Systems .Control
Transactions

ESCAPE 36 - European Symposium on Computer Aided Process Engineering

Original Research Article
Peer Reviewed Conference Proceeding

PSE

PRESS

Sheffield, UK. 21-24 June 2026

A CFD Analysis of Dielectric Fluid Performance in Thermal

Management of Li-ion Cells

Margarita G. Correa-lbarra®*, Jorge A. Alfaro-Ayala?, Jose de J. Ramirez-Minguela?, Zeferino Gamiio-

Arroyo?, and Agustin R. Uribe-Ramirez?

@ University of Guanajuato, Department of Chemical Engineering, Mexico, Guanajuato, Guanajuato

* Corresponding Author: mg.correaibarra@ugto.mx.

ABSTRACT

The rapid electrification of the energy and transport sectors has increased the demand for efficient
thermal management of Lithium-lon Batteries (LIBs). LIBs operate optimally within a narrow tem-
perature range (15-40 °C), effective Battery Thermal Management Systems (BTMS) are essential
to prevent accelerated aging and performance degradation. Immersion cooling using dielectric
fluids has emerged as a promising solution; however, a systematic comparison of their thermal
and hydraulic performance remains limited. This study evaluates six dielectric fluids—Silicone Qil,
Mineral Oil, Sunflower Qil, AmpCoolAC-100, E5-TM410, and Deionized Water—using Computa-
tional Fluid Dynamics (CFD) simulations of a lithium-ion battery pack composed of 32 fully im-
mersed 18650 cells. The analysis focuses on key thermophysical properties, particularly the
Prandtl number and thermal diffusivity, as criteria for coolant selection. The results demonstrate a
strong correlation between cooling performance and the Prandtl number. Fluids with lower Prandtl
numbers provide superior heat dissipation and lower hydraulic losses. Deionized water exhibited
the best overall performance, maintaining maximum cell temperatures at 31.04 °C under a 2 LPM
flow rate and achieving up to 31.33% better cooling than silicone oil. In contrast, high-viscosity
oils showed poor thermal performance and significantly higher pressure drops. This work estab-
lishes the Prandtl number as a critical and reliable parameter for selecting dielectric fluids in im-
mersion-based BTMS, highlighting deionized water as the most effective coolant among those
evaluated.

Keywords: Battery Thermal Management., Computational Fluid Dynamics (CFD)., Dielectric Fluids., Prandtl
Number., Immersion Cooling

INTRODUCTION

The urgent need for innovative solutions lowering
the environmental impact of energy and transport sec-
tors is leading to an unprecedentedly fast adoption rate
of electrification [1]. Consequently, Lithium-lon Batteries
(LIBs) have been extensively adopted, whose choice is
mainly driven by their high energy density (reaching 300
Wh/kg), efficiency (as high as 98%), lifetime (8-10 years)
[2]. Lithium-ion batteries (LIBs) have established them-
selves as the primary energy storage technology for
electric vehicles (EVs), grid-scale systems, and high-per-
formance electronics due to their high power density, en-
ergy density, and extended cycle life. Despite these ad-
vantages, LIBs are highly sensitive to temperature, with
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their performance, safety, and reliability depending heav-
ily on maintaining a narrow operational range, typically
between 15°C and 40°C [3]. Operating outside these lim-
its—specifically during high-current charging or rapid
discharging—can result in accelerated aging, capacity
degradation, and dangerous thermal runaway events [4].

To address these challenges, Battery Thermal Man-
agement Systems (BTMS) are employed to regulate peak
temperatures and ensure uniform temperature distribu-
tion across individual cells and entire modules [3]. While
conventional cooling strategies, such as forced air cool-
ing and indirect liquid cooling, an emerging and highly ef-
fective alternative is direct liquid immersion cooling,
where battery cells are submerged in an electrically non-
conductive dielectric fluid [5].
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While current literature has explored various cate-
gories of liquids—such as hydrofluoroethers, hydrocar-
bons, silicone oils, and esters—most studies focus on
testing specific commercial products rather than estab-
lishing a systematic selection framework. For instance,
research on deionized water (DELC-1) has shown tem-
perature rise below 2.2 °C during 3C discharge with min-
imal parasitic power consumption [11]. Other studies
highlight the "thermal buffer" created by low-boiling flu-
ids like 3M Novec 7000, which utilizes latent heat to
maintain cell temperatures near 34 °C even under ag-
gressive 10C cycling [4].

