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Fire resistant materials are used in multiple applications (clothing, curtains, tents, etc.) 

were protection from a potential fire is needed. Particularly relevant for this work is the 

application for astronaut space suits since a spacecraft environment may be different than 

atmospheric ones. Furthermore, their fire resistant capacity are often tested under very 

specific conditions that might not represent the real fire situations. For example, when a 

material is exposed to a near fire or different environmental conditions like reduced pressure, 

enriched oxygen concentration and micro-gravity, its flammability and fire behaviors can be 

altered. In this work, an experimental study was performed to investigate the effect of ambient 

pressure and oxygen concentration on the upward flame spread over a typical fire resistant 

fabric (Nomex HT90-40) exposed to two different external heat sources. One is the radiation 

from infrared lamps and the other is the flame from a burning polymethyl methacrylate 

(PMMA) sheet placed below the fabric. The limiting oxygen concentration (LOC) was first 

quantified under different external heating, and then the upward flame-spread rate above 

LOC was measured. Experiments show that the flame from nearby burning object not only 

can ignite the fire resistant fabric, but also extend the LOC of the material to lower oxygen 

concentrations. Moreover, the heating from the attached flame is different from an external 

radiant flux. The results of this work also provide important information about the fire 

interactions of different materials, and guide the future fire safety design in space exploration. 

I. Introduction 

HE ignition and propagation of fire under the influence of an external heat source have been the subject of several 

studies evaluating material flammability1 because it simulates conditions often encountered in a fire, i.e., the 

preheating of a material by an adjacent fire. However, there is still a need for further understanding of how an external 

heat source affects the flammability of materials, particularly under varied environmental conditions. This is because 

a fire may occur in conditions where the oxygen concentration, the pressure, flow velocity or gravity may be different 

than in standard atmospheres, such in spacecraft, aircraft, high altitude, among others2. 
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These environmental variations become extremely relevant in applications where fire safety is a critical factor as 

in spacecraft application, where the entire atmospheric condition needs to be carefully controlled to support human 

habitation while minimizing the launch weight and all other risks involved3. Additional 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 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, 

unexpected changes in pressure, oxygen concentration, and gravity, or even the presence of an unexpected fire can 

alter the material flammability and fire behavior.  

Several researchers have studied the flammability properties of materials in different atmospheres. Hirsch et al. 5,6 

studied the fire risk of different materials under a wide range of oxygen concentrations and ambient pressures. Their 

work showed that the maximum oxygen concentration (MOC) resulting in the flame self-extinguishment decreased 

with the total pressure; however, the limiting partial pressure of oxygen increased linearly with the increased in total 

pressure. Kleinhenz and T’ien7 studied the burning of Nomex III in an upward configuration under different 

combinations of oxygen concentration and ambient pressure. Their results showed that the limiting oxygen 

concentration for flame spread (LOC) at 1 atm was 24 vol% and its value increased with decreasing pressure. 

Nakamura and Aoki8 found that the flammability of thin cellulosic paper had a wider flammable range at lower 

pressures, presenting the same linear trend for oxygen partial pressure and total pressure found in Hirsch et al.6 

Furthermore, when considering the possible fire scenarios in spacecraft applications, it is necessary to evaluate the 

effect of microgravity on the material flammability. A limited number of past studies have been focused on comparing 

the effect of microgravity (µg) versus normal gravity (1g) on flame structure and flame spread behavior for different 

fuels and configurations9–16. Results from these works have shown that in µg a flame may spread in a low-speed 

airflow, similar to the spacecraft ventilation flow, while it cannot spread in normal gravity. Olson and 

coworkers9,10,13,14 found that in microgravity the LOC required for concurrent flame spread over Nomex HT90-40 is 

about 3% lower than the one in normal gravity, and for flow velocities between 0.06 and 0.10 m/s both concurrent 

and opposed flame spread over thin cellulosic fuels is faster than in normal gravity. Similar flame behavior was also 

observed for polymethyl methacrylate (PMMA) rods in the recent BASS-II µg experiment16.  

