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Abstract: Long-duration combustion experiments of 

NOMEX HT90-40, a high-oxygen-index (OI = 30) 

charring material, were conducted aboard the 

International Space Station using the Solid Combustion 

Experiment Module (SCEM) under both opposed-flow 

and concurrent-flow conditions. The study aimed to 

evaluate the applicability of a previously proposed 

scaling model for predicting flammability limits of solid 

materials in microgravity. Under opposed-flow 

conditions, the model quantitatively reproduced the 

limiting conditions for two-dimensional flame spread. At velocities below the predicted limiting curve, 

the flame transitioned to a robust three-dimensional structure, reducing the preheat-zone length and 

thereby lowering radiative heat losses—behavior also observed for filter paper. In contrast, under 

concurrent-flow conditions, extinction occurred even at oxygen concentrations that supported steady 

flame spread under opposed-flow conditions. This phenomenon is attributed to oxygen consumption in 

the upstream char region, reducing oxygen availability in the pyrolysis zone. These findings establish 

quantitative flammability thresholds for high-OI charring materials in microgravity, providing a robust 

basis for refining fire-safety standards in space habitats. They also underscore the importance of further 

investigations into ignition-energy history, flow-field effects, and oxygen-distribution non-uniformity 

under varied environmental conditions. 
 

Keywords: Flame spread, Flammability limit, Charring-materials, Microgravity 

 

1. Introduction 

Ensuring fire safety is one of the critical challenges in long-duration human space activities1). In recent 

years, the utilization of space by the private sector has been expanding, creating a growing need for methods 

capable of evaluating the flammability of solid materials across a broader range of gravity levels and 

atmospheric environments. Under the FLARE project, led by the Japan Aerospace Exploration Agency (JAXA), 

a new fire safety standard for solid materials has been proposed2). As part of this effort, long-duration 

microgravity experiments using flat-plate specimens have been conducted since 2022 aboard the ISS/Kibo 

module, employing the Solid Combustion Experiment Module (SCEM). Previous studies in this series have 

included combustion tests of filter paper3, 4) and polymethyl methacrylate5) (PMMA), both widely used as 
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standard specimens from earlier research. In 2024, combustion tests began on NOMEX HT90-40, a meta-

aramid fabric with flame-retardant properties. NOMEX, which is also used in space suits, exhibits a high 

oxygen index (OI = 30) and is classified as a charring material, leaving solid residue after burning. This paper 

presents the characteristic burning behaviors of NOMEX specimens observed under varying conditions of 

ambient oxygen concentration, ambient pressure, and external flow velocity. 

2. Model for predicting flammability limits 

In the scaling analysis, the limiting oxygen concentration (LOC) for a two-dimensional flame under 

opposed-flow conditions (Fig. 1) was determined by establishing a thermal balance equation6) (Eq. 1). 

 

𝑉𝑓𝜌𝑠𝑐𝑠𝜏(𝑇𝑣 − 𝑇∞) + 𝜀(1 − 𝛼𝑎𝑏𝑠)𝜎(𝑇𝑣
4 − 𝑇∞

4)𝐿𝑔 = (1 −
1

𝐷𝑎
) 𝜆𝑔

(𝑇𝑓 − 𝑇𝑣)

𝐿𝑔

𝐿𝑔               (1) 

 

In this equation, Vf denotes the flame-spread velocity, Da is the Damkohler number, and ρs, cs, τ, and Tv 

are the density, specific heat, thickness, and pyrolysis temperature of the sample, respectively. λg is the thermal 

conductivity of the gas phase (evaluated at Tv), and Lg is the preheat-zone length. In addition, σ and ε represent 

the Stefan-Boltzmann constant and the emissivity of the sample surface, respectively. By non-

dimensionalizing Eq. 1 using the flame-spread velocity Vf,th in the so-called thermal regime, the following non-

dimensional equation (Eq. 2) is obtained. 
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The preheat-zone length Lg in Eq. 1 is expressed, based on results from orbital experiments with filter 

paper4), as Lg ~ (Pr⋅xd⋅αg / Vg)0.5. Using this relation, Rrad and Da in Eq. 2 can be written as follows: 

 

𝑅𝑟𝑎𝑑 = 𝐵2′ ⋅
𝜀(1 − 𝑎𝑎𝑏𝑠)𝜎(𝑇𝑣
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        (3) 

