
 

 

Page 1 / 8 

 

3D numerical investigation of battery thermal runaway and 
venting events for large-format cylindrical batteries 

V. Giuffrida1, M. Bardi2, V. Brochetto3, S. Chevillard4, C. Lechard5 

1, 2, 3, 4, 5 : IFP Energies nouvelles, Institut Carnot IFPEN Transports Energie, 1 et 4 avenue du Bois-Préau, 
92852 Rueil-Malmaison, France  

 

 

Abstract: In the crucial context of global warming, 
many possible solutions are investigated to reduce 
GHG emission from vehicle hybridization, e-fuels, 
hydrogen (FCEV or engine) to battery electric vehicle 
(BEV). In this context, BEV’s are considered as an 
essential technology to reduce GHG emissions and 
local pollution, as it is a carbon free solution if the 
energy supply and the production of batteries is 
decarbonized.  

In this context, battery cells and their integration to the 
battery pack are still a subject of optimization to 
increase power density but also safety. Concerning 
the latest problematic, battery thermal runaway can 
occur under abuse condition (thermal, electrical or 
mechanic). Thus, finding countermeasures that 
inhibits or mitigate such behaviour is a major subject 
of investigation. The European project BATSS aims 
to build a modular Battery System (BS) with safe by 
design approach. To achieve this goal TRA counter 
measures are designed. Among these counter 
measures, the segregation of the venting gas is 
crucial.  To optimise and validate this approach 3D 
CFD is relevant tool as it is a non-destructive technic 
and allows to minimize the number of costly 
experiments. 

Nevertheless, the ability of such numerical tool tackle 
cell thermal runaway still needs to be demonstrated. 

Thus, in the framework of BATSS project, a complete 
CFD workflow of battery thermal runaway using the 
CFD software ConvergeTM has been developed. A 
step-by-step approach is followed: first the simulation 
of the gas jet through the venting device, then the 
simulation of the of the cell TRA in closed vessel and 
finally the application on the actual battery pack 
geometry. On the two first dedicated canonical 
experimental setup allows an extensive validation of 
the simulation.  

This work focuses on the validation of the gas ejection 
phenomenon using dedicated synthetic venting 
apparatus. The experimental approach is first 
detailed, then simulation method and assumptions 
are presented. Finally, comparison between 
experimental and simulation on jet shape, penetration 
and pressure are proposed allowing to discriminate 
the most relevant simulation methodology. 
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1. Introduction 

. TRA of Li-ion cells is a complex and mutli-physic 
phenomenon [1]. Under abnormal condition, cell 
active material degradation begin leading to 
exothermal reactions. This phenomenon is widely 
studied, and various approaches has been proposed 
to model these reactions [2,3]. During this process 
gas is generated inside from reaction product and 
electrolyte evaporation causing a pressure increase. 
Once the pressure reaches a threshold value, gas is 
release from the cell through the venting system for 
prismatic and cylindrical cells. This hot gas increases 
the convection and could even lead to combustion 
outside the cell enhancing the TRA propagation.  In 
[4], authors investigate the venting behaviour for 3 
cells chemistry at various State Of Charge (SOC). In 
addition to temperature measurement, they use 
optical diagnostics to measure jet penetration, angles, 
velocities of the jet and assess the occurrence of 
combustion. In [5], Garcia et al., develop a numerical 
approach to simulate cell TRA, venting process and 
combustion. Their approach focuses on the kinetics 
of the vent gas combustion and uses temperature and 
pressure sensor on a closed vessel for the validation.  

In the framework of BATSS project, a step-by-step 
validation methodology is followed thanks to a set of 
dedicated experiment. Accelerated Rate Calorimeter 
(ARC) is used to calibrate the cell thermal runaway 
model. The synthetic venting experiment is used to 
validate modelling of vent gas ejection. Finally, the 
coupling between TRA model and gas ejection is 
assess thanks to High Pressure High Temperature 
(HPHT) vessel [6]. The present work focuses on the 
gas ejection validation; thus, the synthetic venting is 
detailed, then the evaluated numerical approaches 
are introduced. Finally, comparison between 
experimental and numerical results are performed. 
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2. Experimental setup and test facilities for 
venting investigation 

This section describes the experimental facilities 
available at IFPEN to characterize the venting of a 
4695 commercial cell battery. Indeed, the physic of 
venting implies complex physical phenomena such as 
supersonic vent gas ejection with under expanded jet.  

