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Experimental and Theoretical
Analysis of Immersion Cooling
of a Li-Ion Battery Module
Overheating of Li-ion cells and battery packs is an ongoing technological challenge for
electrochemical energy conversion and storage, including in electric vehicles. Immersion
cooling is a promising thermal management technique to address these challenges. This
work presents experimental and theoretical analysis of the thermal and electrochemical
impact of immersion cooling of a small module of Li-ion cells. Significant reduction in
both surface and core temperature due to immersion cooling is observed, consistent with
theoretical and simulation models developed here. However, immersion cooling is also
found to result in a small but non-negligible increase in capacity fade of the cells. A
number of hypotheses are formed and systematically tested through a comparison of exper-
imental measurements with theoretical modeling and simulations. Electrochemical Imped-
ance Spectroscopy measurements indicate that the accelerated cell aging due to immersion
cooling is likely to be due to enhanced lithium plating. Therefore, careful consideration of
the impact of immersion cooling on long-term performance may be necessary. The results
presented in this work quantify both thermal and electrochemical impacts of a promising
thermal management technique for Li-ion cells. These results may be of relevance for
design and optimization of electrochemical energy conversion and storage systems.
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1 Introduction
Li-ion cells play a key role in energy storage and conversion in

electric vehicles (EVs) and several other engineering systems.
Improving the energy density and discharge rates in battery
packs is of critical importance for maximizing the performance
and driving range of EVs. A key technical challenge here is the
strong temperature sensitivity of Li-ion cells, including rapid per-
formance degradation at both low and high temperatures [1,2].
Moreover, serious safety concerns related to thermal runaway

and fire occur when the battery temperature exceeds a certain
threshold [3]. Therefore, a well-designed thermal management
system for the automotive battery pack is critical [4]. Since exper-
imental measurements may often be time-consuming and expen-
sive, the development of robust theoretical models and numerical
simulations is essential for scientific understanding and engineering
optimization [3].
A vast amount of past work on modeling and simulations for

battery thermal management is already available, for both
steady-state [5] and transient [6] conditions. A conjugate analytical
model for flow cooling of a battery pack has been proposed [7].
Thermal resistance network-based modeling has been carried out
to predict the performance of an air-cooling system coupled with
a micro heat pipe array for cooling a prismatic battery pack [8].
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Multiscale multidomain modeling has been carried out for a liquid-
cooled Li-ion battery pack of 24 prismatic cells, which claims to
maintain the peak temperature in the battery pack under 40 °C
and maximum temperature difference across the whole battery
pack around 5 °C even at a discharge rate of 5 C [9]. Another
study using COMSOL Multiphysics has been carried out to
compare forced air convection, heat pipe, and heat pipe with
copper sheets, for which, an improvement in temperature unifor-
mity of 39%, 67%, and 73%, respectively, has been reported
[10]. Analytical models have also been used to predict the internal
temperature of a Li-ion cell, which is an important parameter that is
difficult to measure directly [11–14]. Thermal simulation models
that account for the dynamics of electrochemical heat generation
have also been reported [15,16]. Several studies have modeled
thermal effects using resistance network techniques [15–21]. The
sub-modeling technique has been used for resolving the large vari-
ation in length scales in thermal simulation of a large battery pack
comprising thousands of cells [22].
Key battery thermal management techniques include cooling

based on air [23,24], liquid [25,26], heat pipe [12,27], thermoelec-
tric [28,29], and phase change materials [30,31]. Hybrid approaches
that combine multiple techniques have also been reported [32–34].
Among these techniques, immersed liquid cooling offers very high
efficiency due to high heat capacity and heat transfer coefficient,
reduced equipment cost, and lower thermal expansion compared
to phase change materials (PCMs) [30]. Unlike cooling by liquid
flow in serpentine tubes between cells, immersion cooling enables
direct cell-coolant contact, leading to greater heat dissipation, and
thus reduced thermal runaway propagation [35,36]. Experimental
investigation of immersion liquid cooling for a battery pack and
comparison with a thermal management system based on serpentine
tubes between rows of cells has been presented previously [35]. In
another work, a 47% reduction in battery pack peak temperature at
3 C discharge rate was reported for immersion cooling with a
dielectric fluid compared to natural convective cooling [36]. A
study of preheating the battery pack in a cold ambient using a hot
fluid flowing around the battery in an immersed arrangement has
been reported. It was found that preheating resulted in very good
temperature uniformity, within 4 °C throughout the battery pack
[37]. A numerical study of fast-charging of a Li-ion battery pack
based on direct immersion cooling using hydrofluoroether showed
improved energy density and lower coolant pump power consump-
tion [38]. Despite the clear benefits of immersion cooling, however,
there remains a lack of work that investigates the impact of immer-
sion cooling on the electrochemical performance of the battery
pack. Such concerns may arise, for example, due to prolonged
exposure to the dielectric fluid and the possibility of non-uniform
cooling of cells during immersion cooling.
This paper presents an experimental and simulations-based

