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Executive summary 
A technology of early warning safety diagnostic algorithms was demonstrated. It was 

shown that it can detect changes in the cell due to thermal degradation from external heating 
significantly before the threshold of thermal runaway. The algorithms analyze changes in the cell 
current and voltage and then calculates several key output parameters that are indicators of 
internal defects that may lead to internal shorting and then thermal runaway. This new method 
responds to changes in cells associated with defects significantly earlier than conventional 
techniques of dc resistance and ac impedance. The test results support the possible use of the 
ALGOLiON software as a mitigating measure within a multi-layer approach for enhancing the 
safety of batteries during air transport. It is recommended to continue to refine this technique 
under an expanded set of conditions. It is also recommended to design and build a measurement 
instrument incorporating this software to check its effectiveness on a larger population of cells 
and possible use as a maintenance check for cells prior to air transport. 

Thermal modelling was performed for developing some suggested thermal runaway 

mitigation strategies. Ten cases and a baseline reference were simulated. The thermal numerical 

model provided a good understanding of heat propagation from a thermal runaway (TR) initiation 

cell to neighbouring  cells in a box packaging. From the different cases analysed, and for the 

specific cell models, the cell group topology, and their state of charge, the following observations 

were made: 

1. Thicker cardboard separators between cells in a box is suggested to prevent TR 

propagation. This is related to increasing the minimum safe distance between cells. 

2. A box filled with cells placed in a cold environment with high heat transfer coefficient can 

reduce TR propagation relative to warmer environments under the full set of conditions 

in this study. 

3. Thicker thermal conductive fibreboard is more effective in mitigating TR relative to less 

conductive cardboard in the conditions of this work. 

4. The presence of vermiculite instead of air is a good mitigating option in these scenarios 

when used with cardboard separators in the conditions of this work.  

5. A container filled with sand can effectively mitigate TR propagation in these test 

conditions when the cells are kept with sufficient separation distance between them. 

6. Thermally conductive boxes made from graphite or alumina helps in thermal dissipation 

and prevents TR propagation for the conditions used in this study. 

The above recommendations are suggested to be evaluated with other cell types, SOC, and cell 

grouping configurations to gain a more comprehensive view of the effectiveness of possible 

mitigating measures in packaging. 

While the model provides good basis for qualitative assessments, it should be noted that the 

thermal model has several limitations. The simulations can be used to predict well the heat 

propagation by conduction and radiation. However a thermal runaway event has other critical 

effects, such as the release of toxic gases, flames, etc. which are not addressed in the current 

model. The model currently utilizes only thermal properties of the materials to predict heat 

propagation. Thus, the benefit of vermiculite, for example, compared to just air is not highlighted 

by this model. Another consideration is that for dividers and boxes made from cardboard the 

results from this particular study indicate that it would be better to have a flame-resistant coating.  

While the model predicts temperatures as high as 600oC, it does not simulate ignition of the 

packaging.  
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For the optimization of design solutions that could mitigate the effects of a thermal runaway to 

acceptable levels, it would be preferred that the model is supported with more experimental 

data.  However, the results from the model highlight trends and principles that could be used as 

a reference to develop mitigation strategies for prevention of thermal runaway propagation. 

Actual testing of some proposed mitigating measures was performed. The testing was 

carried out using a setup based on the reduced cell configuration test method specified in the 

draft SAE AS6413 (version November 2018). The test chamber and all equipment were built based 

on the description in the draft standard. A total of 8 cells were used during this testing. 30 dummy 

cells made of aluminum were arranged around these. The results for the conditions used in this 

study showed that it is possible to undertake thermal modelling to closely align with actual 

results.  The testing also highlighted that small differences in the environment (e.g., temperature) 

can have an appreciable influence on the test results. 

Full scale tests of an external fire to cells were performed in an 1:1 aircraft cargo 

compartment mock-up with an operable aircraft Halon 1301 fire suppression system calibrated 

to replicate the concentration levels that are typical for a wide body lower deck class C cargo 

compartment. It was found in these tests that a state-of-the-art Class C cargo compartment built-

in fire suppression system inhibited propagation of thermal runaways for the tested 

configurations. This outcome can be considered specific to the types, quantities, distribution and 

SOC of cells involved in the performed tests. It was also found in this study that for the tested 

scenario, a Fire Containment Cover provides an appreciable level of protection against the threats 

of an external fire event. 
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Introduction 
The goal of Task 3 was to propose mitigating measures that can be used as part of a multi-layered 

approach for  mitigating safety hazards associated with the transport of lithium cells/batteries by 

air cargo. 

As the first step towards achieving this objective, the work that identified mitigating measures,  

including packaging standards, and multi-layered approaches was presented in the report 

Deliverable 3a. A test plan was formulated in D3a for assessing several of these measures that 

were recognized by the project in coordination with the Scientific Committee and EASA as high 

priority and feasible to test within the scope of the Sabatair project.  

This report (Deliverable 3b) covers the results of the testing and modelling done in the project to 

evaluate the selected mitigating measures. 

Disclaimer: Although the survey of possible mitigating measures was comprehensive it 

was not exhaustive. Thus other mitigation measures may exist which were not 

examined in Sabatair . 

The topic of safety hazards and thermal runaway of lithium cells/batteries (batteries are 

composed of two or more cells)  in air cargo transport has already been covered in this project’s 

deliverable reports D2a and D3a, and so will not again be covered in this report.   

Four major sets of evaluations were performed at different locations by various partners of the 

selected mitigation measures. The major results for each are presented in four different sections 

of the this report. 

Section 1 presents results of the application of ALGOLiON’s proprietary predictive early warning 

prognostic software on  single cells via a technique developed in the project for external point 

heating of cells to drive them into thermal runaway. Point heating closely simulates the location 

and area of heat generation due to internal short circuit. 

Section 2 presents a summary of thermal modelling done by VITO of the  propagation of thermal 

runway from cell to cell in a package with and without mitigating measures. Experimental data 

from thermal runaway tests done at Impact Solutions were used to formulate the model. 

Section 3 summarizes the results of experimental tests performed by Impact Solutions to validate 

the modelling results. The tests were done according the procedure described in the November 

2018 draft version of SAE AS6413.  

Section 4 summarizes the outcome of tests conducted in a test chamber representative of a large 

aeroplane Class C cargo compartment to evaluate the scenario in which large quantities of cells 

are involved in a cargo fire event.  The tests were done under the supervision of Airbus.  
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 Evaluation of battery safety with early warning 
diagnostic software 

I.1 Introduction 

This prevention measure was identified in D3a for testing within the project with high priority. It 

was evaluated in Task 2 and Task 3. The software outputs a state of risk notification that can be 

used to implement measures that may prevent thermal runaway. 

