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Spacesuits are fabricated with Nomex, Kevlar and other fire-resistant fabrics. The 

flammability behavior of these materials has been widely studied experimentally, mostly 

under standard sea level atmospheric conditions. However, future human space exploration 

vehicles and habitat environments will very likely have different environments, i.e. reduced 

pressure and enriched oxygen concentration. Experiments under these conditions, 

particularly in microgravity, can become a difficult and expensive task.  Numerical 

investigations of the flammability of high performing fibers/fabrics may be a viable alternative 

to experiments. Here we present a numerical model formulated to understand the effect of 

environmental conditions on the ignition and flame propagation characteristics of thin fire-

resistant material such as Nomex. Moreover, the effect of external radiant heating on material 

flammability is also studied. Thermogravimetric analysis (TGA) experiments were performed 

with Nomex to estimate the kinetic parameters, which were then used to model the thermal 

decomposition of the fabric sample using a Computational Fluid Dynamics (CFD) code, Fire 

Dynamics Simulator (FDS6). Two-dimensional simulations are performed using finite-rate 

single-step combustion kinetics in the gas phase and an Arrhenius reaction mechanism with 

multiple steps for the solid phase decomposition. The model results are then compared to 

previous experimental results at high oxygen concentrations and/or reduced pressure 

conditions. It is shown that with the appropriate kinetic parameters the model is able to 

capture the main physical aspects of the piloted ignition and flame spreads of a thin solid fuel 

and it provides a basis for future modeling of fire resistant fabrics for space exploration. 

I. Introduction 

HE ignition and propagation of fires under different environmental conditions have been the subject of several 

studies evaluating material flammability1,2. These environmental variations become extremely relevant in 
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applications where fire safety is a critical factor as in spacecraft applications, where the entire atmospheric condition 

needs to be carefully controlled to support human habitation while minimizing the launch weight and all other risks 

involved3. In addition to this, fire safety is largely accomplished by the selection and usage of materials that are fire 

resistant (FR) at the expected cabin environments. NASA-STD-6001B Test 14 is a pass/fail upward fire propagation 

test on ground that focuses on determining the flammability of materials under a worst-case scenario at the conditions 

at which they will be exposed. However, microgravity conditions are hard to replicate on earth and are reduced to 

facilities such as drop towers or parabolic flights that are restricted, expensive, and only provide a few seconds of 

testing. For this reason, the development of numerical models that can guide experimental research while providing 

further understanding of the general process has become an extremely useful tool.  

 Theoretical and numerical analyses that describe the ignition of solid fuels and the subsequent flame spread process 

must handle the complexity of the entire process by coupling the gas phase and solid phase reactions involved. 

Furthermore, the numerical challenges that come from solving the governing equations as well as the lack of 

representative thermochemical and kinetic parameters for engineering materials make the approach of the problem 

even harder. Most numerical models of microgravity experiments have been focused on the use of either 

polymethylmethacrylate (PMMA) or a thin cellulosic material similar to filter paper as the fuel, because of the large 

amount of material property data required by the models.  

 Kashiwagi et al.5 developed 3D numerical simulations to solve the Navier–Stokes equations and simulate the 

radiative ignition of paper samples and its transition to flame spread in microgravity. The authors used three global 

degradation reactions to describe the pyrolysis of the material, and one gas-phase reaction for the combustion of the 

fuel gases. Lautenberger et al.6 used a solid phase model that solves oxidative and thermal pyrolysis coupled with the 

CFD code Fire Dynamics Simulator (FDS)7, developed by the National Institute of Standards and Technology (NIST), 

to solve the gaseous chemical kinetics. The authors focused on the influence of the external radiant heat flux, the 

forced flow velocity and microgravity conditions on piloted ignition of polypropylene/fiber glass composite and 

compared it to experimental data from a parabolic flight (NASA NASA KC-135). Bhattacharjee et al.8 developed a 

2D simulation to measure the rate of flame spread over a thermally thin solid, like paper, and looked at the effect of 

changing oxygen concentration. Lautenberger et al.9 used FDS coupled with their own pyrolysis model to account for 

subsurface pyrolysate generation and two-dimensional heat conduction. In this work, Lautenberger et al.9 studied the 

opposed flow flame spread over thick samples of PMMA focusing in changes in flow velocity and gravity level. As a 

result, the authors found good agreement between the model and experimental results for the normal pressure 

experiments, however flame spread rate at different oxygen concentrations or microgravity was not very well 

predicted. Wolverton et al.10 implemented a multi-step gas-phase combustion formulation that allowed them to better 