2.1 4695 commercial cell geometry description and 
inner volume estimation 

This part is dedicated to the presentation of the 
commercial cell that have been studied 
experimentally in thermal runaway. This cell has a 
diameter of 46 mm and a 95 mm of height, and its 
capacity is 32 Ah with advanced NMC technology. A 
technical drawing of the cell is presented on Figure 1 
showing the length characteristic previously 
described.  

 

Figure 1: Technical drawing of 4695 commercial cell 
geometry 

The inner volume of the cell has then been 
characterized to obtain the active volume of the cell to 
include it in 3D simulation and to estimate the volume 
to be applied in the experimental facilities. A 
tomography of the cell has been performed through 
lateral and horizontal cut plane at different position in 
depth size. The results on horizontal and lateral cut 
plane are presented on Figure 2. By calculating the 
volume of each part, the active part volume estimated 

is 121 cm3 corresponding to 80% of the total cell 
volume and the remaining part, corresponding to the 
“dead” volume and constituted of argon at 
atmospheric pressure represents approximately 35 
cm3. This latest volume is representative of the 
volume that will, in first approximation, collect the 
venting gases recovered from the thermal runaway 
process due to active part decomposition.  

 

Figure 2: 4695 commmercial cell tomography with 
distinction between active and non-active parts 

The synthetic venting experiment being at ambient 
temperature, an adaptation of the volume was 
necessary to represent correctly the volume of gas 
present inside the 4695 commercial cell at venting 
opening. Indeed, as the density of gas is lower at this 
temperature, an adaptation of the volume was applied 
to conserve the same amount of gas at the timing of 
venting event. Following formula was applied to 
compensate this effect with Tventing the temperature at 
venting timing and equal to 412 K, Tambient the ambient 
temperature equal to 300 K, Vgas@Tambient the volume 
of gas measured inside the cell and equal to 35 cm3 

and Vgas@Tventing the volume of gas at 300 K after 
correction:  

𝑉𝑔𝑎𝑠@𝑇𝑣𝑒𝑛𝑡𝑖𝑛𝑔 = 𝑉𝑔𝑎𝑠@𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑇𝑣𝑒𝑛𝑡𝑖𝑛𝑔

= 22.5 𝑐𝑚3  

 

2.2 “Synthetic venting” experimental setup and 
geometry description 

The "synthetic venting" experimental setup was 
designed to characterize the safety vent system of 
4695 commercial cells. A schematic representation of 
this setup is shown in the corresponding figure. The 
safety vent of the 4695 commercial cell was isolated 
from the original cell through a specific cutting 
procedure performed a few millimetres below the top 
of the cell. This operation was carried out in an argon-
filled glove box. Subsequently, the safety vent was 
installed in a custom-designed device that secured it 
in place while forming a hermetically sealed volume 
with the remaining part of the original device. 
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 Once the main valve was opened, a known gas 
(nitrogen) was introduced to gradually increase the 
pressure within the device. This was achieved using 
a flow-limiting device positioned on one side of the 
vent, continuing until the breaking pressure was 
reached. A high-speed pressure sensor (Kistler 
XDXDXD) precisely measured the breaking pressure, 
and the subsequent pressure drop after the safety 
vent opened. 

The flow-limiting device ensured that the incoming 
flow remained negligible compared to the outgoing 
flow through the safety vent. Simultaneously, a high-
speed schlieren imaging system was employed to 
capture the gas jet emitted from the safety vents upon 
opening. This system operated at an acquisition rate 
of 80 kHz, with a resolution of 5.6 pixels/mm. The 
camera was triggered by the acquisition system 
based on the sudden pressure drop associated with 
the safety vent's activation. 