External radiation also plays an important role in the flammability of materials17–22. In actual fires, an external 

radiant heat sources may be an adjacent fire, heated walls or an overheated electronic system. Such heat sources can 

change the material fire behavior as well as its flammability limit. For example, Osorio et al.21 studied the forced-flow 

flame spread behavior and the LOC for Nomex HT90-40 under external radiation, and showed that for given oxygen 

concentration there is a minimum external heat flux that allows flame spread to occur. Thomsen et al.22 studied the 

effect of external radiation on the LOC for Nomex HT90-40 under different ambient pressures, showing that as the 

amount of external heating is increased a decreased in the LOC was observed. One question that arises from these 

studies is whether an applied external radiation from a heater has the same effect on the flammability of a material as 

an actual adjacent fire. This the objective of the present work. 

In this work, the upward flame spread rate and the flammability of Nomex HT90-40 fabric were investigated in 

normal gravity under several external heating, ambient pressure, and oxygen concentration configurations. Two 

different external heat sources were used, a radiant flux from halogen lamps, and a flame from burning PMMA sheet. 

The latter was considered more representative of the heating from an adjacent fire although less controllable. Also the 

sample is similar to one of the samples tested in the microgravity spacecraft fire experiment conducted in the Orbital 

Corporation Cygnus spacecraft (Saffire II)23. 

II. Experimental Setup and Procedure 

The experiments were conducted in an apparatus to study the flammability of solid combustible materials under 

varied ambient conditions22. The apparatus consists of a laboratory scale combustion tunnel that is incorporated in a 

pressure chamber permitting the simultaneous control of oxygen concentration, ambient pressure, flow velocity and 

external radiant heat flux. A photograph of the pressure chamber, the flow tunnel and a schematic of the apparatus are 

shown in Figure 1. The tunnel has a 125 mm square cross section and a 600 mm total length. The first 350 mm section 

of the duct serves as a flow straightener, where inlet gases from bottom pass and mix sequentially through perforated 

stainless steel plates, a 30 mm layer of 3-5 mm borosilicate beads and 40 mm thick, aluminum honeycomb with 6 mm 

cells before entering the test section. This configuration was tested with hot-wire anemometry, at atmospheric pressure 

and found to provide steady flow that was uniform to within ±3.5% at the duct outlet. 

The other 250 mm segment of the duct is used as the test section. A single layer of Nomex HT90-40 (Stern and 

Stern Industries Inc., Hornell, NY, USA) was placed vertically at the midplane of the duct with both sides exposed to 
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the flow. Nomex is the registered name for a flame-resistant fabric made by DuPont24. Unlike flame retardant 

materials, Nomex is made from a synthetic aromatic polyamide polymer composed by long strong flexible fiber chains 

and it does not have any additives to improve its properties. Given its structural characteristics, Nomex does no melt, 

drip or sustain a flame in normal air conditions. Instead, when exposed to high heat flows it pyrolyzes leaving behind 

a char residue. The area density of Nomex HT90-40 is 24.41 mg/cm2. In this experiment, 0.33 mm thick Nomex 

sample was cut into pieces of 140 mm long by 76 mm wide. Before placing it inside of the duct, the sample was held 

in between two identical stainless steel frames of 200 mm by 125 mm and 0.4 mm thick. Each frame had an identical 

rectangular opening the size of the sample to serve as the test area. 

A set of experiments were conducted with an external heat source provided by four quartz near-infrared halogen 

lamps (Ushio QIH120-500T/S), i.e. two in each side of the duct (see Figure 1(c). Each lamp had a lit length of 127 

mm and a total length of 220 mm, and it was half surrounded 

and supported by parabolic reflectors (Research Inc. 5236-05-

A). The lamp radiation through a side wall of 0.56 mm alkali-

aluminosilicate glass was measured using a Schmidt-Boelter 

radiometer (Medthermal) under variable power of the lamps. 

The uniformity of radiation across the entire sample was 

measured to be within 5%. Three constant radiation levels, 5, 10, 

and 15 kW/m2 (considering the total value, on two sides, from 

four lamps), were chosen. The external radiation was applied 

120 s ahead of ignition and continued until the end of 

experiment. The ignition was achieved by a nichrome wire 

braided to the Nomex fabric. The igniter was energized using a 

controlled current power supply (BK Precision 1785) set to 

deliver 40 W for 10 s. 

Another set of experiments were conducted with a composite 

sample consisting of a 0.74 mm thick clear casted PMMA sheet 

13 mm long and 76 mm wide placed below the Nomex sample 

as seen in Figure 2. The same nichrome wire was braided to the 

PMMA piece for ignition. Once ignited, the PMMA flame 

provided a source of both heating and pilot to the Nomex. The 

composite sample was selected to match one of the samples 

tested in the microgravity spacecraft fire experiment conducted 

in the Orbital Corporation Cygnus spacecraft (Saffire II)23. 