investigation of the thermal and electrochemical impact of immer-
sion cooling during fast charging of a Li-ion cell module. The
module is subjected to a fast charge duty cycle comprising fast
charge profiles interspersed with rest periods and nominal dis-
charge for up to five weeks. A Reference performance test (RPT)
is carried out each week to characterize aging effects by measuring
discharge capacity fade, power fade, and resistance growth. Electro-
chemical impedance spectroscopy (EIS) measurements are carried
out to identify possible degradation mechanisms in Li-ion batteries
such as lithium plating and their effects. Analytical and numerical
simulation models are developed to identify the dominant thermal
and electrochemical effects of immersion cooling. A comparison
between measurements and models is carried out in order to help
understand the impact of immersion cooling on cell aging, and pos-
sible underlying mechanisms.
The rest of this paper is organized as follows: Sec. 2 describes the

experimental setup and measurements carried out in this work.
Section 3 presents a theoretical heat transfer model and simulations
carried out to model the system-level thermal dynamics during
immersion cooling and to estimate cell internal temperature. Key
results are discussed in Sec. 4, followed by conclusions in Sec. 5.

2 Experimental Apparatus
Despite the significant potential for effective thermal manage-

ment of Li-ion cells using immersion coolants, there are no stan-
dards available for evaluating the performance of immersion
coolants. This section describes an experimental test bed for inves-
tigating the immersion cooling of a battery pack. Key experimental
details, including cells, coolants, measurement setup, and process,
are described as follows.

2.1 Experimental Setup. A seven-cell module shown in
Fig. 1(a) is constructed using LG Chem (Seoul, South Korea)
M50T 21700 cylindrical cells with lithium nickel manganese
cobalt oxide (NMC) cathode and graphitic anode. This is a com-
monly used Li-ion cell chemistry. The nominal cell capacity is
18.2 Wh. The manufacturer-specified cell impedance of 30 mΩ
[39] is assumed to remain constant. As shown in Fig. 1(a), the
cells are interconnected in a 7PS1 configuration using spot
welding on Nickel metal bus bars to form a flower-shaped cross
section. The cell-to-cell gap is approximately 0.5 mm and remains
fixed. Omega K-type thermocouples are glued using thermal paste
and taped on the cylindrical surface of each cell. The SBT-2050
Power Cycler from PEC Corp., Boca Raton, FL, is used for imple-
menting a fast charge current profile. Data acquisition from all ther-
mocouples is carried out using an National Instruments (Austin,
TX) Compact-RIO-based data acquisition system.
In addition, for experiments involving internal temperature mea-

surements, the central cell in the flower configuration of the 7PS1
module is drilled axially from the negative tap side (Fig. 1(b)).
The drill bit is handled carefully to avoid damage to the jelly roll
inside the cell. Once the thermocouples are inserted inside the
cell, the opening is quickly sealed with marine epoxy [11,40].
The locations of thermocouples for testing during baseline and

Fig. 2 Thermocouple locations for (a) surface and (b) core tem-
peraturemeasurement (thermocouples 1–3 as shown). The sche-
matics are drawn as viewed from the positive terminal end of the
cells.

Fig. 1 Pictures of experimental setup for immersion cooling of a
seven-cell battery pack: (a) Module of seven 21700 cells tabbed
together in 7PS1 arrangement and (b) central cell instrumented
with thermocouples in the core at locations as shown
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immersion cooling cases are shown in Fig. 2(a). For the experiment
with internal temperature monitoring, thermocouples are also
placed in the core cavity of the jelly roll of the cell, as indicated
by locations 1, 2, and 3 in Figs. 1(b) and 2(b).
Figure 3 presents pictures of the overall experimental setup and

