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Abstract

A computational fluid dynamics and conjugate heat transfer (CFD+CHT) methodology is
developed for the thermal simulation of a commercial prismatic LiFePOy cell under charg-
ing and discharging operating conditions. The approach couples a three-dimensional repre-
sentation of the battery, including a simplified description of its internal layered structure,
with an electrochemical-thermal heat-generation model implemented as a temperature-
and time-dependent volumetric source term. The heat source is applied within the active
layers of the cell and updated during the transient simulation according to the local ther-
mal state and to the evolution of the state of charge. The methodology is applied to 1C
and 2C cycles under natural convection and forced-air cooling at free-stream velocities of
10 ms~! and 20 ms~!. A dedicated wind-tunnel campaign is carried out on the same cell,
instrumented with type-K thermocouples distributed over its external surfaces, to provide
experimental data for model validation. The results show that the proposed framework
accurately reproduces the main wall-temperature trends observed experimentally. Under
natural convection, the temperature distribution remains nearly uniform, whereas forced
convection produces more pronounced vertical and in-plane gradients. For the charge
cycles, the comparison between CFD predictions and end-of-cycle measurements yields a
mean absolute error (MAE) of 0.66 °C and a root-mean-square error (RMSE) of 0.82 °C over
168 measurement locations. The discharge cycles yield a comparable level of agreement
(MAE 0.65 °C, RMSE 0.81 °C over 168 probe points), confirming the predictive capability
of the methodology for both operating modes.
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of automotive research and development. In battery electric vehicles (BEVs), the battery
pack is not only the primary onboard energy storage system but also one of the components
distributed under the terms and that most strongly influences vehicle safety, durability, efficiency, charging performance,
conditions of the Creative Commons and overall operating cost. Among the available electrochemical energy storage tech-
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applications owing to their high energy density, high power capability, low self-discharge
rate, and long cycle life. However, their performance and degradation behaviour are
strongly influenced by the operating temperature. Excessively high temperatures accelerate
ageing mechanisms and may lead to safety-critical conditions, whereas low temperatures
reduce power capability, charging efficiency, and available capacity [1,2].

Maintaining lithium-ion batteries within a controlled temperature range is therefore
essential to preserve performance, safety, and lifetime. In addition to limiting the maximum
cell temperature, an effective Battery Thermal Management System (BTMS) must minimise
thermal non-uniformities within the cell, module, and pack, since local hot spots and large
temperature gradients can accelerate degradation, impair electrochemical performance,
and increase the risk of thermal runaway. This requirement becomes particularly rele-
vant under demanding operating conditions, such as high C-rate cycling, fast charging,
and operation under extreme ambient temperatures. For this reason, recent studies have
focused on the development and comparison of different thermal-management strategies
aimed at improving heat dissipation and temperature uniformity in electric-vehicle battery
packs [3-7].

Several thermal management strategies have been proposed in the literature, including
air cooling, liquid cooling, phase-change-material-based systems, thermoelectric systems,
and hybrid solutions [8,9]. Air cooling is attractive because of its simplicity, low cost,
and ease of integration, but it usually provides a lower heat-transfer capability and may
lead to non-uniform temperature distributions. Liquid cooling generally offers higher
thermal performance and better temperature control, at the price of increased system
complexity, weight, and integration constraints. The selection and optimisation of a BTMS
therefore require numerical tools able to predict not only the maximum temperature of the
cell, but also the spatial distribution of temperature and the effect of the cooling flow.

Battery thermal modelling is challenging because several coupled physical phenomena
occur simultaneously. Heat is generated inside the electrochemical cell as a consequence
of irreversible losses and reversible entropic effects, while heat is transported through the
anisotropic layered structure of the battery and finally exchanged with the surrounding
fluid by convection. The classical energy balance proposed by Bernardi et al. [10] provides
a fundamental framework for estimating heat generation in electrochemical systems. Since
then, different modelling approaches have been developed, ranging from lumped thermal
models and equivalent-circuit electro-thermal models to physics-based electrochemical
models and fully three-dimensional computational fluid dynamics (CFD)/conjugate heat
transfer (CHT) simulations [11-13].

Besides the external heat-removal mechanism, the prediction of battery thermal be-
haviour requires a suitable description of the internal electrochemical heat-generation
process. Full-order electrochemical models based on porous electrode theory can provide
detailed information on the internal state of the cell, but their computational cost may
become prohibitive when they are coupled with three-dimensional thermal or CFD simula-
tions. For this reason, several reduced-order approaches have been proposed, including
control-oriented electrochemical models, single-particle models, equivalent-circuit models,
and model-order-reduction strategies for diffusion-dominated battery dynamics. These
models provide a practical compromise between physical consistency and computational
efficiency, making them suitable for coupling with CFD+CHT simulations through a time-
and temperature-dependent volumetric heat source [14-18].

Reduced-order and equivalent-circuit models are computationally efficient and well
suited for control-oriented applications and battery management systems. Their spatial
resolution is limited: they cannot directly describe the local interaction between the battery
surface and the external cooling flow. Three-dimensional CFD and CHT simulations
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solve the conductive heat transfer in the solid and the convective heat transfer in the
fluid consistently, providing detailed information on wall-temperature gradients, hot-spot
formation, and cooling-flow efficiency. The main limitation is computational cost, which
grows rapidly when the analysis is extended from a single cell to battery modules or full
packs, and which may restrict direct use in real-time monitoring or many-query design
procedures. A validated CFD+CHT model can serve as the high-fidelity physical basis
from which reduced or data-augmented models are derived for future monitoring and
optimisation of the BTMS [19-21].

A further difficulty is associated with the internal structure of prismatic lithium-ion
cells. The cell is composed of a large number of thin layers, including current collectors,
electrodes, separator, tabs, and external casing. This structure makes the thermal behaviour
anisotropic, since heat conduction along the electrode and collector planes differs from heat
conduction through the cell thickness. A fully resolved geometrical representation of all
internal layers would be prohibitively expensive for a CFD+CHT analysis intended to be
extended to larger assemblies. Therefore, an effective methodology should preserve the
main thermal features of the real layered architecture while keeping the computational cost
compatible with engineering design workflows.

Several CFD-based and electro-thermal methodologies have been proposed to address
these issues at different levels of detail. Panchal et al. [22] developed a transient elec-
trochemical heat-transfer model for a large-format prismatic LiFePO,/graphite cell and
validated it experimentally under different C-rates, highlighting the importance of transient
heat-generation modelling for predicting the thermal response of LFP cells. At module
level, Wang et al. [23] investigated the influence of cell arrangement and forced-air-cooling
strategies by means of three-dimensional CFD simulations, showing how the airflow con-
figuration strongly affects both the maximum temperature and the temperature uniformity
within the module. Chen et al. [24] compared different cooling concepts, including air
cooling, direct liquid cooling, indirect liquid cooling, and fin-based cooling, using an
electrochemical-thermal framework to assess the trade-off between cooling performance,
temperature uniformity, parasitic power consumption, and additional system weight.
Other studies have focused on detailed thermal characterisation and model validation for
prismatic cells. For instance, Kleiner et al. [13] developed and experimentally validated a
three-dimensional electro-thermal model of a prismatic lithium-ion cell under BEV-relevant
boundary conditions, while Akbarzadeh et al. [25] proposed a thermal characterisation
methodology for identifying heat capacity and anisotropic thermal conductivity and ap-
plied it to both cell- and module-level simulations. More recently, CFD+CHT approaches
have also been adopted in safety-oriented studies, such as the work of Kong et al. [26],
where conjugate heat transfer and CFD were coupled to investigate thermal runaway
evolution and jet fire in cylindrical 18650 cells under abuse conditions.

Despite these advances, most existing CFD+CHT frameworks for battery thermal
simulations rely on simplified electrochemical heat-generation formulations, typically
equivalent-circuit or lumped Bernardi-type models, that limit the physical fidelity of the
predicted heat-generation profile, particularly at high C-rates and over a broad temperature
range. The coupling of a physics-based electrochemical model, capable of resolving the
individual contributions of reversible entropy effects, reaction overpotentials, and ohmic
dissipation, with a three-dimensional CFD+CHT solver has received limited attention in the
literature. Furthermore, most validation studies compare CFD results with experimental
data obtained from separate setups, whereas dedicated campaigns in which the numerical
and experimental configurations are designed to match one another point by point remain
relatively uncommon.
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Within this context, the present work develops a CFD+CHT methodology for the
thermal simulation and experimental validation of a commercial prismatic LiFePOy cell.
The main contributions of the present work are threefold: (i) the integration of the Pseudo-
2-Dimensional (P2D) electrochemical-thermal model of Lagnoni et al. [27] into a three-
dimensional CFD+CHT solver. The physics-based heat-generation rate is pre-computed,
tabulated as a function of time and temperature, and applied as a volumetric source term
updated at each thermal time step. The model is adopted without modifications and with-
out any parameter adjustment to match the present measurements; (ii) a sensitivity analysis
of the internal layered representation of the prismatic cell, leading to the identification
of effective in-plane and through-plane thermal conductivity values for the simplified
geometry; and (iii) a dedicated wind-tunnel experimental campaign performed on the
same cell and under the same aerodynamic configuration considered in the numerical
model, enabling a direct point-by-point comparison between measured and simulated
wall temperatures.

The objective of this work is to develop a physically consistent yet computationally
efficient tool for predicting the wall-temperature evolution of a cell under different oper-
ating conditions. Natural convection and forced-air cooling are investigated for 1C and
2C charge and discharge cycles. The proposed approach represents a first step toward a
scalable methodology for the thermal analysis of battery modules and full battery packs,
where the accurate prediction of local temperature gradients is essential for the design and
optimisation of effective BTMS solutions.

2. Test Case

The test case considered in this work is a commercial ZG-LFPO60AH prismatic lithium
iron phosphate (LiFePOy) cell, shown in Figure 1a. The cell has a nominal capacity of 60 Ah,
a nominal voltage of 3.2 V, and external dimensions equal to 130 mm x 186 mm x 36 mm
(width, height, and thickness, respectively). The corresponding mass is approximately
1.685 kg. The main electrical and geometrical specifications are provided by the manu-
facturer datasheet [28]. The selected cell is representative of large-format prismatic LFP
batteries used in automotive and stationary energy-storage applications, where thermal
management is required to preserve performance, safety, and lifetime.