The system enables synchronization of pressure 
information within the testing device and the gas jet 
video, providing critical data for model validation. 
Additionally, the analysis of high-speed images offers 
insights into the mechanics of vent breaking modes, 
which will be explored in the following sections. 

 

Figure 3: Synthetic venting experimental setup 

3. CFD for synthetical venting configuration 

The aim of this section is to calibrate and simulate the 
venting event through 3D CFD modelling using the 
CFD software CONVERGETM. This section first briefly 
recalls the modelling strategy, and the experimental 
setup used to simulate the specific experimental 
venting setup called “synthetical venting”. The results 
are presented for the 4695 commercial cell cap 
configuration using different modelling approaches. 
The results obtained with these different approaches 

will be presented and compared in the next sections 
enabling to assess which approach is the best to 
correctly predict the venting event and the 
subsequent TRA. 

3.1 3D numerical setup and approaches used 

Following the description of the experimental setup 
presented in last section, the aim of this part is to 
present the numerical methodology used to represent 
correctly these experiments and the different 
approaches studied to correctly predict the geometry 
of the venting cap. The computational domain has 
been separated in 2 regions: the inner region 
corresponding to the venting part with cell cap and the 
outer region corresponding to the atmosphere. Figure 
4 presents these two regions and their respective 
boundaries. The inner region is only constituted of 
orange boundary corresponding to inner walls with an 
inner volume of 22.5 cm3 corresponding to the volume 
obtained in section 2.1 whereas the outer region is 
constituted of pink and blue boundaries 
corresponding respectively to outer venting cap wall 
boundary and the atmosphere outflow. All walls are 
imposed at 300 K and the outlet atmosphere 
boundary condition is imposed at 1 atm and 300 K. 
Finally, the fluid regions are initialized at their 
condition at venting timing which is respectively 
constituted of air at 1 atm and 300 K for the outer 
region and constituted of N2 at 15.5 bar and 300 K for 
the inner region. The simulation start at this specific 
venting timing and the interface between inner and 
outer region is open. 

Figure 4: Venting setup computational domain 
separated by boundaries 

The venting cap geometry of 4695 commercial cell 
have been reconstructed in STL format and have 
been imported to the 3D CFD model. Figure 5 
presents this geometry and the observed surface 
restriction plate when the venting cap is fully open. 
The venting cap geometry of 4695 commercial cell 
have been reconstructed in STL format and have 
been imported to the 3D CFD model. Figure 2 
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presents this geometry and the observed surface 
restriction plate when the venting cap is fully open. 

Figure 5: 4695 commercial cell venting cap 

It has been observed experimentally that for the first 
venting event, the cap does not open completely and 
only two petals open. Two strategies have then been 
followed, the first one using the constant venting 
section presented on Figure 5 as the final state of the 
petals opening. This configuration is called as the 
“petals fixed” configuration. However, it has been 
observed experimentally that the “petals” shape of the 
venting part implies moving boundary of the upper 
part during the venting process inducing variation of 
flow exit section. The rotation of these two petals has 
been measured experimentally and are presented on 
Figure 6 for a couple of instants. It can be observed 
that as the venting is swelled due to the pressure 
applied to the venting cap, the initial angle of the cap 
at venting timing is already at 10°. Afterwards the 
petals reach their maximum opening (40°) in 200 µs. 
This configuration is called as the “moving petals” 
configuration.  

 

Figure 6: Moving petals geometry configuration 

The results obtained for both fixed and moving petals 
configuration will be presented respectively in section 
3.2 and section 3.3. Concerning the meshing, the 
base grid size is 4 mm, but different refinement have 
been used near to the venting cap regions. To capture 
correctly the supersonic flow and the shock barrels 
present for this kind of under expanded jets, different 
level of refinement have been applied with a minimum 
cell size of 125 µm very close to the exit region. The 
mesh is then unrefined, following a “Russian doll” 
approach, coarsening by one level function of the 
distance to the venting exit. A description of the mesh 

is presented on Figure 7 and shows the different level 
of refinement used function of the distance to the cell 
exit. 