the specific test rig that houses the battery pack. Figure 4 shows a
schematic of the fluid flow circuit and related instrumentation.
The module is positioned centrally in the test rig, which is custom-
ized to allow coolant flow around the cells. The test rig is large
enough to accommodate the module with a clearance of around
5 mm between the outer cells and walls of the test rig. This
avoids direct electrical contact and offers sufficient space for ther-
mocouples and other essential wirings from the module to the cell
cycler. At a flowrate of 1.5 liters per minute (LPM), the liquid
sweeps out the entire coolant volume in the test rig every 10–
20 s. The test rig is designed with only 38% excess fluid volume
compared to the volume of seven cells, resulting in a compact con-
figuration with minimum add-on weight to remain conducive for
practical applications. Coolant flowrate and temperature are con-
trolled using a flow control valve and a three-way mixer valve,
respectively, as shown in Fig. 4. The mixer valve mixes cold
fluid from a heat exchanger leg and hot fluid from the heater leg
to produce the target temperature. As shown in Fig. 5, the fluid
inlet and outlet are on one of the side faces and the top face, respec-
tively. Both are instrumented with thermocouples to measure inlet
and outlet coolant temperatures. In addition to baseline measure-
ments without any immersion cooling, fast charge aging tests are
also conducted for a single-phase immersion coolant liquid, referred
to as “Fluid X.” Thermal conductivity, heat capacity, and mass
density of the liquid are 0.143 Wm−1 K−1, 2.1 kJkg−1 K−1, and
806 kgm−3, respectively.
Experiments are conducted using K-type thermocouples to

measure the surface temperatures of the battery cells. It is important

to note that K-type thermocouples have associated uncertainties in
temperature measurements, around ±1–2 °C. To minimize mea-
surement errors, the placement of thermocouples is carried out care-
fully. Measurements are repeated multiple times to ensure
consistency and repeatability.

2.2 Experimental Procedure. Measurements are carried out
with two key goals—to evaluate cell performance and capacity
fade due to multi-week cycle aging, and to monitor the internal tem-
perature of the cell for a few cycles carried out in a 24-hour period.
Performance with immersion cooling at 1.5 LPM flowrate and
25 °C inlet temperature is compared with the baseline case with
no immersion cooling.
The module undergoes charge–discharge cycling for 5 days, as

shown in Fig. 6(a), followed by RPT on the sixth and seventh
days, as shown in Fig. 6(b). Charge–discharge cycling comprises
1 hour of rest period, followed by constant current constant
voltage (CCCV) charging at a C-rate of 0.7 C, which is the
maximum continuous current specification, then 1 hour rest, and
finally constant current (CC) discharge at 0.2 C, corresponding to
the nominal current. The module is cycled between 4.2 V and
2.5 V. Cell capacity at the end of each charge–discharge cycle is
determined by charging the module at 0.3 C rate under CCCV con-
ditions to 100% SOC and then discharging at 0.2 C rate under CC
conditions to measure the static capacity in Amp-hours. Note that
per battery nomenclature, the C-rate of a charge/discharge process
refers to the reciprocal of the number of hours taken to complete
the process. The larger the C-rate, the more aggressive is the
process.
There are three components to the RPT, as shown in Fig. 6(b).

Static capacity measurement assesses the energy storage capability
of a cell by measuring its capacity to deliver a constant current over
a specified time, typically at a slow discharge rate. In contrast,
power capacity measurement evaluates the ability to deliver high
currents for brief durations, often in seconds or less, representing
its power output potential under load. Finally, pulse power fade
measurement focuses on the ability to sustain repeated high-current
pulses, simulating real-world, high-demand scenarios. These three

Fig. 3 (a) Test enclosure with coolant setup and (b) instrumented test rig along with the module

Fig. 4 Schematic of the test setup showing the fluid flow circuit
and associated instrumentation

Fig. 5 Schematic showing the experimental setup for immer-
sion cooling of seven-cell battery module
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measurements are interconnected—static capacity provides insights
into total energy storage, power capacity quantifies the ability to
meet sudden power demands, and pulse power fade testing
reveals how these characteristics evolve under stress or repeated
use, which is essential for optimizing battery performance and life-
span in applications like electric vehicles and portable electronics.
The RPT shown schematically in Fig. 6(b) combines each of
these measurements to obtain a comprehensive picture of the
health of the module at any given time. RPT similar to the
present work has been used in past work to understand how cell
characteristics change during cyclic aging [41].
EIS is a non-invasive frequency response technique to highlight

