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 A B S T R A C T

The growing use of Lithium-Ion Batteries (LIB) in high-demand applications underscores the need for advanced 
thermal management solutions to prevent Thermal Runaway (TR) and ensure operational safety. Although 
several numerical studies have demonstrated the high cooling efficiency of Immersion Cooling (IC) under 
normal operating conditions, the behavior of IC systems during abuse scenarios remains largely unexplored. To 
address this gap, this study presents a computational analysis of two IC strategies, single-phase and two-phase, 
using dielectric fluids with different boiling points. A detailed computational model was developed, integrating 
a TR mechanism and a multiphase boiling model. Simulation results revealed that both IC configurations 
enhance safety performance compared to more conventional cooling strategies since they require significantly 
higher heat input to trigger TR. The two-phase IC, using a low boiling point fluid, showed good performance 
at lower temperatures due to the heat transfer improved by evaporation. However, early vapor film formation 
near the TR onset temperature significantly reduces its heat dissipation capability. In contrast, the single-phase 
IC with a high boiling point fluid exhibits a good performance in a wider range of temperatures, delaying 
evaporation to temperatures reached only when TR takes place and reducing the influence of the vapor film 
formation. Following certain modeling assumptions, the methodology is able to highlight key differences 
between both strategies and their influence on heat dissipation, internal temperature distribution and TR 
evolution. Ultimately, conclusions highlight the strong potential of IC strategies in improving LIB safety under 
abuse conditions and support further investigation for real-world implementation.
1. Introduction

Due to urbanization, population growth, and an increasingly in-
dustrialized and energy-demanding world, the emissions of greenhouse 
and polluting gases are rising [1]. To address this issue, governments 
worldwide have been vigorously promoting the electrification of trans-
port and energy storage systems [1–3]. Within this context, Lithium-Ion 
Batteries (LIBs) have emerged as a pivotal battery technology [4] due 
to their high energy density, extended cycle lifespan and relatively low 
environmental impact [1–3,5].

However, with the growing interest in large-format LIBs for automo-
tive applications and mass production, safety has become a key concern 
[6,7]. Higher energy density corresponds to lower thermal stability 
[7]. Consequently, recent regulations are paying more attention to 
safety performance of LIBs under non-normal operating conditions [8]. 
Indeed, when exposed to abnormal circumstances such as mechani-
cal damage, internal short-circuit, overcharging/over-discharging, or 
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thermal abuse, the battery experiences abnormal heating, triggering 
several exothermic and self-sustaining decomposition reactions of its 
components [3,4]. It is widely accepted [9–11] that as the temperature 
rises to 70–90 ◦C, the Solid Electrolyte Interface (SEI) film begins to 
decompose, initiating the self-heating of the battery cell. Once the SEI is 
degraded, the lithium metal intercalated in the anode reacts with the 
electrolyte, generating additional heat. As the temperature continues 
to rise, the electrolyte starts to decompose, and the separator begins 
to shrink. When the separator collapses completely, a massive Internal 
Short Circuit (ISC) occurs, releasing a large amount of heat almost 
instantaneously and causing a rapid increase in battery cell temper-
ature. Due to this temperature increase, the cathode active material 
decomposes, releasing oxygen, which further oxidizes the electrolyte 
and reacts with the anode active material, further increasing the battery 
cell temperature. During all this process, flammable gases such as H2, 
CO, CH4, C2H4, and C2H6 are produced, which may ignite and result in 
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Nomenclature

𝑐𝑝 Specific heat capacity, J kg−1 K−1
𝑇 Temperature, K
𝑄̇ Volumetric heat source, W m−3

𝐻 Reaction enthalpy, J kg−1
𝑚 Reactant mass, kg
𝑉 Battery cell volume, m3

𝐾 Reaction rate, s−1
𝐴 Pre-exponential factor, s−1
𝐸𝑎 Activation energy, J mol−1
𝑅 Universal gas constant, J mol−1 K−1
𝑐 Reactant normalized concentration, −
𝑛1, 𝑛2 Reaction order exponents, −
𝐺 Mechanism function, −
𝑉 Volume, m3

Sc𝑡 Turbulent Schmidt number, −
S𝛼 Phase source term, s−1
𝑡 Time, s
𝑇𝑓 Near-wall fluid temperature, K
𝑇𝑤 Wall temperature, K
𝑇𝑠𝑎𝑡 Saturation temperature, K
𝑛𝑝 Prandtl number exponent, −
𝑃𝑟 Prandtl number, −
𝐶𝑞𝑤 Empirical coefficient, −
𝑔 Gravitational acceleration, m s−2
ℎ𝑙𝑎𝑡 Latent heat, J kg−1
𝐶𝑒𝑤 Model constant, −
𝑞 Heat flux, W m−2

𝛥𝑇 Excess temperature, K
𝑆 Scale factor, −
𝐾1, 𝐾2 Positive exponents, −
𝑅2 Coefficient of determination, −
Greek symbols
𝜌 Density, kg m−3

𝜅 Thermal conductivity, W m−1 K−1
𝛼 Volume fraction, −
𝜇𝑡 Turbulent dynamic viscosity, Pa s
𝜇 Dynamic viscosity, Pa s
𝜎 Surface tension, 𝑁 m−1

𝜙 Constant, 𝑁 m−1

Vectors

𝐮 Velocity, m s−1
𝐮𝑑 Diffusive velocity, m s−1

fire and explosion. This condition, known as Thermal Runaway (TR), 
must be carefully managed in order to prevent both its onset and its 
propagation to neighboring cells.

Effective Battery Thermal Management Systems (BTMSs) are essen-
tial for maximizing power and lifespan while mitigating the risk of TR 
by dissipating heat and maintaining optimal operating temperatures 
[9,12]. Traditional BTMSs primarily include forced air cooling, liquid 
cold plate, heat pipes and thermal insulation layers [4,9,12].