This project aims to conduct a rigorous computa-
tional fluid dynamics (CFD) analysis of the thermal man-
agement of a lithium-ion battery pack. The study will fo-
cus on evaluating the cooling behavior of various dielec-
tric fluids. The goal is to identify the best fluid that en-
sures the best cooling of the cells. Unlike other studies
that analyze dielectric fluids without a robust foundation,
this project adopts a strategic selection approach. It pri-
oritizes comparative analysis of the thermophysical prop-
erties of different dielectric fluids to identify the most op-
tion for the thermal management of lithium-ion battery
packs. This study is based on a previously reported cell
pack geometry, which will allow us to validate existing
simulation models or, alternatively, propose concrete im-
provements for cooling.

METHODOLOGY

Governing Equations

The numerical model of the battery pack cooling
system is based on the fundamental principles of mass,
momentum, and energy conservation, which are gov-
erned by the following equations. The fluid is considered
to be an incompressible, Newtonian flow, and the thermal
properties of the fluids are assumed to be constant.

The mass conservation equation, Eq. (1), describes
how mass is conserved within the system.

dp/dt +V « (pv) =0 (1)

The momentum conservation equation, also known
as the Navier-Stokes equation, Eq. (2), describes the mo-
tion of a fluid. It relates the forces acting on the fluid, such
as pressure and viscosity, to changes in its velocity.

p(Bv/dt + v e V) = —VP + uV? v + pg (2)

Finally, the energy conservation equation, Eq. (3) is
utilized to model the thermal behavior of the system
where St is heat generation of battery pack. This equa-
tion is crucial for understanding the heat transfer be-
tween the batteries and the dielectric fluid.

pCp(8T/8t + v« VT) = =V « (kVT) + St (3)

Model-Geometry
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The present study investigated the thermal perfor-
mance of a Li-ion battery pack cooled by immersion in
different dielectric fluids. A numerical model was devel-
oped and simulated using the commercial software AN-
SYS FLUENT. The model geometry, Figure 1, based on
the work [6], consisted of a pack of 32 18650-type cells
arranged with a 4 mm spacing in a total immersion cool-
ing system. The manifold for the cooling system was de-
signed with three inlets and three outlets, each featuring
a diameter of 15 mm and a height of 25 mm.

Figure 1. Geometry of pack Li-ion batteries analyzed.

Mesh Sensitivity Analysis

A mesh sensitivity analysis was conducted using the
E5-TM410 dielectric fluid. The purpose of this analysis
was to determine the best mesh density, balancing com-
putational cost with solution accuracy. We focused on a
range of mesh sizes between 1.55 mm and 3.75 mm, as
this range consistently demonstrated stable and reliable
behavior, thus justifying its selection for the rest of the
study.

Mesh sensitivity analysis (Thyg)
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Table 1. Thermal properties of dielectric fluids
Fluid Viscosity (kg/m Density (kg/m3) Cp (J/kg K) K (W/mK) Reference
s)
Deionized water 0.0009982 908.2 4182 0.6 [7]
(DW)
Sunflower (SF) 0.035672 910 1800 0.175 [8]
AmpCool AC- 0.00799646 811 2203.2 0.1373 [7]
100 (AC)
E5-TM410 (E5) 0.015617 805 2100 0.14 [6]
Mineral oil (MO) 0.05152 920 1900 0.13 [7]

As shown in Figure 2, the maximum battery temper- o 4
ature approaches an asymptotic value beyond a cell Pr_; (4)
count of approximately 700, 000, indicating a stable, ok 5
mesh-independent solution. Based on these findings, a a= Cpp (5)

mesh size of 2.0 mm was selected for the full study, as it
provided an optimal balance. The corresponding mesh,
consisting of 914, 140 cells, yielded accurate results
without the excessive computational burden of finer
meshes. The error analysis further confirmed this choice,
showing a maximum error of 14.3% for the coarsest mesh
(3.75 mm). Notably, the error stabilized at zero for both
the 2 mm and 1.55 mm meshes.