electrochemical phenomena within a cell, including patterns of
lithium plating. Each EIS measurement is carried out while the
pack is in ambient air at 25 °C. A Gamry 1010 EIS analyzer (War-
minster, PA) is used to stimulate the cell with sinusoidal currents of
amplitude 20 mA with frequencies from 0.1 Hz to 5 kHz. The
resulting frequency response Nyquist plot in the complex domain
helps understand the lithium plating process and other internal
electrochemical processes [42]. For example, Fig. 7 shows a
typical Nyquist plot showing different frequency regimes that
may be used to understand different transport processes that occur
within the cell. Specifically, the minima shown in Fig. 7 provide
information about the nature of lithium plating in the cell. Since
this method is ex-situ, an impulse response-based pseudo-EIS pro-
cedure [43] is also carried out. This procedure can be carried out real
time or in situ during life testing or in an actual battery management
system (BMS) in a vehicle or grid storage. The real impedance
value is extracted from both types of EIS tests and may be plotted
as a function of the State of Charge (SOC) of the cell. These

electrochemical measurements help understand the dynamics of
lithium plating that may occur in the cell, especially at large C-rate.

3 Theoretical Modeling
Theoretical and simulations-based analysis is carried out for an

improved understanding and interpretation of experimental data,
particularly towards understanding the impact of immersion
cooling on cell aging. For the immersion cooling method, radiative
heat dissipation is likely to be negligible due to the continuous flow
of a dense liquid, such as the one used here, around the cells. This
analysis first focuses on showing that radiation effects are negligible
and investigating the likelihood of large temperature differentials
between the core and surface of the cell. For the baseline case,
the module is assumed to be surrounded by stagnant air at room
temperature, with heat transfer occurring due to natural convection
alone. In contrast, in cases where immersion coolant due to liquid
flow around the module occurs, the dominant heat transfer is
assumed to be forced convection. The central cell of the module
experiences the most severe thermal conditions compared to other
cells on the periphery of the module. Measured surface tempera-
tures of all seven cells indicate that the temperature difference
between cells in the module is within 1 °C for the immersed
cooling case, and within 3 °C for the baseline case, with the
highest temperature rise in the center cell in both cases. Therefore,
all the analysis carried out in this section is based on measurements
of the center cell.
Finally, the analysis carried out in this paper focuses only on the

charging process, due to much higher temperatures observed during
relatively faster charging than during discharge.

3.1 Analytical Modeling. In this sub-section, analytical mod-
eling for the baseline case as well as the immersion cooling case is
described.

Fig. 6 (a) Typical current profile used for testing. The corresponding temperature curve is also
shown. (b) A typical RPT profile.

Fig. 7 A representative Nyquist plot from EIS measurements,
with the minima associated with lithium plate phenomenon
shown [42]

Fig. 8 (a) Schematic description for problem definition,
(b) thermal resistance network (considering effective radiation)
and (c) thermal resistance network (considering core tempera-
ture along with cell surface temperature)

041001-4 / Vol. 21, NOVEMBER 2024 Transactions of the ASME



3.1.1 Surface Temperature of the Cell. A thermal resistance
network-based analysis is carried out in order to estimate the
surface and core temperatures of each cell, as shown in Fig. 8. Radi-
ation is considered only for the baseline case. Energy balance equa-
tion for an individual cell may be defined as follows:

mCP
dTCell
dt

= QGen − QConv − QRad (1)

where QConv= (TCell—Tf)/RConv and QRad= (TCell—Tf)/RRad are the
convective and radiative heat losses. RConv= 1/(hA) and RRad=
1/(ACellɛσ(Tf+ TCell)(Tf

2+ TCell
2 )) are the convective and radiative

thermal resistances. The numerical values of various parameters
used here are summarized in Table 1.
On the other hand, the heat generation rate for a single cell may

be calculated by [45]

QGen = I(UOC − V) + I TCell
dUOC

dTCell

[ ]
= I2Re + I TCell

dUOC

dTCell

[ ]
(2)

where UOC is the open circuit voltage. The first term in Eq. (2) rep-
resents irreversible heat whereas the second term shows reversible
entropic heat. Finally, from Eqs. (1) and (2), a detailed energy
balance equation for an individual cell may be derived:

mCellCPCell

dTCell
dt

= I2Re + I TCell
dUOC

dTCell

[ ]
−

TCell − Tf
RConv

[ ]

−
TCell − Tf

RRad

[ ]
(3)

In order to determine the reversible entropic heat, the gradient of
open circuit voltage as a function of cell temperature is calculated
from experimental plots of open circuit voltage as a function of
the state of charge and then related to the state of charge with cell
temperature.