Emerging alternatives to these BTMSs involve the use of Phase-
Change Materials (PCM) and direct liquid Immersion Cooling (IC) [4,9]. 
The former absorbs and releases heat during melting and solidification 
[9], preventing LIBs from overheating and ensuring they operate within 
the appropriate temperature range [4]. The latter, which submerges 
2 
LIBs in a dielectric fluid, enhances the heat dissipation due to its ability 
to maintain temperature uniformity and ensure direct contact with the 
battery cells [4,9,12]. Additionally, dielectric fluids are often flame-
retardant [9,12], aiding in the suppression of TR and improving safety. 
Depending on the properties of the dielectric fluid, IC can be single-
phase or two-phase. In two-phase IC, the latent heat of vaporization 
associated with the phase transition between liquid and vapor enables 
higher heat transfer compared to the single-phase IC [9], but it also 
increases system complexity [12]. To date, these systems are far from 
being extensively implemented at an industrial scale due to challenges 
related to cost, lifespan, weight, and integration [12].

To evaluate the safety of LIBs and their BTMSs, manufacturers often 
perform series of safety tests. These ‘‘trial-and-error’’ experiments are 
labor-intensive and inefficient in terms of time, cost and the informa-
tion they provide [6,7]. In this context, Computational Fluid Dynamics 
(CFD) and heat transfer simulations can play a crucial role, by enabling 
design testing in a virtual environment, thereby reducing the number 
of required experimental tests.

Various CFD studies on IC are available in the scientific literature 
[13–23], mostly focusing on evaluating the performance of this tech-
nology within the normal operating range of LIBs. The main outcome 
of these studies is the high cooling efficiency of IC compared to other 
cooling systems, particularly in maintaining lower operating tempera-
tures and reducing temperature gradients across cells within a module. 
However, to the authors’ knowledge, few works have investigated IC 
under abuse conditions. Liu et al. [4], for instance, conducted a CFD 
study comparing the effectiveness of PCM and IC in mitigating TR 
propagation within a battery module during a ISC event, highlighting 
the potential of IC in suppressing propagation.

In contrast, the majority of studies have experimentally investi-
gated the role of IC under abuse conditions, both at the single-cell 
level [24,25] and within small battery modules [26,27], consistently 
demonstrating that IC can significantly mitigate and delay, or in some 
cases fully suppress TR. In particular, IC is shown to reduce the peak 
temperature and prolong the overall reaction duration, substantially 
reducing the severity and hazards of TR.

Guided by the insights from mentioned experimental studies, the 
present work develops a computational model of a LIB to investigate the 
cooling effectiveness of three BTMSs configurations under abuse condi-
tions. Specifically, natural convection air cooling is compared with IC 
using two dielectric fluids with different boiling points, assessing the 
power and energy required to trigger TR in each case.

The aim of this study is to address the gap in the literature by 
providing a detailed CFD-based evaluation of IC under thermal abuse 
scenarios, an area still largely unexplored despite the demonstrated 
potential of this technology. Unlike previous studies, the effectiveness 
of different BTMS configurations is quantified in terms of the power 
and energy required to trigger TR. In addition, a systematic comparison 
of IC using dielectric fluids with different boiling points is presented, 
for which no dedicated comparative studies are currently available. 
This approach provides new insights into the role of fluid properties in 
mitigating TR and contributes to the understanding and optimization 
of safer battery thermal management strategies.

2. Model structure

The battery cell utilized in the present work is a cylindrical 18650 
LIB with an outer diameter of 18.39±0.11 mm, an axial height of 
65.0±0.15 mm, and total mass of 44.5±1.0 g. The external casing is 
made of nickel-plated steel. The cathode chemistry is NMC811 while 
the anode is composed of graphite. The cell operates within a voltage 
range of 2.5−4.2 V, has a rated capacity of 3.2 Ah, and a gravimetric 
energy density of 252 Wh/kg.

The two dielectric fluids used in this study are 3M™ Novec™ 649 
Engineered Fluid and 3M™ Fluorinert™ Electronic Liquid FC-43. Both 
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Table 1
Physical properties of the two fluids considered in this study.
 Properties Novec 649 FC-43  
 Boiling temperature, ◦C 49 174  
 Molecular weight, g mol−1 316 670  
 Heat of formation, J kg−1 −88000 −70000  
 Density, kg m−3 1674.4−2.904⋅T 1913−2.18⋅T  
 Dynamic viscosity, Pa s Fig.  1(a) Fig.  1(b)  
 Specific heat, J kg−1 K−1 1091.9 + 0.3419⋅T + 0.0039⋅T2 1014 + 1.554⋅T  
 Thermal cond., W m−1 K−1 0.063403−0.000188⋅T 0.067−0.00007⋅T 
 Surface tension, N m−1 0.0108 0.016  
Where temperature T is expressed in ◦C.
Fig. 1. Dynamic viscosity of 3M™ Novec™ 649 Engineered Fluid (a) and 3M™ 
Fluorinert™ Electronic Liquid FC-43 (b).

are advanced heat transfer fluids that are thermally and chemically sta-
ble, non-flammable, and exhibit low toxicity. Their key thermo-physical 
properties are summarized in Table  1 [28,29].

A computational model was developed using the commercial soft-
ware Simcenter STAR-CCM+, licensed by Siemens DISW [30]. The TR 
model accounts solely for the heat generated during the degradation 
of internal components, excluding secondary phenomena such as vent-
ing, combustion, or particle ejection. This simplification is adopted to 
reduce computational cost, considering that the dominant heat gener-
ation is associated with the TR process itself, whereas the excluded 
phenomena become more significant when predicting TR propagation 
[1]. The main setup and sub-models are described in the following 
sections.