The cause of thermal runaway that might be prevented and/or detected with this measure are 

internal short circuits that might be initiated by cell defects induced by manufacturing or post-

manufacturing. This technique can be used after the cell production and prior to packaging and 

shipment. The cell or battery manufacturer may supply the shipper with a certificate on the state 

of safety of the cells for transport.  

Determining when a cell or a battery is close to becoming hazardous is not easy. Some of the 

failure detection methods like monitoring of cell temperature and visual observations for swelling 

provides information that might be too late to prevent thermal runaway. Diagnostic algorithms 

may be used to examine electrochemical developments that are precursors to thermal runaway. 

The software can be integrated into a purpose-built measuring instrument for testing batteries.  

 

I.2 Brief Description of the Technology 

A description of the algorithm, with first test results, was provided in the D3a Report.  

In short, the program measures regular cell dc current and voltage, processes and analyzes the 

signals with algorithms. It then calculates quantitative value for several unique parameters that 

have been shown in extensive laboratory testing to correlate with electrochemical changes in the 

cell that can lead to thermal runaway.  

The parameters include: a) a surrogate dc resistance parameter (HC) which is more sensitive than 

dc resistance and ac impedance to precursors of cell faults, b) a measurement of the solid 

electrolyte interface (SEI), material and structure of the electrode surface (EMS) which tracks for 

example dendrite growth, c) a measurement of the active electrode area for the anode and the 

cathode (EA) which also follows dendrite growth and other changes in the electrode, and d) two 

curve fitting parameters.  

A purpose built hardware platform, Figure 1,  was built by ALGOLiON for the  project to use the 

software for tests in Task 2 and Task 3. 
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Figure 1. The laptop computer hosts the diagnostic software. The instrument on the right is used to access 

cell voltage and current in response to discharge or charge profiles applied to the cell (on top of the 

instrument). 

I.3 Development of Point Heating Method 

Internal shorts are characterized by intense local heating. To simulate such local heating a point 

heating method was developed and validated. In this technique, an external heat source was used 

at a point contact on the casing of the cell.  

The concept for using a point contact heating method to drive cells into thermal runaway was 

generated by joint collaboration between Impact Solutions, VITO and ALGOLiON. It was based on 

observations from tests run according to the in preparation SAE AS6413 standard performed in 

Task 2. This section describes the rationale for the point heating method and its further 

development at ALGOLiON. 

Factors that needed to be taken into account in the development of the technique include: 

geometry of the heating element and its relation to making effective contact with the cell surface, 

the contact area of the heating element in relation to the cell size, the position of heating point 

on the cell, the effect of cell state of charge, rate of heating, and other factors. 

Figure 2 shows a schematic view of the point heating setup. A heating tip is applied to the side of 

a cell and thermocouples follow the temperature at several points on the cell enclosure. 

 

Figure 2: A point heater applied to the side of a cell. The numbers refer to four locations of thermocouples. 

 

Figure 3 shows the progressive enhancement in the geometry of the heating tips developed in 

this work. The cylindrical heating element makes a line contact with the cell (its end is not applied 

to the cell). The initial point contact used a tip with a very small surface area tip. This limited the 

amount of heat that could be transferred to the cell. The improved point contact tips had a larger 

area for contacting the cell and were either concave with a radius appropriate for the curvature 

of cylindrical cells, e.g., the 18650 model cells used in these tests, or flat for pressing up against 

the  side of prismatic or pouch cells (also used in some thermal runaway testing). 
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Figure 3:  (Left) generation I cylindrical heating element, (Middle) generation II small area point contact 

tip, and (Right) various larger area point contacts with tip geometries selected for the geometry of the test 

cell casing. 

Cells were reproducibly driven into thermal runaway using the setup shown in Figure 2 (and use 

of insulating glass wool wrapped around the cell to achieve quasi-adiabatic conditions). 

Conclusions from the tests include: 

• heating conditions should be adjusted for cell size, capacity and SOC in order to achieve 

reproducible results;  

• the area of tip contact should be scaled within limits with the amount of heat desired to 

be transferred into the cell; 

• the geometry of the heating tip affects the heat transfer properties and cell temperature 

rise; 

• Overall, from the variety of tests conducted with different tip-cell type combinations, it 

was deduced that there is no ‘one size – fits all’ protocol for reproducible, repeatable 

thermal runaway results. 
 

I.4 Results of Thermal Runaway (TR) Testing with Point Heating 

Some test results examples are provided below for different conditions. The tests were done to 

validate the algorithm with the point heating method.  

I.4.1 TR test results for cells with 30% SOC: 

During first stage of the work the experiments were carried out with commercially available 

pouch cells at 30% SOC as per the point contact heating method described above. Cell capacity is 

830 mAh and nominal voltage is 3.7 volts. Dimensions are: 20 x 62 x 7 mm and the cell weight is 

16 grams.  The cathode is based on a NMC 523 stoichiometry material and the anode is based on 

graphite. 

The upper portion of Figure 4 shows the temperature profile of the cell during heating as 

measured at the four thermocouples as per the point heating method (see Figure 2). The middle 

portion tracks the open circuit voltage during the heating process. Upon venting as expected the 

voltage falls to zero. The interesting part of the experiment is in the lower portion of Figure 4. It 

shows the response of the EA parameter as measured during the experiment. The change in EA 

early in the heating process can be used to predict the eventual swelling and venting. The EMS 

Parameter shows similar behavior (data not shown in the present report). 
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Figure 4: (a) Change in temperature measured by the four thermocouples with heating time. The cell 

swelled and then vented. (b) Voltage profile of cell during test. (c) Change of the EA cathode parameter 

during the course of the heating. The red dotted line indicates the alert value for the EA parameter. 

 

 

In comparison to the predictive EMS and EA parameters the conventional dc resistance shows 

no significant change during the experiment (blue line on Figure 5). 
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Figure 5: The dc resistance, (Rir blue) as measured by the iR drop and the cell temperature (gray), 

corresponding to the experiment in Figure 5. 

 

I.4.2 Thermal runaway test results for cells with 100% SOC 

Pouch Cells:  

Using the same type of pouch cells as in the previous experiments, additional  cells (at total of 10 

tests were carried out)  in this phase of the work were charged to 100% SOC. Point heating was 

performed as described above. Cells reached the threshold to thermal runaway at approximately 

180°C as measured at the heating point (Figure 6). The maximum measured thermal runaway 

temperature recorded was 680°C at the heating point. The heating rate was 6 degrees/minute. 

As shown in Figure 6, the response of the HC parameter occurs appreciably  prior (12.5 minutes) 

to the thermal runway. This makes it an effective predictor of the hazard. The algorithm EMS and 

EA parameters show similar behavior (data not shown in the present report). In contrast, the dc 

iR does not change in any significant way. 
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Figure 6: (Upper) change in temperature measured by the four thermocouples with heating time. The cell 

entered into thermal runaway at about 180° C.  (Lower) Change of the HC parameter (green) compared to 

conventional dc resistance iR drop (red) during the course of the heating. 