3.1.2 Surface and Core Temperature of the Cell. As shown in
Fig. 8, the thermal resistance network in this problem comprises a
convective and a conductive resistance in series between the
fluid, cell surface, and cell core temperatures, with heat generation
being supplied to the cell temperature nodes. As justified in Sec. 3
and discussed with further supporting evidence in Sec. 4, radia-
tive heat transfer is neglected. Detailed energy balance for an
individual cell considering both the surface as well as core temper-
atures may be written as a set of two coupled differential equations
that may be solved simultaneously:

mCoreCPCore

dTCore
dt

= I2Re + I TCore
dUOC

dTCore

[ ]
−

TCore − TSurf
RCond

[ ]
(4)

mSurfCPSurf

dTSurf
dt

=
TCore − TSurf

RCond

[ ]
−

TSurf − Tf
RConv

[ ]
(5)

where CPCore [44] and CPSurf are heat capacities of jelly roll and metal
shell, respectively, and TCore and TSurf are cell surface and core tem-
peratures, respectively. Finally, RCond is the conductive thermal
resistance of the jelly roll, taken from the literature to be
3.3 KW−1 [46]. The numerical values of these parameters are
listed in Table 1.

Equations (3)–(5) are numerically solved using Simulink soft-
ware in order to determine TCell, TSurf, and TCore as functions of
time.

3.2 SimulinkModeling. Equations (3)–(5) are ordinary differ-
ential equations (ODEs) that govern the cell temperature distribu-
tion as a function of time. These equations are converted to a
block diagram in the Simulink workspace using integrator, alge-
braic, and functional blocks from various libraries. ODE45 solver
is used for numerical integration of the ODEs. Temperature, heat
estimates, and other state data are collected into the workspace
for post-processing.

3.3 Numerical Modeling. A finite volume model is developed
in ANSYS Fluent in order to visualize the nature of fluid flow in the
experimental setup. The geometry of the experimental setup is
created in ANSYS SpaceClaim. Enclosure and battery module are
modeled according to the description in Sec. 2.1. Suitable fluid
domains are created to simulate fluid flow around the cells inside
the enclosure. Grid independence is verified, resulting in a mesh
comprising around 1.5 million nodes and 9 million elements.
Only the momentum equations are solved in these simulations,
since the focus is to visualize the flow field to verify and support
the assumptions used in analytical modeling. Values of convective
heat transfer coefficients are obtained from these simulations, for
use in Simulink models described in Sec. 3.2.

4 Results and Discussion
4.1 Hypotheses for Capacity Fade. Figure 9 plots the mea-

sured percentage discharge capacity fade as a function of the
number of RPTs, where an RPT is carried out at the end of every
week of cycling. Each RPT in Fig. 9 represents roughly one week
of calendar time and 20 fast charge cycles. It can be observed that
after four RPTs, the total capacity fade in the presence of immersion
cooling is around 5%, compared to 4.2% for the baseline case. The
more rapid deterioration of battery capacity in the case of immersion
cooling may be somewhat counter-intuitive. Based on aging data on
these cells at various temperatures measured in the past, Fig. 10
shows that an average rise of temperature of around 2 °C for the
immersion-cooled cells is needed to explain the increased capacity
fade. The model which calculates the capacity fade for LG M50T
21700 cell cycling is deduced from an experimental data set
acquired from the cell characterization testing at beginning-of-life.
The following hypotheses are tested as possible explanations for

this phenomenon:

Table 1 Numerical values of various parameters used in the
simulation model

Parameter Numerical value

CP 715 Jkg−1 K−1 [44]
ρ 2806 kgm−3

σ 5.67 × 10−8 Wm−2 K−4

M 0.068 kg
mcore 0.06 kg
mSurf 0.008 kg

Fig. 9 Capacity fade as a function of number of RPTs. Data are
shown for baseline (no cooling) as well as cooling with two differ-
ent coolant fluids.
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(1) (Hypothesis A) Reduced radiation heat transfer due to lower
emissivity caused by fluid occlusion: It has been reported
[47] that certain coatings on cylindrical cells may result in
high surface emissivity and thus enhanced radiation heat
transfer. This may result in faster heat dissipation in the base-
line case compared to the immersion cooling case.