2.1. Thermal runaway model

A TR model aims to replicate the heat generation resulting from 
the degradation of internal components of a LIB under thermal abuse 
conditions. Among the modeling strategies found in the literature, a 
commonly used method involves fitting the heat generation rate to 
experimental data obtained from Accelerating Rate Calorimetry (ARC) 
tests [31]. While computationally efficient, this approach relies heavily 
on empirical measurements, which may not always be accessible or 
representative of real conditions.

In this work, a chemical kinetic model is adopted to simulate 
the heat released by the main decomposition reactions of the LIB. 
These models are capable of accurately capturing heat generation 
evolution under a variety of operating conditions. However, they are 
computationally more expensive and require a higher level of model-
ing complexity. One of the first TR kinetic models was proposed by 
Hatchard et al. [32] in 2001 and most current models are based on 
their work, including [6–8,33–35]. These models cover different LIB 
chemistries (e.g. LiCO  and Li(Ni Mn Co )O ), varying levels of detail 
2 𝑥 𝑦 𝑧 2
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(in terms of the number of reactions), and different dimensional frame-
works (ranging from 0D to 3D). However, compared to the previous 
approach, they are more computationally expensive, as they introduce 
an ODE or a system of ODEs for each reaction that needs to be solved.

In all these models, the battery is treated as a single-component 
solid with volume-averaged properties. Within this solid domain, heat 
transfer is primarily governed by conduction, which can be described 
by the following equation: 

𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡

= ∇ ⋅ (𝜅∇𝑇 ) + 𝑄̇ (1)

where 𝜌 is the material density, 𝑐𝑝 is the specific heat capacity, 𝑇  is 
the temperature, 𝜅 is the thermal conductivity, and 𝑄̇ is the volumetric 
heat source term.

The TR model is then coupled to the heat transfer model through 
the source term 𝑄̇ =

∑

𝑄̇𝑖, which represents the cumulative heat release 
associated with the 𝑖th degradation reaction.

For each chemical reaction, the heat generation is calculated as: 

𝑄̇𝑖 =
𝑚𝑖
𝑉

⋅𝐻𝑖 ⋅𝐾𝑖 (2)

where 𝑚𝑖 is the reactant mass, 𝑉  is the battery cell volume, 𝐻𝑖 is 
the reaction enthalpy, and 𝐾𝑖 is the reaction rate. While the reaction 
enthalpy and the reactant mass are constant values determined by the 
material and component type, the reaction rate is time-dependent and 
typically follows an Arrhenius-type expression: 

𝐾𝑖 = 𝐴𝑖 ⋅ exp
(

−
𝐸𝑎,𝑖

𝑅𝑇

)

⋅ 𝑐𝑛𝑖,1𝑖 ⋅ (1 − 𝑐𝑖)𝑛𝑖,2 ⋅ 𝐺𝑖 (3)

𝑐𝑖 = 𝑐𝑖,0 − ∫ 𝐾𝑖 𝑑𝑡 (4)

where 𝐴𝑖 is the pre-exponential factor, 𝐸𝑎,𝑖 is the activation energy, 𝑅 is 
the universal gas constant, 𝑐𝑖 is the reactant normalized concentration 
and 𝑐𝑖,0 its initial value, 𝑛𝑖,1 and 𝑛𝑖,2 are reaction order exponents, and 
𝐺𝑖 is the mechanism function. The combination of the pre-exponential 
factor, activation energy and reaction enthalpy is commonly referred to 
as the thermal triplet, which can be experimentally determined through 
curve-fitting methods (e.g. Kissinger’s equation [36]) applied to Dif-
ferential Scanning Calorimetry (DSC), Thermal Gravimetric Analysis 
(TGA), or Differential Thermal Analysis (DTA) tests [8].

As previously mentioned, each TR mechanism exhibits a differ-
ent level of detail, depending on the number of reactions included. 
In a previous comparative study [37], five mechanisms [6–8,33,34] 
were evaluated to assess their performance in predicting battery TR 
evolution. The results showed that, for NMC chemistry cathode, the 
variability in the decomposition temperature range was significantly 
lower compared to other chemistries. Based on these findings, the 
present work adopts the TR mechanism proposed by Ren et al. [7], to 
which a modified version of the electrolyte evaporation reaction from 
Kriston et al. [8] has been incorporated.

The adopted mechanism includes 6+1 reactions: (1) decomposition 
of the solid electrolyte interface layer (SEI); (2) reaction between the 
anode active material and the electrolyte (An); (3) reaction between 
anode active material and the binder (An-B); (4) decomposition of the 
cathode active material (Cat); (5) reaction between the oxygen released 
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Table 2
Parameters for the modified TR mechanism.
 Reaction i A𝑖 E𝑎,𝑖 n𝑖,1 n𝑖,2 H𝑖 g𝑖 
 s−1 kJ mol−1 − − J g−1 − 
 SEI decomp SEI 6.3623 × 109 109.60 5.5 0 578.7 1  
 An and Ele An 5.1510 × 1017 200.77 1 0 253.2 1  
 An and Bin An-B 4.9679 × 1015 195.49 1 0 108.5 1  
 Cat decomp Cat 5.3481 × 105 109.34 1.5 0 434.0 1  
 Cat and Bin Cat-B 6.5429 × 1013 177.85 2 0 452.1 1  
 Cat and An Cat-An 2.4262 × 1013 162.01 1 0 560.6 1  
 Ele evap Ele 2.8990 × 107 95.14 1 0 −150.0 1  
Table 3
Mass balance ODEs for the TR modified mecha-
nism.
 d𝑐/d𝑡 𝑐0 
 SEI −𝑅𝑆𝐸𝐼 1  
 Anode −𝑅𝐴𝑛 − 𝑅𝐶𝑎𝑡𝐴𝑛 1  
 Binder − 𝛾

𝛾+1
𝑅𝐴𝑛−𝐵 − 𝑅𝐶𝑎𝑡−𝐵 1  

 Cathode −𝑅𝐶𝑎𝑡 1  
 Electrolyte −𝑅𝐸𝑙𝑒 1  
Where 𝛾 = 3.4∕6 is the mass ratio of binder in the 
anode and in the cathode.

from cathode decomposition and the anode active material (Cat-An); 
(6) reaction between the oxygen released from cathode decomposition 
and the binder (Cat-B); (7) evaporation of the electrolyte (Ele). The 
parameter values for each reaction are provided in Tables  2 and 3.

