for the charging process, as cells can be maintained at temper-
atures which allow for more efficient and shorter duration charging,
without exceeding the operating temperature limits.

3.2.3. Thermal homogeneity

The maximum temperature differences across both Cell 1 and the
module during CC-CV charging are presented in Fig. 9 for the spacing
arrangements of 0.25D and 1D. In a similar manner to the discharge
cases, greater temperature differences are observed across the individual
cell under single phase natural convection conditions as the rates of heat
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transfer are much reduced. Comparable values for 8T ;4 are deter-
mined for both spacing arrangements at all charge rates, limited to
1.2 °C during the most onerous rate of 4C as in Fig. 9 (a) and (b). This
axial thermal gradient is illustrated in Fig. 7 (f), which remains relatively
constant at the initiation of the CV stage, despite the reduction in the
heat generation rate, as the poor radial thermal conductivity prevents
the temperature from changing rapidly. As the CV stage continues, the
less intense electrochemical reactions within the cell lowers the axial
thermal gradient to 0.2 °C by the end of the charging process.

Improved performance occurs under preheated conditions, with
8T max 0of 0.3°C and 0.2 °C for 0.25D and 1D spacing respectively, as the
vapour can significantly agitate the fluid in the vicinity of the cell sur-
face as it rises from the lower electrode. No significant influence of cell
spacing on individual cell temperature differences is observed, with
Fig. 7 (e) illustrating the low axial gradient which develops between the
electrodes at a charge rate of 4C under the enhanced heat transfer
conditions.

Immersion cooling provides excellent thermal uniformity for both
cooling conditions, with 8Teque reaching a maximum for all charge
cases of approximately 2 °C under natural convection during 4C
charging. The beneficial performance of the dielectric fluid’s phase
change is again illustrated under preheated conditions, limiting 8T noqute
to less than 1 °C for all charge rates investigated. The cell spacing ex-
hibits little influence on 8T,,qyu. under preheated conditions, with var-
iations between the two arrangements not exceeding 0.1 °C. Larger
module temperature differences are found for the 0.25D spacing during
3C and 4C charging under single phase natural convection conditions.

4. Conclusion

The thermal management of a 26650 LiFePO4 cylindrical four cell
module through direct contact liquid immersion cooling was experi-
mentally investigated in this study, for complete immersion in the
dielectric fluid Novec 7000. The thermal and electrical performance of
the module was assessed for charging and discharging rates of up to 4C,
under both single phase natural convection conditions and two-phase
conditions when the fluid was preheated to 33 °C + 0.5 °C. The effect
of cell spacing within the module was also investigated for inter-cell
spacings of 0.25D and 1D, where D is the cell’s diameter. The cells of
the module were maintained below the required operating temperature
limit for lithium-ion cells of 40 °C at all charge and discharge rates
investigated under both cooling conditions. Improved thermal and
electrical performance was observed for preheated conditions, as the
phase change process significantly increased the rate of heat transfer,
leading to lower cell average temperature rises and superior thermal
homogenisation in comparison to single phase natural convection con-
ditions. Maximum average surface temperature rises of 1.9 °C and
1.3 °C, equivalent to maximum temperatures of 34.7 °C and 35 °C, were
determined for an individual cell within the model for discharging and
charging at 4C respectively under preheated conditions, with corre-
sponding maximum temperature differences across the module of 0.6 °C
and 1 °C. During the phase change, vapour bubble nucleation was
concentrated on the upper and lower electrodes of the cells, departing
the surface more frequently for increasing charge and discharge rates
and enhancing the heat transfer through increased fluid agitation.
Slightly improved performance was observed for the more closely
spaced cell arrangement of 0.25D, as increased interaction between the
vapour produced by neighbouring cells during the phase change process
led to greater fluid agitation and lower surface temperatures. Future
work will subject the module to drive cycling conditions which more
closely replicate the demands placed on a BTMS, expanding the module
design to include a greater number of cells, as well as the development of
a coupled electrochemical-thermal numerical model.
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