Dielectric Fluids Selection

To ensure arigorous selection of dielectric fluids, we
began by analyzing their thermophysical properties to
determine their capacity for heat removal from the bat-
tery cells. We evaluated the properties of six fluids re-
ported in different studies like their optimal fluids see Ta-
ble 1, focusing initially on viscosity. The initial hypothesis
was that a fluid with high viscosity would impede heat
removal from the batteries, even with a powerful pump-
ing system, which would also be costly. This preliminary
analysis led us to conclude that a low viscosity is a critical
requirement. A similar analysis was performed for den-
sity. Subsequently, we focused on two others crucial
thermophysical properties: heat capacity (Cp) and ther-
mal conductivity (k). For a fluid to be a coolant, it must
possess high values for both Cp and k, as these proper-
ties directly influence its ability to exchange heat with an-
other body.

The relationship between these properties was fur-
ther explored through two dimensionless parameters: the
Prandtl number (Pr), as defined in Eq. (4), and thermal
diffusivity (a), shown in equation Eq. (5). The analysis re-
vealed that high thermal diffusivity is desirable for effec-
tive cooling. Conversely, a low Prandtl number is also in-
dicative of a coolant. This is because a fluid with both
high diffusivity and low viscosity will have a low Prandtl
number, which correlates with superior cooling perfor-
mance.
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Table 2 shows the Prandtl number (Pr) and thermal
diffusivity values for the previously selected dielectric
fluids. These values reveal a clear hierarchy, with deion-
ized water exhibiting the lowest Pr number (Pr = 7), and
silicone oil presenting the highest (Pr ~ 8808). This sig-
nificant difference in Pr suggests a wide range of poten-
tial cooling performance. Based on this trend, we simu-
lated the six fluids to validate the hypothesis. If the
Prandtl number serves as a reliable indicator of cooling
performance, we expect the cooling efficiency of the flu-
ids to follow the same order as their Pr ranking.

Table 2. Prandtl number ranking of dielectrics fluids.

Fluid a (m?/s) Pr Ranking
Deionized 1.44x107 6.96 1

water

AmpCool 7.68x108 128.32 2
AC-100

E5-TM410  8.28x10%8 234.26 3
Sunflower 1.07x1077 366.91 4
Mineral oil 7.44x10® 752.98 5
Silicone oil 1.13x1077 8807.95 6

Syst Control Trans 5:1119-1126 (2026)

Boundary Conditions

The simulation was initialized under transient condi-
tions with a time step of 720 seconds and was terminated
once convergence was achieved. Heat generation was
modeled using Eq. (6), within a numerical domain previ-
ously analyzed [6].

Q, = 0.0013t3 — 0.97t2 + 143.12¢ + 293016 = 0 (6)

The thermal properties of the batteries, presented
in Table 3, were considered constant throughout the sim-
ulation. To accurately represent the thermal behavior of
the cells, a thermal conductivity matrix was incorporated.
This approach accounted for the anisotropic nature of
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the material by specifying thermal conductivity in the ax-
ial  (kzz=19.03), radial (ky=1.07), and tangential
(kxx=19.03) directions, effectively modeling the thermal
conductivity tensor.

Table 3. Properties of the Battery Pack Simulation

Thermal property Value
Density (kg/m?3) 2055.1
Specific heat (J/kg K) 1129.95
Thermal conductivity (W/m K) Anisotropic

Table 4. Boundary conditions of the fluids.

Boundary Conditions Value

Inlet Temperature (°C) 25
Volumetric Flow Rates 2,3,4and 5
Wall Slip Condition Non-Slip

The boundary conditions for the fluids, as detailed
in Table 4, were applied to the six fluids analyzed in this
study. The investigation was conducted at four different
volumetric flow rates (LPM) to evaluate the influence of
fluid velocity on battery cooling. The thermophysical
properties for each fluid are listed in Table 1.