This cell has already been tested in a climatic chamber by Barbieri et al. [29], providing
a thermal reference dataset for the selected cell. The choice of this specific cell is also
motivated by the availability of a dedicated electrochemical-thermal heat-generation model
developed for the same 60 Ah graphite/LiFePO, prismatic cell by Lagnoni et al. [27]. The
model provides the cell heat generation as a function of the operating condition, including
state of charge and temperature. This feature makes it particularly suitable for coupling
with CFD+CHT simulations, since the internal heat production can be introduced in the
energy equation as a time- and temperature-dependent volumetric source term. The
implementation of this model within the numerical methodology is described in detail in
Section 3.1.

From a fluid-dynamic point of view, the prismatic geometry of the cell plays a central
role in the definition of the test case. In the wind-tunnel configuration considered in this
work, the incoming airflow impinges on the cell, which behaves as an isolated bluff body.
Owing to its sharp edges and finite thickness, the flow separates around the battery and
develops a wake downstream of the cell. This wake is characterised by recirculation regions
and large-scale unsteady structures, which affect the local convective heat transfer at the
cell surface.

The aerodynamic time scales associated with flow separation and wake development
are much shorter than the thermal time scales governing the temperature evolution of
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the battery during a charge or discharge cycle. The thermal response of the cell is mainly
driven by internal heat generation, solid conduction through the layered structure, and
convective exchange at the external surfaces. As a result, the wall temperature evolves
gradually over the duration of the operating cycle, whereas the external flow may exhibit
faster unsteady fluctuations. Directly resolving both phenomena throughout the entire
battery cycle would significantly increase the computational cost of the simulation.

For this reason, the test-case configuration includes a flat plate positioned downstream
of the battery, as shown in Figure 1b. The plate is aligned with the incoming flow and
is designed to limit the development of large-scale wake oscillations behind the cell. Its
purpose is to promote a quasi-steady recirculation pattern in the near wake and to obtain a
more stable velocity field around the battery. The same configuration is adopted in both the
numerical simulations and the experimental campaign, so as to ensure consistency between
CFD predictions and wind-tunnel measurements.

Plate

y S\

() (b)

Figure 1. Test case setup: battery cell and wind-tunnel configuration. (a) ZG-LFPO60AH prismatic
lithium iron phosphate cell. (b) Wind-tunnel configuration.

The resulting geometry, together with the symbols used for the characteristic dimen-
sions of the cell and of the splitter plate, is defined in Figure 2. The plate has a length
of Lsp = 210 mm and a height equal to that of the battery. Taking the battery thickness
D* = 36 mm as the reference dimension, the length ratio is Ls,/D* ~ 5.8. This value
was selected on the basis of published studies on splitter-plate effectiveness for finite bluff
bodies with comparable geometry. For finite circular cylinders of aspect ratio AR ~ 5,
vortex-shedding suppression is achieved for L/D 2 1.5 [30], while for finite rectangular
prisms, a similar threshold applies [31]. The prismatic battery has a cross-sectional depth
ratio CR = B/D* =~ 3.6 (where B = 130 mm is the cell width), a range in which the
impinging-shear-layer instability of the separated flow promotes unsteady reattachment
on the rear face [32,33]. The selected Ls,/D* ~ 5.8 is therefore a conservative choice that
ensures robust shedding suppression across all tested velocities.

The operating conditions investigated in the present work are summarised in Table 1.
Two C-rates, 1C and 2C, are considered for both charge and discharge, and each electrical
condition is combined with the three cooling configurations, namely natural convection
and forced convection at 10 and 20 m s}, for a total of twelve cases.

Once the external flow field has reached a stabilised condition, the subsequent ther-
mal transient is computed by activating the internal heat-generation term inside the bat-
tery. In this way, the convective heat transfer is evaluated on the basis of a nearly sta-
tionary aerodynamic field, while the temperature field evolves according to the coupled
conductive—convective heat-transfer mechanisms. This strategy reduces the computational
cost while retaining the main physical interaction between external cooling and internal heat
generation. The numerical details of the CFD+CHT implementation are reported in Section 3.3.
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Figure 2. Schematic of the battery cell and splitter-plate configuration. (a) Top view: L, W: streamwise
length and spanwise width of the cell body; G: gap between the cell trailing edge and the splitter-plate
leading edge; Lsp, e: streamwise length and thickness of the splitter plate. (b) Side view: H: height of
the cell body; Hsp: height of the splitter plate; Uc: free-stream velocity.

Table 1. Test matrix adopted for the CFD+CHT simulations and wind-tunnel validation. Each
electrical condition was combined with the three cooling configurations.

Mode C-Rate Airflow Duration
Charge 1C Natural, 10,20 ms™~! 60 min
Charge 2C Natural, 10, 20 ms~! 30 min
Discharge 1C Natural, 10,20 ms™~! 60 min
Discharge 2C Natural, 10, 20 ms~! 30 min

3. Numerical Methodology

The proposed methodology couples an electrochemical-thermal heat-generation
model with a three-dimensional CFD+CHT description of the battery and of the sur-
rounding cooling flow. The objective is to reproduce the transient thermal response of the
cell during charge and discharge cycles while maintaining a computational cost compatible
with future extensions to battery modules and packs.

The methodology is based on three coupled components. First, the electrochemical—-
thermal model provides the heat-generation rate as a function of time, state of charge,
and temperature. Second, the internal structure of the prismatic cell is represented
through a simplified but physically consistent layered geometry, able to reproduce the main
anisotropic thermal behaviour of the real cell. Third, the resulting solid model is coupled
with the external fluid domain through conjugate heat transfer simulations. The same
numerical configuration is then reproduced experimentally in the wind tunnel, allowing a
direct point-by-point comparison between computed and measured wall temperatures.

3.1. Electrochemical Model

The internal heat source adopted in the CFD+CHT simulations is derived from the Pseudo-
2-Dimensional (P2D) electrochemical-thermal model proposed by Lagnoni et al. [27] for a
60 Ah prismatic graphite/LiFePOy cell. The P2D framework, originally introduced by
Doyle, Fuller, and Newman, is based on porous electrode theory and provides a macroscale
homogeneous description of charge and mass conservation in both the solid electrode
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phase and the liquid electrolyte phase [27]. The model parameters were calibrated against
dedicated electrical characterisation tests reported in Lagnoni et al. [27] and are used here
in a fully predictive fashion, without any adjustment to the wind-tunnel measurements.
The reader is referred to Lagnoni et al. [27] for the complete governing equations and
parametrisation procedure.

The state of charge SOC is the normalised available charge of the cell, with SOC =1
corresponding to the fully charged condition and SOC = 0 to the fully discharged condition.
It is updated from the imposed current according to

SOC(t) = SOC(t) — /tt (') dt, (1)

C'nom 0
where Cpom is the nominal capacity of the cell. The current [ is taken as positive during
discharge and negative during charge. With this convention, Equation (1) yields a de-
creasing SOC during discharge and an increasing SOC during charge, so that the same
definition applies to both charge and discharge tests. This sign convention is adopted
consistently throughout the manuscript and in the numerical implementation of the
heat-generation model.

The C-rate is the current normalised by the nominal capacity and is defined as

1]

C-rate =
Cnom

, @)
so that a 1C cycle corresponds to a current that would ideally charge or discharge the cell
in one hour, while a 2C cycle corresponds to a nominal cycle duration of thirty minutes.
The corresponding evolution of the terminal voltage during a representative 2C charging
cycle, as predicted by the P2D model, is shown in Figure 3a.

The total heat generated per unit cell is obtained as the thickness-averaged sum of
three physical contributions resolved by the P2D model: the reversible (entropic) heat Qrev
associated with electrochemical reaction entropy changes, the irreversible reaction heat
Qpn related to activation overpotentials at the electrode-electrolyte interface, and the ohmic
dissipation Qpp in both the solid and electrolyte phases,

1

Lot

0=

Liot . . .
/0 (Qrev + Qrn + Qohm) dx, 3)

where Liot = Ly + Lg + Lp is the total active thickness spanning the negative electrode,
separator, and positive electrode. All three contributions depend on the instantaneous
electrochemical state and on the local cell temperature. In the present implementation,
the P2D model is solved in COMSOL 6.3 for a representative set of temperature values,
and the resulting heat-generation law is tabulated as a function of time and temperature.
This lookup table is then interpolated during the CFD+CHT calculation to provide the
instantaneous heat source at each thermal time step, as illustrated in Figure 3b.

The heat source is introduced in the CFD solver as a volumetric source term applied
only to the active layers of the battery. For each computational cell belonging to the active
material, the source term is computed as

fo(x, 1) = Mf 4)

act
where V. is the total active volume of the modelled cell. At each thermal time step,
the local temperature is read from the CFD solution, the corresponding heat-generation
value is evaluated through interpolation, and the volumetric source term is updated. This
procedure allows the heat production to depend on both the instantaneous charge state
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and the local thermal state of the cell, while avoiding the computational cost of an online
electrochemical simulation coupled to the CFD solver.

37 xlO5 X105
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35t 3 3 o
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=34 g 1 2 E
20 E
$33 = ;S
>
i
32H 0
O 500
3.1 OQ 20
~
3

900 1800
Time [s] t [S]

(a) (b)

Figure 3. Output of the P2D electrochemical model for a 2C charging cycle: (a) terminal voltage as a
function of normalised time; (b) volumetric heat-generation rate as a function of cell temperature
and time.

3.2. Internal Layering

The internal structure of a prismatic LFP cell consists of a periodic stack of electrochem-
ical layers. Each repeating unit comprises a negative electrode (graphite), a microporous
polymeric separator, and a positive electrode (LFP), sandwiched between metallic current
collectors [34]. This layered arrangement is the physical origin of the pronounced ther-
mal anisotropy exhibited by lithium-ion prismatic cells. Although the metallic current
collectors—aluminium (k ~ 205 Wm~'K~!) and copper (k¥ ~ 398 Wm~'K~!)—possess
high intrinsic thermal conductivity, their individual thicknesses (15-20 pm for Al, 6-10 um
for Cu) are small compared to those of the active electrode coatings (65-100 pm per side). As
a result, their contribution to the layer-averaged equivalent conductivity remains limited,
particularly in the through-plane direction, which is dominated by the low-conductivity
separator and porous electrode coatings.

Explicitly resolving every individual sublayer of the jelly-roll stack in a finite-volume
CFD discretisation would require a mesh cell count disproportionate to the scope of the
present thermal study: a full-scale prismatic cell may contain on the order of tens to
hundreds of repeating units, and resolving each metallic and electrochemical sublayer
individually would impose prohibitive memory and runtime costs without commensurate
benefit for the cell-level thermal field of interest.