2.2. Multiphase and boiling phase-change models

As described in Section 1, depending on the dielectric fluid proper-
ties, IC can be single-phase or two-phase. In the latter case, the latent 
heat associated with the phase change is utilized to enhance the cooling 
of the LIB. Modeling this phenomenon thus requires a multiphase model 
capable of accounting for phase transition.

The two main Eulerian-based approaches are the Eulerian Multi-
phase (EMP) model and the Mixture Multiphase (MMP) model. The 
major difference between them lies in the treatment of the secondary 
phase. The EMP model solves separate transport equations for mass, 
momentum, and energy for each individual phase, allowing detailed 
tracking of interphase dynamics. Oppositely, the MMP model solves 
these equations for the mixture of phases as a whole, and uses an 
additional equation for the volume fraction transport of each phase.

Since the scope of this the work is to evaluate the effectiveness of 
the cooling system and specifically the overall heat removed from the 
LIB, the MMP model is adopted. This approach captures the relevant 
macroscopic effects while reducing both model complexity and compu-
tational cost. In particular, the Volume of Fluid (VOF) model is used. It 
is a subtype of the MMP family that allows for sharp interface tracking 
between immiscible phases. The phases distribution and the position 
of the interface within the computational domain is described by the 
phase volume fraction. For phase 𝑖 the volume fraction is defined as 
𝛼𝑖 = 𝑉𝑖∕𝑉 , where 𝑉𝑖 is the volume occupied by phase 𝑖 and 𝑉  is the 
total volume of the computational cell. The properties of the mixture 
are calculated as a volume-fraction-weighted average of the properties 
of the individual phases. The distribution of phase 𝑖 is determined by 
the volume fraction transport equation: 
𝜕𝛼𝑖
𝜕𝑡

+ ∇ ⋅ (𝛼𝑖𝐮) + ∇ ⋅ (𝛼𝑖𝐮𝑑,𝑖) = ∇ ⋅
(

𝜇𝑡
𝜌𝑆𝑐𝑡

∇𝛼𝑖

)

+ 𝑆𝛼𝑖 (5)

where 𝜌 is the density of the mixture, u is the mixture velocity, u𝑑,𝑖 is 
the diffusive velocity of phase 𝑖, 𝜇𝑡 is the turbulent dynamic viscosity, 
𝑆𝑐𝑡 is the turbulent Schmidt number, and 𝑆𝛼𝑖  is the source term for 
phase 𝑖. The latter accounts for phenomena such as evaporation or 
4 
condensation, and therefore the model requires to be coupled with a 
phase-change model.

In IC applications, the primary phase is liquid (𝑙), while the sec-
ondary phase is vapor (𝑣). Consequently, the relevant phase-change 
mechanism is boiling. The models available in the software are the 
Rohsenow boiling model and the transition boiling model.

The Rohsenow boiling model applies the empirical correlation pro-
posed by Rohsenow [38] to calculate the heat flux due to boiling: 

𝑞𝑏𝑤 = 𝜇𝑙ℎ𝑙𝑎𝑡

√

𝑔(𝜌𝑙 − 𝜌𝑣)
𝜎

(

𝑐𝑝𝑙 (𝑇𝑤 − 𝑇𝑠𝑎𝑡)

𝐶𝑞𝑤ℎ𝑙𝑎𝑡𝑃𝑟𝑙
𝑛𝑝

)3.03

(6)

where 𝜇 is the dynamic viscosity, ℎ𝑙𝑎𝑡 is the latent heat of vapor-
ization, 𝑔 is the gravitational acceleration, 𝜎 is the surface tension 
at the liquid–vapor interface, 𝑇𝑤 is the wall temperature, 𝑇𝑠𝑎𝑡 is the 
saturation temperature, 𝐶𝑞𝑤 is an empirical coefficient that depends on 
the fluid–surface combination, 𝑃𝑟 is the Prandtl number, and 𝑛𝑝 is its 
exponent.

The vapor mass generation rate over the area covered by nucleation 
sites is then computed as: 

𝑚̇𝑒𝑤 =
𝐶𝑒𝑤𝑞𝑏𝑤
ℎ𝑙𝑎𝑡

(7)

where 𝐶𝑒𝑤 is a model constant that defines the fraction of the boiling 
heat flux contributing to vapor bubble generation.

Eq. (6) does not explicitly include the fluid temperature, meaning 
that heat is introduced into the domain independently of the local fluid 
temperature. Therefore, if this correlation is applied outside its natural 
range of applicability (i.e. nucleate boiling), the model may lead to 
unrealistically high heat flux predictions. To prevent this issue, the 
software includes a corrective factor for 𝑞𝑏𝑤, which considers the local 
fluid temperature near the heated wall 𝑇𝑓  [39]: 

max
[

0,min
( 𝑇𝑤 − 𝑇𝑓
𝑇𝑤 − 𝑇𝑠𝑎𝑡

, 1
)]

(8)

When 𝑇𝑓 < 𝑇𝑠𝑎𝑡, the Rohsenow correlation is applied without modi-
fication, whereas when 𝑇𝑓 > 𝑇𝑤 the boiling heat flux is set to zero. For 
fluid temperatures between the saturation and the wall temperatures, 
only a fraction of the heat flux predicted by the correlation is applied.