(2) (Hypothesis B) Greater non-linear thermal gradient inside the
jelly roll due to aggressive surface cooling: It has been shown
[48,49] that a non-uniform thermal gradient developed inside
the cell directly affects the performance and eventually dete-
riorates the life of the cell. The temperature gradient may
result in simply a higher core temperature or an intermediate
maximum inside the jelly roll if the core temperature is not
significantly high. Using estimates of convective heat trans-
fer coefficient for the baseline and immersion cooling cases
in the present work, the value of the Biot number for these
cases is estimated to be around 0.02 and 0.57, respectively.
This indicates that there may be a temperature maxima
inside the jelly roll in the immersion cooling case. Further,
analytical modeling of surface-cooled and tab-cooled
Li-ion battery arrangement [48,49] has shown that the tab-
cooled cell has better performance despite greater operational
temperature, compared to a surface-cooled cell, which has a
much more non-homogeneous temperature distribution. This
finding provides justification to consider this hypothesis.

(3) (Hypothesis C) It is well-known that Li-ion cells exhibit
lithium plating at low temperatures [2]. The aggressive
cooling in the immersion cooling case may result in the

surface temperature being close to ambient even while the
battery is being fast charged. This may result in increased
lithium plating and higher capacity fade. EIS measurements
are carried out to explore this hypothesis further.

4.2 Baseline Case Results Discussion. For baseline case
experiments, the surrounding medium is stagnant air and, thus,
the dominant heat transfer mechanism is natural convection
around the cells, with convective heat transfer coefficient h
varying as a function of air temperature [50,51]. To explore
Hypothesis A discussed in Sec. 4.1, a radiative heat transfer term
is considered. A suitable value for the emissivity of the outer cell
surface, ɛ= 0.7 [47] is used. Surface temperature of the cell can
be calculated by solving Eq. (3) in Simulink, initially considering
the effect of radiative heat transfer. Referring to Fig. 11(a), a tran-
sient thermal distribution for the surface temperature of the cell over
multiple charge–discharge cycles shows that the theoretical model
that includes radiation does not match well with the experimental
results. The consideration of radiative heat dissipation along with
convective heat dissipation results in under-estimation of the
surface temperature. On the other hand, referring to Fig. 11(b),
without consideration of radiative heat dissipation, i.e., ɛ= 0,
there is much better agreement, with a surface temperature rise of
approximately 30 °C. This shows that radiation is not likely to be
a dominant heat transfer mechanism in the immersion cooling con-
ditions considered here. Based on this analysis, Hypothesis A is
ruled out.

4.3 Immersion-Cooled Case Results Discussion. A compar-
ison of experimental measurements of immersion cooling case and
the analytical model based on Eq. (3) presented in Fig. 12 shows a
very good agreement between the two. Due to aggressive forced
convective cooling, the surface temperature of the cell rises only
by 1–2 °C, compared to a 30 °C rise for the baseline case. Only con-
vective heat transfer terms are considered in the model. From the
numerical simulation model, which considered the mixed (annular
and peripheral) flow effects and previous literature [50,52], a
value of h= 90 Wm−2 K−1 is extracted for the lumped convective
heat transfer coefficient for use in the Simulink model above.
For a set of parameter values consistent with experimental condi-

tions, visualization of the flow field from the Fluent model is shown
in Fig. 13. The flow field is as anticipated, and low flow resistance
regions are clearly delineated. There is no significant flow between
the cells, indicating that the center cell has the least direct exposure
to fluid. This also shows that the location of the ports can cause sig-
nificant stagnant regions, leading to asymmetric cell cooling in
larger battery packs. It can be observed that the flow field is a com-
bination of annular as well as circumferential flow, i.e., an axial
flow along the cell length and a radial flow around the cell radius,

Fig. 10 Comparison of experimental data and theoretical model
for capacity fade for baseline and immersion-cooled cases. Plot
of capacity as a function of cumulative energy are presented.
Curves based on the theoretical model for different temperatures
to account for the cooling process are also shown.

Fig. 11 (a) Temperature versus time for baseline case (surface temperature model) considering
(a) convective as well as radiative heat dissipation and (b) only convective heat dissipation

041001-6 / Vol. 21, NOVEMBER 2024 Transactions of the ASME



respectively. The 0.5 mm gap between cells offers a much greater
flow resistance compared to the 5-mm gap between cells and enclo-
sure walls, which, in turn, promotes annular flow even if the
inlet and outlet are designed to achieve circumferential flow.
These results support the assumption related to the convective
heat transfer coefficient to be around 90 W/m2 K.