To overcome this limitation, the active volume of the cell is represented through a
homogenisation strategy in which the real sublayer sequence is replaced by an alternat-
ing stack of two fictitious, homogenised layer types: active layers and passive layers. Each
fictitious layer is assigned an equivalent anisotropic thermal conductivity, computed an-
alytically from the thickness and conductivity of the real sublayers it replaces, so that
the resulting reduced-order stack reproduces the same overall thermal resistance—and
therefore the same anisotropic heat distribution—as the original layered structure, while
drastically reducing the number of mesh elements required. Figure 4 sketches the real
sublayer sequence, at true thickness scale, together with its grouping into the two fictitious
layer types.

The thickness, density, specific heat capacity and thermal conductivity of the
real sublayers used in the homogenisation are collected in Table 2. The equivalent
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anisotropic conductivities of the fictitious layers are obtained from the classical thickness-
weighted resistance models: the in-plane (parallel) conductivity is the thickness-weighted
arithmetic mean

k= Likiti ,
Liti
while the through-plane (series) conductivity is the thickness-weighted harmonic mean
k= Liti
iti/ki’

where t; and k; are the thickness and the thermal conductivity of the i-th real sublayer
replaced by the fictitious layer.

Table 2. Thickness t, density p, specific heat capacity c, and thermal conductivity k of the real
sublayers of the prismatic LFP cell, used to compute the equivalent anisotropic properties of the
active and passive fictitious layers.

t P c k

Layer (Material) (um) (kgm—3) a kg_qK_l) (Wm—1K-1)
Cu current collector 6-10 8933 385 398
Negative electrode (graphite) 65-90 2200 1100 1.04
Separator (PE/PP) 12-20 1200 1978 0.33
Positive electrode (LFP) 70-100 2500 1100 1.48
Al current collector 15-20 2702 903 205

Active layers incorporate the metallic current collectors together with the adjacent
electrode coatings and separator, following the sequence: copper current collector, negative
electrode, separator, positive electrode, and aluminium current collector. They are the sites
of volumetric heat generation during charge/discharge cycling. Their equivalent thermal
conductivity is anisotropic and was computed from the layer thicknesses and constituent
material properties: the in-plane conductivity, obtained from a thickness-weighted parallel
thermal-resistance model, is kj = 10 W m~1K~!, the thin but highly conductive Cu and Al
current collectors dominating the parallel sum.

Passive layers comprise only the electrochemically active materials—negative elec-
trode, separator, and positive electrode—without metallic conductors, and represent the
bulk of the jelly-roll volume between two consecutive active layers. No heat generation
is assigned to passive layers; they act solely as a conductive medium through which heat
generated in the active layers diffuses towards the cell’s external boundary. Removing the
metallic current collectors suppresses the dominant contribution to in-plane conduction,
yielding k| =1 Wm~ K™}, while the through-plane conductivity, already governed in
both layer types by the low-conductivity separator and porous electrode coatings, remains
k; =01Wm 1K1

The through-plane value k| = 0.1 Wm~!K~!, common to both layer types, is adopted
as a deliberately conservative lower bound rather than as a best estimate of the phys-
ical conductivity, and it is worth stating explicitly on what basis. Dedicated thermal-
characterisation measurements on prismatic and large-format cells report through-plane
conductivities about one order of magnitude higher than the value adopted here [25,35],
and the series model applied to the nominal sublayer properties of Table 2 gives the same
order of magnitude. The values collected in the literature are, however, widely dispersed,
and surveys of the thermal parameters adopted in thermoelectrochemical models report
through-plane conductivities as low as the one used here [36]. Both estimates, however, rest
on nominal material properties and on an ideally bonded stack. They do not account for the
electrolyte-filled porosity of the coatings and of the separator, nor for the thermal contact
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resistances at the numerous electrode/separator/current-collector interfaces of the wound
structure, which dominate cross-layer conduction in a real cell; the experimentally observed
dependence of the through-plane conductivity on the external compression pressure [35] is
a direct signature of the role played by these interfaces. The value adopted here therefore
lies at the lower end of the range reported in the literature, and is retained as a conservative
choice. Adopting this lower bound results in a reduced effective through-plane thermal
diffusivity, thereby producing a conservative overestimate of the internal through-thickness
temperature gradients—the prudent direction for the thermal-management and safety
assessment pursued in this work.

Nevertheless, the uncertainty associated with the effective through-plane conductivity
remains a limitation of the present model. Variations in k| may affect the internal-to-surface
thermal resistance, the transient wall-temperature response, and the redistribution of heat
within the cell. Since a dedicated sensitivity analysis with respect to k| was not performed,
its contribution to the CFD-experiment discrepancy cannot be quantified independently
and is retained as a source of model uncertainty.

The two-layer subdivision does not alter the total electrochemical heat released by the
cell. As stated in Equation (4), the volumetric source is defined as 4, = Q/ Vact, where Vit
is the total volume of the active layers actually present in the model. Since the source is
normalised by the same active volume over which it is applied, its integral over the active
layers returns exactly Q, independently of how many active and passive layers are used.
The total heat released is therefore conserved for any layer subdivision, and the number of
internal layers affects only the spatial distribution of the source within the cell, which is the
quantity assessed in the layer-sensitivity analysis of Section 5.2.

This two-layer homogenisation approach is designed to reproduce, at a fraction of the
computational cost of a fully resolved model, the macroscopic thermal anisotropy of the cell’s
active volume, consistently with the anisotropic heat distribution observed experimentally.

Layer structure

Current collector

COPPER (Cu) |6-10 pm -
Negative electrode
GRAPHITE 65 - 90 pm
g
g >
Separator ’ 3 =
PE/PP 12 - 20 pm ; g
1= @
° @
(] ="
Positive electrode
LFP (LiFePO4) 70 - 100 ym
Current collector . -
ALUMINIUM (Al) |15-20pm

Figure 4. Schematic representation of the internal layer sequence of the prismatic LFP cell (true
thickness scale), showing the grouping of sublayers into active and passive fictitious layers used in
the homogenised thermal model.

3.3. CFD+CHT Coupling

The thermal behaviour of the prismatic cell was simulated by means of unsteady
Reynolds-averaged Navier-Stokes simulations coupled with conjugate heat transfer. In the
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present work, the term URANS is used for the transient simulations in which the Reynolds-
averaged flow equations are advanced in time. The preliminary steady calculations used
for initialisation are referred to as steady RANS calculations.

The flow is considered incompressible and Newtonian. The Reynolds-averaged conti-
nuity and momentum equations solved in the fluid domain are

V.a=0, ()

p(%‘t‘+u~w>:—Vp+v[y(Vu+VuT)—pu/u'}, (6)
where 1 is the Reynolds-averaged velocity vector, p is the mean pressure, p is the fluid
density, u is the dynamic viscosity, and —pu’u’ is the Reynolds-stress tensor.

The air density is treated as constant in Equation (6) and no gravity or buoyancy
term is retained. A dedicated set of preliminary simulations was conducted including the
Boussinesq buoyancy approximation, i.e., adding the body-force term —pcog B(T — Teo) to
the right-hand side of Equation (6), with  the thermal expansion coefficient of air and
T the ambient temperature, and the results were compared with the constant-density
formulation. For the forced-convection cases, which represent the main operating con-
ditions addressed in this work, the differences in the predicted wall temperature were
below 0.05%, confirming that buoyancy is negligible with respect to the externally im-
posed airflow. For the zero-inlet-velocity cases, where buoyancy-driven motion can in
principle develop, the differences remained below 0.2%, i.e., of the same order as the
spatial-discretisation uncertainty quantified in Section 5.1. Within the temperature range
and cycle durations investigated here, density variations therefore do not measurably affect
the predicted wall temperatures, and the constant-density formulation was retained for
all the simulations reported in the following in order to limit the model complexity. Since
the buoyancy-augmented formulation was verified to reproduce the same wall tempera-
tures, the zero-inlet-velocity cases are referred to as natural-convection cases throughout
the manuscript.

The Reynolds-stress tensor is closed by means of the Boussinesq hypothesis for the
turbulent stresses,

— u;  Oou;
_pu:u;‘ = Mt (g:l]l + axi> — %Pkéz]/ (7)
where y; is the turbulent viscosity and k is the turbulent kinetic energy. The SST k-w
turbulence model is adopted because of its robustness in the prediction of near-wall flows,
adverse pressure gradients, and separated regions, which are expected around the sharp
edges of the prismatic cell.
The energy equation is solved in the fluid domain as

T _ _
pcp<%t—|—u~VT>:V-KKf—|—P;:p)VT}, (8)
t
where ¢ is the specific heat capacity, xy is the fluid thermal conductivity, and Pr; is the

turbulent Prandtl number.
In the solid regions, the transient heat-conduction equation is solved as

oT.
PSCP/ST: =V (.VTs) + o, )

where ps, cp s, and x are the density, specific heat capacity, and thermal-conductivity tensor

of the solid material, respectively. The volumetric source term 4, is non-zero only in the
active layers of the cell and is computed according to Equation (4).
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At the fluid-solid interfaces, conjugate heat transfer is enforced by imposing the
continuity of temperature and heat flux:

Tf =T, (10)

—KfVTf -n=—x;VTs-n, (11)

where the subscripts f and s denote the fluid and solid sides of the interface, respectively,
and n is the interface normal vector.

3.4. Simulation Setup

The computational domain was defined using the battery height H as the reference
length. The cell was positioned sufficiently far from the inlet to allow the incoming flow to
develop before interacting with the battery, while the downstream extension was selected
to avoid outlet interference with the wake. The domain extends 25H in the streamwise
direction and 6H x 6H in the two cross-stream directions, with the leading edge of the cell
located 7H (1.3 m) downstream of the inlet and 18 H upstream of the outlet. Figure 5 shows
the computational domain and the main boundary conditions adopted in the simulations.

25H
H=battery width

Figure 5. Computational domain and boundary conditions adopted for the CFD+CHT simulations of
the prismatic cell.

For the forced-convection cases, a uniform velocity is imposed at the inlet (blue
boundary in Figure 5),
Uin = (uinr 0, O)r (12)

with Uy, = 10 ms~! or 20 ms~!. The inlet turbulence is specified through the turbulence
intensity and the turbulent length scale. The intensity is set to 0.9%, equal to the value
measured in the empty test section of the wind tunnel (see Section 4), and the length
scale to ¢ = 18 mm, i.e., half the reference dimension of the cell (¢//D* = 0.5), so that the
energy-containing eddies of the incoming stream are smaller than the body they invest. For
natural convection, no imposed incoming flow is applied. The inlet air temperature is set
equal to the experimentally measured ambient temperature. The initial temperature of the
solid region (battery and support) is likewise set equal to the ambient value, consistently
with the experimental conditions at the start of each test. A pressure-outlet condition is
imposed at the outlet (red surface in Figure 5), no-slip conditions are applied on the battery,
support, flat-plate, and ground surfaces (green and grey surfaces in Figure 5), and a slip
wall condition (zero tangential stress, zero normal velocity) is imposed on the lateral and
top boundaries of the domain. The no-slip condition on the ground boundary reproduces
the wind-tunnel floor, which generates a turbulent boundary layer upstream of the cell;
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the height of the 3D-printed support was dimensioned accordingly, so as to position the
battery at the appropriate distance from the floor, consistently with the experimental setup.