 18650 Cells: 

Two types of 18650 cylindrical cells were tested. The cell properties are shown in Table 1. 

Table 1: Comparison of properties of the two 18650 cells used in the tests. In the rest of the 

document they will be referenced as A type and B type. 

Cell Model, 18650  
Capacity 

(Ah) 

Voltage 

(V) 

Weight 

(grams) 
Anode Cathode 

Manufacturer A 3.2 3.7 45 Graphite NMC, Ni rich 

Manufacturer B 3.5 3.6 49 Graphite/Si NMC, Ni rich 

 

A type cell, bottom heating –  30% SOC: 

In one test of a A type cell at 30% SOC a cylindrical heating element was located at the base of 

the cell. Thermal runaway occurred at about 180° C using a heating rate of 5 degrees/minute.  

Figure 7 shows the development of the EMS parameter during the heating compared to 

dc resistance.  The EMS parameter curve (in green in Figure 7) shows a distinct change 

starting 40 minutes prior to thermal runaway. In comparison the conventional 

measurement of dc resistance does not change prior to the onset of thermal runaway. 

The maximum cell temperature after TR was over 900°C.  

 

Figure 7: Change of the EMS parameter (green) compared to conventional dc resistance iR drop (black) 

during the course of the heating to thermal runaway for a A type 18650 cell. 

 

B type cell, bottom heating – 100% SOC:  
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In another test of the MH1 type cell, the test was run at 100% SOC with bottom heating as 

portrayed in the lower center portion of Figure 8. The average heating rate was 6° C/minute. The 

thermal runaway threshold temperature was 177° C, and a maximum temperature of 602° C was 

reached (Figure 9). In the tests portrayed in Figure 8 and Figure 9 the positions of the 

thermocouples were as shown in Figure 2. 

 

 

Figure 8: Temperature profiles as measured by the four thermocouples for B type cell with bottom heating. 

The numbers in the graph legend refer to the position of the thermocouples as noted in Figure 7. 

 

B type cell, 100% SOC, point contact heating at cell’s mid-height: 

Other tests were run on a different cell brand, the high capacity B type cell. An example 

of the temperature during heating of a cell tested at 100% SOC and the TR event is 

presented in Figure 9. Recordings of the temperature from the four different 

thermocouples are given by the four lines in the graph. The TR threshold (as measured at 

the point of heating by thermocouple #1 (red in the graph below) temperature was 192° 

C at the point of heating. Temperatures at more distant locations and on the opposite 

side of the cell were lower (see Figure 2 for their positions). The maximum temperature 

recorded during thermal runaway was almost 800°C.  

 

Figure 9: Temperature graphs of a B type cell heated to thermal runway; the four lines are from the four 

different thermocouples located on the cell as per Figure 2. The top line is thermocouple number 1 which is 

located next to the heating point. 
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I.5 Conclusion  

A new method for simulation of the internal shorts was proposed and developed that 
reproducibly drove cells into thermal runaway by heating the cell surface at a point contact with 
an external heater. This new technique was applied to cells of various brands and characteristics, 
at different State of Charge. 

It was found that various factors seem to influence the thermal runaway event including the 

shape and position of the heater, heating rate, and properties of the cell such as the SOC. 

Separator shut-down does not prevent thermal runaway if heating continues above the shut-

down temperature.  

It was demonstrated that the ALGOLION early warning safety diagnostic algorithms detect 

changes in the cell due to thermal degradation from external heating significantly before the 

threshold of thermal runaway, and significantly better than conventional techniques of dc 

resistance and ac impedance.  

The test results support the possible use of the ALGOLION algorithm as a prevention measure 

for monitoring changes in cell properties which could degrade due to external heating leading 

to thermal runaway. Implementation could be as embedded programs in test stations at cell 

OEMs, battery pack assemblers and tests would run before packing the cells for shipment by 

the OEM to detect damaged cells. This seems to be an attractive method for combining within 

a multi-layer approach for safety of batteries during air transport.  
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 Thermal Modelling for Thermal Runaway Mitigation 
Strategies 

II.1 Introduction 

Experimental work to study thermal runaway can be relatively risky. Moreover, exploring 

different mitigation measures with experimental methods is expensive and time-consuming. To 

help with these challenges, a thermal model has been developed and validated to be used as a 

tool to select mitigating measures for further experimental investigation. 

In this chapter, a brief description of the model used in this study is provided. This model is used 

for conducting numerical simulations of different cases to evaluate mitigation measures. Finally, 

the results and key conclusions are presented.  

Document Heat transfer modelling of a Li-Ion cell pack undergoing thermal runaway, dated 

10/12/2020 is reported in Appendix A of the present deliverable and provides a more detailed 

description of the model and of the related simulation output. 

II.2 Brief description of the thermal model 

The thermal model objective is to simulate heat propagation (by conduction and radiation) for an 

array of Li-Ion cells within a transportation package. The thermal runaway is modelled with a 

‘black-box’ approach where rather than describing the detailed electrochemical mechanisms 

leading to the heat generation in the cell, the heat generation is modelled directly. The heat 

generation at two stages of thermal runaway is linked with the onset temperatures which can be 

an input in the model.  

 

 

Figure 10: Heat generation definition used for TR modelling 

In this simple model, only energy equation is solved in the computational domain. Computational 

domain can be set depending on the case of interest with appropriate material properties and 

boundary conditions.  

Before the application of the model for exploring TR mitigation strategies, the model is 

formulated based on experimental data from thermal runaway induced tests performed during 



    

19 | P a g e  

 

this project. Within the limitations of experimental measurement data and numerical results, the 

thermal model can be considered as validated and can be used to provide qualitative assessment 

of various mitigation strategies for prevention of thermal runaway. 

II.3 Numerical Simulations for Thermal Runaway Mitigation 
Strategies 

In this study, the thermal model is applied to study different mitigation strategies for a reference 

case of transport of 25 cells of type 18650 B type celll at 100% SOC packaged in a 5x5 

configuration. A cell at the corner of the cell array is simulated to instantaneously go into thermal 

runaway and the heat propagation to neighbouring cells is investigated. The cases of investigation 

are with and without mitigation strategies. The location of corner cell as initiation cell is chosen 

as it represents a worst case scenario in terms of risk of abuse as well as in terms of thermal 

propagation behaviour. The worst case as corner location was determined from literature as well 

performed simulations. The initiation in the numerical simulation can be considered similar to 

thermal transience effects from nail-penetration where 1 cell’s temperature suddenly increases. 

The study is performed for a base case scenario with solid cardboard dividers between the cells 

to prevent thermal runaway propagation. The base case is presented in section II.3.1. Further 

mitigation cases are simulated with changes in appropriate parameters and properties from the 

base case as proposed improvements and the mitigation cases are presented in section II.3.2. 