predict and evaluate flame structure than single step models. Shih and T’ien11 developed a 3D model to study 

concurrent microgravity flame spread focusing on the different mechanisms that influence the flame spread. The 

authors found that for the low flow speeds, as the ones encountered in microgravity, oxygen side diffusion becomes a 

dominant mechanism in the narrow three-dimensional flames and that the flame spreads faster as the solid width is 

made smaller. Hsu et al.12 presented two models to study 2D and 3D flame growth and flame spread over a solid 

surface in different environments. The authors looked at detailed flame structures that reveal the difference between 

flames in a buoyant flow and in a forced flow. All these examples illustrate the complexity of coupling the solid-phase 

decomposition with the gas-phase kinetics during the ignition process and subsequent flame spread, in addition to the 

limitations found by models at certain conditions, e.g. high oxygen concentrations9 or low pressures12. 

The objective of the present work is to improve further the understanding of solid fuel ignition and provide 

information about the flame spread process of combustible materials in a varied range of ambient conditions. 

Commonly, cabin environments inside space explorations vehicles are kept at conditions that differ from standard 

atmosphere. NASA is planning to change the atmosphere of future spacecraft to a lower pressure and higher oxygen 

concentration than atmospheric (approximately 56 kPa and 32% O2)3 to reduce the preparation time required for 

extravehicular activities (EVA). In relation to this, several experimental studies have been devoted to understanding 

the burning behavior of materials in these conditions13–16. However, these results have been explained mainly through 

phenomenological arguments. The model presented here aims to further clarify the physical mechanisms involved in 

the flame spread process of a fire-resistant fabric burning in an upward configuration at a range of ambient conditions. 

II. Model description 

The numerical model presented is a two-dimensional simulation of the flame spread experiments carried out in an 

apparatus designed to study the flammability of solid combustible materials under varied ambient conditions as the 

one described in Ref. [16].16The model is developed using the Fire Dynamics Simulator (FDS)7 version 6.3.2 in its 

Direct Numerical Simulation (DNS) mode considering the simulation of processes in the solid and gas phases 
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simultaneously. The gas phase kinetics is modeled with a single step Arrhenius reaction rate. The solid phase 

decomposition is modeled using a three-step global Arrhenius reaction rate.  

FDS is used in its DNS mode instead of the default Large Eddy Simulation because this allows to determine the 

heat flux transferred to the solid in a more accurate manner. In the DNS mode, convective heat transfer is calculated 

at each grid cell directly from the temperature gradients7, making it a more precise representation of the process 

modeled. In addition, the present study also considers that a gas phase finite-rate chemical reaction is used instead of 

the default mixing-controlled combustion model. The finite rate reaction model is preferred to improve the 

understanding of the gas phase processes involved, otherwise the program assumes that combustion would happen as 

soon as a flammable mixture is obtained. The finite rate model better describes the complexity of the process where a 

flammable mixture is only one of the conditions required for ignition and subsequent flame spread. The DNS mode 

with finite rate chemistry has been successfully used in the past to model ignition6,17 and flame spread9,18–20 of solid 

materials.  

The computational domain is 200 mm in the z-direction and 50 mm in the x-direction, as seen in Figure 1. A cell 

size of 2 mm in the z-direction and 0.5 mm in the x-direction was used indistinctly for the solid and the gas phase in 

all simulations. This cell size was obtained from uniformly dividing the total domain in 100 cells in each direction. 

The +z domain was established as an outlet with an “open” boundary condition. This “open”  vent is defined by 

FDS as a passive opening on the exterior boundary of the computational that allows flow into or out of the domain 

depending on the local pressure gradient7. An inlet boundary condition was defined on the -z of the domain to give a 

constant forced flow of 0.1 m/s, similar to the forced flow used in the experiments16. The inlet flow is a 

Nitrogen/Oxygen mixture at prescribed ambient temperature (20 °C) and ambient pressure; the gas mixture 

composition and ambient pressure are varied depending on the simulation test. In FDS, air temperature is assumed 

constant with height in contrast with air density or pressure that decrease with height.  

 
The sample is modeled as a thin vertical sample located on the -x coordinate of the domain. The fuel used is Nomex 

and the sample dimensions are 200 mm long by 0.2 mm thickness. An igniter is modeled as a solid block 4 mm long 

by 1.5 mm thick at a constant temperature of 1600 °C. The igniter is positioned in direct contact with the solid fuel 10 

mm downstream from the sample leading edge, aiming to replicate the igniter wire woven in Nomex in the 

experiments16. The physical, thermochemical and kinetic parameters for the Nomex used in the present work were 

determined from Thermogravimetric Analysis (TGA) data using a Shuffle Complex Evolution (SCE), see analysis 

below. The heat of combustion for Nomex is taken from the suppliers material data sheets, ∆Hcomb = 28.1 MJ/kg 21. 