RESULTS

Model Validation

As shown in Figure 3, the simulated maximum and
average temperatures exhibit excellent agreement with
the values reported in the reference article [6]. The max-
imum temperature data showed a maximum error of
2.25% at a flow rate of 5 LPM, while the minimum error
was 0.49% at 3 LPM. Similarly, the average temperature
data demonstrated a comparable trend, with a maximum
error of 1.3% and a minimum error of 0.35%.

All percentage errors are well within the acceptable
range for this type of analysis, these results successfully
validate the numerical model against the published refer-
ence data.

Figure 4 presents the simulation results for the six
dielectric fluids, clearly indicating deionized water deliv-
ered the best cooling performance. It maintained the
maximum battery temperature within the optimal Li-ion
operating range (15°C-40°C) across all volumetric flow
rates, achieving a value of 30.04°C even at the lowest
flow of 2 LPM. In contrast, silicone oil was the least ef-
fective, only maintaining a temperature within the safe
range at the highest flow rate of 5 LPM (39.3°C).

As demonstrated, deionized water (DW) was the
only coolant capable of maintaining the battery tempera-
ture within the desired operational range across all tested
volumetric flow rates. In contrast, the other fluids—E5-
Correa-lbarra et al. / LAPSE:2026.0344

Syst Control Trans 5:1119-1126 (2026)

TM410, AmpCoolAC-100, Sunflower oil, and mineral oil—
only maintained temperatures within the acceptable
range at higher volumetric flow rates of 4 and 5 LPM. Fur-
thermore, even under these conditions, they operated at
the upper thermal limit of the range, rendering them less
reliable due to the heightened risk of temperature fluctu-
ations exceeding the safe operational threshold.

Model validation
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Figure 3. Thermal behavior of batteries using the E5-
TM410 fluid for model validation.
Thermal Behavior of the Dielectric Fluids

At a reduced flow rate of 2 LPM, the performance
difference among the coolants became more pro-
nounced. Silicone oil exhibited the most significant ther-
mal deviation, exceeding the maximum temperature limit
by 17.7% (47.11°C), followed by mineral oil (14.66%,
45.86°C), sunflower oil (13.38%, 45.35°C), E5-TM410
(13.26%, 45.30°C), and AmpCoolAC-100 (11.76%,
44.71°C). Given that all tested fluids exceeded the safe
operational threshold at this flow rate, it is deemed un-
suitable for operation. In contrast, a flow rate of 5 LPM is
recommended, as it maintained all fluids within the pre-
scribed temperature range. Consequently, silicone oil
was identified as the least effective coolant, maintaining
the battery within the operational range only at the max-
imum flow rate of 5 LPM. These findings unequivocally
designate silicone oil as unsuitable for this battery cool-
ing application under most operational flow conditions.

The distribution of temperature within the battery
pack provides direct insight into the effectiveness of heat
transfer between the dielectric fluids and the batteries.
As previously analyzed, deionized water provides supe-
rior cooling performance compared to silicone oil. These
findings are further supported by the thermal behavior
observed at a flow rate of 5 LPM, as illustrated in Figure
5a-c. The results compare the temperature profiles of
three dielectric fluids selected to represent the top, me-
dian, and bottom rankings of the proposed methodology.
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Effect of Volumetric Flow Rate on Maximum Battery Temperature
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Figure 4. Relationship between the volumetric flow rate (LPM) and the maximum battery temperature for the
different dielectric fluids.
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Figure 5. Comparison of the thermal distribution within the battery pack for three representative coolants selected
through the proposed methodology: (a) deionized water (top-ranked), (b) E5-TM410 fluid (intermediate
performance), and (c) silicone oil (lowest-ranked). Panels (a—c) show the temperature distribution across the
battery cells, while panels (d-f) illustrate the corresponding temperature fields of the coolant flow within the pack
for (d) deionized water, (e) E5-TM410, and (f) silicone oil.