The fluid domain was discretised with a hexa-dominant unstructured mesh, whose
cell size is progressively refined towards the cell and its near wake and coarsened towards
the far-field boundaries, while near-wall prism layers were introduced on the battery and
support surfaces in order to resolve the boundary-layer region and improve the prediction
of the convective heat transfer. The SST k-w model was used with a low-Reynolds near-wall
treatment, i.e., the viscous sublayer is resolved rather than bridged by a wall function.
Accordingly, the prism-layer mesh on the battery and support surfaces was designed so
that the wall-normal coordinate of the first cell centroid satisfies y* a 1 at the highest
free-stream velocity, U, = 20 ms~!, which is the most demanding condition. The stack
consists of 18 prism layers with a first-layer thickness of 0.03 mm and a geometric growth
rate of 1.2, followed by two additional transition layers used to match the last prism to the
size of the adjacent volume cells, for a total prism-layer thickness of approximately 3.8 mm.
This thickness is of the same order as the near-wall shear-layer thickness developing along
the lateral faces at the highest velocity, so that the region controlling the convective heat
flux is contained within the structured near-wall mesh. The solid regions were discretised
consistently with the internal layered structure of the cell, ensuring that active and passive
layers were represented as separate volumetric regions. The flow and energy equations
were solved with a finite-volume method, using second-order upwind schemes for the
convective terms of the momentum, energy and turbulence equations, and a second-
order implicit scheme for time advancement. A pressure-based coupled algorithm was
adopted, in which the momentum and pressure-based continuity equations are solved
simultaneously rather than sequentially; this choice is significant for the present transient
strategy, because the coupled formulation remains robust at the large convective Courant
numbers associated with the time step used in the thermal phase, which a segregated
pressure-correction scheme would not tolerate as efficiently. Fifteen inner iterations were
performed within each time step, which were verified to be sufficient for the scaled residuals
of the continuity, momentum, turbulence and energy equations to meet the convergence
criteria before advancing in time. Convergence was further monitored through the relative
change of the battery surface temperature between consecutive time steps, which remained
below 1%. More details on the grids considered in the present study and the assessment of
grid independence are provided in Section 5.1.

Transient Simulation Strategy

A dedicated transient strategy was adopted to separate the initialisation of the external
flow field from the thermal evolution of the battery. The procedure consists of three steps.

First, a steady RANS simulation without internal heat generation is performed. Con-
vergence is assessed through the monitoring of the flow residuals, which are required to
reach a sufficiently low level before advancing to the next phase. Second, the simulation is
advanced in unsteady RANS mode without heat generation using a second-order implicit
time discretisation and a time step of At = 10~* s, in order to develop the unsteady velocity
field around the battery and the downstream flat plate. The transition to the third phase is
triggered when the flow field in the vicinity of the cell has reached a stationary condition,
as confirmed by the stabilisation of the instantaneous velocity and pressure fields and
by the absence of significant low-frequency oscillations in the monitored flow quantities.
Third, the coupled CFD+CHT transient is started: the volumetric heat source is activated
inside the active layers, the time step is increased to At = 10 s and kept constant for the
entire duration of the electrical cycle, while the second-order implicit time discretisation is
retained for consistency with the previous phase.
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The value At = 10 s adopted in the third phase is much larger than the convective time
scale of the external flow, and it is therefore worth clarifying why it does not compromise the
solution. The reason is twofold. First, the time integration is performed with a second-order
implicit scheme, which is unconditionally stable: the large convective Courant number
associated with At = 10 s at Uy, = 10-20 ms—! does not violate any stability limit. Second,
and more importantly, the accuracy requirement in the third phase is set by the thermal
problem and not by the aerodynamic one. The two phenomena are separated by several
orders of magnitude in time scale: the aerodynamic field develops over O(H/U;,) ~ 10725,
whereas the wall temperature evolves over the duration of the electrical cycle, O(10°) s.
The velocity field and the resulting mean convective heat-transfer coefficient are brought
to a statistically stationary state in the second phase with At = 10~# s, and they no longer
evolve on the slow thermal time scale. In the third phase, At must therefore resolve only the
slow thermal transient, not the fast turbulent fluctuations, whose instantaneous effect on the
cycle-scale wall temperature averages out. The adequacy of At = 10 s was verified through
a dedicated time-step sensitivity test, in which the whole thermal transient of the 2C charge

caseatv =20 ms~!

, i.e., the most demanding condition of the test matrix, was repeated
with At =1, 5 and 10 s. The predicted wall temperatures at the probe locations differed
by less than 1%, i.e., by a negligible amount compared with the numerical-experimental
deviations discussed in Section 6. Time steps larger than 10 s were not considered, so as to
keep the convective Courant number within a range for which the second-order implicit
scheme retains its formal accuracy. The adequacy of the adopted time step during the
thermal transient was further verified by checking that the relative temperature increase
at the battery surface between consecutive steps remained below 1%, confirming that the
selected At was sufficient to capture the relevant thermal gradients. At each time step,
the heat-generation routine reads the local temperature of each active control volume and
updates 4, according to the interpolated electrochemical-thermal model. The simulated
physical time is equal to 60 min for 1C cycles and 30 min for 2C cycles.

This strategy allows the flow field to be stabilised before the heat source is introduced,
while the subsequent battery heating is computed with a time step appropriate for the
thermal dynamics. As a result, the method retains the coupling between surface heat
transfer and internal heat generation without requiring the full operating cycle to be
resolved at the smallest aerodynamic time scale.

4. Experimental Validation

The experimental campaign was carried out in the wind tunnel of the Department
of Civil and Industrial Engineering of the University of Pisa. The objective of the tests
was to provide a reliable dataset for the validation of the CFD+CHT model by measuring
the wall-temperature distribution of the cell under controlled electrical and aerodynamic
operating conditions.

Probe positioning is referred to the instrumented-battery layout shown in Figure 6.
The same probe locations are used later for the extraction of CFD temperatures, so that nu-
merical and experimental data are compared point by point on the external battery surface.

The facility is a subsonic closed-jet wind tunnel with an open test section. The test
section has a circular cross-section with a diameter of 1.10 m and a length of 1.42 m, and
it can operate in a velocity range between 5 and 35 ms~!. The free-stream turbulence
intensity is approximately 0.9%. The reference frame is defined with the x-axis aligned
with the incoming flow, the z-axis directed vertically upward, and the y-axis completing
the right-handed system.

The battery was mounted on the mid-plane of the test section by means of a dedicated
3D-printed support. The same downstream flat plate used in the numerical model was also
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included in the experimental setup, in order to ensure consistency between the CFD and
wind-tunnel configurations. The electrical connections were arranged so as to minimise
their influence on the external flow field.

The thermal instrumentation consisted of one Pt100 thermoresistance used to measure
the ambient air temperature and 28 type-K thermocouples mounted on the external surface
of the battery. The thermocouples were arranged on four horizontal planes along the cell
height, as shown in Figure 6. Since preliminary tests showed a substantially symmetric
temperature distribution with respect to the vertical mid-plane aligned with the incoming
flow, thermocouples were installed on only one of the two lateral faces.

The thermocouples were attached to the external surface of the cell by means of
aluminium adhesive tape, with the junction pressed flat against the wall and fully covered
by the tape, so as to minimise both the thermal contact resistance and the exposure of
the junction to the external airflow. The leads were routed along the local isotherms for
a short distance before leaving the surface, in order to limit the conduction error along
the wires. The same attachment procedure, the same tape and the same patch size were
used at all 28 locations, in order to minimise systematic differences among the probes;
however, residual local attachment and airflow effects cannot be completely excluded. The
signals were acquired through a National Instruments NI 9219 module. The module has
a 24-bit ADC and a NIST-traceable factory calibration, applies per-channel cold-junction
compensation, and converts the thermoelectric voltage to temperature using the ITS-90
reference functions [37,38]. No further in-house calibration of the individual thermocouples
was performed; the calibration relied on the traceable calibration of the acquisition chain,
complemented by the in situ differential check described below.

The nominal type-K tolerance of £1.5 °C (IEC 60584-1, Class 1) [38] is a worst-case
sensor-lot value and is not representative of the uncertainty of the present measurement
chain. The relevant figure is the accuracy of the calibrated acquisition chain, documented
in the module specifications [39]: on the thermocouple (£125 mV) range the offset error
is £120 ppm of range (about +0.37 °C) and the gain error is £0.1% of reading, while the
cold-junction-compensation accuracy is &1 °C. Combining these contributions, the absolute
temperature accuracy is approximately +1 °C, dominated by the cold-junction compensation.

Since spatial temperature differences over the cell surface constitute an important
component of the validation, the channel-to-channel consistency of the acquisition system
was also assessed. This quantity should be distinguished from the complete uncertainty
associated with spatial temperature differences during operation. The assessment was
performed in situ from the isothermal rest condition preceding each test: with no applied
current and the wind tunnel switched off, all 28 thermocouples equilibrate to the same
ambient temperature and must therefore read the same value, so that their spread is a direct
measure of the channel-to-channel consistency. Applying a per-channel offset correction
derived from this condition removes the common cold-junction bias together with the
individual channel offsets, leaving a residual scatter at the level of the module input noise
and gain matching, i.e., within £0.1 °C. This residual scatter should therefore be interpreted
as a measure of the channel-to-channel consistency under the initial isothermal condition,
rather than as the complete uncertainty of spatial temperature differences during the
experiment. Additional contributions associated with thermocouple characteristics, surface
attachment, local airflow around the junction and leads, and temperature-dependent effects
were not independently quantified in the present campaign. Repeating the isothermal soak
at the beginning of every test also provides a run-to-run repeatability check. Each operating
condition of the test matrix was repeated three times, and the end-of-cycle temperatures
were reproducible to within £0.2 °C; the values reported in the following are the averages
over the three repetitions.
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The wind-tunnel air temperature is not actively controlled. All tests were therefore
performed within a narrow ambient window of 22.5-24.5 °C, in the same season and at the
same time of day, discarding the warmer days, and the measured temperatures were nor-
malised to a common reference ambient of 23.5 °C. This normalisation is justified because,
under convective cooling, the steady temperature rise above ambient AT = Q/(hA) is set
by the heat generation and by the convective conductance and is essentially independent
of the absolute ambient level (Newton’s law of cooling); over a window of only +1 °C, the
air properties and the convective heat-transfer coefficient are unchanged, so that the cell
temperature field shifts rigidly with the ambient temperature. This near-linear, nearly one-
to-one shift of the cell temperature with the ambient level is consistent with experimental
studies that characterise the temperature field of prismatic cells over ambient ranges of
several tens of degrees, far wider than the 2 °C window adopted here [40,41].