The rest of the gas-phase properties were determined by matching the characteristics of the flame spread process to 

the experimental data using as a reference a 30% oxygen concentration. The gas phase kinetic parameters used are: 

Agas = 1.88e+16 cm3/mol/s, Egas = 125.52 kJ/mol. A soot yield of 0.1 and CO yield of 0.05 are respectively assumed. 

The kinetic parameters determined are then assumed constant for all the other conditions simulated. 

 
Figure 1. Schematic of computational domain. 
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A. TGA data analysis 

The physical, thermochemical and kinetic parameters for the Nomex used in the present work were determined 

from TGA data using a Shuffle Complex Evolution (SCE) like Ref. [22,23].22,23 

A three-step model was proposed as: 

 

𝑉𝑖𝑟𝑔𝑖𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 → 𝑆𝑢𝑏 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 1 (r1) 

𝑆𝑢𝑏 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 1 → 𝑆𝑢𝑏 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 2 (r2) 

𝑆𝑢𝑏 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 2 → 𝐶ℎ𝑎𝑟 (r3) 

 

To obtain a suitable set of values that allows configuring the model to represent the decomposition process SCE-

UA numerical method was used. SCE method is based on a synthesis of four concepts that have proved successful for 

global optimization: combination of probabilistic and deterministic approaches; clustering; systematic evolution of a 

complex of points spanning the space in the direction of global improvement; and competitive evolution24. SCE-UA 

is based on the Nelder et al. optimization method25. In fire safety engineering, the SCE-UA algorithm has been applied 

successfully in Ref. [26]26to define solid fuel properties or in Ref. [27]27to achieve the kinetic parameters for  beech 

wood. 

The SCE-UA algorithm manages several inputs and searches the value of inputs that minimizes the value of a 

defined function. In this case, the inputs of the algorithm are the thermal and kinetic properties requested by FDS to 

define the pyrolysis model, i.e. activation energy (Ea), pre-exponential factor (A), reaction order (n), heat of reaction 

(Hr), specific heat (Cp), conductivity (k) and emissivity (ε). Density (ρ) and absorption coefficient are not employed. 

Density is known and measured previously, assuming every reaction occurs in the surface due to the small thickness 

of the sample. The absorption coefficient (η) has a high constant (9e+8). 

The SCE-UA will minimize the value of the Evaluation error function given by Eq. (1), which assess the error 

produced in simulating the experimental TGA curves. 

𝐸𝑣𝑎𝑙𝑢𝑎𝑡𝑖𝑜𝑛 𝑒𝑟𝑟𝑜𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 =
√ ∑ (𝑥𝑖,𝑒𝑥𝑝 − 𝑥𝑖,𝑠𝑖𝑚)

2
𝑖

�̅�𝑒𝑥𝑝

 
(1) 

 

where 𝑥𝑖,𝑒𝑥𝑝 represents the mass of the sample at temperature 𝑇𝑖  provided by the STA apparatus; 𝑥𝑖,𝑠𝑖𝑚 is the mass 

of the sample at temperature 𝑇𝑖  obtained by FDS, and �̅�𝑒𝑥𝑝  is the average value of the sample during the laboratory 

test executed by the STA apparatus. The range of temperatures employed in the STA test is from 30 ºC to 800 ºC and 

the heating rate is 10 ºC/min. 

SCE-UA minimizes the value of the equation (1), i.e., SCE-UA searches the values of the inputs employed by the 

FDS pyrolysis model that produces the TGA simulated curve closest to the TGA experimental curve. SCE-UA method 

requires an initial range of values for each input to start the process. Thereby, the algorithm will find the optimum 

values that minimizes the error function (1) within that range of values. A wide range of values enables to cover many 

combinations of values that allows finding the minimum error in (1), while also leading to longer optimization 

computational time. Hence, the range should be wide enough to include several values but not too much to not slow 

down the optimization process.  

The process was automated by using a numerical computing environment28 allowing the combination of the SCE-

UA and FDS pyrolysis model in order to simulate the solid decomposition process. The iterative process to obtain the 

optimal set of values can be described for each step as: 1) SCE-UA stablish the values for the different input parameters 

of FDS; 2) MATLAB uses these values to write an input file of FDS following the reaction scheme proposed; 3) the 

input file is launched and the results of the input file are compared according to the evaluation error function (1) and 

the value of the error is obtained; 4). If this error does not achieve the criteria to stop the iterative process, SCE-UA 

changes the values according to its mode of operation and the process gives a new step. Two criteria were chosen to 

stop the iterative process: the number of iterations could not be more than 30000 and an error function (1) value 

showing less than 5% change during 5 consecutive loops.  