II.3.1 Base Case – Case 1 

The base case chosen for this study is one in which 25 cells are transported in a corrugated 

cardboard of 5 mm thickness in a 5 x 5 cell configuration separated with 2 mm thick solid 

cardboard dividers as shown in Figure 11. The outer box is fully closed making the box with cells 

air-packed. The initial temperature of all cells are 20o C and the box is placed in an environment 

at 20oC with heat transfer coefficient of 5 [W/m2K]. 

 

Figure 11: Base case for study of TR propagation mitigation strategies with computational mesh (right) 

In this study, the temperature of the initiation cell suddenly increases from above cell onset 

temperature, starting from 180oC  and reaches temperature of around 600oC in about 14 seconds 

(see Cell 1 in Figure 12). This heat is propagated to the neighboring cells and the focus is to study 

how far and fast is thermal runaway propagated to the neighboring cells. The thermal runaway 

properties for heat generation profile have onset temperature for pre-thermal runaway heat 

generation is 118oC and onset temperature for thermal runaway is 176oC. These input parameters 

are based on experimental tests. The heat generation power for pre-thermal runaway and 
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thermal runaway are 9.5[W] and 1320[W] respectively. These values correspond to Li-ion 18650 

cell at 100% SOC as observed from the experiments. In the numerical model, the heat generation 

is initiated when any computational control volume within the cell reaches these onset 

temperatures. 

The thermal properties of the cell as well as other materials input are presented in  Table 2: 

Table 2: Thermal properties of simulation materials 

Thermal Properties 
18650 B type 

Cell 
Air 

Corrugated 

Cardboard 
Solid Cardboard 

Cp [J/KgK] 918.8 1006 1700 1260 

K [W/mK] radial – 2.3 

axial – 24.3 

0.0242 0.065 0.07 

Rho [Kg/m3] 2761.7 Ideal gas 200 802 

 

The results for this base case are as follows: 

The temporal evolution of maximum temperature in each of the cells can be seen in the following 

Figure 12. In this base case, all 25 cells go into thermal runaway before 45 minutes from the start 

of initiation of the first cell thermal runaway.  

 

Figure 12: Base case cells maximum temperature temporal evolution of cells in the initiation row and 

farthest column 

The heat is propagated from the initiation cell at position 1 to its adjacent cells first, i.e. cells 2 & 

6 in Figure 11. Once they reach their onset temperatures they have heat generation and reach TR 

temperature. The temperature contour at mid-height of the cells can be seen in Figure 13. 
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Figure 13: Temperature contour at mid-height level plane for base case at different times 

 

From this base case, it can be understood that the current settings of dividers do not suffice to 

prevent propagation of thermal runaway. Another important observation from this is that once 

the adjacent cells to the initiation cells go into complete thermal runaway, it is highly likely that 

all the cells would go into thermal runaway. This is because the environment for each subsequent 

cell gets hotter and it increases the chances of thermal runaway for the neighboring cells. Thus, 

in the further cases cells adjacent to initiation cell are focused to check thermal runaway. 

From the current setting of cell properties, environmental conditions and initial conditions, 

different mitigation strategies are proposed in subsequent section to prevent thermal runaway 

propagation. 

II.3.2 Mitigation Cases 

In the base case in previous sub-section, it is seen that thin solid cardboard separators of 2 mm 

thickness do not prevent propagation of thermal runaway for the above case conditions. Thus, it 

was of interest to find different methods for prevention of thermal runaway propagation for this 

case of box-cell configuration and initial conditions. In this sub-section several cases are examined 

to study the heat transfer propagation with different measures. In each case, everything is same 

as base case except for the parameter change of interest described for each case. The simulation 

temperature results are analysed with special focus on temperature of TR initiation cell and 2 cells 

adjacent to the TR initiation cell. The description of the cases and results are provided as follows: 

Case 0 

This case is a step back from the base case. In this case, there are no dividers separating the cells 

in the box. Thus, cells are placed in direct contact with one another while rest all of the conditions 

are exactly same as the base case. The temperature contour at mid-height of the cells for this 

case 0 can be seen in Figure 14. 
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Figure 14: Temperature contour at mid-height level plane for case 0 at different times 

As can be seen from Figure 14, TR propagates through whole box for Case 0 just as for Case 1. 

However Case 0  shows that without any dividers the propagation is much faster. All cells in the 

box undergo thermal runaway by around 100 seconds. This is 20 times faster than the base case 

which has thin cardboard dividers. Thus, it can be said that having thin dividers help reduce the 

rate at which TR propagation takes place. The temperature evolution profile for initiation cell and 

its adjacent cells TC2 and TC6 can be seen in the following figure: 

 

Figure 15: Temperature evolution for initiation cell and adjacent cells for Case 0 

Once the initiation cell and adjacent cells undergo thermal runaway, the rest of the cells 

experience a hotter surrounding and undergo thermal runaway as well. As a next step to propose 

mitigation measures, thickness of cardboard separators are increased and simulations are 

performed as Case 2. 
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In this case the thickness of the dividers is increased from 2mm to 4mm. The thermal properties 

of the cardboard are same as in base case. All other conditions are also kept exactly same as in 

the base case. The temperature contour at mid-height of the cells for this case 0 can be seen in 

Figure 16. 

 

Figure 16: Temperature contour at mid-height level plane for case 2 at different times 

As can be seen from the temperature contours of Case 2 simulation, cells adjacent to the initiation 

cell do not undergo thermal runaway. Thus, the other cells also do not undergo thermal runaway. 

This is with the increase in the thickness of separators which increases the effective thermal 

resistance between two adjacent cells. Also, the presence of thicker cell dividers adds more 

thermal mass to the system which reduces the rate of heat transfer from one cell to another. 

Thus, cell separators with 4mm thickness can prevent TR propagation while cell separators with 

2mm thickness fail to do so.  

The temperature evolution profile for initiation cell and its adjacent cells for the base case (case 

1) and case 2 can be compared as follows: 
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Figure 17: Temperature evolution for initiation cell and adjacent cells for Case 1 (top) and Case 2 (bottom) 

As can be seen in the Figure 17, temperature of cells at position 2 and 6 never reach onset 

temperature and do not undergo thermal runaway. Thus, none of the other cells go into thermal 

runaway as the temperature of the initiation cell slowly reduces with time and heat dissipation. 

With this understanding, other possible measures for prevention of TR propagation can be seen 

in the subsequent cases. 

Case 3 

This case is same as the base case with the difference of external conditions outside of the 

cardboard box. For this case the effect of larger heat transfer coefficient and a colder environment 

is investigated. In this case 3 the heat transfer coefficient is increased from 5 W/m2K in base case 

to 50 W/m2K. Along with this the outer environment temperature is reduced from 20oC to 0oC. 