Charge and discharge cycles were imposed using a battery cycler composed of a
60 V-250 A Ametek SPS60x250-K02D (AMETEK Programmable Power, San Diego, CA,
USA) charger and a 60 V-500 A Zentro-Elektrik EL6000 discharger (Zentro Elektronik, Bad
Wildbad, Germany). Voltage and current were measured using a National Instruments
DAQ 9219 (National Instruments Corporation, Austin, TX, USA) with an acquisition rate
of 100 ms. The complete acquisition system was synchronised through LabVIEW, version
16.0 (2016), allowing the electrical quantities, wind-tunnel conditions, ambient temperature,
and thermocouple measurements to be recorded consistently during the whole test.
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Figure 6. Thermocouple layout adopted on the external surfaces of the prismatic LiFePOy cell. This
layout defines the probe positions used for the experimental acquisition and for the extraction of the
corresponding CFD temperatures.

The experimental setup was therefore designed to reproduce, as closely as possible,
the physical conditions imposed in the CFD+CHT model. The resulting dataset is used in
Section 6 to validate the numerical temperature field on the external surface of the battery.

5. Grid and Layer Sensitivity

Before analysing the operating conditions in the test matrix, two numerical sensitivity
checks were performed. The first one concerned the computational grid used in the fluid
and solid domains, while the second one concerned the number of equivalent internal
layers used to represent the battery stack. The objective was to identify a configuration that
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was sufficiently resolved for the present heat-transfer problem while remaining compatible
with future extensions to module-level calculations.

5.1. Grid Sensitivity

The grid sensitivity was assessed by comparing the wall-temperature field and the
main wake features for progressively refined meshes. Particular attention was paid to the
near-wall prism layers on the battery surfaces, because the local thermal boundary layer
controls the convective heat flux exchanged between the cell and the external flow. The
selected grid preserves the location of the main recirculation region behind the battery
and provides stable values of the surface temperature at the thermocouple locations. This
check is especially relevant for the forced-convection cases, where the thermal gradients are
driven by the interaction between the separated wake, the downstream flat plate, and the
local convective heat-transfer coefficient.

Several mesh refinement levels were considered in order to define the final compu-
tational grid. The sensitivity analysis was carried out by comparing the maximum and
minimum temperatures predicted in the battery measurement regions at the end of the
charging cycle. These quantities were selected because they provide a direct indication of
both the peak thermal response and the spatial temperature range expected at the locations
used for numerical-experimental comparison. The results of the mesh sensitivity analysis
are summarised in Table 3.

Table 3. Mesh sensitivity analysis based on the maximum, minimum and mean temperatures
evaluated in the battery measurement regions.

Cells Tmax Tinin Tavg
Mesh Level (x105) °C) (°C) e
Coarse mesh 0.3 33.67 26.43 30.22
Medium mesh 0.7 32.01 25.78 29.31
Fine mesh 15 31.05 25.97 28.07
Extra-fine mesh 3.0 30.98 25.95 28.02

The temperature extrema show that the solution becomes nearly insensitive to further
refinement when moving from the fine to the extra-fine mesh.

Refining the mesh from the selected fine grid (1.5 x 10° cells) to the extra-fine grid
(3.0 x 10° cells) modifies the predicted extrema by less than 0.25% (Tmax from 31.05 to
30.98 °C, Tynin from 25.97 to 25.95 °C) and the mean wall temperature by 0.18% (28.07 to
28.02 °C). The selection of the fine grid was based on this trade-off, namely the almost neg-
ligible differences in the predicted temperature extrema compared with the extra-fine grid,
together with its significantly lower computational cost. We also remark that the sensitivity

1 j.e., the condition with the

study was carried out for the 2C charge case at v = 10 ms™
strongest variation of the temperature along the cell surface. Under forced convection, the
local extrema are governed by the near-wall prism-layer resolution on the fluid side, which
resolves the spatial variation of the convective heat-transfer coefficient, rather than by the

through-thickness discretisation of the solid, which is addressed separately in Section 5.2.

5.2. Layers Sensitivity

Before analysing the thermal behaviour of the battery under the different operating
conditions, a sensitivity analysis was performed on the number of internal layers used in
the CAD representation of the cell. The test was carried out for the 1C cycle under natural-
convection conditions, which was selected as a reference case to evaluate the influence of the
internal layering on the predicted thermal response. This analysis was aimed at selecting a
geometrical configuration able to preserve the thermal response of the real layered structure
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while reducing the number of volume elements and, consequently, the computational cost
of the CFD+CHT simulations. Figure 7 reports the mean temperature of the active volume
as a function of the number of internal layers, together with the corresponding number of
volume elements.
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Figure 7. Sensitivity analysis on the number of internal layers used in the CAD representation of the

cell for the 1C charge cycle under natural-convection conditions. The mean temperature of the active

volume at end of cycle is reported together with the corresponding number of volume elements.

The results show that the mean temperature decreases progressively as the number of
internal layers increases, approaching an asymptotic value for the most refined configura-
tions. This behaviour indicates that a more detailed representation of the internal layered
structure improves the description of heat conduction within the cell, but also leads to a
significant increase in the number of volume elements. The configuration with 15 internal
layers was therefore selected as a compromise between accuracy and computational effi-
ciency. It provides an acceptable deviation from the most refined cases while substantially
reducing the size of the computational domain and the associated simulation time.

The difference between the selected configuration and the most refined one can be
quantified explicitly: the mean temperature of the active volume at end of cycle is 33.01 °C
for the 15-layer model and 32.93 °C for the 21-layer model, i.e., a difference of 0.08 °C,
or 0.24%, obtained with 2.7 times fewer volume elements (1.5 against 4.1 million). This
residual difference is of the same order as the spatial-discretisation error quantified in
Section 5.1 (0.18-0.25% between the fine and the extra-fine grid), so that neither of the
two discretisation parameters dominates the numerical uncertainty of the present setup.
It is also useful to distinguish the roles of the two discretisation parameters examined in
this section. The internal layer count controls the anisotropic heat conduction through
the thickness of the cell, i.e., the internal temperature distribution, whereas the local
temperature extrema on the external surface under forced convection are controlled by
the near-wall grid resolution on the fluid side discussed in Section 5.1. The selected
combination of fine mesh and 15 internal layers therefore represents the best compromise
between local temperature accuracy and computational cost for both mechanisms.
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To complement the analysis based on the temperature extrema and on the mean
active-volume temperature, Figure 8 compares the time evolution of the wall temperature
at three representative thermocouple locations for the different mesh and layer resolutions,
using as test case 2C charge cycle at v = 10 ms~!. The curves are practically indistin-
guishable, confirming that the selected configuration reproduces not only the temperature
extrema and the mean level, but also the local temperature histories at the probe positions
used for the numerical-experimental comparison.

32 1 32
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Figure 8. Time evolution of the wall temperature at three representative thermocouple locations
for the 2C charge cycle at v = 10 ms L. (Left): Fine (solid) and extra-fine (dashed) mesh; (Right):
15-layer (solid) and 21-layer (dashed) internal discretisation.

6. Results

In this section, the CFD+CHT results are first interpreted in terms of wall-temperature
distribution, flow-field effect, and thermal uniformity. The numerical predictions are
then compared with the experimental measurements acquired during the wind-tunnel
campaign. The comparison is carried out at the thermocouple positions shown in Figure 6,
which define the common probe locations for the experimental acquisition and for the
numerical post-processing.

Before discussing the individual operating conditions, it is important to note that both
the numerical and experimental results show a substantially symmetric wall-temperature
distribution with respect to the xz plane, i.e., the vertical plane aligned with the main
flow direction. As a consequence, the thermal behaviour on the two lateral faces can be
considered equivalent, and the comparison between CFD and experiments can be discussed
on the basis of the selected measurement planes and surface probes.

The temperature distributions are compared at the same normalised time instants of
the cycle. In the following, the normalised time T is defined as

T ey, (13)
tcycle

where £,y is the physical time and .y is the total duration of the considered charge or
discharge cycle. In this way, the selected instants are independent of the specific C-rate and

represent the same relative stage of the operating cycle.
For both 1C and 2C cycles, and for both charge and discharge conditions, the battery
heating is approximately monotonic over time. The thermal evolution follows the response
surface obtained from the interpolation of the electrochemical-thermal model implemented
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in the CFD code. This confirms that the coupling strategy adopted between the volumetric
heat-generation law and the conjugate heat-transfer model is able to reproduce consistently
the progressive increase in wall temperature throughout the cycle.

Since the methodology is transient, the validation is not restricted to the end-of-cycle
condition nor to a single probe. This behaviour is illustrated in Figure 9, where the time
evolution of the wall temperature is compared with the corresponding CFD prediction at
three representative thermocouple locations and for three different operating conditions:
the 2C charge cycle at v = 10 ms~! (Figure 9a), the 2C discharge cycle at the same air
velocity (Figure 9b) and the 2C charge cycle at v = 20 ms~! (Figure 9c). The transient
comparison therefore covers both cycle directions and two different convective regimes.
The probes are distributed both along the cell height and along the curvilinear coordinate S:
S=4lmmatz=H/4,S =161 mmatz=3H/4,and S = 101 mm atz = 7H /8. Here, S
is the curvilinear coordinate, expressed in millimetres, measured along the external surface
from the outer edge of the front face, around the lateral face, to the outer edge of the rear
face. The three probes therefore sample both the front and the rear portions of the lateral
surface and three different heights.

In all three cases, the overall temperature rise is approximately monotonic at all
three locations, and the CFD prediction follows the experimental transient throughout
the cycle, reproducing not only the temperature level but also the vertical stratification:
the probe closest to the top of the cell remains consistently colder than the two lower
ones, and the model captures the separation between the two groups of curves from
the very beginning of the transient. A transient reduction in the rate of temperature
increase, associated with the drop in volumetric heat-generation rate visible in Figure 3b, is
reproduced by the CFD model and is also identifiable in the experimental measurements.
The agreement observed at the end of the cycle is therefore representative of the whole
thermal transient rather than of a single time instant.