Figure 2 shows experimental TGA data for Nomex HT90-40 obtained at 10 K/min, as well as the results obtained 

from simulations using the solid phase parameters determined with the SCE method. From the figure it is possible to 

observe the good agreement between the curves. Figure 2 also shows that for oxygen concentrations higher than 21% 

there is little change in the solid mass loss experienced by the material, both in terms of the experimental and the 

simulated data. The main values used for the flame spread simulations presented here after are included in Table 1.  
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III. Results and Discussion 

Simulations are initiated by heating up the igniter up to 1600 °C and allowing it to locally heat the sample for 10 

s. After this time, the igniter is turned off, a diffusion flame is formed, and its subsequent propagation over the entire 

solid surface is observed. Depending of the conditions, the propagation time changes. In some cases, after the igniter 

turns off, a small flame is observed on its upstream side. This ignition process is intended to simulate the experimental 

procedure followed in Ref. [16],16where an igniter wire was woven into the fabric and then electrically heated for the 

same period of time. The simulations are run 60 s of experiment or until the flame has spread over the entire sample; 

lower pressures and oxygen concentrations result in slower flame spreads that require more time for the flame to 

completely burn the sample. 

Figure 3-5 show snapshots of the numerical results obtained for the heat release rate, gas phase temperature, and 

fuel mass fraction at three different ambient pressures: 100, 80, and 60 kPa. The oxygen concentration is 30% by vol. 

in all cases. From the images, it is possible to see how the flame spread process is affected by changes in pressure 

slowing down the flame spread rate and reducing the Taylor-Raleigh instability typical of a buoyant plume at 100 kPa. 

Figure 3 shows the heat release rate per unit volume (HRRPUV) which is directly related to the reaction rate. The 

HRR images show how the gas phase reactions are developed over the solid. As pressure is reduced the reaction zone 

becomes shorter. As pressure is reduced, there is also a reduction in the fuel mass fraction which is contained by the 

thin boundary layer formed near the solid surface (Figure 4), and a slight reduction in the gas phase temperature near 

the solid surface (Figure 5). 

 

 

 
Figure 2. Comparison of experimental and simulated Nomex mass loss at a heating rate of 10 K/min (TGA -

left) and derivative of the mass loss (DTGA, right) data for Nomex HT90-40. 

 

Table 1. Nomex HT90-40 solid phase parameters. 

Solid phase 

Virgin material Sub material 1 Sub material 2 Char 

Asolid (s-1) 1.69e+10 Asolid (s-1) 2.02 e+10 Asolid (s-1) 3.3 e+10 ks (W/m-K) 0.09 

Esolid (kJ/mol) 126.7 Esolid (kJ/mol) 183.8 Esolid (kJ/mol) 205.9 ε (-) 0.87 

∆Hs→g (kJ/kg) 0 ∆Hs→g (kJ/kg) 1285.36 ∆Hs→g (kJ/kg) 7900 ρ (kg/m3) 104.01 

ε (-) 0.81 ε (-) 0.94 ε (-) 0.99 cp (kJ/kg-K) 0.87 

ρ (kg/m3) 1380 ρ (kg/m3) 1339.32 ρ (kg/m3) 926.26   

ks (W/m-K) 0.97 ks (W/m-K) 0.43 ks (W/m-K) 0.56   

cp (kJ/kg-K) 1.31 cp (kJ/kg-K) 1.67 cp (kJ/kg-K) 1.39   
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The proposed model presented here is used to calculate concurrent flame spread at different conditions of ambient 

pressure and oxygen concentration. Flame spread rates are obtained by tracking the position of the pyrolysis front over 

the solid surface by using a critical pyrolysis temperature. Figure 6 shows the results obtained as a function of oxygen 

concentration for 3 different ambient pressures. Experimental and numerical flame spread rates increase with oxygen 

concentration and ambient pressure. As described in section II, the experimental results obtained at 100 kPa with an 

oxygen concentration of 30% by vol. were used to calibrate the gas phase parameters used and therefore there is good 

agreement between the model predictions and the experimental data. At 100 kPa, as the oxygen concentration is 

reduced, both model and experiments show a very similar reduction in the flame spread rate. As pressure is reduced 

to 80 kPa and 60 kPa, for a constant oxygen concentration, the flame spread is also reduced. In this case, the model 

under predicts the flame spread rate with an error as large as 33.4% and 50.5%, for the worst captured conditions at 

80kPa and 60 kPa, respectively. This discrepancy between the numerical and the experimental results could be related 

to the method used to determine flame spread rate. Fereres et al.14 showed experimentally that as ambient pressure is 

changed, the surface temperature at the moment of ignition also changes, increasing as pressure is reduced. These 

results suggest that the use of a critical temperature might not be the best approach and another variable should be 

considered.  