Referring to Fig.  2, when the wall temperature becomes sufficiently 
high, a continuous vapor layer forms between the wall and the liquid, 
preventing direct contact. In this condition, evaporation occurs at the 
vapor–liquid interface, and the resulting vapor film acts as an insulating 
layer, significantly reducing the heat transfer rate. However, as the 
temperature continues to rise, radiative heat transfer through the vapor 
film becomes increasingly significant, partially compensating for the 
insulating effect. This regime is known as film boiling. The intermediate 
region between nucleate boiling and film boiling is referred to as 
transition boiling, where both regimes coexist simultaneously.

To better account for this reduction in the heat transfer rate at 
sufficiently high wall temperatures, the transition boiling model can be 
employed. This model extends the capabilities of the previous formula-
tion by capturing the non-monotonic behavior of the boiling curve dur-
ing the transition regime. Specifically, the boiling heat flux is defined 
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Fig. 2. Typical boiling curve for water at 1 atm [40].

Fig. 3. Conceptual sketch of transition boiling model regimes.

as a piecewise continuous function, with each segment representing a 
distinct boiling regime (Fig.  3): 

𝑞𝑏(𝛥𝑇 ) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑞𝑚𝑎𝑥𝑆𝜙
(

𝛥𝑇
𝛥𝑇1

)𝐾1
0 ≤ 𝛥𝑇 ≤ 𝛥𝑇1

𝑞𝑚𝑎𝑥𝑆
[

1 − 4(1 − 𝜙)
(

𝛥𝑇−𝛥𝑇𝑚𝑎𝑥
𝛥𝑇2−𝛥𝑇1

)2
]

𝛥𝑇1 ≤ 𝛥𝑇 ≤ 𝛥𝑇2

𝑞𝑚𝑎𝑥𝑆𝜙
(

𝛥𝑇
𝛥𝑇2

)−𝐾2
𝛥𝑇2 ≤ 𝛥𝑇

(9)

where 𝛥𝑇 = 𝑇𝑤−𝑇𝑠𝑎𝑡 is the wall superheat, 𝑞𝑚𝑎𝑥 is the maximum boiling 
heat flux, 𝛥𝑇1 and 𝛥𝑇2 are the characteristic wall superheats defining 
the transition between regimes, 𝐾1 and 𝐾2 are positive exponents, 𝑆 is a 
scale factor, and 𝜙 is a fixed constant equal to 0.75. The five parameters 
𝑞𝑚𝑎𝑥, 𝛥𝑇1, 𝛥𝑇2, 𝐾1, and 𝐾2 must be calibrated against experimental 
data.

As an initial approach, the authors opted to rely on experimen-
tal data available in the scientific literature for the selected dielec-
tric fluids, with the development of a dedicated experimental setup 
planned for future work. Specifically, the experimental results reported 
by Falsetti et al. [41] were used to calibrate the parameters of the 
Rohsenow boiling model, through the development of a 3D-CFD model 
replicating their experimental setup. The computational domain con-
sisted of a heated horizontal surface in contact with a liquid pool, 
replicating the characteristics of the test section described in the ref-
erence work. Appropriate boundary conditions were applied to match 
the thermal and flow conditions reported in the experiments. The 
outcome of this calibration and the corresponding parameter values are 
presented in Fig.  4 and Table  4, respectively.

The choice of this specific model was primarily driven by the 
availability of compatible experimental data for calibration. Indeed, the 
majority of the experimental data available in the literature focus on 
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Table 4
Rohsenow boiling 
model parameters.
 Parameter Value 
 C𝑞𝑤 0.012 
 n𝑝 1.73  
 Sc𝑡 0.9  
 C𝑒𝑤 0.1  

Fig. 4. Rohsenow boiling model calibration outcome.

the early stages of boiling, as the transition boiling regime has limited 
practical relevance because of its low heat transfer efficiency. Conse-
quently, the available data provide a more direct basis for calibrating 
the Rohsenow model. However, as described above, the software im-
plementation of the Rohsenow model includes a local-temperature 
correction of the boiling heat flux. Therefore, although the adopted 
formulation is not meant to exactly reproduce transition boiling, it 
differs from the original correlation and prevents an unconstrained 
increase of the boiling source term under high-temperature near-wall 
conditions.

To assess the impact of this modeling simplification, a comparative 
study between the Rohsenow and the transition boiling models was 
conducted. For this purpose, experimental data reported by [42] were 
used, as they cover all boiling regimes for the 3M™ Fluorinert™ FC-72 
dielectric fluid.

The results of this comparative study are shown in Fig.  5, where 
the influence of the corrective factor for the Rohsenow model is high-
lighted. Although the transition model showed better accuracy in ab-
solute terms, the corrected Rohsenow model effectively reproduced the 
general trend of the experimental data, providing a sufficiently accurate 
representation for the purposes of this study.

While experimental data for Novec 649 fluid are available in the 
scientific literature, equivalent data for FC-43 under comparable con-
ditions are not readily available. Therefore, the boiling curve calibrated 
for Novec 649 was also adopted for FC-43 as an approximation, while 
fully acknowledging the differences in thermophysical properties be-
tween the two fluids. Although this represents a significant assumption, 
its impact is considered limited, as the primarily focus of this work is 
not to quantify the absolute heat removal performance, but rather to 
investigate the influence of boiling point on the thermal response and 
TR mitigation capability of the IC strategies.

2.3. Geometry and boundary conditions

A schematic of the computational domain and the corresponding 
mesh is presented in Fig.  6. The 18650 LIB cell is positioned inside a 
cylindrical canister, held in place by a dedicated support. Depending 
on the simulation setup, the canister is filled with either air or a 
dielectric fluid. This particular geometry was selected to maintain 



L. Reina et al. Thermal Science and Engineering Progress 77 (2026) 104837 
Fig. 5. Comparative study between the transition, Rohsenow, and corrected 
Rohsenow boiling model.

consistency with previous experimental studies, which served as basis 
for TR sub-model validation.