  
Figure 1.  a) Pressure chamber with the experimental apparatus inside, b) Experimental apparatus c) 

Schematic of the experimental apparatus. 

 

 
Figure 2.  Fabric and PMMA sample structure. 
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In addition to testing under the normal atmospheric pressure (~100 kPa), a reduced pressure of 60 ± 2 kPa was also 

tested. The latter was selected because it has been theoretically predicted in a previous work25 that the burning behavior 

in reduced pressure is similar to that expected in microgravity conditions. The composition and pressure of concurrent 

(upward) gas flow were controlled by adding oxidizer gases through critical nozzles while constantly evacuating 

exhaust gases to maintain constant a pressure inside the chamber. The pressure was primarily controlled by a high-

capacity vacuum generator (Vaccon JS-300) and a mechanical vacuum regulator connected to the test chamber. 

Correct operation of this configuration was ensured by monitoring constantly the chamber pressure with an electronic 

pressure transducer (Omega Engineering, Inc. PX303-015A5V). To vary the oxygen concentration in the pressure 

chamber from 18 to 34 vol%, the flowrates of dry compressed air and pure oxygen/nitrogen were controlled by 

measuring the supply pressure and passed through precision control orifices (O'Keefe Controls) before mixing and 

entering the chamber. The flow was fixed to 10 cm/s throughout the test.  

The experimental procedure followed the Oxygen Index tests described in NASA-STD-6001B4. Once the sample 

was in position, the chamber was sealed to adjust the ambient pressure and oxygen concentration. Once the prescribed 

pressure and oxygen concentration were achieved, and the flow was stabilized, the igniter was activated. The ignition 

and subsequent concurrent (upward) flame spread were video-recorded with a resolution of 1280 by 720 at 59 frames 

per second using a Nikon D3200 camera to track the pyrolysis front. In addition, the mass of the sample was recorded 

before and after each test using a Sartorius scale (CPA225D) with a 0.01 mg resolution. For each test condition, 

between three and five replicate experiments were conducted to address the experimental uncertainty. 

III. Experimental Results 

The concurrent flame spread under the lamp radiation was first investigated. A successful flame propagation test 

was defined as when the flame propagated longer than 10 mm away from the igniter. Based on this flammability 

criterion, the LOC for flame spread was determined as the boundary condition between no flame propagation in all 

repeating tests and at least one flame propagation at the following higher oxygen concentration. Figure 3(a-b) presents 

the data collected for the concurrent (upward) flame spread over Nomex fabric at 60 and 100 kPa (~1 atm) under 

varying external radiation and oxygen concentration. The flammability boundary is presented by a dashed line that 

fits the LOC for each external radiant heating. Given that multiple tests were performed at the same condition some 

points appear overlapping over each other. Clearly, the external radiation extends the material flammability by 

lowering the LOC. For example, with an external radiation of 15 kW/m2, the LOC at normal pressure (100 kPa) is 

reduced from 23 to 20 vol% of O2 and from 25 to 21 vol% of O2 at 60 kPa.  

Figure 3(c) further compares the pressure effect on the flammability boundary. Reductions in pressure require a 

higher oxygen concentration or a larger external radiation to sustain the flame spread. It should be noted that these 

specific results are dependent on the sample and experimental conditions6,20, although the observed trends may be 

extended to other conditions.  

Average flame spread rates were determined by tracking the pyrolysis front over the fabric. Figure 4 shows the 

position of the pyrolysis front in Nomex as a function of time for the Nomex HT90-40 plus PMMA configuration at 

an ambient pressure of 100 kPa and different oxygen concentrations. The flame spread clearly becomes faster as the 

oxygen concentration increases. Notice that at oxygen concentrations lower than the LOC of Nomex, the PMMA 

flame allows the burning of fabric until the burnout of the PMMA, so the total propagation distance is shorter (about 

80 mm). As the oxygen concentration gets higher than the LOC, the pyrolysis of fabric can keep sustaining the flame 

spread on its own and therefore propagate over the entire 140-mm sample. Also, two stages of spread were observed 

(1) before the burnout of PMMA, flame spread in Nomex accelerated, and (2) afterwards, flame spread slowed down. 