Notably, the highest battery temperature was recorded
when using silicone oil, confirming its lower performance
relative to the other candidates. A closer inspection of an
individual cell reveals evident anisotropic thermal diffu-
sion. This phenomenon is a direct consequence of the
simulated thermal conductivity varying with direction (ra-
dial, axial, and tangential).

cells in the six fluids. Achieving a uniform temperature is
critical for prolonging the cycle life of each cell. Thermal
non-uniformity can lead to the premature degradation
and eventual failure of individual cells, which necessi-
tates the costly replacement of the entire battery pack.
To mitigate this issue, the implementation of a sys-
tem that promotes a more uniform thermal distribution is

The overall temperature distribution across the bat-
tery pack is non-uniform. Higher temperatures are con-
sistently observed in the downstream and peripheral

Correa-lbarra et al. /| LAPSE:2026.0344
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essential. A potential solution is the use of turbulence
promoters, which can disrupt the boundary layer and en-
hance heat transfer throughout the pack of batteries.
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Pressure Drop Comparison
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Figure 6. Pressure Drop comparison: Silicone Oil (left axis) vs. Others fluids (right axis).
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These promoters could help transition the flow from a
laminar to a turbulent regime, improving cooling effi-
ciency at the implemented volumetric flow rates. The im-
plementation of turbulence promoters is deemed neces-
sary for this simulation. Promoters enhance fluid velocity
and disrupt the boundary layer, which facilitates more ef-
fective heat removal from the batteries. This is crucial be-
cause, without them, the fluid's capacity to absorb heat
diminishes as it flows through the pack, leading to higher
temperatures in the downstream and peripheral cells.

This behavior is corroborated by the fluid tempera-
ture distribution shown in Figure 5d-f. The figure indi-
cates that fluid temperature is significantly higher in the
downstream cells compared to the inlet. This can be at-
tributed to the fluid's initial momentum and impact with
the first row of batteries, which promotes local turbu-
lence and more effective cooling. As the fluid progresses,
its momentum is dissipated and its heat absorption ca-
pacity diminishes, resulting in a less efficient heat ex-
change with the subsequent cells.

Further evidence for this behavior is provided by the
fluid outlet temperatures at a flow rate of 5 LPM, the
higher outlet temperatures observed in the more viscous
fluids, such as silicone oil (26.34°C), mineral oil (26.01°C)
and sunflower (26.02°C), particularly at low volumetric
flow rates, indicate a less efficient heat exchange. This
suggests that the longer residence time of these fluids in
the battery pack allows for a greater increase in temper-
ature as they absorb heat, which is less effective for
overall thermal management.

The pressure drop across the battery pack, detailed
in Figure 6, exhibits a direct correlation with fluid viscos-
ity. As expected, the highly viscous silicone oil (u= 0.96
kg/m-s) produced the most significant pressure drop,
measuring 5422.29 Pa at 5 LPM—a value approximately
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156 times greater than that of deionized water. Mineral
oil (M= 0.05 kg/ms), the second most viscous fluid, fol-
lowed with a pressure drop of 331.42 Pa, which is about
9.12 times that of water. This substantial difference un-
derscores the profound impact of even incremental vis-
cosity increases on hydraulic resistance. The remaining
fluids exhibited progressively lower pressure drops: sun-
flower oil at 228.4 Pa (6.58x DW), E5-TM410 at 113.83 Pa
(3.2x DW), and AmpCoolAC-100 at 70.9 Pa (2.04x DW).

This behavior is a direct consequence of increased
internal fluid friction and flow resistance at higher viscos-
ities and volumetric flow rates. A high-pressure drop is a
critical design drawback, as it necessitates a more pow-
erful pumping system, thereby increasing the auxiliary
energy consumption and reducing the net energy availa-
ble for vehicle propulsion. While a turbulent flow regime—
potentially enhanced by turbulence promoters—is desir-
able for improved cooling performance, its implementa-
tion would further exacerbate the pressure drop. There-
fore, a strategic balance must be struck. It is suggested
that turbulence promoters are most effectively deployed
with low-viscosity fluids. This approach would enhance
heat transfer while maintaining the associated pressure
drop at a manageable level, avoiding the excessive en-
ergy costs incurred with high-viscosity coolants like sili-
cone oil.

