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Abstract

Lithium-lon batteries serve as a promising energy carrier to achieve climate-neutral aviation. However, the battery thermal
management system contributes significantly to the total module mass, which reduces the total specific energy of the battery
system.

Hence, four hybrid thermal management concepts for a battery module are investigated, aiming to balance thermal per-
formance with gravimetric power density. The investigated module consists of cylindrical Lithium-lon batteries (LIB) and
employs phase change material (PCM) for passive cooling as well as active liquid cooling.

The scope of the investigation encompasses two different active cooling systems: a cooling plate design, featuring a bottom
cooling plate with intercellular PCM, and a thermal conductive structure (TCS) design incorporating a bottom-side PCM
layer and intercellular TCS. For each design, a robustness-focused and a mass-minimizing version is investigated. While
all designs effectively maintain optimal thermal homogeneity during standard missions, the TCS-based design shows su-
perior thermal reserves at the cost of increased mass and manufacturing complexity, while the cooling-plate-based design
demonstrated superior thermal homogeneity. The study quantifies the trade-off between gravimetric efficiency and thermal
performance, identifying the mass-optimized version of the cooling plate design as the optimal trade-off for further investi-
gation in a defined worst-case-scenario. Under this extreme thermal runaway scenario, the system is designed to prevent
propagation to adjacent modules during a mandated ignition profile of 20 % of cells within 60 seconds, which is success-
fully demonstrated by the verified numerical results. Thus, this work provides a decision-making framework for designing
inherently safe, lightweight energy storage in electric aviation.
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NOMENCLATURE TR is a self-accelerating chemical process that releases

substantial heat and flammable gases, potentially trigger-

BTMS Battery Thermal Management System ing a system-wide cascade of hazardous effects such as
CFD Computational Fluid Dynamics uncontrollable fire [2, 5].

DLR Deutsches Zentrum fiir Current battery thermal management technologies pri-

Luft- und Raumfahrt e.V. marily include air cooling, liquid cooling, passive cooling

L with phase change materials (PCM), and hybrid systems.

LIB Lithiun-lon-Battery While air-cooled systems are mechanically simple, they

NMC Nickel-Manganese-Cobalt often fail to meet the high heat transfer requirements

PCM Phase Change Material of high-density packs [4]. Furthermore, liquid cooling

SAT Sodium Acetate Trihydrate utilizing water-glycol mixtures possess the advantage

TCS Thermal Conductive Structure of a superior heat trgnsfer' coefficient which is optimal

for commercial electric vehicles [4]. However, standard

THR Total Heat Release liquid-cooled designs often neglect the compactness and

TR Thermal Runaway weight-to-performance ratio critical for aviation [6]. There-

UDF User Defined Function fore, a design trade-off becomes necessary: thermal

1. INTRODUCTION

The aviation industry is undergoing a profound paradigm
shift towards climate-neutral mobility. In alignment with the
European Green Deal and Flightpath 2050 objectives [1],
the electrification of propulsion systems for regional air-
craft has emerged as a key technology. Lithium-ion batter-
ies (LIBs) are a promising energy carrier in these architec-
tures. However, the significant disparity in specific energy
density between current LIB technology (250 Whkg™' to
300 Whkg™) and conventional jet fuel (12000 Whkg™) re-
mains a fundamental obstacle [2], and the mass penalty of
the battery thermal management system (BTMS) directly
constrains payload and range [3].

Effective thermal management is essential for safe oper-
ation. LIBs require an optimal operating temperature win-
dow between 15 °C to 35 °C to prevent accelerated degra-
dation and to mitigate the risk of thermal runaway (TR) [4].
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conductive structures (TCS) can enhance performance
while requiring careful balancing against potential impacts
on temperature homogeneity [7]. Passive PCM cooling
offer excellent isothermal heat absorption during peak
loads, but the low thermal conductivity remains a limiting
factor [8]. Altun et al. [9] and Zhang et al. [10] propose
hybrid configurations, combining PCM with active liquid
cooling, to overcome the temporal limitations of purely
passive systems.
Despite these advancements, the state of the art reveals
a critical gap regarding the specific requirements of elec-
tric aviation. Most existing hybrid studies either focus on
nominal operation optimization [11] or generic TR mitiga-
tion with small-scale modules [10]. Approaches such as
immersion cooling often require mass-intensive setups in-
compatible with lightweight aircraft structures [12]. Con-
sequently, further research is required to:
1) Develop a compact module design aiming for aeronau-
tical applications while considering efficient nominal
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FIG 1. Methodological workflow and structural overview of the study, mapping the sequential progression from initial BTMS
design and boundary definitions to numerical implementation and final performance evaluation.
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FIG 2. Exploded view of hybrid BTMS Design: a) CP-design
cellular TCS and bottom PCM.

operation and TR containment according to certifica-
tion standards of major civil aviation authorities [13].

2) Evaluate these systems under transient mission pro-
files.

3) Resolve the inherent design conflict between high ther-
mal conductivity for cooling and thermal isolation for
mitigation of TR propagation to adjacent battery mod-
ules.

This paper addresses these gaps by evaluating four hybrid
BTMS variants for a battery module featuring 65 18650
NMC cells. To achieve this, the study follows a struc-
tured methodology, which comprises the systematic de-
sign phase, physical and analytical modeling, high-fidelity
transient CFD simulations, and a comprehensive evalua-
tion. This process is illustrated in Fig. 1. The core ob-
jective is to determine whether these designs satisfy the
stringent safety requirements mandated by major civil avi-
ation authorities (EASA, FAA, TCCA ANAC), particularly
regarding the prevention of TR propagation. Using a high-
fidelity, transient CFD framework in Ansys Fluent, both a
mission profile during nominal operation and a TR sce-
nario are analysed. The findings show the potential of hy-
brid BTMS to serve as guidance for future studies for the
design of inherently safe, lightweight battery storage sys-
tems for sustainable regional aviation.