 
Figure 3. Heat release rate results at t = 20 s for a) 

100, b) 80, and c) 60 kPa. 

 

 

 
Figure 4. Fuel mass fraction results at t = 20 s for a) 

100, b) 80, and c) 60 kPa. 

 

 

  
Figure 5. Gas phase temperature results at t = 20 s for a) 100, b) 80, and c) 60 kPa. 
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Another parameter that could be influencing the flame spread rate results obtained, specifically at lower ambient 

pressures, relates to the grid size used in the simulations. It has been shown before that as ambient pressure is changed, 

a different mesh definition could be necessary to achieve the same resolution in the results17.  

In terms of oxygen concentration, it is seen from Figure 6 that the model also fails in predicting an accurate value 

as oxygen concentration deviates from the calibration value. Furthermore, the numerical results seem to be less 

sensitive to changes in oxygen concentration. This finding could be at least partially explained by how the solid phase 

parameters were adjusted in the numerical model. To simplify the process, the experimental TGA results were fixed 

to a single set of solid phase properties and kinetics obtained a high oxygen concentration value, since based on the 

results (2) the TGA is relatively insensitive to oxygen concentrations above 21%. Although this might be an acceptable 

first-order approximation (especially considering the gas phase kinetics should in principle dominate in the process of 

the flame spread of a thin fabric), this effect should be further explored to check if changing the solid phase parameters 

can lead to larger effects in flame spread rate. 

 

 
 

The effect of an external heat source on the measured flame spread rate is also evaluated. Figure 7 shows a comparison 

between flame spread rate as a function of external heating for both numerical results and experiments. All the results 

are presented for an ambient pressure of 100 kPa and oxygen concentration is ranged between 28 and 24% by vol. 

From Figure 7 it can be noted the good agreement between the experimental and numerical data, however again, as 

the conditions depart from the calibration the error gets bigger. As expected, the presence of the external heat flux 

increases the amount of fuel that is being pyrolyzed and therefore promotes the burning of the fabric.  

   

 
Figure 6. Flame spread rate as a function of oxygen concentration. Filled circles show the simulations results 

and hollow squares show the experimental data from [16]. 
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IV. Conclusion 

 In this paper, a preliminary work on a 2-D computer model of concurrent flame spread using FDS 6 is presented 

to study the influence of different environmental variables such as ambient pressure, oxygen concentration, an external 

heat flux on the ignition and flame propagation of Nomex, a thermally thin fire-resistant fabric. This model represents 

the first step in understanding the flame propagation and self-extinguishing behavior of thin fabrics under microgravity 

conditions to explain results obtained during the Fire Safety Experiment (Saffire), on board of the Orbital Corporation 

Cygnus. 

Given the lack of information regarding solid phase thermochemical and kinetic parameters, TGA experiments are 

performed to estimate solid phase kinetics and properties for the fabric sample thermal decomposition. Since the 

detailed gas-phase reaction kinetics of the fuel vapors nor the formation and compositions of products or intermediate 

species are also unknown, the gas-phase parameters are calibrated using experimental data at 100 kPa and 30% by 

vol. oxygen concentration, and then assumed to remain constant for the other conditions.  

Flame spread rate is determined by defining a critical surface temperature and tracking surface temperature as the 

simulated experiment proceeds. Good agreement between the model predictions and experimental data is obtained at 

normal ambient pressure and different oxygen levels. As pressure is reduced however, flame spread rates is largely 

underpredicted although the general trend remains. The discrepancy between the predicted and experimental spread 

rates is probably because of the influence of the simplified one-step finite rate gas-phase combustion reaction used, 

which does not accurately reproduce the combustion process over different environmental conditions. Changes in the 

critical surface temperature as ambient pressure is change can also be another source of error. 

The model was also used to simulate flame spread over the fabric under the influence of an external heating source. 

In this case the model can predict the general trend of increasing flame spread rate with higher levels of external 

radiant heat flux. Yet, as the amount of external radiation gets bigger the discrepancy from the experiments seems to 

get bigger. 
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