 

Figure 7: Fluid mesh of the domain and refinement 
level used 

For CFD simulations CONVERGETM version 3.2 is 
used. The venting flow being at high Reynolds 
number, simulations are performed with the Reynolds 
Average Navier-Stokes approach (RANS) to model 
the turbulence. Classical eddy-viscosity concept is 
assumed for closing the Reynolds tensor, and the 
turbulent viscosity is computed from the RNG k-ε 
model [7]. The wall heat transfer is ensured by the 
O’Rourke and Amsden model law of the wall [8]. 

The compressible unsteady formulation of Navier-
Stokes equations is solved owing to the iterative PISO 
method. The Redlich-Kwong-Soave equation of state 
is used to couple pressure and density, and the 
energy equation is solved using the total energy 
approach since the venting jet is compressible and 
supersonic. This methodology follows the prescription 
described of Laget et al paper [9] that shows 
satisfactory results for under expanded hydrogen jet. 

Finally, regarding the spatial schemes, momentum 
equation is discretized with a second order central 
scheme while the first order upwind scheme is used 
for the species and turbulence equations. The time 
step is variable and satisfies a maximal convective 
CFL number below 0.5, a maximal CFL number 
based on speed of sound below 30 and a maximum 
CFL number based on viscosity of 2. 

A specific 3D-CFD results post-processing of 
simulation is used to compare qualitatively to the 
experimental Schlieren results. This post-processing 
aims at reproducing the physics of Schlieren method, 
which correspond to the deflection of light beams 
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function of density gradients. The idea is to integrate 
the density gradients over 60 planes evenly 
distributed along the axis of visualization which 
correspond for the present setup to a set of planes 
separated by 1 mm over 60 mm. The dimension of the 
planes generated are 90 x 90 mm with cell size 
discretization of the plane of 163 µm which represents 
6.11 pixel per mm. A simple schematic of the method 
is described in Figure 8. The comparison between 
experimental and numerical Schlieren will be 
presented on this section for both simulated 
configurations. 

 

Figure 8: Schematic of the Schlieren 3D post-
processing method for CFD 

3.2 Constant venting exit section configuration 

In this configuration, no moving boundaries is 
imposed, and the section is defined as the final 
section after venting. The results obtained during 
venting is presented on Figure 9 and compared to 
Schlieren experimental measurement for three 
instants corresponding to the start of venting, middle 
opening of the venting parts and full opening of the 
venting. 

 

Figure 9: Comparison between experimental (left) 
and 3D CFD (right) Schlieren for constant exit 

section configuration at t = 75, 150 and 300 µs after 
vents opening 

One can observe the faster and larger jet opening at 
the start and middle of venting event (first two rows). 
The jet opening is however well reproduced at full 
opening even if the intensity is reduced due to faster 
venting. These results explain the choice of 
evaluating moving boundary configuration. Indeed, it 
could improve simulation fidelity during first stages of 
the venting event. The following part will present the 
results obtained for the moving petals configuration. 

3.3 Moving “petals” vents opening configuration 

The second configuration studied is the moving petals 
vents. For this configuration, moving boundaries have 
been applied with the rotation of 2 petals, following 
the form and rotation observed experimentally and 
presented in section 2.2. The results obtained during 
venting is presented on Figure 10 and compared to 
Schlieren experimental measurement for three 
instants corresponding to the start of venting, middle 
opening of the venting parts and full opening of the 
venting. 
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Figure 10: Comparison between experimental and 
3D CFD Schlieren for “4 petals” exit section 

configuration 

One can observe that the start and middle of the 
venting event representativity is improved with better 
jet penetration agreement due to slower development 
of the jet. Indeed, the section variation enables to 
reduce flow section and thus velocity of the jet. This 
configuration tends to better represents the dynamic 
of the venting jet.  