2. DESIGN OF BTMS CONCEPTS

This study evaluates four hybrid BTMS variants, based on
two different designs. The design implementation was car-
ried out using the CAD software Siemens NX 2412.

2.1. Module conception

2.1.1. Cooling plate design: bottom cooling plate &
intercellular PCM

The cooling plate (CP) design, shown in Fig. 2a, combines
passive cooling via a PCM matrix embedding the cells with
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active cooling via a cooling plate at the base. The cooling
plate consists of two aluminum halves with an embedded
copper tube through which the coolant flows. Silicone-
based thermal pads and thermal paste are used to improve
heat conduction.

The cooling plate design is investigated in two vari-
ants: a robustness-focused version (CP-robust) as well
as a mass-reduced version (CP-light). The geometric
parameters of these variants are specified in Tab. 1.

2.1.2. TCS design: intercellular thermal conductive
structures & bottom PCM layer

Based on the concept introduced by Lai et al. [6], a TCS-
based design is developed. Shown in Fig. 2b, this design
combines passive cooling via a PCM layer below the bat-
tery cells and active cooling via intercellular TCS. The TCS
partially enclose the lateral surface areas, as can be seen
in Fig. 4.

TCS
Battery
cells
Thermal
pads
PCM

FIG 4. Top view of the internal layout of Design 2, illustrating
the contact surface angle of the TCS, ~1¢s.

The TCS, the PCM housing, and the base plate are manu-
factured from Ti-6Al-4V to ensure mechanical integrity and
structural stability under the extreme thermal loads char-
acteristic of TR events. To optimize the thermal contact be-
tween the cells and the TCS, thermal pads are inserted at
the interfaces. The coolant is distributed to the 65 TCS via
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(a) Normalized heat flow Q/Qmax and corresponding SOC of the battery
cells over the flight duration.
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(b) Altitude z and normalized electric power P /Ppax.

FIG 3. Investigated thermal profile corresponding to the flight profile of a fully electric regional passenger flight for 250 passen-
gers with a range of 649 km originating from the DLR project EXACT2.

vertical outlets. After flowing through the TCS, the coolant
is directed into a collection plate below the PCM layer.
Identically to the CP-based design, the TCS-based design
is investigated in two variants: a robust version (TCS-
robust) as well as a mass-reduced version (TCS-light).
The geometric parameters of these variants are specified
in Tab. 1.

TAB 1. Parameters and masses of BTMS versions.

Design Parameter Robust Light
PCM thickness [mm] 4.0 2.0
2 Plate thickness [mm] 14.0 8.0
_§ Pipe inner diameter [mm] 8.0 6.0
25 Pipe thickness [mm] 1.0 0.5
Dry module mass [kg] 6.59 5.04
8- § TCS contact surface angle yrcs [°] 75 45
F 8  Dry module mass [kg] 5.06 4.96

2.2. Material selection

A mixture of water and ethylene glycol is selected as the
coolant, offering a favorable balance between frost pro-
tection and high cooling performance as well as being in-
dustrially established, even though it has a higher viscosity
than water and is toxic [11]. To satisfy the DLR design con-
straint of a maximum freezing temperature of the coolant
of 20 °C, a mass fraction of ethylene glycol of 36 % is de-
termined. It is assumed that the powertrain’s waste heat
is utilized to maintain the coolant temperature above the
specified limit. An increase of the ethylene glycol content
would further reduce the freezing point but simultaneously
result in reduced cooling capacity and increased coolant
mass and viscosity, thereby escalating the required pump-
ing power and system mass.
For the passive thermal buffering, Sodium-acetate trihy-
drate (SAT) is identified as the optimal PCM based on the
following criteria:
1) Inherent non-flammability: This is a critical require-
ment to prevent TR propagation via ignition of adjacent
components, which renders organic PCMs unsuitable

©2026

for this application. Due to its status as a hydrated salt,
SAT is inherently non-flammable [14].

2) Optimal phase change temperature: SAT exhibits
a phase change temperature of 58 °C [14], which ex-
ceeds the upper temperature threshold of 55 °C defined
for transient peak loads. Furthermore, compared to
high-temperature PCMs, SAT ensures rapid activation
prior to the onset of a full-scale TR.

3) Superior total heat capacity: By combining a high
thermal stability limit of 380°C and a specific heat
capacity of approximately 3.0kJkg™' K=" [14], SAT
achieves a higher cumulative specific enthalpy change
compared to other investigated inorganic PCMs with a
phase change temperature in the same range, such
as PCM Products’s S-range or X-range. Additionally,
the latent heat of fusion of Ahn, = 264kJkg™' enables
the absorption of substantial thermal energy during the
initial TR phase.

3. METHODOLOGY

3.1. Boundary conditions

3.1.1. Thermal behavior under nominal operation

Thermal management requires precise knowledge of the
internal heat sources. In this BTMS design study, the nom-
inal operation and TR cases were investigated. The con-
sidered mission profile is based on the concept of a fully
electric regional aircraft for 250 passengers with a range of
649 km that originates from the DLR project EXACT2. The
resulting relationship between the state of charge (SOC)
and the normalized heat rate C)/Omax, shown in Fig. 3a,
serves as the thermal boundary condition in the simula-
tions under nominal operation. In Fig. 3b, the altitude and
power profiles of the mission are depicted, allowing for the
distinction of individual flight phases.