The discharge cycle of Figure 9b and the higher-velocity charge cycle of Figure 9c
show the same behaviour: the ordering of the three probes, the overall heating rate and
the change of slope in the central part of the cycle are reproduced in both cases, showing
that a comparable quality of the transient prediction is obtained for the investigated cycle
directions and convective conditions. In all three conditions, the largest deviation is found
at the lowest probe (S = 41 mm, z = H/4), where the model underestimates the measured
temperature over the final part of the cycle, consistently with the maximum local error
discussed later in this section.

Thermal uniformity was evaluated using three complementary scalar indices com-
puted at the N = 28 thermocouple probe locations at the end of each cycle. The temperature
spread and the standard deviation are defined as

AT = Tax — Tmin/ (14)
1N 2
T = N Z(Ti - Tavg) ’ (15)

i=1

where T; is the temperature at the i-th probe and Tayg is the mean over the N probes. A
third index is the uniformity index v, following the scalar formulation adopted in CFD
analysis of flow and temperature distributions [42],

1 N

N Tavg ;|Ti - Tavg

y=1- , (16)
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where v = 1 corresponds to a perfectly uniform field and 4 — 0 to maximum non-
uniformity. All three indices are evaluated with temperatures expressed in degrees Celsius.
This choice is essential for : if temperatures are expressed in Kelvin, the mean denominator
Tavg ~ 300 K greatly exceeds the typical battery temperature spreads (O(1-10 °C)), forcing
7 — 1 for every case and suppressing its discriminating power. It must be acknowledged
that, for this same reason, y as defined in Equation (16) is not invariant under a change of
temperature scale: its value depends on the arbitrary zero of the scale through T,yg. Degrees
Celsius are adopted here because they are the de facto standard for thermal-uniformity
metrics in battery thermal management, where both the reported temperatures and the
design constraint AT < 5 °C are conventionally expressed in °C. For completeness, and in
order to provide a metric that is independent of the temperature reference, a normalised
uniformity index is also defined as

1

N
f=1-—— VYT, - T,
/y NATreflg‘ 1 an

, (17)

where AT, is a fixed, physically motivated reference temperature difference. In the present
work, AT, = 5 °C is adopted, corresponding to the commonly used upper limit for accept-
able temperature non-uniformity in battery thermal-management applications. Since AT,q¢
is defined independently of the present dataset and represents a temperature difference
rather than an absolute temperature, 7* is both dataset-independent and invariant under a
change of temperature scale. The values of v* are reported alongside - in Tables 4 and 5.

Table 4. Thermal uniformity indices at end of cycle for the charge cases, computed on the
N = 28 probe locations. All temperatures in °C. " is the reference-independent index of Equation (17),
evaluated with AT, =5 °C.

C-Rate  Cooling Condition  Source Tmax Tavg AT or 0% r*
1C Natural convection CFD 34.23 32.12 3.25 0.961 0.9755 0.843
EXP 33.04 32.38 1.53 0.394 0.9904 0.938

v=10ms"! CFD 29.06 27.55 2.61 0.766 0.9763 0.869

EXP 28.92 28.14 1.89 0.545 0.9836 0.908

v=20ms"! CFD 27.28 25.77 2.82 0.755 0.9758 0.875

EXP 27.22 25.44 3.45 1.053 0.9638 0.816

2C Natural convection CFD 41.78 39.36 4.17 1.257 0.9735 0.791
EXP 41.38 39.54 3.29 0.935 0.9796 0.839

v=10ms! CFD 33.13 30.25 5.16 1.437 0.9616 0.768

EXP 34.27 30.69 6.42 1.777 0.9541 0.718

v=20ms! CFD 31.08 28.07 5.24 1.462 0.9579 0.764

EXP 32.14 28.59 6.59 1.896 0.9432 0.675

Table 5. Thermal uniformity indices at end of cycle for the discharge cases, computed on the
N = 28 probe locations. All temperatures in °C. y* is the reference-independent index of Equation (17),
evaluated with AT, =5 °C.

C-Rate  Cooling Condition  Source Tiax Tavg AT or ¥ r*
1C Natural convection CFD 33.71 31.63 3.22 0.950 0.9754 0.844
EXP 32.54 31.88 1.53 0.394 0.9902 0.938

v=10ms! CFD 28.26 26.77 2.59 0.756 0.9760 0.872

EXP 28.12 27.34 1.89 0.545 0.9831 0.908

v=20ms"! CFD 26.88 25.36 2.83 0.758 0.9753 0.875

EXP 26.82 25.04 3.45 1.053 0.9632 0.816

2C Natural convection CFD 41.28 38.86 4.16 1.251 0.9733 0.792
EXP 40.88 39.04 3.29 0.935 0.9794 0.839

v=10ms™! CFD 32.26 29.36 5.18 1.440 0.9603 0.767

EXP 33.37 29.79 6.42 1.777 0.9527 0.718

v=20ms! CFD 30.79 27.77 5.25 1.465 0.9573 0.763

EXP 31.84 28.29 6.59 1.896 0.9426 0.675
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Figure 9. Time evolution of the wall temperature at three representative thermocouple locations:
S=41mm,z=H/4,S =161 mm, z = 3H/4; S = 101 mm, z = 7H /8. CFD predictions (solid) are

compared with the experimental measurements (dash). (a) 2C charge cycleatv = 10 m s~ L; (b) 2C
discharge cycle at v = 10 ms~!; (c) 2C charge cycle at v = 20 ms~ 1.

Comparing the two indices is instructive. For the experimental data the two rankings
coincide, and the conclusion that the natural-convection cases are the most uniform and
the 2C forced-convection case at 20 ms~! the least uniform is confirmed by both indices.
For the CFD data at 1C, however, the two indices disagree: y ranks the natural-convection
case (7 = 0.9755) as marginally more uniform than the forced-convection case at 20 m s!
(v = 0.9758) is, whereas 7* reverses the order (0.843 against 0.875). The origin of the
discrepancy is precisely the reference dependence of v: the natural-convection cases have a
much higher mean level (Tayg = 32.12 against 25.77 °C), and normalising the deviations by
Tavg rewards the hotter case. The reference-independent index «* is therefore preferable
when cases at appreciably different mean temperature levels are compared, while v is
retained here for continuity with the literature [42]. The differences affect only cases whose
uniformity is nearly identical, and none of the conclusions drawn in the following depends
on the choice of index.

Together, the three indices serve complementary roles. The index v provides a sin-
gle scalar for ranking all cases by uniformity. The range AT allows direct comparison
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against the common battery thermal management constraint of AT < 5 °C. The standard
deviation o7 characterises the spatial distribution of deviations and, combined with the
wall-temperature maps, helps distinguish between a diffuse in-plane gradient—driven by
the non-uniform convective cooling of the exposed surfaces—and a more localised hot spot,
which would manifest as a high AT with a comparatively lower or.

6.1. CFD+CHT Results
6.1.1. Charge Cycles

The wall-temperature evolution during the 1C and 2C charge cycles is reported in
Figures 10 and 11, respectively. Under natural convection, the battery heats up in a
substantially homogeneous way. The absence of an imposed external flow limits the
development of preferential cooling regions on the external surfaces, and the temperature
field remains nearly uniform over the entire battery wall. The thermal behaviour is therefore
mainly governed by internal heat conduction and by the weak heat exchange with the
surrounding air.

When forced convection is introduced, the wall-temperature field becomes progres-
sively non-uniform. For both 1C and 2C cycles, vertical and in-plane gradients appear
due to the interaction between the external flow and the battery surfaces. These gradients
become more pronounced as the airflow velocity is increased from 10 ms~! to 20 ms~!.
In particular, the wall temperature in the central region of the lateral surface is lower
than in the areas closer to the battery edges, as well as lower than on the front and rear
faces. The 2C charge cycle shows larger temperature differences because of the higher
heat-generation rate.

Figure 10 shows the 1C charge case. The natural-convection panel is dominated by
conduction inside the cell and therefore exhibits only weak spatial gradients. At 10 ms~!,
the external flow starts to impose a clear preferential cooling pattern on the exposed sur-
faces, with lower temperatures in the regions most directly affected by the incoming stream.
At20 ms~!, the same pattern is amplified: the mean temperature decreases, but the tem-
perature spread increases because the forced convective removal is not spatially uniform.

Figure 11 reports the same cooling sequence for the 2C charge case. Since the electrical
load is higher, the internal heat-generation rate increases and the wall-temperature level
rises more rapidly. The natural-convection condition remains comparatively uniform,
while the two forced-convection cases show stronger gradients than in the 1C cycle. This
behaviour indicates that increasing the airflow velocity improves heat removal but also
makes the thermal field more sensitive to local flow separation and wake development.

Charge 1C - natural convection Charge 1C - v=10 m/s Charge 1C - v=20 m/s
[°C] [°C] [°C]
33.00 29.00 27.00
=0 1=02 =04 = =02 =04 =0 =02 =04
' ' ' 2825 . ' ' 2625 ' ' ' 2525
23.50 23.50 23.50
7=0.6 7=0.8 7=0.6 7=0.8 7=0.6 7=0.8

Figure 10. Wall-temperature distribution during the 1C charge cycle. Left to right: natural convection,

v=10ms !, and v = 20 msL.
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Charge 2C - natural convection Charge 2C - v=10 m/s Charge 2C - v=20 m/s
[°C] [°C] [°C]
41.00 34.00 32.00
=0 7=02 =04 =0 =02 7=04 =0 7=02 =04

' ' ' : ' ' ' : ' ' ' :

23.50 23.50 23.50
=0.6 7=0.8 =0.6 7=0.8 =0.6 7=0.8

Figure 11. Wall-temperature distribution during the 2C charge cycle. Left to right: natural convection,

v=10ms !, and v =20 ms~ 1.

6.1.2. Discharge Cycles

The discharge cycles confirm the trends observed during charge, as shown in
Figures 12 and 13. Under natural convection, the temperature field remains substantially
homogeneous. Under forced convection, the same vertical and in-plane gradients are
reproduced, becoming more pronounced at 20 ms~! and for the 2C cycle.

A notable aspect of the 2C discharge case (Figure 13) is the trade-off between maximum-
temperature reduction and thermal uniformity: forced convection lowers the peak tem-
perature but increases AT and o7 compared to the natural-convection condition. This
behaviour underlines that higher airflow velocities improve heat removal globally while
introducing more pronounced local gradients in regions affected by edge separation and
wake development.