Leveraging the symmetry of the geometry, the computational do-
main is modeled as a two-dimensional axisymmetric section of the full 
geometry, significantly reducing computational cost. The mesh consists 
of approximately 3490 polyhedral elements, with a target surface size 
of 2.5 mm, a minimum surface size of 1 mm and a surface growth 
rate of 1.05. An all-y+ wall treatment was adopted, and therefore 
the boundary-layer along solid walls was meshed accordingly using 
two prism layers with a stretching factor of 1.5 and a total thickness 
of 0.8 mm. Thin components, such as the LIB can, were discretized 
using at least two elements across their thickness to ensure adequate 
resolution.

The mesh was selected based on a mesh independence study, which 
confirmed that further refinement produced negligible variations in 
key simulation results. Moreover, excessive mesh refinement near hot 
walls was found to negatively affect the accuracy of phase-change 
predictions. In particular, the first near-wall cell tends to become 
rapidly saturated with vapor in finely resolved meshes, leading to 
an overestimation of vapor accumulation and premature suppression 
of heat transfer due to the loss of liquid contact. The adopted mesh 
represents a compromise that ensures numerical stability and physical 
fidelity of the boiling and heat transfer processes.

The computational domain is composed of three distinct regions: 
fluid, battery cell, and solids. Each region is assigned a dedicated 
continuum, in which specific physics sub-models are defined. While the 
boiling model is natively integrated into the software and applied to 
the fluid region, the TR model is not included by default. Therefore, it 
was implemented using the User Coding functionality of the software, 
which allows for custom model development through C-based coding, 
and then applied to the battery cell region.

The battery cell is artificially heated by applying a specific heat 
source to its region. A schematic representation of the heating proce-
dure is shown in Fig.  7, where the specific heating power is increased 
in steps of 35 W kg−1.

The k-𝜔 SST turbulence model is used, as it combines the advantages 
of the k-𝜔 formulation in the near-wall region with those of the k-𝜖
formulation in the far-from-wall region.

The physical properties of the battery cell are listed in Table  5.

3. Results and discussion

Three simulations were performed using the computational setup 
described in Section 2, varying only the cooling configuration to allow 
for a direct performance comparison.

A commonly adopted criterion to identify the onset of TR is based 
on the temperature rise rate exceeding an empirical threshold of 
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Table 5
LIB physical properties.
 Parameter Value Ref.  
 Density, kg m−3 2580 [43] 
 Specific heat, J kg−1 K−1 930 [43] 
 Thermal conductivity, W m−1 K−1 3.4, 28, 28a [43] 
a In radial, circumferential and axial directions.

10 ◦C/min [44]. This criterion is widely used in experimental studies, 
particularly under conventional abuse-test conditions. In the simu-
lations performed, however, this threshold was reached only in the 
air-cooled case, whereas it was not exceeded in the two IC configura-
tions. Maximum temperature rise rates of 8.3 ◦C/min and 7.1 ◦C/min 
were observed for the low- and high-boiling point fluid cases, re-
spectively. Nevertheless, degradation reactions and a subsequent steep 
temperature increase still occurred. Therefore, to ensure a consistent 
comparison across all cooling strategies, two additional indicators were 
introduced:

• the concentration of the SEI decomposition reaction dropping 
below 0.98, used to identify the onset of decomposition reactions

• the temperature increase between two consecutive timesteps ex-
ceeding 10%, used to detect the beginning of the rapid thermal 
acceleration

A global comparison of the three cooling strategies is first presented 
based on the last value of power applied to the LIB, in Fig.  8(a), and 
on the total energy provided, in Fig.  8(b). The results reveal a clear 
hierarchy in cooling effectiveness. The air-cooled configuration exhibits 
the least efficient thermal management, requiring the least power and 
energy input to trigger TR. This is due to its limited heat removal 
capabilities driven only by natural convection and radiation at the cell 
surface.

Conversely, the IC configurations exhibit markedly enhanced per-
formance, requiring significantly higher power and energy input to 
reach TR conditions. Among them, the high boiling point configuration 
demonstrates the most robust thermal management, sustaining heating 
rates nearly an order of magnitude greater before the onset of the 
rapid thermal acceleration. This improvement stems from the superior 
heat transfer capabilities of the dielectric fluid and its elevated boiling 
point, which together extend the stable thermal operating window and 
delay the transition to unstable thermal behavior. The low boiling point 
configuration, with a boiling point of 49 ◦C, also performs significantly 
better than air cooling. As shown in Fig.  8, it requires more power 
and heat to initiate decomposition reactions compared to the high 
boiling point case, due to the initially higher heat removal efficiency 
of the boiling mechanism. However, the low boiling point limits the 
effectiveness of the system, leading to an earlier saturation of the 
boiling regime and the formation of dry-out zones on the battery 
surface, which reduce its ability to absorb additional heat. On the other 
hand, the high boiling point configuration, with a boiling point of 
174 ◦C, postpones the onset of boiling while still maintaining efficient 
heat removal at elevated temperatures, preventing early dry-out during 
the initial stages of thermal abuse.

As discussed in Section 2.2, boiling is modeled using the Rohsenow 
correlation, which may overestimate heat transfer when operating near 
the limits of its natural applicability range, although the implemen-
tation used in the software constrains the values to remain within a 
physically reasonable range [39]. According to Eq. (7), the heat flux 
is directly proportional to the mass of vapor generated and therefore 
plays a pivotal role in determining both the onset and progression of 
dry-out phenomena.