3.1.2. Thermal behavior under TR

To comply with aviation certification standards, effective
TR containment is mandatory. Following the EASA regu-
lations [13], the BTMS must prevent a propagation of TR
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to adjacent modules during simultaneous TR of 20 % of
the battery cells within 60 seconds.

To evaluate this, a semi-empirical numerical model was
developed based on experimental data for 18650 NMC
cells. The model computes the total heat release (THR,
measured in kJkg™') as a function of the SOC, applying
a scaling factor to represent the higher energy density of
next-generation cells. Specifically, the specific THR is for-
mulated using piecewise cubic polynomials to capture the
non-linear thermokinetics of NMC cells:

(1) THR(SOC) =a(SOC SOCy)? + b;(SOC — SOC,)?
+¢/(SOC — SOC,) + di

where the coefficients a;, bj,c;,d; and reference shifts
SOC, (corresponding to the lower bound of each interval)
are defined piecewise across distinct SOC intervals to
ensure a smooth shape-preserving transition. The result-
ing polynomial coefficients for each interval are detailed
in Tab. 2. The transient heat release rate is determined
by integrating experimental profiles that capture the dis-
tinct SOC-dependent thermokinetics. Within the CFD
environment, a developed user defined function (UDF)
dynamically triggers the heat source term based on the
local cell temperature and current SOC, interpolating the
appropriate transient heat release characteristics.

TAB 2. Piecewise cubic polynomial coefficients for the
scaled specific THR across SOC intervals (units: a;

inkdkg~' %3, b;inkdkg~ " %2, ¢c;inkdkg~" %1, d

inkJkg™").
SOC Interval aj X 10— b; x 10—+ Ci X 10—2 d;
100-73.6 % —2.69 -3.82 2.51 1.49
73.6-25 % —0.56 -3.00 2.90 0.78
25-0% —8.00 3.00 1.93 0.25

The data basis for THR relies on a meta-analysis of experi-
mental data for 18650 NMC cells by Rappsilber et al. [15],
utilizing precise measurements from copper sealed bat-
tery calorimeters to exclude external gas combustion ef-
fects. To account for next-generation high-energy cells
(~ 450 Whkg™) [16], a linear scaling factor of f = 2.33 is
applied based on the specific energy correlation by Feng et
al. [17]. The non-linear thermokinetics over the SOC are
modeled using a shape-preserving piecewise cubic Her-
mite interpolating polynomial (PCHIP). The resulting dis-
crete anchor points for the specific THR and ignition tem-
peratures Ty, are summarized in Tab. 3.

TAB 3. Anchor points for SOC-dependent THR and ignition
temperature.

SOC [%] 100 50 25 0

Scaled THR [kJ/kg] 1.84 131 078 0.25
Tign [°C] 140 166 166 192

For prismatic battery modules, Belt and Sorensen [18]
identified initiation of TR in the corner of the module as
the most critical scenario due to the reduced effective
contact area of edge-positioned cells for heat dissipation.
Accordingly, the "corner case" in the rear left corner was
selected in this work. The initiation sequence within the
module is illustrated in Fig. 5. TR is initiated in the trigger
cell and spreads to the immediately adjacent cells in the
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first propagation wave. Subsequently, TR propagates to
the cells of the second wave. Accordingly, a total of 13
battery cells will have undergone TR which corresponds
to 20 % of the battery cells inside the module, fulfilling the
EASA requirement [13].

First propagation wave
(10.8% of cells in TR)

Second propagation wave
(20 % of cells in TR)

| \ Adjacent module

S sgegsces
O-O-O-0O-0O

[ Adjacent module |

Adjacent module
Adjacent module

FIG 5. TR propagation scenario: The initiated cell is labeled
"T". The first intra-module propagation wave encom-
passes the immediately adjacent cells, marked "1".
Cells labeled "2" follow in the second intra-module
propagation wave.

To mitigate the extreme thermal load during a TR event,
the coolant mass flow rate of the active cooling system is
increased. However, to prevent excessive parasitic power
consumption by the coolant pump, a hydraulic constraint
imposing a maximum allowable pressure drop of 25kPa
(0.25bar) is established for the transient TR operating
condition.

3.2. Analytical propagation analysis

To investigate thermal cascading to adjacent modules
without requiring computationally intensive three dimen-
sional modeling of the entire battery pack, a coupled
transient one-dimensional multilayer post-processing
model is employed. For this purpose, the layered struc-
ture between the modules is modeled locally as a finite,
planar composite wall. This structure sequentially com-
prises the primary-side housing walls, the air gap, and
the housing walls and PCM layer of the passive adjacent
module, terminating with the first row of battery cells
of the adjacent module. The spatial distribution of the
numerically modeled and analytically extended parts of
the geometry is shown in Fig. 6.

Transient heat conduction within this heterogeneous ma-
terial stack is described by the one-dimensional heat con-
duction equation:

oT 0 oT
@ el o = o (A5 )
where x denotes the spatial coordinate spanning from the
primary-side housing wall toward the adjacent module,
while p(x), cp(x), and X\(x) represent the local material
density, specific heat capacity at constant pressure, and
thermal conductivity, respectively.
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FIG 6. Boundary of numerically investigated geometry and
analytical extension for propagation analysis.