The temperature evolution profile for initiation cell and its adjacent cells can be seen in the 

following figure: 
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Figure 18: Temperature evolution for initiation cell and adjacent cells for Case 3 

As can be seen from Figure 18, the temperature of the initiation cell reduces much faster due to 

larger heat dissipation rate to the environment. This is due to lower external temperature and 

larger heat transfer. Larger heat transfer is achieved for example by having forced convection by 

a fan blower. The temperature of the adjacent cells do not reach onset temperature values so 

they do not undergo thermal runaway, nor do the rest of the cells. Thus, having mechanisms to 

cool down the box transporting cells can be one of the mitigation measures to prevent TR 

propagation.  

Case 4 and Case 5 

In Case 4 and Case 5, the effect of presence of fiberboard instead of thin cardboard separators is 

investigated. In both these cases, the base case is modified from having 2 mm thick cardboard 

separators to 2 mm thick fiberboard dividers. Fiberboard is selected as it is a commonly used 

material in transportation boxes. The thermal properties of fiberboard input in the simulations 

are as follows : Cp = 1700 [J/KgK], Rho = 750 [Kg/m3], K= 0.3 [W/mK]. The rest of the properties 

and conditions for case 4 are same as in base case. For case 5, effect of presence of vermiculite 

instead of air in case 4 is investigated. The thermal properties of vermiculite input are as follows: 

Cp = 920 [J/KgK], Rho = 100 [Kg/m3], K= 0.06 [W/mK]. 

The temperature evolution profile for initiation cell and its adjacent cells for case 4 and case 5 can 

be compared as follows: 
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Figure 19: Temperature evolution for initiation cell and adjacent cells for Case 4 (top) and Case 5 (bottom) 

For both the cases, Case 4 and Case 5 adjacent cells and further all the remaining cells undergo 

thermal runaway. Thus, having fiberboard of only 2mm thick is insufficient to prevent TR 

propagation in this case. The difference between presence of air and vermiculite is minimal for 

heat propagation. However it should be kept in mind that this is only in terms of heat conduction 

and propagation and the model does not capture the benefits which vermiculite has in terms of 

absorbtion of electrolyte and gases. 

Case 6 

In this case, the study of presence of fiberboard is extended from the previous cases and 4 mm 

thick fiberboard separators are used. All the other inputs are exactly the same as in Case 4. Since 

moving from case 1 (2mm) to case 2 (4mm) worked with solid cardboard separators to prevent 

TR propagation, it was of interest to see if it also works with fiberboard separators. 

The temperature evolution profile for initiation cell and its adjacent cells can be seen in the 

following figure: 
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Figure 20: Temperature evolution for initiation cell and adjacent cells for Case 6 

It can be seen from Figure 20 that for the case of using thicker fiberboard with the input thermal 

properties does not prevent propagation of thermal runaway. Both the adjacent cells went into 

thermal runaway and subsequently all the cells went into thermal runaway. Moreover, it was 

interesting that in this case compared to previous cases the temperature profiles TC6 and TC2 

were not identical indicating heat propagation to be asymmetric. As this kind of output was not 

to be expected, thus,  the use of fiberboard with the input thermal properties as mitigation 

measure, requires  further investigation.  

Case 7 

In this case the effect of presence of vermiculite in combination of thick solid carboard dividers is 

investigated. Thus, Case 7 is exactly same as case 2 - in which no TR propagation occurred, except 

of addition of vermiculite instead of air. Though the thicker cardboard prevents TR propagation 

in the simulations, gas and electrolyte release from cells in TR is not modelled in the simulations. 

Thus, it was of interest to observe what is the effect of gas and electrolyte observing material like 

vermiculite in heat propagation simulations. Results are plotted as for the other cases and it is 

seen that solid carboard dividers of 4mm thickness along with vermiculite can prevent TR 

propagation. 
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Figure 21: Temperature evolution for initiation cell and adjacent cells for Case 7 

Case 8 

This case is different from the previous cases as there are no cardboard solid dividers. Instead the 

whole box is filled with sand between the cells to prevent thermal runaway propagation. Presence 

of sand is investigated as other literature studies present sand as one of the possible options to 

prevent TR propagation. The gap between the two cells is kept as 2 mm and is considered to be 

filled with sand. The remaining properties, as well as the initial and boundary conditions are same 

as in Case 1. The temperature evolution profile for initiation cell and its adjacent cells can be seen 

in the following figure: 

As can be seen from Figure 22, the adjacent cells do not undergo thermal runaway and so is the 

case for the rest of the cells in the box. This is because the packaging configuration and sand 

thermal properties lead to sufficient heat insulation for neighboring cells in the initial phase of 

the event and then ensure dissipation of heat such that onset temperatures are not reached for 

the adjacent cells. However, it should be noted that the cells do reach onset temperature of pre-

thermal runaway self-heating. This indicates that the model of the configuration studied in Case 

8 does not offer sufficient factor-of-safety to be sure of thermal runaway propagation prevention. 

A possible means of improvement can be to increase the gap between the adjacent from 2 mm 

to 4 mm or higher to ensure that there is no thermal runaway propagation.  
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Figure 22: Temperature evolution for initiation cell and adjacent cells for Case 8 

 

Case 9 and Case 10 

All the previously reviewed cases mainly rely on the fact that the adjacent cells are sufficiently 

insulated from the initiation cell and the heat release out of the box is sufficient that the 

remaining cells do not undergo thermal runaway. While for Case 9 and Case 10, the main 

mitigation strategy is to have material with high thermal conductivity between the cells such that 

the heat is dissipated away from the initiation cell much faster and the adjacent cells do not reach 

onset temperatures. For these cases special boxes with materials covering the whole box and 

inter-cell region are used. Thus, they act as heat sinks when one cell goes into thermal runaway. 

The material used in case 9 is alumina (Al2O3) with following properties: Cp = 3970 [J/KgK], Rho = 

765 [Kg/m3], K= 36 [W/mK]. For case 10 graphite is used instead of alumina with the properties 

as follows: Cp = 850 [J/KgK], Rho = 1600 [Kg/m3], K= 160[W/mK]. It can be observed that the 

thermal conductivity for these materials is more than 100 times higher than for the previous 

cases. The gap between the adjacent cells is fixed to be having 4 mm made of the respective 

dissipative material while the outer box is made with same material having 5 mm thickness. From 

the  temperature evolution profile for initiation cell and its adjacent cells for Case 9 and Case 10, 

it can be seen that the temperature of the initiation cell is reduced very fast and within 100 

seconds the risk of TR propagation is eliminated. The temperature evolution for the 2 cases vary 

due to differences in thermal properties but both act as good heat sinks and provide extremely 

efficient measure for preventing risks of thermal runaway propagation. This observation, though 

valid for this setup of small number of cells in a box, when the number of cells would be much 

more and in a different configuration like boxes piled up on one another; further numerical and 

experimental investigations would be necessary to provide optimal solutions. 
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Figure 23: Temperature evolution for initiation cell and adjacent cells for Case 9 (top) and Case 10 

(bottom) 

 

II.4 Results Summary and Conclusion 

The thermal numerical model provides good understanding of heat propagation from a TR 

initiation cell to remaining cells in a box. It is also used to study the effect of different mitigation 

strategies for prevention of thermal runaway propagation. 