The generation and transport of vapor within the IC configura-
tions are crucial for overall heat removal. As shown in Fig.  9, once 
boiling conditions are reached, vapor bubbles begin to form on the 
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Fig. 6. Middle section of the model geometry (a) and computational grid (b).
Fig. 7. Schematic representation of the heating procedure.

top and bottom surfaces of the battery. As heating progresses, the 
surface temperature continues to rise, intensifying vapor production 
and accelerating the nucleation process. This results in the progressive 
accumulation of vapor that eventually forms a continuous insulating 
layer over these surfaces, inhibiting direct contact between the fluid 
and the battery casing and drastically reducing the local heat transfer 
efficiency. This behavior rapidly extends to the lateral surface of the 
battery, causing widespread dry-out along the entire battery surface. 
The consequent degradation in cooling performance, combined with 
the heating procedure input, accelerates the progression toward TR. 
Upon rapid temperature-rise onset, a significant fraction of the fluid 
within the canister vaporizes, considerably reducing liquid volume.

Although vapor generation dynamics are qualitatively similar for 
both fluids, their temporal evolution differs significantly. In the low 
boiling point scenario, the boiling temperature is significantly lower 
than the typical TR trigger temperature and therefore by the time the 
battery approaches critical temperatures, the boiling regime is already 
near saturation. In contrast, in the high boiling point case, the boiling 
temperature exceeds the onset temperature of decomposition reactions. 
This improves heat transfer when it is most needed, slowing down the 
progression of degradation and resulting in a more temporally limited 
boiling process.

Further insight into thermal behavior is provided by the average 
temperature evolution of both the jellyroll and its casing, as shown in 
Fig.  10. In the air-cooled simulation, the cell exhibits a nearly uniform 
7 
temperature increase until the onset of TR, which occurs at approxi-
mately 230 ◦C followed by a spike exceeding 550 ◦C. The temperature 
difference between the jellyroll and the external can remains relatively 
small, indicating poor heat transfer and internal thermal uniformity, 
both of which facilitate the rapid and uncontrolled propagation of the 
TR. In contrast, the IC configurations maintain a significantly lower 
jellyroll temperature throughout the simulation, effectively delaying 
the onset and reducing the severity of TR. Peak temperatures for the 
low and high boiling point configurations are approximately 200 ◦C 
and 350 ◦C, respectively.

Notably, a pronounced radial temperature gradient develops within 
the jellyroll, mainly due to the combined effects of efficient boundary 
heat removal driven by phase change and the low radial thermal 
conductivity. At the onset of TR, temperature fields reveal that only 
the inner core of the jellyroll reaches critical temperatures, while the 
outer layers remain considerably cooler, as depicted in Fig.  11. This 
spatial non-uniformity helps mitigate the severity of TR, as the energy 
release is localized and peak temperatures remain lower. Consequently, 
the reaction front remains confined to the core and does not propagate 
uniformly throughout the entire cell volume, as reflected by the more 
gradual temperature peak slope compared to the air-cooled scenario.

Fig.  10 also highlights, with vertical dashed lines, the time instants 
when the two indicators used to define the onset of reactions and 
temperature-rise are met. The initiation of decomposition reactions is 
strongly influenced by the heating rate experienced by the LIB [37]. 
Since the heating procedure is identical for all simulations, and the air-
cooled configuration is the least effective in removing heat, it results 
in the highest heating rate and an average trigger temperature of 
approximately 130 ◦C. Conversely, the IC configurations show lower 
heating rates due to more efficient heat removal, leading to average 
trigger temperatures of approximately 92.5 ◦C and 104 ◦C for the low 
and high boiling point configurations, respectively.

The time at which the steep temperature rise occurs depends on 
the temperature evolution between the onset of decomposition reac-
tions and this critical point. According to Eq. (3), the reaction rate 
is temperature-dependent, highlighting the importance of the cooling 
system in modulating reaction kinetics. In the low boiling point case, 
early boiling maintains lower average temperatures and establishes a 
strong thermal gradient within the jellyroll. This enables the core to 
reach temperatures sufficient to initiate self-sustaining reactions, while 
the cooler outer layers suppress outward propagation. This behavior 
is clearly illustrated in Fig.  12(b), which shows the dimensionless 
concentration profiles of the reactants. Although the initial reactant 
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Fig. 8. Comparison of the power (a) and energy (b) required to trigger TR for different cooling configurations.
Fig. 9. Simulated temporal evolution of vapor volume fraction for the low boiling point fluid configuration.
consumption is similar to that of the air-cooled case in Fig.  12(a), 
the internal temperature gradient inhibits rapid reaction propagation, 
suppressing the evolution of TR. However, since the reactants are 
not fully depleted, a further increase in temperature could eventually 
trigger a subsequent onset of reactions. In the high boiling point 
configuration, boiling begins at a higher temperature, resulting in 
overall higher cell temperatures compared to the low boiling point 
case. Nonetheless, the superior heat removal capability of the IC system 
delays the onset of self-sustaining reactions. As shown in Fig.  12(c), 
the reactant consumption is slower and more gradual. When tempera-
tures become sufficiently high, the system can no longer suppress TR, 
and reactions proceed until near-complete reactants depletion. By that 
time, however, a substantial portion of the energy has already been 
dissipated through phase change and most of the reactants have been 
consumed, explaining why the resulting temperature increase remains 
below 100 ◦C.

Despite the previously discussed model limitations, it is important 
to note that all the IC configurations assume a conservative pool boiling 
conditions with a stagnant liquid domain surrounding the cell. This 
setup is useful for isolating the thermal phenomena and evaluating 
the baseline performance of each cooling strategy. However, practical 
IC systems typically employ flow boiling, where the dielectric fluid 
is actively circulated around the cell surface. Flow boiling signifi-
cantly enhances heat removal through forced convection, continuously 
refreshing the liquid interface and facilitating vapor removal. This 
dynamic condition delays vapor accumulation and dry-out onset, sus-
taining nucleate boiling for longer durations, increasing the critical heat 
flux [40] and maintaining lower cell surface temperatures.
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4. Conclusions

The primary objective of this work was to evaluate the cooling 
performance of different BTMS configurations under abuse conditions, 
with the specific aim of quantifying their capability to mitigate TR. 
In addition to conventional assessments based solely on temperature 
evolution after TR onset, the cooling performance was also evaluated 
in terms of the power and energy required to trigger TR, enabling 
a direct and physically meaningful comparison among the different 
cooling strategies.