Nevertheless, it is observed that at steady state, the 
numerical jet obtained through RANS calculation 
tends to underestimate the diffusion of the jet and 
mixing. Indeed, RANS approach is not able to capture 
small vortices linked to strong velocities at the 
periphery. The Large Eddy Simulation (LES) 
approach is more able to capture these vortices as 
described in the paper of Laget et al. for under 
expanded jet [3]. However, this approach requires 
strong computational time and was not possible to 
apply on this specific study. 

3.4 Quantitative comparison between simulation 
configurations 

The objective of this section is to assess the more 
suitable simulation configuration. To achieve this goal 
three quantitative data are studied: the venting jet 

penetration function of time, the pressure drops 
function of time inside the inner geometry and finally 
the 2D venting jet topology between all the 
configuration and the experimental results. The jet 
penetration has been computed as the maximum z-
jet distance from the cell excluding the bow shock 
wave experimentally and numerically. The results are 
presented on Figure 11.   

 

Figure 11: Venting jet penetration comparison 
between experiments and both 3D CFD 

configurations 

The penetration results follow the observation 
presented for the qualitative comparison. The 
constant venting exit section shows a faster 
penetration compared to the experimental results due 
to the full opening of the venting parts from the start 
of the venting event. The best results are then 
obtained for the petals moving configuration with a 
correct representation from the start to 150 µs. 
However, at full opening, the moving boundary starts 
to deviate from the experimental results as the 
diffusion of the venting jet is under-estimated. On the 
opposite, the constant venting section seems to better 
represents the diffusion after 150 µs as the initial 
diffusion was better.  

The pressure drops inside the synthetical venting 
volume is also a tool to assess the representativity of 
the venting simulation. The result of this pressure 
drops for both 3D CFD configurations is compared to 
the experimental result and is presented on Figure 12. 
One can observe the good agreement in term of 
pressure drop as function of the time for both fixed 
and moving petals configuration. The experimental 
pressure takes more time to come back to 
atmospheric pressure due to the air supply that 
remains open during the venting phase which is not 
represented in the simulation.  A better agreement is 
however observed for the moving petals configuration 
in term of pressure wave reflecting inside the inner 
volume. The frequency and the amplitude are indeed 
better represented since the shock intensity is more 
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representative of the experiment due to the actual 
variation of exit section.   

 

 

Figure 12: Pressure drop variation function of time 
between experiments and all 3D CFD configurations 

Finally, the venting jet contour have also been 
extracted at 75, 150, 225 and 3000 µs for both 
configurations and compared experimental jet shape. 
The results are presented on Figure 13. It can be 
observed that the penetration is better represented for 
the moving petal configuration.  Also, the 2D contour 
shape is better represented especially for the instant 
150 and 225 µs showing a good agreement with 
experimental jet length and span. Conversely the 
constant section configuration overestimates the jet 
diffusion due to overestimated jet acceleration at the 
cell opening. At 300 µs, both constant exit section and 
moving petals boundary configuration shows 
coherent shape results with a diffusion of the jet that 
is event slightly better for the fixed petals 
configuration.  

Figure 13: 2D venting jet topology comparison 
between experiments and all 3D CFD configurations 

at 75, 225 and 300 µs after start of venting 

In conclusion, the moving petals configuration better 
represents the penetration and pressure drop of the 
first venting event but with an increased complexity of 
modelling as the geometry needs to be moved at each 
time step. However, the steady state is represented 
correctly with the fixed petals at full opening 
configuration with a better representation of the 
diffusion and of the penetration at the end of this 
phase.  
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4. Conclusion 

In the light of the work previously described, following 
conclusion concerning the experimental facilities and 
the use of 3D CFD to model venting event can be 
drawn: 

1) First, the experimental test campaign 
carried out at IFPEN to characterize 
battery thermal runaway enables a full 
description of the phenomena through 
HP/HT vessel experiments and specific 
venting event via “Synthetical venting” 
experiments 

2) A complete methodology dedicated to the 
study of venting have been developed 
coupling 3D CFD and experimental 
results 

3) The gas displacement observed 
numerically are globally well represented 
for example in term of penetration and 
pressure drop variation 
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