From different cases analysed, the following results can be summarised: 

1. Thicker cardboard separators are required to prevent TR propagation. 

2. Box placed in a colder environment with high heat transfer coefficient can prevent TR 

propagation. 

3. Thermal conductive fibreboard needs more thickness for TR prevention in comparison to 

less conductive cardboard. 
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4. Presence of vermiculite instead of air is a good option when used with cardboard 

separators. In addition it can absorb any liquid that would spill from the cell after venting. 

5. Container filled with sand can prevent TR propagation when the cells are kept with 

sufficient separation distance between them. 

6. Thermally conductive holder boxes made from graphite or alumina helps in thermal 

dissipation and prevents TR propagation. 

The summary of results of all cases presented in section II.3 is provided as follows: 

 

Thus, from these possibilities in the above cases, appropriate thickness of dividers, material for 

filling and holding of the cells can be selected. Furthermore, it should be noted that the success 

or failure from the above simulation cases is for one type of thermal runaway i.e. one cell 

suddenly goes into TR while the other cells are at room temperature. This can be considered 

similar to the case of a sudden nail penetration for the corner cell. If the initial condition and 

initiation conditions are changed then some measures can become more effective or less 

effective depending on the case at hand. 

While the model provides good basis for qualitative assessments, it should be noted that the 

thermal model has several limitations. The simulations can be used to predict well the heat 

propagation by conduction and radiation. However a thermal runaway event has other critical 

effects, such as the release of toxic gases, flames, etc. which are not addressed in the current 

model. The model currently utilizes only thermal properties of the materials to predict heat 

propagation. Thus, the benefit of vermiculite, for example, compared to just air is not highlighted 

by this model. Another consideration which is important is that for dividers and boxes made from 

cardboard it would be better to have flame-resistant coating as the temperatures reach up to 

600oC while flame point of most carboards is around 450oC. While the model predicts 

temperatures as high as 600oC, it does not simulate ignition of the packaging.  

For the optimization of design solutions that could mitigate the effects of a TR to acceptable 

levels, it would be preferred that the model is supported with more experimental data.  However, 

the results from the model highlight trends and principles that could be used as a reference to 

develop mitigation strategies for prevention of thermal runaway propagation. 
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 Testing of Additional Mitigating Measures on 
Packaging Level  

The present chapter describes the testing activities that were carried out in the context of Task 2, 

using certain mitigations identified in Task 3. The testing was designed to identify whether the 

physical results of testing would match those of the thermal modelling (Chapter II). 

The test plan was as follows in Table 3. Physical tests were carried out as described below (labelled 

as “TestXX”).  These can be differentiated from the simulated runs which are labelled as “CaseXX”. 

Details of the test reports are included in separate and individual reports. 

Table 3: Test plan of additional mitigation measures 

Modelling Case N° Test N° Cells SOC (%) Mitigation  

Reference test 34 30 None 

Base case 

(no mitigation) 

35 100 None 

Case 04  36 100 2mm fibreboard divider 

Case 02 37 100 4mm fibreboard divider 

Case 08 38 100 2mm fibreboard divider + Sand between the 

cells 

 

III.1 Brief description of the test procedure 

The testing was carried out using a setup based on the reduced cell configuration test method 

specified in the draft SAE AS6413 (version November 2018). The test chamber and all equipment 

were built based on the description in the draft standard. 

A total of 8 cells were used during this testing. 30 dummy cells made of aluminum were 

arranged around these to act as placebos. They were arranged as shown in Figure 24: Thermal 

runaway initiation test setup. (PC stands for Periphery Cell; IC for Initiation Cell; and t for 

thermocouple) shown below. The cell skin temperature was recorded and thermocouples were 

placed at mid-height of the cell and distributed as shown in Figure 24.  
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Figure 24: Thermal runaway initiation test setup. (PC stands for Periphery Cell; IC for Initiation Cell; and t 

for thermocouple) 

Temperatures were measured by  thermocouples attached to a data logger.  Temperatures can 

be considered accurate for the positions shown in figure 24 only up to the point of thermal 

runaway, visible in graphs from temperature spikes.  After thermal runaway there can be no 

certainty on the temperatures recorded due to damage to thermocouples, or dislodgement of 

thermocouples and/or cells contained within the test pack.   

The testing was carried out using a heating ramp rate target of 5°C/min. In all tests ambient 

temperature varied between 0°C and 9°C.  In all tests the cells were placed inside a  UN approved 

fibreboard boxes bearing the mark 4G/X13/GB6232. Information on this type of packaging can be 

found on the VCA DGO (the UK competent authority for UN marking) database and is reported in 

Figure 34. 

 

Figure 25: GB6232 certification status 

III.2 Test Results 

A summary of the results obtained in the testing campaign is reported in the present chapter. 

Detailed test results can be found in individual test reports. 

III.2.1 Reference test: no mitigation measure using cells at 30% SOC  

This test was designed to have establish a baseline considering a packaging configuration in which 

no mitigation measure is introduced and where the cells are at 30% SOC.  As expected from other 

similar tests performed in Task 2, only the initiation cell went into thermal runaway. The 

packaging was locally  damaged resulting in a failed test as per the draft SAE AS6413 standard, as 

shown in figure 26 below. 
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Figure 26: Reference test results using cells at 30%SOC 

 

III.2.2 Base case: no mitigation measure using cells at 100% SOC  

Test 35 was a repeat of test 34, but using 8 cells at 100%SOC to provide the worst case scenario. 

From the thermal modelling (Case00) it was expected that all 8 cells would enter thermal 

runaway. 

The ambient temperature was not as modelled in Case00, with test 35 carried out at an ambient 

temperature of 2°C.  Based on the output given by the thermal modelling, this should reduce the 

impact of the thermal runaway event, and therefore it was expected that not all 8 cells would 

enter thermal runaway. 

As shown in Figure 27, two cells, the initiation and the cell Pc1, entered thermal runaway, with 

another cell (Pc5) venting.   

This made the testing more comparable to Case03 which showed no thermal runaway 

propagation. 
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Figure 27: Reference test results using cells at 100%SOC 

 

III.2.3 Experimental assessment of Case 4 modelling results 

Test 36 was carried out using cells at 100% SOC, separated by 2 mm fibreboard dividers in a 

‘reduced cell configuration’ setup (see Figure 28).  This test configuration is similar to Case 04 

modelling, where results shows that all cells entered thermal runaway. However the results 

plotted in Figure 29 shows that ‘only’ two cells went into thermal runaway (the initiation cell and 

one of the neighbouring ones). 