Figure 5 shows the average concurrent (upward) flame spread rate over the Nomex as a function of oxygen 

concentration under two different heat sources and two different ambient pressures. The mean value of 3-5 repeated 

tests is reported, and error bars show the standard deviation. As expected, the flame spread rate increases with oxygen 

concentration, independent of changes in the other environmental variables, primarily because of the increasing flame 

temperature. Also, a higher flame spread rate was found for higher pressures, although the pressure effect is much 

weaker than the oxygen effect22. Moreover, the LOC decreased from 23 to 21 vol% as the external radiation increased 

from 0 to 10 kW/m2.  

Figure 5 also shows that for the tests with PMMA as the heating source flame can spread over Nomex at a lower 

oxygen concentration than with the Nomex burning alone under the lamp radiation. When the Nomex fabric is 

subjected to the PMMA flame, the LOC of Nomex is reduced to 17 vol% which is the LOC of PMMA, and it is lower 

than 21 vol% under the external radiant of 10 kW/m2. This indicates a different heating mechanism from the radiant 

lamps, because the heating from PMMA can be higher (about 15 kW/m2)26 and include both convection and radiation. 
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Once ignited, the PMMA flame generated 

covers the bottom part of the fabric 

providing enough heat to pyrolyze the 

material. At the same time, the pyrolysate 

from Nomex also contributed to the flame, 

altering both the flame characteristics and 

the heterogenous reactions in Nomex. This 

effect would be less apparent at higher 

oxygen concentrations when the PMMA 

burns out faster and the flame can keep 

propagating on its own over the fabric 

sample. It should be noted, that during the 

Saffire II experiment no flame spread over 

Nomex under the PMMA flame was 

observed at 21 vol%, however this limited 

single data does not allow us to draw further 

conclusions. 

On other hand, above the LOC, the 

overall effect of PMMA flame on Nomex 

flame spread is equivalent to an external 

radiant heat flux less than 5 kW/m2, 

 
Figure 3.  Flame spread (or flammability) boundary for Nomex HT90-40 as a function of oxygen 

concentration and external radiation for two ambient pressures of (a) 100 kPa and (b) 60 kPa; and (c) the 

comparison. 

 

 
Figure 4.  Position of the pyrolysis front in Nomex HT90-40 as a 

function time with PMMA at 100 kPa. 
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probably because of the early burnout of PMMA and the two-stage flame spread as shown in Figure 4. Although the 

results presented imply that the heating from the PMMA helps the spread of flames over Nomex and extends the LOC 

of the Nomex, it is difficult to separate the contributions from the PMMA and the Nomex in the burning process. 

However, the data can be used to compare flame spread behavior under two heating sources.  

 

To better understand the burning process of the fabric under the different heating sources, we measured mass loss 

of the sample. The mass loss fraction or the burning fraction (∆Yb) was defined as 

 

∆𝑌𝑏 =
𝑚𝑏

𝑚0

=
𝑚0 −𝑚𝑟

𝑚0

 (1) 

 

where m0, mb, and mr are the mass of the original, burnt and residual sample, respectively. Figure 6 shows ∆Yb as a 

function of oxygen concentration for all experiments. It can be seen that the mass loss fractions of the Nomex burning 

with the PMMA and with the external radiant heater follow a trend similar to the flame spread rates in Figure 5. Also, 

the two heating sources have different effects on the overall mass loss (or the overall heat release). As heated by the 

PMMA flame, the mass loss continuously increases with the oxygen concentration. However, when heated by the 

radiant lamps, there are two different regions separated by the LOC. Below the LOC, the mass loss fraction is almost 

 
Figure 5.  Average flame spread rate as a function of oxygen concentration for two different ambient 

pressures: (a) 100 kPa and (b) 60 kPa. Hatched line shows the LOC for each heating source. 
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constant and is a direct result of the ignition heating (see hollow symbols). Above the LOC, the mass loss fraction has 

a step increment, showing the clear boundary between no-spread and spread (see filled symbols). Increasing the 

oxygen concentration further, the mass loss continues to increase, similar to that with PMMA flame. 

This difference was also noticed in the flame behavior, specifically, when using the external radiation, the flame 

spread was more uniform and extended almost through the entire sample. However, when the fabric was exposed to 

the PMMA flame, the overall flame spread was more irregular. 