Hypothesis Validation

The simulation results validate the initial hypothesis
that the Prandtl number (Pr) is a good parameter for se-
lecting effective dielectric cooling fluids. As illustrated in
Figure 4, the cooling performance of the fluids exhibits a
strong inverse correlation with their Prandtl number. De-
ionized water, possessing the lowest Pr, delivered the
best cooling performance, followed in descending order
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of performance by AmpCoolAC-100, E5-TM410, Sun-
flower oil, mineral oil, and finally, silicone oil with the high-
est Pr. This trend is further corroborated by the data in
Figure 7. At a flow rate of 5 LPM, silicone oil (Pr =
8807.95) reached a maximum battery temperature of
39.3°C, approaching the upper safe operating limit,
whereas deionized water (Pr = 6.96) maintained temper-
atures well within the optimal range.

This analysis confirms that the Prandtl number ef-
fectively integrates the influence of key thermophysical
properties, as it is defined as the ratio of momentum dif-
fusivity (kinematic viscosity, y) to thermal diffusivity (o),
where a is itself a function of thermal conductivity (k),
density (p), and specific heat (Cp). While high thermal
conductivity and specific heat capacity are crucial for ef-
fective heat transfer, they are insufficient if not consid-
ered in conjunction with viscosity. Fluids with favorable k
and Cp values but high viscosity will exhibit a high Prandtl
number, which significantly impedes heat transfer by re-
stricting fluid flow. This underscores the necessity of a
balanced thermophysical profile, where high thermal dif-
fusivity (enabling rapid heat propagation) is coupled with
low viscosity (ensuring efficient flow) for superior thermal
management.

Furthermore, a quantitative analysis was conducted
to compare the cooling system of each dielectric fluid
against the top-performing coolant, deionized water.
This comparison was based on the average battery tem-
peratures recorded at a flow rate of 5 LPM. The results
demonstrate that deionized water provides superior
cooling, outperforming silicone oil by 31.33%, mineral oil
by 28.75%, sunflower oil by 25.45%, E5-TM410 by
24.73%, and AmpCoolAC-100 by 22.42%.

Maximum Temperature as a Function of
Prandtl Number
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Figure 7. Comparison of Coolants: Maximum

Temperature as a Function of Prandtl Number

Finally, the simulation results robustly support the
hypothesis that a low Prandtl number and high thermal
diffusivity are optimal for battery cooling. Deionized
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water is unequivocally the superior coolant among those
tested, as it simultaneously excels in minimizing the max-
imum battery temperature, ensuring thermal uniformity,
and operating with the highest hydraulic efficiency.

CONCLUSION

The analysis of the battery pack's thermal manage-
ment through immersion in different dielectric fluids has
conclusively validated the hypothesis that the thermo-
physical properties of the fluids, particularly the Prandtl
number (Pr), are decisive for cooling. The simulation re-
sults confirmed that deionized water, with the lowest
Prandtl number, provided the most superior cooling per-
formance, maintaining maximum battery temperatures
within the safe operational range of 20-40°C and outper-
forming silicone oil by 31.33%.

Furthermore, the analysis of pressure drop revealed
a key disadvantage of the more viscous fluids. The high
pressure drop observed in silicone oil implies a greater
energy demand for the pumping system, which compro-
mises the vehicle's overall energy efficiency. In contrast,
deionized water achieved exceptional cooling with mini-
mal pressure drop, positioning it as the most promising
option for a high-performance and energy-efficient ther-
mal management system.

The uniform thermal management of battery packs
is critical for maintaining their performance and lifespan.
In a further work, a key area for improvement lies in
achieving a more uniform temperature distribution across
the battery cells. We propose the implementation of tur-
bulence promoters, cooling fins integrated into the bat-
tery cells, or a combined arrangement of both within the
cooling channels. These promoters are designed to alter
the fluid's flow patterns, transitioning from a laminar to a
more turbulent regime. This change in flow behavior en-
hances the convective heat transfer coefficient, leading
to a more effective heat exchange and, ultimately, a more
uniform and efficient cooling of the batteries.
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