4.4 Cell Core Temperature Measurement Discussion. Inter-
nal temperature measurements are carried out in one of the cells in
the immersed module to understand whether the core temperatures
become too high during aggressive surface cooling. The goal of this
experiment and analysis is mainly to explore Hypothesis B pre-
sented in the previous section. Equations (4) and (5) are solved
simultaneously using Simulink to calculate the surface and core
temperature of the cell, respectively. A comparison of measured
and theoretically predicted internal and surface temperature is
shown in Figs. 14 and 15 for baseline and immersion coolant
cases, respectively. In both cases, there is good agreement for
surface and core temperatures in the fast-charging region. The
value of thermal conductive resistance—RCond—is based on previ-
ously reported experimental studies [46], which matched core tem-
perature measurements with an analytical model to extract this
parameter. The temperature difference between the core and
surface temperatures of the cell in both cases is found to be
around 1 °C, which eliminates the possibility of a higher tempera-
ture difference from the core to the surface in case of immersion
cooling. As a direct result of this observation, Hypothesis B may
be ruled out. It is important to note, however, that this does not
fully preclude the possibility of higher temperatures in the middle
of the jelly roll with low temperatures at the core and surface.
To further understand other possible unobservable internal states,

a sensitivity analysis is carried out to understand the sensitivity of
the temperature gradient to varying properties such as thermal

Fig. 12 Temperature versus time for immersion cooling case
(Surface temperature model) considering only convective heat
dissipation

Fig. 13 Finite-element simulation results for a set of parameter values consistent with experimental conditions: (a) 2D velocity
vectors (top view), (b) 3D velocity vectors, and (c) velocity streamlines

Fig. 14 Temperature versus time for baseline case (core and surface temperature model)—
focusing on the difference between core and surface temperatures and comparison with exper-
imental core and surface temperature
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conductivity, convection heat transfer coefficient, and charge
current. Results are presented in Fig. 16. It can be observed that
while the core-surface temperature difference is influenced by the
conduction resistance, it is largely insensitive to the value of the
convective heat transfer coefficient. However, smaller values of
convective heat transfer slow down the rate of temperature
change, thus increasing the average temperature of the jelly roll.
Charging current also has a prominent effect on the core-surface
temperature difference, since heat generation in the cell directly
depends on current. When interpreted in the context of fast
charge rates for immersed battery packs, this result indicates that
without proper thermal management, increasing charge current is
detrimental to battery life due to higher internal temperatures. A
key takeaway from the sensitivity analysis is related to the distribu-
tion of internal thermal conductivity of the jelly roll. The jelly roll
can be considered as layers of cells in series and, as such, the
thermal conductivity of each layer can change with internal temper-
ature distribution and resistance inhomogeneity. If the thermal con-
ductivity is thus lower in the middle of the jelly roll compared to the
outer layers, this may lead to an excessive internal temperature
peak. In this context, the Tesla-Panasonic 4680 cell design with
dedicated tabs for inner layers may address the need to dissipate
this inner heat more effectively. Unfortunately, a direct measure-
ment is difficult since sensors are not usually embedded inside
the jelly roll during manufacturing.

4.5 Electrochemical Impedance Spectroscopy Results and
Lithium Plating Discussion. EIS results and analysis of begin-
ning-of-life and aged baseline/immersion-cooled modules are
shown in Fig. 17. These plots clearly show a shift in a mean resis-
tance level, indicating aging and growth of Solid Electrolyte

Interphase (SEI), which is a thin passivation layer formed due to
electrolytic reduction on the anode. These observations, along
with the expected increase in temperature gradient within the cell
due to immersion cooling, support Hypothesis C as the explanation
behind the increased capacity fade in immersion-cooled cells.
Such an influence of temperature gradient within the cell on capac-
ity fade has been observed in past papers as well, including one
that directly investigated immersion cooling [41], and another, in
which an inter-electrode temperature gradient is applied through
other means [53].
Moreover, the valley and peak in the middle of the ZTR plots for

the immersion cooling case are shifted slightly to the left compared to

Fig. 15 Temperature vs time for immersion cooling case (core and surface temperature model)
—focusing on the difference between core and surface temperatures and comparison with exper-
imental core and surface temperature

Fig. 16 Sensitivity analysis for temperature difference between core and surface to (a) varying conductive resistance, (b) varying
convective heat transfer coefficient, and (c) varying source current