Overall, the numerical results show a coherent thermal behaviour across all the anal-
ysed cases. Under natural convection, the temperature distribution remains nearly uniform.
Under forced convection, the wall-temperature field becomes non-uniform and exhibits
both vertical and horizontal gradients. The same qualitative trends are found for both
charge and discharge cycles, with the 2C cases showing larger temperature differences
because of the higher heat-generation rate.

The aerodynamic field is initialised before the activation of the electrochemical heat
source; therefore, for a fixed inlet velocity, the initial flow topology is the same for 1C and
2C cycles. Differences between 1C and 2C appear after the thermal transient starts, because
the larger current modifies the heat-generation history and the wall-temperature level.
Around the voltage-drop phase of the electrical cycle, the heat-generation rate changes
more rapidly and the thermal boundary layer responds through a localised increase in
wall-normal temperature gradients. The velocity wake remains mainly controlled by the
external geometry and by the inlet velocity, while the thermal wake is affected by the
instantaneous surface-temperature distribution imposed by the battery heat release.

The flow-field interpretation is consistent with the wall-temperature maps. In natural
convection, heat removal is weak and the thermal field is mostly controlled by conduction
within the layered solid. In forced convection, the incoming flow accelerates around the
sharp lateral edges, separates downstream of the battery, and forms a wake partially con-
strained by the flat plate. The central exposed regions experience stronger convective cool-
ing, whereas edge and wake-affected regions retain higher temperatures. This explains why
the forced-flow cases reduce the average temperature but increase the thermal-uniformity
indices AT and o7.

It is worth making explicit the physical mechanisms that produce the observed surface-
temperature patterns, since they result from the interaction of four distinct factors: the
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airflow direction, the cell geometry, the heat-generation rate, and the internal thermal
resistance of the layered structure. Under natural convection, the convective exchange
is weak, the external flow imposes no preferential cooling, and the surface temperature
is governed almost entirely by conduction inside the anisotropic layered solid. Since the
in-plane conductivity of the active layers (k| = 10 Wm~ K1) is two orders of magnitude
larger than the through-plane one (k; = 0.1 Wm K1), heat spreads efficiently along
the electrode planes and the resulting field is nearly uniform. Under forced convection,
the picture changes qualitatively. The incoming flow accelerates around the sharp lateral
edges of the prismatic cell and separates, forming a wake that is partially constrained by
the downstream splitter plate. The centrally exposed portions of the lateral surface, which
face the accelerated attached flow, experience the highest local convective heat-transfer
coefficient and are therefore the coldest, whereas the edge regions and the wake-affected
rear face, where the flow is separated and the near-wall fluid is slowly renewed, retain
higher temperatures. This is the origin of the in-plane gradients. The vertical gradient
has a different origin. Measurements and simulations consistently show that the wall
temperature decreases monotonically with height in all the cases examined, the plane at
z = H/4 being the warmest and the plane at z = 7H /8 the coolest. The drop between
these two planes ranges from about 0.8 °C at 1C under natural convection to about 3 °C
at 2C under forced convection. This is the behaviour expected of a wall-mounted bluff
body of finite height. The free end at the top of the cell generates a downwash that
entrains free-stream fluid onto the upper portion of the lateral surfaces, where the near-wall
fluid is therefore continuously renewed and the local convective heat-transfer coefficient
is enhanced, whereas the lower portion remains within the more sheltered part of the
separated region. The effect consequently intensifies with the strength of the external
flow and with the heat-generation rate, consistently with the increase of the vertical drop
observed from 1C to 2C and from natural to forced convection. It is directly visible in the
thermal-boundary-layer fields discussed later in this section, which show a progressive
reduction of the thermal level along the z-direction. Finally, the internal thermal resistance
determines how much of these externally imposed gradients survives on the surface: the
low through-plane conductivity limits the redistribution of heat across the thickness and
prevents the internal core from smoothing the surface non-uniformity, so the gradients
imposed by the external flow are sustained rather than damped. All of these effects scale
with the heat-generation rate, which is why every gradient is amplified in the 2C cycles
with respect to the 1C ones, at both charge and discharge.

Discharge 1C - natural convection Discharge 1C - v=10 m/s Discharge 1C - v=20 m/s
[°c1 [°Cl [°C1
33.00 29.00 27.00
=0 7=02 =04 =0 7=02 7=04 =0 =02 7=04

' ' ' ) . ' ' : ' ' ' .

23.50 23.50 23.50
=0.6 7=0.8 =0.6 7=0.8 7=0.6 7=0.8

Figure 12. Wall-temperature distribution during the 1C discharge cycle. Left to right: natural

convection, v = 10 msfl, and v =20 ms 1.
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Discharge 2C - natural convection Discharge 2C - v=10 m/s Discharge 2C - v=20 m/s

[°C] [°Cl [°C]
41.00 34.00 32.00

=0 7=02 =04 =0 =02 =04 =0 7=02 =04

' ' ' ) ' ' ' : ' ’ ’ :

23.50 23.50 23.50
=0.6 7=0.8 =0.6 7=0.8 =0.6 7=0.8

Figure 13. Wall-temperature distribution during the 2C discharge cycle. Left to right: natural

convection,v = 10 ms™1,and v =20 ms™1.

6.1.3. Quantitative Thermal Uniformity at End of Cycle

Tables 4 and 5 report the thermal uniformity indices at end of cycle for all cases,
computed on the 28 probe locations for both CFD and EXP.

The v index ranks the natural-convection cases as the most uniform (y > 0.973
across all C-rates). Increasing the airflow velocity reduces v, with the lowest values
(7 &~ 0.943-0.958) reached at 20 ms~! for the 2C cycle. The reference-independent index
7* confirms this ranking for the experimental data and for the 2C numerical results; the only
exception is the 1C numerical case, for which y* ranks the forced-convection conditions
as marginally more uniform than the natural-convection one, for the reason discussed
after Equation (17). In both cases, the underlying deviations are small and of comparable
magnitude. The AT < 5 °C constraint commonly adopted in battery thermal management
is satisfied by all 1C cases and by the 2C natural-convection case (ATgxp < 3.45 °C). Itis
exceeded under forced convection for the 2C cycle, where the experimental spread reaches
6.42°Cat10ms~ ! and 6.59 °Cat20 ms™!

The o7 values indicate a diffuse in-plane gradient rather than a localised hot spot:
the central region of the lateral surface is uniformly cooler than the edges and rear face,
consistent with the non-uniform convective action of the external flow. Under natural
convection, o7 remains below 1.3 °C. Under forced convection, it grows in proportion to
AT. Under natural convection, the CFD model predicts a larger AT than the experiments
(e.g., 3.25 vs. 1.53 °C for the 1C charge case). Both indices are evaluated on the same
28 probe locations, so this discrepancy reflects a genuine difference between the simulated
and measured temperature distributions, likely attributable to uncertainties in the natural-
convection boundary conditions and in the electrochemical heat-generation profile at low
C-rates. Charge and discharge cases show nearly identical indices at the same C-rate and
velocity, confirming that thermal non-uniformity at end of cycle depends on the C-rate and
aerodynamic configuration rather than on the cycle direction.

6.1.4. Thermal Boundary-Layer Evolution

The thermal boundary-layer evolution for the 2C charge case with forced convection
atv = 20 ms~! is shown in Figures 1417 at four vertical positions along the cell height.
These fields confirm that the temperature gradients previously discussed from the wall-
temperature maps are also reproduced in the air region surrounding the battery. Although
the boundary layer separates downstream of the cell, it still contributes to heat removal
from the battery surface. The lateral surface remains, on average, colder than the front and
rear regions, consistently with the stronger convective action on the exposed side surfaces.
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The sequence from z = H/4 to z = 7H /8 also shows a progressive reduction of the
thermal level along the z-direction. This trend indicates that the near-wall air temperature
field is not uniform along the battery height and that the local structure of the separated
thermal boundary layer contributes to the vertical thermal gradients observed on the
solid surface.

e e e

t=60s t=120s t=180s

235°C  257°C 278°C 30.0°C
Figure 14. Thermal boundary layer evolution—Charge 2C, v = 20 ms~!, at z = H /4.

t=60s t=120s t=180s

235°C 257°C 278°C  30.0°C
Figure 15. Thermal boundary layer evolution—Charge 2C, v =20 ms ™!, atz = H/2.

t=60s t=120s t=180s

235°C 257°C 278°C 30.0°C
Figure 16. Thermal boundary layer evolution—Charge 2C, v = 20 ms ™!, at z = 3H /4.

t=60s t=120s t=180s

23.5°C  25.7°C 27.8°C 30.0°C
Figure 17. Thermal boundary layer evolution—Charge 2C, v = 20 m s~ atz =7H/8.

6.2. Experimental Results at End of Cycle

The comparison with the experimental data is carried out by considering the end-of-
cycle temperature, Tgoc, measured by the thermocouples located on the battery surface. In
this way, the numerical and experimental datasets can be compared at the same positions
and under the same operating conditions.

Figures 18 and 19 report the end-of-cycle temperature distributions measured dur-
ing the charge and discharge cycles, respectively. These plots provide the experimental
reference dataset used for the validation of the numerical model.

The experimental measurements confirm the same qualitative behaviour observed
in the CFD+CHT simulations. Under natural convection, the temperature field is nearly
uniform over the battery surface. When forced convection is imposed, the overall tempera-
ture level decreases, but the spatial distribution becomes more non-uniform. The gradients
become more evident as the airflow velocity increases and are generally more pronounced
for the 2C cycles, due to the larger heat-generation rate.

Figure 18 shows the measured charge cases. The 1C row exhibits moderate heating
and a limited temperature spread under natural convection. The forced-flow columns
show a lower average temperature but a clearer non-uniform pattern, confirming that air
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cooling changes not only the heat-removal rate but also the spatial distribution of wall
temperature. The 2C row shows the same trend at a higher thermal load, with larger
temperature differences between the most and least cooled probe regions.

Figure 19 reports the corresponding discharge measurements. The natural-convection
cases again provide the most uniform distributions, while the forced-convection cases show a
stronger dependence on probe position. The comparison between the 1C and 2C rows confirms
that the discharge C-rate mainly affects the thermal level and the magnitude of the gradients,
whereas the spatial pattern is primarily controlled by the aerodynamic configuration.
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Figure 18. End-of-cycle experimental temperature measurements for the charge cycles. Top row: 1C;
bottom row: 2C. Left to right: natural convection, v = 10 ms!,andv =20ms~ 1.
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Figure 19. End-of-cycle experimental temperature measurements for the discharge cycles. Top row:
1C; bottom row: 2C. Left to right: natural convection, v = 10 m s L andv=20ms 1.
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6.3. Comparison Between CFD and Experiments

The direct comparison between experimental measurements and CFD predictions at
the end of the cycle is reported in Figure 20 for the charge cycles and in Figure 21 for the
discharge cycles. In each case, the six panels cover both 1C and 2C rates under natural
convection and forced convection at v = 10 ms ™! and v =20 ms 1.