It’s worth to notice that like test 35, this test was carried out at a low ambient temperature (3°C) 

and therefore differences with the modelling results might be expected.  Due to the change in 

ambient temperature, difficulty was experienced in controlling the ramp rate of the heater, 

leading to a non-linear increase in temperature.  From previous testing this would be expected to 

cause a more extreme thermal runaway event.  The heat transferred from the heater to the 

initiation cell was a parameter which was difficult to control throughout the testing, however the 

temperature increase rate was still in the middle of the range prescribed by SAE AS6413. 

Considering the above, the 2 mm dividers might have made a small difference to the severity of 

the result.  The packaging was destroyed as shown in Figure 30. 
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Figure 28: Test setup for test 36 

 

 

Figure 29: Experimental results  of Case 04 modelling scenario 

 

Figure 30: Picture of the package after experimental test of Case 04 modelling scenario 
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III.2.4 Experimental assessment of Case 2 modelling results 

In Test 37, 4 mm thick fibreboard dividers were used instead of 2 mm thick dividers.  It was 

expected, based on modelling, that propagation and severity of thermal runaway would be 

reduced in this case. Ambient temperature was 3°C when the test started. 

However, this turned out to be the most severe result of the D3b testing, as shown in Figure 31 

and Figure 32. 

 

 

Figure 31: Experimental results  of Case 02 modelling scenario 

 

Figure 32: Picture of the package after experimental test of Case 2 modelling scenario 
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Following the initial thermal runaway of the initiation cell, it appeared that propagation had been 

prevented. However, following the initial thermal runaway the box was observed to catch fire.  

Approximately 7 minutes after the fire was observed to start the rest of the cells started to enter 

thermal runaway with the end result being a completely destroyed package.  From the graph data 

it is observed that following the initial thermal runaway of the initiation cell, only Pc4 (shown by 

TC5) went into thermal runaway, however this was not the case.  The data recorded is deemed 

inaccurate due to the dislodgment of thermocouples during the initial thermal runaway. 

It is likely the 4 mm dividers did the job envisaged by the thermal modelling (Case02), however 

the additional packaging material, in close contact with the initiation cell, might have acted as a 

fuel source and allowed the package to fully catch alight (which had not been seen on other tests), 

leading to the complete destruction. 

III.2.5 Experimental assessment of Case 8 modelling results 

The final test was to look at Test 36, but with sand included to fill in the remaining spaces between 

the cells.   

The thermal modelling showed no thermal runaway propagation should take place.  The 

actual results are shown in Figure 7. 

 

 

Figure 33: Experimental results  of Case 08 modelling scenario 

As can be seen in the figures,  only the initiation cell entered thermal runaway. No venting, or 

voltage loss was observed in the other cells. The result was that only a small rip was observed at 

the top seem of the package, with otherwise no damage, as shown in Figure 34. 
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Figure 34: Picture of the package after experimental test of Case 08 modelling scenario 

While the test was a fail against the SAE AS6413 draft protocols, it was a marginal fail which could 

be fixed by using better tapes. The test results confirmed the outcome predicted by the thermal 

modelling. 

III.3 Conclusion 

The results of this chapter showed that it is possible to undertake thermal modelling to closely 

align with physical results obtained during AS-6413 testing.  The testing also highlighted that small 

differences in the environment (e.g., temperature) can have an appreciable influence on the test 

results. 
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 Full scale test on external fire impact mitigation 

IV.1 Introduction 

While Task 2 mainly addresses the scenario in which a thermal runaway event occurs inside the 

package in which cells /batteries are (internal fire), Task 4 evaluates scenarios in which lithium 

cells/ batteries are involved in a cargo  fire event (external fire).  

The purpose of the full scale fire tests conducted within the scope of the Sabatair project was to 

assess the effectiveness of state-of-the-art fire cargo compartment built-in fire suppression 

systems in controlling the severity of a cargo fire potentially involving high quantities of cells at 

high state of charge, with and without the protection offered by additional mitigation measure 

such as Fire Containment Covers (FCCs).  

A detailed description of the test procedure and results can be found in deliverables D4a and D4b. 

IV.2 Brief description of the test setup and procedure 

The test chamber has a volume of 56.6 m3 (see Figure 34) and is in accordance with the Minimum 

Performance Standard for Aircraft Cargo Compartment Halon Replacement Fire Suppression 

Systems [2]. 

 

Figure 34: Photograph of the fire test chamber 

This Minimum Performance Standard published by the Federal Aviation Administration (FAA) 

contains a test procedure that simulates a bulk-load fire scenario by using cardboard boxes filled 

with shredded paper (see Figure 35). The MPS test setup was followed as close as possible but 

was adapted to take into account the objectives of Task 4, in particular the presence of boxes 

containing lithium cells/batteries the need to install a FCC in conjunction with a pallet.  
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Figure 35: Arrangement of Cardboard Boxes as fire load for the Bulk load fire test of the Minimum 

Performance Standard for Aircraft Cargo Compartment Halon Replacement Fire Suppression Systems 

(2012 Update) 

Cardboard boxes filled with shredded paper are used as fire load (see Figure 35). One box is 

ignited in by means of a resistance wire heater.  

 

  

Figure 36: Cardboard Box filled with shredded paper acting as fire source for the external fire test (left) – 

Cardboard Box arrangement in the test compartment (right) 

 

The cells tested were standard 18650 Lithium ion cells. More details related to the cell selection 

are available in deliverable D2a. Two different cell brands (Figure 37 and Figure 38) have been 

selected to represent a random mix. The cells underwent successfully the UN38.3 tests. The 

technical specification of the cells are as follows:  
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Brand B type C type 

Nominal Capacity  3500mAh 3500mAh 

Chemistry LiNiCoAlO2 LiNiCoMnO2 

Dimensions 18650 18650 

SOC 50% 50% 

 

 

Figure 37: Type B cell packaging.  

 

Figure 38: Type C cell packaging.  

The arrangement of the cardboard boxes was not exactly the same as specified in the MPS [2]. 

Deviating from the MPS arrangement, some cardboard boxes were placed on a pallet to allow 

installation of the Fire Containment Cover. In total, 800 cells were involved per test with 600 cells 

at 50%SOC and 200 cells at 100%SOC.  