While experimental studies have clearly demonstrated the macro-
scopic effectiveness of IC in mitigating TR, the present numerical 
investigation provides complementary insights into the heat transfer 
mechanisms governing TR initiation under IC conditions.

To enable this analysis, a detailed computational model was devel-
oped, incorporating a user-defined TR model and a multiphase boiling 
model. The TR model includes 6+1 decomposition reactions, calibrated 
in a previous study, while for the boiling model the Rohsenow correla-
tion was adopted, primarily due to the availability of experimental data 
compatible with its calibration for the selected dielectric fluids. The LIB 
was positioned inside a canister filled with either air or dielectric fluid 
and subjected to heating through a custom-defined procedure.

Among the tested configurations, the air-cooled case proved to be 
the least effective in mitigating or delaying TR. Due to its limited 
heat removal capability, TR was triggered at relatively low power and 
energy inputs, with a widespread and uniform decomposition of battery 
materials resulting in an abrupt temperature spike.
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Fig. 10. Simulated temperature profiles of the external can and the jellyroll for different cooling configurations: (a) natural convection air cooling, (b) immersion 
cooling with low boiling temperature fluid, and (c) immersion cooling with high boiling temperature fluid.
In contrast, the IC configurations significantly improved thermal 
management performance. This enhancement is primarily attributed to 
the higher thermal capacity of the dielectric fluids and the efficient heat 
removal enabled by boiling heat transfer.

Between the two IC strategies, the high boiling point fluid demon-
strated the highest effectiveness in delaying TR, requiring considerably 
greater power and energy input compared to the air-cooled case. This 
superior performance results from the combined effect of efficient heat 
transfer provided by liquid direct cooling during the initial stages of 
heating and the activation of phase change mechanism in the later 
stages, when rapid heat removal becomes essential to prevent the 
onset of self-sustaining reactions. As a consequence, the consumption 
of reactants is slower and more gradual, allowing the energy release 
from exothermic reactions to be better controlled. Eventually, the tem-
perature becomes high enough that the system can no longer suppress 
TR, and reactions proceed until near-complete depletion of reactants. 
However, by that point, a substantial amount of the energy has already 
been dissipated and most of the reactants consumed, notably reducing 
the severity of the TR event.

The low boiling point fluid also outperformed air cooling, but its 
early boiling onset limited its overall effectiveness compared to the 
high boiling case. Although average temperatures remain lower, as 
the battery approaches TR trigger conditions, the boiling regime nears 
saturation and the battery surfaces become almost entirely covered by 
a vapor film. This vapor layer considerably reduces the ability of the 
system to absorb additional heat, thus facilitating the onset of TR. In 
this configuration, the strong thermal gradient established within the 
jellyroll allows the core to reach temperatures sufficient to trigger self-
sustaining reactions, while the cooler outer layers hinder the outward 
propagation of the reaction front, partially suppressing the evolution 
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of TR. Nonetheless, because the reactants are not fully depleted, a 
subsequent temperature rise could eventually lead to the re-initiation 
of reactions.

Additionally, it should also be emphasized that the heating proce-
dure has a significant influence on TR dynamics, as it determines the 
heating rate applied to the battery. Therefore, the presented results 
are valid only within the context of the specific thermal scenario 
considered in the study. For this reason, it is worth noting that in 
scenarios characterized by more aggressive heating rates, the lower 
overall temperatures maintained by the low boiling point configuration 
could potentially help delay or mitigate the onset of TR. Conversely, 
the delayed boiling onset in the high boiling point configuration may 
become disadvantageous if exothermic reactions evolve irreversibly 
before boiling occurs, making the subsequent phase-change mechanism 
ineffective.

While the results clearly highlight the superior performance of 
IC strategies, some model assumptions and limitations must be ac-
knowledged. In particular, the calibration of the boiling model plays 
a critical role. Due to the lack of specific experimental data for the 
high boiling point fluid, the Rohsenow correlation was calibrated using 
the pool boiling curve of the low boiling point fluid. Moreover, when 
the low boiling point fluid is employed and TR occurs, the Rohsenow 
correlation operates close to the limits of its natural validity range, 
potentially leading to an overestimation of the heat transfer.

Despite these limitations, the modeling approach is considered ac-
ceptable within the scope of the present study, as it does not compro-
mise the comparative analysis between the different cooling strategies. 
Future work will aim to address these aspects through the development 
of a dedicated experimental setup for the characterization of dielectric 
fluids and performance assessment of the proposed cooling strategies.
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Fig. 11. Simulated temperature snapshots at the start of the steep temperature rise for different cooling configurations: (a) natural convection air cooling, (b) 
immersion cooling with low boiling temperature fluid, and (c) immersion cooling with high boiling temperature fluid.
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Fig. 12. Simulated concentration profiles of chemical components for different cooling configurations: (a) natural convection air cooling, (b) immersion cooling 
with low boiling temperature fluid, and (c) immersion cooling with high boiling temperature fluid.
Beyond modeling considerations, practical implications must also be 
taken into account when considering the adoption of IC systems in real-
world applications, particularly in the automotive sector. The increased 
system complexity and additional weight represent non-negligible chal-
lenges, especially for configurations utilizing low boiling point fluids, 
where two-phase flow must be managed even under standard operating 
conditions. Nonetheless, the significant thermal management improve-
ments and safety benefits demonstrated in this study highlight the 
strong potential of IC as an advanced and effective cooling solution, 
supporting further research and development.
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