IV. Discussion 

The flame spread process over a thin solid fuel can be analyzed in terms of the interactions between the studied 

environmental variables. When the flame is spreading over the fuel surface different physical, thermal and chemical 

mechanisms interact at the same time, complicating the flame behavior. Figure 7 illustrates a typical case of upward 

flame spread over a thin sample in a concurrent flow configuration. A simplified analysis is followed here, with the 

flame spread rate being expressed as 27 

 

𝑉𝑓 = (𝑙𝑓 − 𝑙𝑝) [
𝜌𝑠𝑐𝑠𝑠(𝑇𝑝 − 𝑇0)

�̇�𝑓
′′ + �̇�𝑒

′′ − �̇�𝑟𝑠
′′
−
𝐶𝑥

𝑈∞

[𝐹]

�̂̇�
]

−1

 (2) 

 
Figure 6.  Mass loss fraction of Nomex HT90-40 as a function of oxygen concentration for two different 

ambient pressures: (a) 100 kPa and (b) 60 kPa. Hollow points represents the no-spread cases. 
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where lf and lp are the flame and pyrolysis length, �̇�𝑓
′′ represents the heat transferred by the flame to the solid by 

radiation and convection, �̇�𝑒
′′ is the external radiant heat flux and �̇�𝑟𝑠

′′  is the surface re-radiation, U∞ is the flow velocity, 

�̂̇� the reaction rate, x is the coordinate parallel to the fuel surface, [F] the fuel concentration, ρs and cs are the solid 

density and specific heat and s is the solid thickness, Tp and To represent the pyrolysis and initial temperatures of the 

fuel and C is a numerical constant.  

Equation 2 focuses on two important mechanisms, the heat transfer to the unburnt solid and the chemical kinetics 

in the gas phase. Given Eq. 2, increasing the external radiant heat flux accelerates the flame spread. At higher oxygen 

concentrations the increase in flame temperature promotes the heat transfer from the flame to the solid, and then helps 

the flame to propagate faster. Therefore, as oxygen concentration decreases, the external radiant flux must compensate 

the reduction in flame heating. Eventually, as the oxygen concentration is further reduced, the gas chemistry becomes 

too slow to sustain a flame. 

Changes in ambient pressure changes the heat transfer process by affecting the boundary layer thickness. A 

reduction in pressure will reduce the gas density and the buoyancy, resulting in a thicker boundary layer. Therefore, 

moving the flame further away from the solid and reducing the convective heat transferred to the solid. 

A similar analysis can also be done to understand the changes experienced by the mass loss. Following a similar 

analysis as presented by Osorio et al.21, mass loss rate can be defined as 

 

𝑚′′ =
(�̇�𝑓

′′ + �̇�𝑒
′′ − �̇�𝑟𝑠

′′ )

∆𝐻𝑝

 (3) 

 

where ∆Hp is the heat of pyrolysis of the material. An increase in oxygen concentration and pressure will result in an 

increase in the heat transfer from the flame to the solid and consequently the mass loss rate as found in the experimental 

results (see Figure 6).  

 

V. Conclusion 

Concurrent flame spread rate, mass loss fractions and limiting oxygen concentrations (LOC) of Nomex HT90-40 

fabric burning in an upward configuration with a concurrent flow were measured as a function of oxygen 

concentration, ambient pressure and the effects of two external heat sources: an external radiant heat flux generated 

by halogen lamps and a flame from a burning sheet of PMMA placed below the fabric. Experiment shows that 

  
     

Figure 7.  Schematic diagram of flame spread process with (a) external radiant heat source and (b) PMMA 

flame. 
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increases in oxygen concentration and ambient pressure will increase the flammability of the material and promote 

flame spread. Comparatively, the pressure effect is weaker than the oxygen effect. The two different external heat 

sources considered resulted in different flame spread behaviors. On one hand, the external radiant flux provided by 

the lamps increased the flame spread rate and extended its flammability by lowering LOC from 23 vol% to 20 vol% 

at 15 kW/m2. On the other hand, the attached PMMA flame helped the fabric to burn at an oxygen concentration of 

18 vol%, lower than the LOC of 23 vol%, although there is some uncertainty on how much is the contribution from 

the PMMA itself in this value. When assisted by the PMMA flame, the flame spread rate continuously increased with 

oxygen concentration. A simplified analysis of flame spread process allows understanding how some characteristics 

of spreading flame change in response to variations in environmental conditions. Understanding these relations will 

provide a better picture of flammability of materials and what to be expected under specific conditions such as a 

nearby fire. 
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