The error was defined as the difference between CFD and experimental measurements,
so that negative values indicate an underestimation by the CFD model. The global statistics
over the 168 compared thermocouple points are reported in Table 6 separately for charge
and discharge. For the charge cycles, the mean bias is slightly negative (—0.277 °C), indicat-
ing a weak tendency of the CFD model to underestimate the experimental measurements.
The MAE of 0.657 °C and the RMSE of 0.820 °C confirm that the deviation remains limited

at the global level.

Table 6. Global error statistics for the comparison between CFD and experimental measurements, reported
separately for charge and discharge cycles. The error is defined as CFD minus experimental measurements.

Metric Charge Discharge
Compared points 168 168
Mean bias (°C) —0.277 —0.271
MAE (°C) 0.657 0.647
RMSE (°C) 0.820 0.811
Maximum absolute error (°C) 2.950 2.940

The error distribution depends on both C-rate and cooling condition, as summarised
in Tables 7 and 8. For charge, the 2C cases show both a larger RMSE (0.910 vs. 0.719 °C)
and a higher RMSE/MAE ratio (1.36 vs. 1.12) compared to the 1C cases, indicating that
the larger RMSE at 2C is driven by a few points with large local deviations rather than a
uniformly poorer prediction across all probes. Natural convection yields the lowest RMSE
among the analysed cooling configurations (0.739 °C). The forced-convection cases show
slightly larger deviations, consistent with the greater sensitivity of local heat transfer to
flow separation, wake development, and the exact aerodynamic boundary conditions.

The discharge cycles show a level of agreement essentially equivalent to that of the
charge cycles. The global MAE is 0.647 °C and the RMSE is 0.811 °C, with a mean bias
of —0.271 °C, i.e., the same weak tendency to underestimate the measurements that is
observed under charge. The maximum absolute discharge error is 2.940 °C and occurs for

the 2C forced-convection case at v = 10 ms~!

, comparable with the maximum charge error
of 2.950 °C obtained for the same operating condition. As for the charge cycles, the 2C
discharge cases show larger deviations than the 1C ones (MAE 0.665 against 0.629 °C,
RMSE 0.904 against 0.704 °C), and the largest deviations occur under forced convection.
The agreement is remarkably symmetric between the two cycle directions: for every one
of the six operating conditions, the discharge mean bias, MAE and RMSE differ from
the corresponding charge values by less than 0.04 °C, which is consistent with the fact
that the same aerodynamic configuration, the same heat-generation model and the same
instrumentation are involved in both cases.

As observed above, although the discrepancies between the numerical and experimen-
tal results remain limited, they are consistently larger for the 2C cycles than for the 1C cycles,
regardless of the cycle direction. The reasons for this behaviour cannot be fully established
at this stage, and it is preferable to state explicitly what can and what cannot be concluded
from the present dataset. A numerical origin can be reasonably excluded: the sensitivity
studies of Section 5 and the time-step sensitivity test of Section 3.4 show that the spatial and
temporal discretisation errors are at least one order of magnitude smaller than the observed
deviations. What cannot be quantified with the present data are the remaining sources of
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uncertainty in the CFD model, in particular the turbulence modelling, whose influence
on the local convective heat-transfer coefficient is expected to be most pronounced under
forced convection and in the separated and wake regions, i.e., precisely where the largest
local deviations are found. Moreover, the heat-source model may be characterised by larger
inaccuracies for the faster cycles: we remark that the P2D model of Lagnoni et al. [27] was
adopted here without any ad hoc calibration on the present measurements, its parameters
having been identified from independent electrical characterisation tests. Quantifying the
impact of the above sources of uncertainty requires a dedicated uncertainty-quantification
campaign outlined in Section 7, which will be the object of future studies.

Table 7. Error statistics grouped by cycle and C-rate. The error is defined as CFD minus experimental
measurements. MB: mean bias.

Cycle C-Rate MB MAE RMSE
(°C) (°©) (°©)
Charge 1C —0.171 0.644 0.719
2C —0.383 0.670 0.910
Discharge 1C —0.166 0.629 0.704
2C —0.376 0.665 0.904

Table 8. Error statistics grouped by cycle and cooling condition. The error is defined as CFD minus
experimental measurements.

Cycle Cooling Condition MB MAE RMSE
(°c) ) (°C)
Charge Natural convection —0.220 0.659 0.739
Forced, 10 ms™! —0.511 0.664 0.862
Forced, 20 m s 1 —0.100 0.648 0.853
Discharge Natural convection —0.216 0.642 0.726
Forced, 10 m g1 —0.498 0.649 0.853
Forced, 20 ms™! —0.100 0.649 0.846

Figure 20 summarises the validation at the charge end-of-cycle condition. The max-
imum local discrepancy is reported in Table 9. The error is negative and occurs in the
lower region of the geometry, showing that the largest discrepancy is localised rather than
representative of a systematic offset over the full measurement domain.

Figure 21 confirms that the CFD prediction follows the experimental measurements
across the whole cell surface also for the discharge cycles, with a level of agreement
consistent with that obtained for the charge cycles of Figure 20.

Table 9. Largest local error observed in the CFD—-experimental comparison, reported for charge
and discharge separately. The two maxima occur for the same operating condition and at the same
probe location.

Quantity Charge Discharge
Case 2C,v=10ms! 2C,v=10ms~!
Location H/4,5 =41 mm H/4,S = 41 mm
Experimental (°C) 33.87 33.04

CFD (°C) 30.92 30.10
Error (°C) —2.95 —2.94
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7. Conclusions

1

7

In this work, a CFD+CHT methodology was developed for the thermal simulation

of a commercial prismatic LiFePOy cell under different operating and cooling conditions.
The approach combines a three-dimensional representation of the battery, including a
simplified but physically consistent description of the internal layered structure, with
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an electrochemical-thermal heat-generation model implemented in the CFD solver as a
temperature- and time-dependent volumetric source term.

A dedicated numerical strategy was adopted to separate the initialisation of the
external flow field from the subsequent thermal transient. First, the aerodynamic field
was initialised and stabilised through steady and unsteady calculations without internal
heat generation. Then, the heat source was activated within the active layers of the cell
and updated during the transient simulation according to the local temperature and to the
evolution of the state of charge. This procedure allowed the full thermal response of the
battery to be simulated with a computational cost compatible with future extensions to
larger battery assemblies.

The numerical results showed that the wall-temperature evolution is approximately
monotonic for both 1C and 2C cycles. Under natural convection, the temperature field
remains substantially uniform over the battery surface, indicating that the thermal be-
haviour is mainly governed by internal conduction and weak convective exchange with
the surrounding air. Under forced convection, the surface temperature becomes more
non-uniform and exhibits both vertical and in-plane gradients. These effects become more
pronounced as the airflow velocity increases from 10 ms~! to 20 ms~!, and are further
enhanced in the 2C cycle because of the higher heat-generation rate.

The methodology was validated through a dedicated experimental campaign carried
out in the wind tunnel of the University of Pisa. The same prismatic cell was instrumented
with type-K thermocouples distributed over its external surfaces, and the thermal mea-
surements were acquired under operating conditions consistent with those reproduced
numerically. The experimental and CFD cases were compared at the same reference am-
bient temperature, all the tests having been carried out within a 22.5-24.5 °C window
and normalised to 23.5 °C, so that the validation focused on the heat-generation and
heat-transfer modelling rather than on differences in initial or boundary temperature. The
comparison between CFD predictions and experimental measurements was performed at
the thermocouple locations, focusing on the end-of-cycle wall-temperature distribution.

The quantitative validation, summarised in Tables 6-9, showed that the CFD model
reproduces the overall thermal level measured experimentally. For the charge cycles,
the MAE is 0.657 °C, the RMSE is 0.820 °C, and the mean bias is —0.277 °C. The negative
bias indicates a weak tendency to underestimate the experimental measurements. The 2C
cases showed a larger RMSE and a higher RMSE/MAE ratio than the 1C cases, indicating
that the larger error at 2C is driven by a few points with large local deviations rather than
a uniformly poorer prediction. Natural convection yielded the lowest RMSE among the
analysed cooling configurations. For the discharge cycles, the agreement is essentially
equivalent, with an MAE of 0.647 °C, an RMSE of 0.811 °C and a mean bias of —0.271 °C,
showing that the methodology is equally predictive for both cycle directions.

The maximum absolute charge error was 2.950 °C, occurring for the 2C case with
forced convection at v = 10 ms~!, where the CFD value was 30.92 °C against an experimen-
tal measurement of 33.87 °C. For the discharge cycles, the maximum absolute error was
2.940 °C, occurring for the same operating condition. In both cases, the largest discrepancies
are localised and do not correspond to a systematic error over the whole domain. These
deviations therefore exceed the approximately £1 °C absolute accuracy of the measurement
chain, and should consequently be interpreted as actual differences between the numerical
prediction and the experimental measurements rather than as deviations falling within
the experimental uncertainty. They should be considered together with the substantially
lower global error statistics reported above. The experimental characterisation further
showed a channel-to-channel consistency of approximately £0.1 °C after the initial offset
correction and an end-of-cycle repeatability within +0.2 °C over three repetitions. These
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quantities characterise different aspects of the measurement procedure and should not be
directly compared with the CFD—experiment discrepancy. The residual deviations, larger
for the 2C cycles than for the 1C ones for both charge and discharge, cannot be attributed
to a single identified cause with the present dataset: numerical discretisation has been
shown to be negligible, while turbulence modelling and the accuracy of the heat-generation
model at high C-rates remain unquantified. A future uncertainty-quantification activ-
ity will be required to separate the contributions associated with turbulence modelling,
ambient-temperature control, electrical-current measurement, the effective thermal proper-
ties, including the through-plane conductivity, the electrochemical heat-generation model,
and CFD discretisation.

Nonetheless, the developed approach represents a reliable and extensible basis for
the thermal analysis of prismatic lithium-ion cells and provides a scalable framework
for future applications to battery modules and full battery packs. Future developments
will focus on extending the methodology to multi-cell configurations, including more
complex cooling layouts, dynamic operating cycles representative of real automotive
applications, and uncertainty-aware validation procedures. As an immediate next step, a
dedicated uncertainty-quantification campaign will be conducted to assess the sensitivity
of the predicted temperature field to the internal thermal conductivities of the active
and passive layers, whose influence on the overall thermal response has not yet been
systematically characterised.
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