For the numerical solution, the entire system is spatially
discretized. The housing layers are resolved usingn = 5
nodes each, whereas the thermally thick row of battery
cells is discretized more finely with n ;g = 20 nodes, result-
ing in a total of Nyt = 50 nodes. The spatial step size Axn,
is defined specifically for each material layer m. Discretiza-
tion is performed using the explicit finite difference method
(forward time centered space scheme) utilizing central dif-
ferences for the spatial domain and a forward difference
quotient for the time domain. For an internal node k at
discrete time step i (step size At), the update for the tem-
perature T is given by:

At
Ttk =T;
(3) e PiCp kAXk
o T =T T Ty
k3 Axk k=37 Axy

At the material interfaces (k £ %), the abrupt change in
thermal conductivity is represented by the harmonic mean
of the adjacent layers.

A time-dependent Dirichlet boundary condition is imposed
at the inlet node (k = 0), derived directly from the transient
CFD simulation data of the primary-side PCM rear wall.
The final node in the cell core (k = Niota — 1) is defined
as adiabatic, which conservatively represents the physical
heat accumulation at the center of the cylindrical cell:

T =T + 2At>\Ntotal —1
i+1,Niotar =1 = 11, Nyota) —1 c Ax2
(4) Phiotal —16p,Nigta — 1 Niotal —1

(T":Ntotal -2~ 7-vato1aI —1 )

The time step At is dynamically adjusted so that the local
grid Fourier number within each layer remains below the
critical explicit stability limit (Foa, = aAt/Ax? < 0.50).
Within the 5mm-wide air gap, purely conductive heat
transfer is initially assumed as an approximation. Since
free convection is often suppressed in narrow gaps due
to high confinement effects, this idealization (Nu =~ 1,
meaning that heat transfer is governed entirely by con-
duction while convective contributions remain negligible)
is continuously verified during post-processing using the
transient Rayleigh number. Propagation across modules
is considered initiated if the calculated cell temperature
at any node of the row of battery cells exceeds the crit-
ical, SOC-dependent ignition temperature as defined in
sec. 3.1.2.
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3.3. Aeronautical Constraints

Compared to the automotive sector, electric aviation is
characterized by significantly higher sensitivity to mass,
as the battery mass is a fixed system ballast and ac-
cordingly limits mission range and payload capacity [5].
Among other design goals and target values, the nominal
operating temperature range, the maximum temperature
difference within the module, and the coolant pressure
drop are summarized are summarized in Tab. 4 and serve
as an evaluation benchmark for the CFD results.

TAB 4. Quantitative design goals and thresholds for the hy-

brid BTMS.
Parameter Requirement Source / Rationale
Thom 15°C-35°C State of health [19]
ATmod 2K-3K Prevent uneven aging [19]

TR containment at20% cellsin TR EASA requirement [13]

Threeze max. -20°C DLR constraint
APnom minimize Reduce parasitic power
ApTR < 0.25bar DLR constraint

Mass efficiency =~ maximize Maximize payload

3.4. Numerical Framework

3.4.1. CFD-Setup and solver configuration

Preprocessing was performed in Ansys Discovery and De-
sign Modeler. The final polyhedral mesh was generated
using the Watertight Geometry workflow in Ansys Fluent
Meshing.

To enhance numerical efficiency, the geometries were se-
lectively simplified during preprocessing. Components ir-
relevant to flow and heat transfer such as housings, bus-
bars, and distribution/collection plates were removed. For
the TCS-based design, the advantage of the symmetrical
arrangement of the battery module was exploited and a
symmetry plane was utilized to reduce the computational
domain by 50 %, thereby significantly reducing computa-
tional effort while applying mirrored boundary conditions.
Furthermore, the effects of cell venting during TR and the
subsequent convectional heating of adjacent components
was neglected.

During nominal operation simulations, the characteristic
Reynolds number is well below the critical threshold for
the laminar-to-turbulent transition (Re ~ 100 — 150). Con-
sequently, laminar modeling is physically justified. In TR
simulations, the k-w-SST-Modell is used to capture local
instabilities. The PISO algorithm is selected for pressure-
velocity coupling.

The numerical implementation of the developed TR model
is carried out via a UDF written in C that calculates the
source terms for each volume element as a function of the
SOC. The TR source term is introduced using a ramp func-
tion (a linear increase over 1s) to ensure the numerical
stability of the pressure-velocity coupling in Fluent. TR is
initiated in the first battery cell (Cell 58) by targeted heating
at the cell’s geometric center to a temperature exceeding
the ignition point, thereby triggering the UDF.
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3.4.2. Validation

The experiment of Hassan et al. [20] is reproduced numer-
ically to validate the coupling of heat conduction and con-
vection. The iterative, spatial and temporal convergence
were verified. Fig. 7 shows the comparison of the simula-
tion results with the experimental data over a flow time of
691 s. While the deviation between the simulation and the
experimental data from Hassan et al. [20] is below 0.5 %
at the start, it rises to just under 8% by the end of the
simulated discharge period; however, since the calculated
GCliine (= 25 %) significantly exceeds the observed differ-
ence, the agreement with the experiment is interpreted as
a fortuitous cancellation of discretization and modeling er-
rors rather than as proof of complete grid independence.
Nonetheless, the capture of the coupling of heat conduc-
tion and convection by the CFD software is considered as
validated.
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e Experiment (Hassan et al. [15])
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Time t[s]

FIG 7. Validation of the CFD setup by replicating the exper-
iment by Hassan et al. [20] and comparing the sim-
ulation results with the experimental data. The devia-
tion between the simulation and the experimental data
from Hassan et al. [20] rises to just under 8 % towards
the end of the simulated time period.