They were arranged in a way that they would receive as much energy from the ignition source as 

possible. The cells were arranged in 2 layers, corresponding to the layers of cardboard boxes filled 

with shredded paper. The top layer of the cells was supported by a metal structure to prevent the 

cells from dropping when the cardboard boxes become unstable during the burning process (see 

Figure 39).  

https://lygte-info.dk/review/batteries2012/Samsung%20INR18650-35E%203500mAh%20%28Pink%29%20UK.html
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Figure 39: Arrangement of cardboard boxes for the full scale fire test 

 

Figure 40: Position of the thermocouples of the cell packs located directly on the pallet. The blue markers 

indicate thermocouple location outside of the outer cardboard boxes. The pink/green positions indicate 

thermocouple locations directly on the respective cells (green= B type and pink=C type) The graphics also 

indicates the State of Charge 
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Figure 41: Position of the thermocouples of the cell packs located on the metallic support. The blue 

positions indicate thermocouple location outside of the outer cardboard boxes. The pink/green positions 

indicate thermocouple locations directly on the respective cells (green= B type and pink=C type). The 

graphics also indicates the SoC. In a mixed configuration with 50 cells at 50% SoC and 50 cells with 100% 

SoC, the cells with 100% SoC were located at the outer rim as indicated in the upper left image. 

 

IV.3 Test Results Summary 

The test results are summarized in the following set of charts.  

1. No Halon 1301 discharge:  

Several temperature measurement points directly on the cells show readings in the order of 

magnitude of 700°C. Although the exact amount of involved cells was not counted, it was 

estimated that around 100 cells went into thermal runaway. The cells located towards the ignition 

box were involved first.  

The test was stopped after approximately one hour. Cells were continuously involved during this 

time period. Thermal runaways obviously propagated throughout the packaging boxes without a 

tendency that this process would be interrupted. 
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Figure 42: Temperatures during the external fire test without fire suppression 

 

 

Figure 43: Impact on Cells after the test without fire suppression 

2. Halon Fire Suppression 

The aircraft Halon Fire Suppression system was activated as soon as the temperature reading at 

the level of any of the cells exceeded 145 °C. This trigger criterion deviates from the trigger 

criterion in the MPS test [2]. The MPS requires a temperature of 93,3°C (200°F) at the ceiling level 

of the compartment. At the time this criterion was reached, the temperature at cell level was far 

from being critical.  The thermal runaway was finally initiated and propagated between several 

cells.  

The Halon suppressed further propagation of thermal runaways. In the temperature profile 

recorded during the test (Figure 28), it can be observed that one reading reaches values that 

indicate thermal runaway. This reading is limited to a single high peak. As the test progressed, no 

further temperature rise was observed at any measurement point. All thermal runaway processes 

occurred before the Halon discharge.  

 Although the exact amount of involved cells was not counted, it was estimated that around 30 

cells went into thermal runaway.   
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Figure 44: Temperatures during the external fire test with fire suppression 

 

Figure 45: Impact on Cells after the test with fire suppression 

 

3. Halon Fire Suppression and Fire Containment Cover 

Adding the fire containment cover to the test setup showed further improvement, resulting in 

the fact that the fire impact was reduced significantly.  

The trigger criterion for the Halon discharge was set to replicate the evolution of the previous test 

in terms of timing. The time from reaching a threshold temperature of 93.3°C for the Halon 

discharge was identical to the test previously conducted without a fire containment cover in order 

to ensure consistent conditions in the chamber between the two tests.  

The maximum temperature observed during this test was 145°C in a location close to the ignition 

box. Analyzing the impacted cells after the test showed that only one corner of one box was 

affected.  

 

The fire containment cover itself showed burn marks but was not burnt through. However, the 

temperature behind the cover was high enough to cause burn marks on cardboard boxes covered 

by the fabric of the cover.  
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Figure 46: Temperatures during the external fire test with fire suppression and Fire Containment cover 

 

Figure 47: Fire Containment Cover within cardboard boxes before the test 

 

Figure 48: Fire Containment Cover after the test 
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Figure 49: Impact on Cells after the Test with Fire Suppression and Fire Containment Cover 

For a more detailed description of the test results, refer to deliverable D4b. 

IV.4 Conclusions 

Two main conclusions are derived from the test results:  

• A state-of-the-art Class C cargo compartment built-in fire suppression system inhibited 

propagation of thermal runaways for the tested configurations. This outcome can be 

considered specific to the types, quantities, distribution and SOC of cells involved in the 

performed tests. 

• For the tested scenario, a Fire Containment Cover provides an appreciable level of 

protection against the threats of an external fire event. 

Statistical relevance: Each test was performed only once. The MPS test specification [2] requires 

every test to be conducted 5 times in order to gather statistical relevance. Within the scope of 

the Sabatair project, resources were limited, so no statistical evidence is provided. However, the 

tests show a clear tendency to provide enough confidence to support the conclusions.   
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 Conclusions  
One of the main Sabatair objectives was the assessment of the effectiveness of the test 

methods as described in the draft SAE AS6413.  

An initial experimental test plan was designed to evaluate the tests as described in the SAE 

AS6413 draft standard. Quickly a lack of test repeatability was encountered. The focus was then 

directed to the thermal runaway initiation process. Actually first tests showed that the thermal 

runaway is strongly depending on the type of heater used and the heating control. As the draft 

standard gives little information on the properties of the equipment that should be used, the 

Sabatair test results showed that the thermal runaway severity is strongly dependent on how the 

thermal runway was initiated. In fact the heating rate range as specified in the standard version 

used during this project may lead the test to a fail or to a pass. As a slow heating rate may not 

lead to a severe thermal runway with subsequent damages on the package. 

The lack of repeatability of the test results may be justified by the fact that the SAE 

AS6413 standard includes a high level of flexibility cover the many potential combinations of cells 

and packaging to be tested as well as future evolution of the design of lithium batteries. However 

more detailed recommendations should be given on some key parameters like the heater size 

and the heating rate.   

The second main objective of the Sabatair project is to study and assess the effectiveness 

of potential mitigating measures against fire risk related to the transport of lithium batteries on 

cargo aircrafts. The idea is that how to prevent a thermal runway to propagation inside a package 

but also between packages. Several commercially available solutions were identified and some of 

them were tested and/or simulated during this project. Results have shown that simple measures 

like adding cardboard dividers between the cells can be effective in slowing down or even 

stopping the thermal runaway propagation inside the package. Solutions like using graphite or 

alumina casing packaging or adding sands between the cells helps in thermal runaway dissipation 

and prevents thermal runaway propagation but it’s up to the cell distributor to take its decision 

as such solutions may increase the costs of shipping lithium cells/batteries by air. A compromise 

should be found between safety, practicality and cost effectiveness. 

 

Finally, the full scale external fire tests performed during the Sabatair project showed that 

a state-of-the-art built-in fire suppression system of a Class C cargo compartment, combined with 

the use of Fire Containment Covers, could prevent the involvement of lithium cells/batteries in 

an external cargo fire event. However, due to the limited number of tests, statistical evidence 

could not be satisfactorily produced for the tested combinations of cell types, quantities and 

states of charge. To confirm the effectiveness of these protection measures, further investigation 

and repetitions of the tests would be required. 
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Appendix  
An extensive thermal modelling work has been carried out during this project. More details on 

the thermal model and the different simulations cases are presented in this report. 

As this document is not an official deliverable, it is presented here as an appendix. 
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