Fig. 17 ZTR as a function of cumulative charge from
Pseudo-EIS measurements for (a) fresh cell, (b) cell aged in the
air for 60 cycles, and (c) cell aged with immersion cooling for
60 cycles
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baseline and fresh cells. Such a shift suggests alterations in charge
transfer kinetics and ion transport processes, which could be attrib-
uted to other phenomena, such as temperature-dependent changes
in ion mobility and electrode kinetics under immersion cooling
conditions. This subtle shift suggests that while lithium plating
remains a primary contributor to the observed aging enhancement,
other mechanisms might play a secondary role in the degradation
process as well. Given the relatively minor nature of such a shift, it
is likely that contributions from these factors toward capacity fade
are minor compared to the contribution of Li plating.
EIS results and analysis of beginning-of-life and aged baseline/

immersion-cooled modules presented in Fig. 17 shed light on the
underlying mechanisms of battery degradation. These plots dis-
tinctly reveal a noticeable shift in the mean resistance level,
which clearly indicates SEI growth and aging. In order to further
investigate the fundamental reasons behind battery degradation
under immersion cooling, it is essential to consider the unique
thermal and electrochemical conditions of this environment. Immer-
sion cooling exposes the cell to a consistently low operating temper-
ature, which can promote lithium plating—a phenomenon where
excess lithium ions plate onto the anode’s surface during charging.
This plating, if not carefully managed, can lead to the formation of
dendrites and SEI thickening, contributing to increased internal
resistance and reduced capacity retention over time.
In summary, while lithium plating is expected to be the primary

cause for increased aging under immersion cooling observed in this
work, the additional subtle shifts in EIS data point towards the intri-
cate interplay of various electrochemical and thermal factors that
influence battery performance in this unique environment. Further
investigations into these mechanisms are essential for optimizing
battery design and prolonging operational lifetime in such cooling
scenarios.
Note that all immersion cooling measurements in this work are

carried out while the cell-to-cell gap is fixed at around 0.5 mm.
This small gap is representative of the goal of maximizing energy
storage density. While heat removal rate from the cell may poten-
tially increase by increasing the cell-to-cell gap due to greater
coolant flow in between, this must be weighed against the resulting
reduction in energy storage density.

5 Conclusions
Despite the promising nature of immersion cooling for Li-ion

battery packs, several open questions remain, especially about the
impact of immersion cooling on the aging of cells. The present
work contributes towards addressing one of these through experi-
mental and theoretical investigation of capacity fade caused by
immersion cooling. Through a hypothesis-driven comparison of
experimental measurements and theoretical modeling, a compre-
hensive understanding of this interesting and important phenome-
non is developed. All the expected hypotheses in this study,
targeting accelerated aging of cells, are examined one by one.
Experimental measurements for both surface and core temperatures
agree well with the respective theoretical models, for both baseline
and immersion cases. EIS results indicate that lithium plating is
likely to be the root cause for the observed accelerated aging in
the immersion-cooled case. It is expected that the analysis in this
work may contribute towards further development and eventual
implementation of immersion cooling for Li-ion battery packs in
a manner that provides effective thermal management with
minimal potential deterioration of electrochemical performance
and lifetime.
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Nomenclature
f = frequency (Hz)
h = convective heat transfer coefficient (Wm−2 K−1)
m = mass of cell (kg)
t = time (s)
A = surface area (m2)
C = specific heat (Jkg−1 K−1)
I = current (A)
L = length (m)
Q = heat transfer (W)
R = thermal resistance (KW−1)
T = temperature (K)
U = open circuit voltage (V)
V = voltage (V)
Re = electrical resistance (Ω)

ZTR = impendence at transition frequency (Ω)
ɛ = emissivity
σ = Stefan–Boltzmann constant, (σ= 5.67 ×

10−8 Wm−2 K−4)

Subscripts

Cell = cell
Cond = conduction
Conv = convection
Core = core of the cell

f = surrounding fluid
Gen = generation
OC = open circuit
P = constant pressure

Rad = radiation
Surf = surface

tr = transition

Abbreviations

BMS = battery management system
CC = constant current

CCCV = constant current constant voltage
EIS = electrostatic impedance spectroscopy
EV = electric vehicle

LPM = liters per minute
NMC = nickel manganese cobalt oxide
ODE = ordinary differential equation
PCM = phase change materials
RPT = reference performance test
SEI = solid electrolyte interface
SOC = state of charge
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