In order to verify the quality of the developed semi-
empirical TR-model, a validation against experimental
data from Golubkov et al. [21] was performed. The grid
and time-step independence were confirmed through
systematic convergence studies. Subsequently, the nu-
merical results were compared with experimental data.
Fig. 8 shows the comparison of the battery cell surface
temperature between simulation and experiment. While
the deviation between the experimental and numerical
results amounts to 11.3% at the start, it decreases to
6.7 % at the end of the simulated time span. The active
TR process and thus the main exothermic reaction phase
concludes within approximately 60s to 70s. Beyond this
period, the subsequent cooling phase observed in the
experiments by Golubkov et al. [21] is governed primarily
by ambient convection rather than internal reaction kinet-
ics and is therefore outside the scope of the active TR
model. With an average deviation of 8.09 %, the model is
considered to accurately capture the kinetics of the main
reaction phase.

3.4.3. Spatial convergence of BTMS-Designs

Discretization was performed using unstructured polyhe-
dral grid. For the thin layers, discretization with at least
three elements in the normal direction was ensured. A grid
study as well as a time step study was performed. Due to
the active cooling system being consistent through the ro-
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FIG 8. Validation of the TR model through comparison with
experimental data. The time-dependent surface tem-
perature profile of the battery cell shows an average
deviation of less than 10 % between the experimental
data from Golubkov et al. [21] and the simulation re-
sults.

bust and light versions of each design, convergence stud-
ies were performed for the robust version of each design
and the results were transferred to the light versions. The
grid convergence index GClsne amounted to 1.01 % for the
grid study of the robust version of the CP-based design
and 0.47 % for the robust version of the TCS-based de-
sign. The number of elements in the converged meshes
are represented in Tab. 5.

TAB 5. Grid size of converged meshes.

Design  Version Mesh Size
2 robust 6,996,200
g @

S light 5,526,739

8 § robust 4,459,886
F 8 light 5,061,175

4. RESULTS & DISCUSSION

4.1. Results under nominal operation

4.1.1. Comparative assessment of the designs

The spatial temperature distribution of the cells provides
an initial qualitative overview of the cooling concepts in-
vestigated. Fig. 9 illustrates the surface temperatures at
the end of the load phase (t = 52min) using a uniform
scale. This comparative display visually highlights the ad-
vantage of TCS cooling: while the CP-based cooling con-
cepts (a, b) exhibit temperatures in the 28 °C range over
large areas, the entire cell matrix of the TCS variants (c,
d) remains significantly cooler.

For a detailed quantitative analysis of the four inves-
tigated BTMS, Fig. 10 shows the module-wide peak
temperature, module-wide average temperature, maxi-
mum temperature difference between battery cells, and
mass-flow-averaged coolant outlet temperature. Since
the exothermic heat release of the battery cells during
nominal operation only begins at t;y = 11.95min (see
Fig. 3a), the thermal behavior prior to this point is not pre-
sented here. Consequently, a relative time axis t* = t — finit
is introduced for the subsequent analysis, with the zero

70
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c) TCS-robust
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FIG 9. Surface temperatures of the battery cells at the end of the transient load profile (Nominal operation, t ~ 54 min). a) CP-

robust, b) CP-light, c) TCS-robust, d) TCS-light.

point (* = 0s) corresponding to the exact moment heat
release begins.

As can be seen in Figs. 10a and 10b, all BTMS meet the
requirement of maintaining cell temperatures within 15°C
to 35 °C throughout the entire mission. However, the sig-
nificantly higher thermal reserve of the TCS-based design
is striking. While the peak temperature of CP-light exceeds
the 30 °C mark at the time of peak load (t* ~ 30 min), the
temperature level of the TCS-based design stabilizes at
approximately 25 °C.

An opposite trend is observed regarding the homogeneity
of the temperature distribution (see Fig. 10c). Both ver-
sions of the TCS-based design exhibit temperature differ-
ences of up to 1.94 K and 2.25 K respectively, which is sig-
nificantly superior to the versions of the CP-based design
(~ 1.3K to 1.4K). These large temperature differences
occur between the battery cells at the rear of the mod-
ule, which border neighboring cells on only one side but
are surrounded by TCS on both sides, and the cells at the
front of the module, which are cooled by the TCS on one
side only.

The higher temperature of the coolant at the TCS outlets
shown in Fig. 10d consistently correlates with the more
efficient heat removal through the TCS. While the coolant
at the outlet of the cooling pipe in both CP-based versions
exhibits less heating despite higher cell temperatures, the
higher temperature level at the TCS outlets highlights the
improved thermal contact and the associated higher total
heat flux.

Furthermore, Fig. 10a shows that reducing the TCS open-
ing angle ~yrcs from 75° in the robust version to 45° in
the mass-reduced version does not adversely affect the
module-wide peak temperature or the average tempera-
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TAB 6. Thermal characteristics at the time of peak load (t* ~

30 min).
Parameter CP-based TCS-based
robust light robust light
Tmax [°C] 29.17 30.06 25.47 25.66
Tavg [°C] 27.88 2872 2438 2448
ATmodul [K] 1.31 1.29 1.94 2.25

A [WK-'] 1272 1172 37.87  39.00

" Quasi-steady-state heat transfer coefficient h after comple-
tion of the thermal start-up phase.

ture of the battery cells. This indicates that this weight
optimization does not result in a significant loss of cooling
performance.

Tab. 6 summarizes the characteristic parameters at the
time of peak load.