𝐷𝑎 = 𝑃𝑟
𝑥𝑑

𝑉𝑔

𝜌𝑔𝑌𝑂𝐴∗ 𝑒𝑥𝑝( − 𝐸∗/𝑅𝑇𝑓)                      (4) 

 

Here, the parameters A' and E' in Da are calculated from the oxygen index7) (OI) and the high-velocity 

oxygen index8) (HOI). The experimental constant B2' in Rrad was set to B2' = 1.08 based on orbital experimental 

results with filter paper4). The physical properties used for the predictions are summarized in Table 1. The 

predicted limiting curve is then compared with flame-spread experimental results obtained in orbit. 

 

 

Figure 1. Schematic of two-dimensional flame spread over a thin solid material under opposed-flow conditions. 

 
Table 1. Properties of NOMEX 
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Area density 
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Thickness 

[mm] 
OI HOI800 HOI1000 Tv [K] Δh [kJ/g] 

NOMEX 

HT90-40 
C14H10O2N2 244 0.30 30.03 30.59 30.83 745 25.53 

OI: oxygen index; HOI: high-velocity oxygen index; Tv: pyrolysis temperature; Δh: heat of combustion 
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3. Experimental setup 

The experiments were conducted using the Solid Combustion Experiment Module3, 4) (SCEM) installed in 

the Kibo module of the International Space Station (ISS). An overview of SCEM is shown in Fig. 2. SCEM is a 

closed-circuit wind tunnel with an internal volume of 35 liters. A flat sample (2 cm wide, 13 cm long) mounted 

on a sample card is placed in the test section, enabling experiments under both opposed-flow and concurrent-

flow conditions by varying the ignition position. Ignition was achieved by electrically heating a Kanthal wire 

in contact with the sample edge. In the experimental results, time is represented as follows: T+0s corresponds 

to the start of recording, T+5 s marks the beginning of heating the ignition wire, and the heating duration was 

set to 10 seconds. 

The oxygen concentration and ambient flow velocity inside SCEM can be controlled in the ranges 0–45% 

and 0–30 cm/s, respectively, while the atmospheric pressure can be adjusted from 0 to 101.3 kPa. Flame-spread 

behavior was recorded by three visible-light cameras (frame rate: 20 fps) positioned perpendicularly, 

diagonally, and horizontally to the sample. The sample-surface temperature was measured using an infrared 

camera (wavelength range: 7–13 μm, frame rate: 30 fps) with a measurable range of 243–803 K. 

 

 
Figure 2. Solid Combustion Experiment Module (SCEM) on the ISS/Kibo module 

4. Results and discussion 

Long-duration combustion experiments of NOMEX were conducted under both opposed-flow and 

concurrent-flow conditions at atmospheric pressure (101.3 kPa), with eight tests performed for each condition. 

The flammability map obtained under opposed-flow conditions is shown in Fig. 3, together with the limiting 
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Figure 4. Flame spread behavior in Run #01. Opposed-flow 

velocity (Vg) decreases as follows: 18 cm/s [T+0s] → 15 cm/s 

[T+40s] → 10 cm/s [T+70s] → 6 cm/s [T+100s] 

 
Figure 5. Time histories of the preheat-zone length (Lg) and flame 

radius (Rf) in Run #01. 
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Figure 3. Flammability map of NOMEX under 

opposed flow conditions. 
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curve calculated from Eqs. 1–4 using the physical properties listed in Table 1. Most of the samples were tested 

under conditions where the flow velocity was varied stepwise. In the figure, squares indicate cases where a 

two-dimensional flame was observed, while circles denote cases where a three-dimensional flame was 

observed. It is evident that two-dimensional flames appeared within the predicted limiting curve. Beyond this 

curve, as the opposed-flow velocity decreased, the flame transitioned from a two-dimensional to a three-

dimensional structure, and further reduction in velocity led to extinction. This behavior was also observed in 

tests using filter paper3).  

The change in flame structure with decreasing flow velocity is illustrated in Fig. 4 (Run #01). When the 

opposed-flow velocity reached 10 cm/s, the initially two-dimensional flame became rounded, and at 6 cm/s it 

was extinguished. This transition can be explained by differences in preheat-zone length (Lg) between two-

dimensional and three-dimensional flames. Equations 5 and 6 describe Lg for two-dimensional and three-

dimensional flames, respectively. 