Furthermore, it is evident that the peak temperatures
under the investigated load profile lie significantly below
the lower limit of the phase change temperature of 50°C
defined for the PCM selection. Consequently, alterna-
tive PCMs with higher heat capacities and lower phase
change temperatures such as inflammable composite
materials should be considered in future studies.
Although the TCS-based design offers the lowest battery
cell temperatures, the CP-based design fully meets the re-
quirements. Even at peak load, the peak temperatures
remain well below the critical limit of 35°C, at approxi-
mately 30°C. An additional sensitivity study conducted
with a mass flow rate reduced to 13 % resulted in a tem-
perature rise of only 2K. This underscores that, despite
its smaller wetted surface area, the CP-based design pos-
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FIG 10. Thermal profiles of all cooling concepts over the relevant duration of the entire mission profile (* = 0 min to 40 min).

sesses sufficient margins for the mission profile. Further-
more, this design exhibits the best thermal homogeneity
with a maximum temperature difference between cells of
1.29 K. According to Saw et al. [22], this is a crucial factor
in effectively preventing uneven electrochemical cell ag-
ing.

The calculated peak temperatures under the selected
load profile remaining significantly below the 35°C limit
is largely attributable to the conservative choice of a
reference ambient temperature of Tt = 20°C. This
assumption reflects a moderate climate scenario and
represents a lower bound regarding thermal stress.
Validation under extended ambient conditions is essential
for the operation of a regional passenger aircraft intended
to cover diverse mission scenarios such as hotter ambient
conditions in Southern Europe. An increase in ambient
temperature will reduce the cooling capacity of the active
cooling system, leading to an overall rise in temperature
levels given a constant rate of heat generation. To avoid
performance losses and accelerated cell aging under such
environmental conditions, pre-cooling the battery packs to
a defined starting temperature prior to flight seems to be
an effective operational strategy. In addition, future studies
should evaluate the BTMS under higher discharge rates.
According to Warner [19], higher discharge currents lead
to a disproportionate increase in ohmic heat losses within
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the battery cells, significantly intensifying thermal dynam-
ics and local heat generation within the module. While
the PCM'’s buffer capacity and the thermal reserve of the
active cooling systems examined provide a solid founda-
tion, these factors must be quantified against increased
load and environmental demands in an expanded sensi-
tivity analysis to ensure the overall system’s robustness
across the entire operating range.

4.1.2. Discussion of mass efficiency and system
complexity

The comparison of the investigated concepts regarding
lightweight potential and mass efficiency in nominal oper-
ation is summarized in Tab. 7.

The increase in pressure drop from CP-robust to CP-light

(by a factor of approximately 3) highlights the sensitivity of

the pressure drop to the reduction in cross-section from

8 mm to 6mm. Although the mass of the cooling plate

was reduced, this advantage comes at the cost of a signif-

icantly higher power requirement for the pumping system.

The advantages of CP-light is primarily evident in its struc-

tural simplicity and mass efficiency:

« Mass fraction: With a mass fraction of the battery
cells of 60.56 % in the filled state, CP-light is the lightest
concept. Since the CP-based design requires only
a minimal amount of coolant (19g) compared to the
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TAB 7. Comparison of mechanical and fluid-dynamic charac-

teristics.
Parameter CP-based TCS-based
robust light robust light
Coolant mass [g] 37.4 19.3 631 631
Battery cell mass
fraction on module [%)] 46.2 60.6 53.8 54.8
Apg:, [Pa] 40.9 119.9 108.6 108.6

" Ref. value at the start of the simulation at T = 20 °C; decreases slightly
due to viscosity changes.

TCS-based design (631g), this advantage is almost
entirely maintained in the filled state.

« Manufacturing effort: With 265 individual components,
the complexity of the TCS-based design is almost twice
that of the CP-based design (139 components). Ac-
cordingly, the conventional design of CP-light not only
reduces the number of potential PCM leakage points
at the interfaces between the TCS and the PCM hous-
ing as well as coolant leakage points at the connections
to the distribution and collection plates, but also signif-
icantly minimizes the requirements regarding manufac-
turing tolerances and assembly processes.

» Pressure loss: Although the absolute pressure loss of
119.92 Pa is the highest compared to the other designs,
it results in a hydraulic pumping power in the negligible
milliwatt range; consequently, it does not compromise
the aircraft’s overall energy efficiency.

Overall, it was concluded that CP-light, the mass-reduced

version of the CP-based design, represents the optimal

compromise for the mission profile under consideration
and thus to be further investigated in the TR scenario.

4.2. Analysis of the TR and containment

4.2.1. Implementation of TR initiation

The initiation of the first battery cell occurs at the moment
when the exothermic heat release of the battery cells
begins (t = 11.95min). Although the trigger cell imme-
diately released high-energy source terms, the analysis
shows that the first propagation wave experiences hardly
any temperature rise within the first 30 seconds, which is
attributable to the thermal damping provided by the PCM.
This indicates that the hybrid BTMS prevents intra-module
propagation by overheating within a 30-second timeframe.
To ensure EASA compliance and verify structural integrity
under extreme loading, the ignition temperature was
therefore manually imposed at t* = 29.99 sec. Examina-
tion of the second propagation wave revealed that these
cells experience only a moderate temperature increase
of at most 39.8 K. Consequently, the ignition temperature
was imposed on these six battery cells at t* = 59.99 sec.
This indicates that in this case, the EASA requirement for
containment is not the critical design driver. Conversely,
the requirement will become much more relevant in the
event of overcharging, where all battery cells within the
same parallel string experience the same voltage and
may potentially enter TR simultaneously.

In this study, the cells of the third intra-module propagation
wave were not assigned the heat source terms in TR in or-
der to specifically investigate the BTMS under the EASA
requirement. Nevertheless, an analysis of the temporal
progression of local peak temperatures in the theoretical
third propagation wave demonstrated that, under the ex-
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treme conditions of the selected initiation scenario, the hy-
brid cooling system cannot prevent intra-module propaga-
tion to the third propagation wave after 112s. However,
it is crucial to note that the forced ignition of the 13 cells
within 60 s represents a high-energy extreme scenario se-
lected primarily to test the EASA compliance and structural
integrity of the developed BTMS.

4.2.2. Convective heat removal and thermal reserves
of the coolant

Despite the high heat input, the wall temperature of the
pipe remains stable throughout the cascading process,
reaching a transient peak of only 27.9 °C, while the macro-
scopic coolant outlet temperature rises by approximately
2.5K to just under 22.5°C. This high thermal stability
is a direct result of the the selected mass flow rate of
m = 0.1216 kgs™" which yields a mean heat transfer co-
efficient of h ~ 12449 Wm=2 K" for the period extending
from the sudden onset of flow to the end of the phase of
peak heat input (t* = 55s to 2005s).
However, a detailed analysis of the TR scenario reveals
that thermal stability is primarily governed by the buffer-
ing effect of the PCM, whereas the thermal resistance be-
tween the cell and the coolant constitutes the limiting fac-
tor. The high heat transfer coefficient results in a high pres-
sure drop; however, due to the limited heat flux from the
module, the contribution of this pressure drop to the ac-
tual heat-sinking effect is disproportionately low. Conse-
quently, the current design point should be viewed as a
conservative upper limit; iterative optimization of the mass
flow rate offers greater potential for increasing efficiency
without significantly compromising the system’s thermal
safety. This leads to two key thermodynamic insights for
the module design:

1) Safety margin against boiling: Since both the wall
temperature and the coolant outlet temperature remain
well below the critical boiling point of the coolant,
the risk of local boiling is effectively mitigated due
to the substantial thermal margin to the coolant’s
boiling point. The fluid system thus operates in a safe
thermodynamically regime with wide safety margins.

2) Potential for pressure drop optimization: The
fact that the coolant dissipates the transient thermal
load without significant macroscopic overheating
demonstrates that the mass flow rate was set too
conservatively.  Given the total pressure drop of
Ap = 43.34kPa determined in the simulation, this
reveals significant optimization potential: a moderate
reduction in the mass flow rate during the TR phase
would disproportionately reduce pumping require-
ments due to the quadratic dependence of pressure
drop on mass flow rate without compromising the
overall system’s thermal safety.

4.2.3. Analytical assessment of inter-module propa-
gation

Since the CFD modeling terminates at the outer surface
of the PCM, an explicit finite difference method was imple-
mented to assess the risk of thermal propagation to adja-
cent modules. Taking into account the individual thermal
resistances of the housing assembly and the thermal iner-
tia, the transient temperature profile up to the end of the
mission at t* = 74 min is shown for the rear of the module
in Fig. 11a and the left side of the module in Fig. 11b.
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FIG 11. Transient temperature profiles obtained via the coupled transient one-dimensional multilayer post-processing analysis,
evaluated against the SOC-dependent ignition temperature according to Amano et al. [23].

The results underscore the protective effect of the hybrid
cooling system. While the rear wall of the triggered battery
module reaches a peak temperature of up to 127.3 °C, the
5mm thick air gap significantly attenuates the heat input.
Throughout the entire 74-minute observation period, the
thermal response of the cells in the adjacent module is
minimal, allowing their core temperatures to remain well
below critical safety limits. Across the entire transient pro-
cess, a minimum thermal safety margin of more than 128 K
relative to the ignition temperature is observed. Calcula-
tions thus demonstrate that the temperature of the first row
of battery cells in the adjacent module never approaches
critical levels, thereby preventing thermal propagation be-
tween modules.
The physical assumption of negligible free convection
within the module gap was validated by the quantitative
simulation results. Based on the peak thermo-fluidic
conditions, the following gap Rayleigh numbers (Ra)) are
obtained:
» Module rear: The thermal peak results in a maximum
gap Rayleigh number of Rajpack ~ 4 282.
o Left module flank: Similarly, a maximum value of
Ray et = 5342 is found for the left flank.
Since both values remain significantly below the threshold
of 10%, which is widely used as the limit for pronounced
convective flow, the Nusselt number in the gap can consis-
tently be assumed to be Nu ~ 1. Nevertheless, this reduc-
tion to heat conduction represents a physical abstraction.
In particular, radiative heat transfer was not explicitly re-
solved in the present 1D model. This effect can contribute
significantly to the total heat flux at wall temperatures of
up to 220 °C encountered in TR. While this omission is ac-
cepted from a conservative standpoint regarding the bar-
rier effect, it leads to an underestimation of the actual heat
input into the adjacent module walls. Future model itera-
tions should therefore incorporate radiation terms using ef-
fective emissivity values to further enhance predictive ac-
curacy under extreme thermal loads.