 

𝐿𝑔~√
𝑃𝑟𝑥𝑑𝛼𝑔

𝑉𝑔

               (for two-dimensional flame)         (5) 

𝐿𝑔~
2𝑅𝑓

2 + 0.6𝑅𝑒
1
2𝑃𝑟

1
3

∝ 𝑅𝑓    𝑤ℎ𝑒𝑟𝑒 𝑅𝑒 =
2𝑅𝑓𝑉𝑔

𝜈
~𝑂(10)          (for three-dimensional flame)       (6) 

 

For a two-dimensional flame, Lg increases rapidly as the opposed-flow velocity decreases. However, when 

the flame assumes a three-dimensional shape, Lg becomes approximately proportional to the flame radius, 

allowing the flame to shorten Lg by reducing its radius. This reduction in Lg is considered to reduce radiative 

heat losses. Figure 5 presents the time histories of Lg and the flame radius, Rf, for Run #01. The flame radius is 

defined as the radius of a circle having the same area as the observed flame. Initially, Lg increases stepwise 

with decreasing opposed-flow velocity. When the velocity reaches 10 cm/s, Lg first rises to 5.7 mm, 

corresponding to that velocity, but after the flame transitions to a three-dimensional structure, Lg decreases to 

5.0 mm, thereby reducing radiative losses. 

The flammability map for concurrent-flow conditions is shown in Fig. 6. In this case, extinction was 

observed even at oxygen concentrations where flame spread occurred under opposed-flow conditions, 

a)  

b)  

c)  
Figure 7. Flame spread behavior in a) Run #05, b) Run #07, and 

c) Run #25. 
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Figure 6. Flammability map of NOMEX under 

concurrent flow conditions. 
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yielding the unexpected result that burning was less sustainable under concurrent flow. The ignition power 

and heating duration for the Kanthal wire were identical to those in the opposed-flow experiments. Infrared 

images from Run #05 and Run #07 (Figs. 7a, b) show that, immediately after ignition, the flame assumed a 

rounded shape even at relatively high velocities and was rapidly extinguished. Furthermore, in Run #25, 

where steady flame spread was achieved, the shape of the hot charred edge fluctuated significantly over time 

(see Fig. 7c). 

These findings indicate that concurrent-flow conditions are not necessarily more conservative than 

opposed-flow conditions. Although not shown here, similar phenomena were also observed at a reduced 

ambient pressure of 56.5 kPa. On the other hand, upward flame-spread tests conducted on the ground have 

reported sustained combustion at an oxygen concentration of 26%9), a result also confirmed in our previous 

experiments. This suggests that flame spread under concurrent-flow conditions is strongly influenced by the 

ignition energy history, differences in the surrounding flow field, and, as discussed above, oxygen-

concentration non-uniformity. 

5. Conclusions 

Long-duration combustion experiments of NOMEX were conducted under both opposed-flow and 

concurrent-flow conditions, yielding the following key findings: 

1. The previously proposed model equations quantitatively reproduced the limiting conditions for two-

dimensional flame spread of NOMEX under opposed-flow conditions. 

2. Under opposed-flow conditions at velocities below the limiting curve, the flame transitioned to a three-

dimensional structure—similar to the behavior observed for filter paper—resulting in a robust flame. This 

transition effectively reduced the preheat-zone length compared to a two-dimensional flame, thereby 

reducing radiative heat losses. 

3. Under concurrent-flow conditions, extinction occurred even at oxygen concentrations that supported 

steady flame spread in opposed-flow tests. This phenomenon is likely caused by oxygen consumption due 

to oxidation reactions in the upstream char region, leading to reduced oxygen availability in the pyrolysis 

zone. 

These findings provide new insight into the flammability behavior of high-OI charring materials in 

microgravity and demonstrate that concurrent-flow conditions are not inherently more conservative than 

opposed-flow conditions. By establishing quantitative limits for high-OI charring materials in microgravity, 

this study offers a robust foundation for revising fire-safety standards for space habitats. These findings also 

underscore the importance of future investigations into ignition-energy history, flow-field effects, and oxygen 

distribution under diverse environmental conditions. 
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