4.2.4. Synthesis: EASA compliance and suitability
for aviation applications

In conclusion, the suitability of the preferred hybrid cool-
ing concept CP-light can be assessed against the EASA’s
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restrictive aviation requirements based on the quantitative

simulation results as follows:

1) Containment of thermal propagation: The BTMS
fully meets the primary safety requirement. Although
a cascading effect within the module extending to the
third wave is theoretically initiated after 112.8 s under
the conservative assumptions of the EASA extreme
scenario (forced ignition of 13 cells within 60s), the
structural barrier effect preventing outward propagation
remains intact. The analytically determined transient
core and surface temperatures of battery cells in
adjacent modules peak at 38.6 °C with a safety margin
> 126.8 K and hence remain well within the absolutely
safe range. Catastrophic propagation across modules
is thus physically ruled out.

2) Lightweight design and system complexity: With
a mass fraction of the cells on the battery module of
60.56 % in the filled operating state, CP-light achieves
the lightest design and saves substantial amounts of
coolant compared to the CP-based design variants
(19g versus 631g). Furthermore, the conventional
bottom-side cooling plate reduces the component
count to 139 individual parts (approximately half that
of the CP-based design); this minimizes susceptibility
to leaks and satisfies EASA requirements for a robust,
low-maintenance aviation system.

3) Thermodynamic operational reliability and safety:
During nominal operation, the system keeps the cells
below the critical 35°C threshold. While the pressure
drop of 120 Pa resulting under nominal operating condi-
tions easily meets energy efficiency requirements, the
pressure drop of 43.3 kPa occurring in the TR case ex-
ceeds the idealized design target of 25 kPa.

In summary, CP-light proved successful in the numerical

and subsequent analytical simulations. Nevertheless, the

investigations reveal that the timing specifications of the
regulatory EASA requirements only partially reflect the fail-
ure behavior of modern hybrid systems.

5. CONCLUSION

This work investigated hybrid cooling concepts for battery
modules to resolve the conflict between high power den-
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sity during nominal operation and passive safety in the
event of thermal runaway (TR) for electric regional avia-
tion. Based on a detailed review of the state of the art
which highlighted the gap between hybrid cooling, the nec-
essary thermal barrier effect, and the application of battery
modules in electric aircraft, two hybrid designs utilizing
an active cooling system (water-ethylene glycol mixture)
alongside passive cooling via the phase-change material
(PCM) sodium acetate trihydrate were modeled. A cooling
plate (CP)-based concept was designed which combines
a base-mounted cooling plate with intercellular PCM. Fur-
thermore, a thermal conductive structure (TCS)-based de-
sign was conceived, linking intercellular TCS with a bottom
layer of PCM. Both designs were investigated in a robust
and in a mass-reduced version. The numerical evaluation
encompassed both a transient thermal load profile for a
regional passenger flight and a high-energy extreme sce-
nario in accordance with CMT specifications.
Analysis of the simulation data revealed that all four
variants reliably met the thermal requirements for nom-
inal operation, maintaining cell temperatures below
the 35°C limit. However, when considering additional
aviation-specific requirements regarding low main-
tenance, manufacturing complexity, and weight, the
mass-reduced version of the CP-based design proved
to be the most suitable solution. In the event of TR, the
system demonstrated its protective performance through
the combination of the PCM’s thermal buffer capacity and
the high convective reserve of the liquid cooling system.
Furthermore, as the propagation of TR between modules
was successfully prevented, the mass-reduced version
of the CP-based design represents a robust compromise
that optimally addresses the requirements for low mainte-
nance and gravimetric efficiency, achieving a battery cell
mass fraction of over 60%. The insights gained in this
study open up various avenues for further research:

« PCM Optimization: Since during nominal operation the
maximum battery cell temperature remained well below
the minimum phase change temperature of 55°C set
during PCM selection, phase change of the PCM dur-
ing nominal operation can be ruled out and the use of
PCMs with lower melting temperatures such as compos-
ite PCMs could further optimize thermal buffering for TR
containment. Furthermore, tailoring the thermal conduc-
tivity anisotropy in composite PCMs could accelerate the
heat distribution during a TR event, thereby enhancing
the efficacy of the buffer.

« Environmental and Load Sensitivity: In order to sim-
ulate the operation in warmer environments, extending
the evaluation of the BTMS concepts to include ambi-
ent temperatures up to 45 °C and more intensive thermal
load profiles due to higher discharge rates is essential to
validate the system’s robustness for global deployment
and operation scenarios.

 Hydraulic Optimization in TR: Building on the pres-
sure loss identified due to the current pipe geometry and
conservatively high massflow rate, a topology-optimized
channel layout should be evaluated and a sensitivity
analysis focusing on reduced massflow rates should be
performed to minimize pumping requirements without
compromising thermal margins.

- Realistic TR Scenarios: The investigated TR scenario
involved the forced initiation of 13 cells within a period of
60s. This represents a rigorous test performed to sat-
isfy the CMT’s requirement for TR containment. Future
studies should focus on a realistic propagation scenario
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through overheating, where propagation is governed by
physical interaction rather than forced ignition to verify
the BTMS’ effectiveness under natural dynamics.
Variety of Failure Mechanisms: In addition to ther-
mal abuse, the BTMS should be evaluated against other
TR triggers, such as mechanical abuse (e.g. deforma-
tion or perforation through nail penetration) or electrical
abuse. Furthermore, effects such as venting and the
subsequent ignition of the released gases should be ad-
dressed in subsequent studies, as these were outside
the scope of the current analysis.

Integrative Safety Concepts: High-performance
thermal barrier materials offer significant potential to
mitigate intra-module and inter-module TR propagation.
Specifically, the integration of aerogel felts into the
hybrid cooling architecture should be investigated as a
secondary passive safety layer to prevent propagation
even in the event of active cooling system failure, as
they are lightweight, require no control or maintenance,
and carry no risk of leakage.
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