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Introduction

Fires in space vehicles and aboard the International Space 
Station (ISS) can pose a significant risk to the mission, crew, 
and spacecraft. Hence it is crucial to develop understanding 
of material flammability in actual spacecraft environments 
(microgravity). Flame spread is one of the most important 
characteristics of material flammability as it indicates how 
fast a flame would travel and potentially ignite nearby mate-
rials. Many experiments have been carried out to study the 
fundamental nature of fire spread over solid combustibles in 
microgravity conditions using drop towers (Bhattacharjee 
et al. 2003; Carney et al. 2021; Olson et al. 1989; Olson 
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Abstract
Opposed-flow flame spread over solid materials has been investigated in the past few decades owing to its importance in 
fundamental understanding of fires. These studies provided insights on the behavior of opposed-flow flames in different 
environmental conditions (e.g., flow speed, oxygen concentration). However, the effect of confinement on opposed-flow 
flames remains under-explored. It is known that confinement plays a critical role in concurrent-flow flame spread in 
normal and microgravity conditions. Hence, for a complete understanding it becomes important to understand the effects 
of confinement for opposed-flow flames. In this study, microgravity experiments are conducted aboard the International 
Space Station (ISS) to investigate opposed-flow flame spread in different confined conditions. Two materials, cotton-
fiberglass blended textile fabric (SIBAL) and 1 mm thick polymethyl methacrylate (PMMA) slab are burned between a 
pair of parallel flow baffles in a small flow duct. By varying the sample-baffle distance, various levels of confinement 
are achieved (H = 1–2 cm). Three types of baffles, transparent, black, and reflective, are used to create different radiative 
boundary conditions. The purely forced flow speed is also varied (between 2.6 and 10.5 cm/s) to investigate its interplay 
with the confinement level. For both sample materials, it is observed that the flame spread rate decreases when the confine-
ment level increases (i.e., when H decreases). In addition, flame spread rate is shown to have a positive correlation with 
flow speed, up to an optimal value. The results also indicate that the optimal flow speed for flame spread can decrease 
in highly confined conditions. Surface radiation on the confinement boundary is shown to play a key role. For SIBAL 
fabric, stronger flames are observed when using black baffles compared to transparent. For PMMA, reflective baffles yield 
stronger flames compared to black baffles. When comparing the results to the concurrent-flow case, it is also noticed that 
opposed-flow flames spread slower and blow off at larger flow speeds but are not as sensitive to the flow speed. This 
work provides unique long-duration microgravity experimental data that can inform the design of future opposed-flow 
experiments in microgravity and the development of theory and numerical models.
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and Miller 2009; Vetturini et al. 2020; Zhu et al. 2022), 
parabolic flights (Consalvi et al. 2021; Feier et al. 2002; 
Guibaud et al. 2020; Kleinhenz et al. 2008; Konno et al. 
2022; Nagachi et al. 2021), space shuttles (Li et al. 2019; 
Sacksteder et al. 1998), and facilities aboard the ISS (Bhat-
tacharjee et al. 2017; Huang et al. 2019; Li et al. 2021a; 
Li et al. 2021b). These tests provided insights on the effect 
of different environmental conditions (e.g., oxygen level, 
pressure, flow speed) and flow configurations on the flame 
growth and flame spread rate. Comparisons of concurrent-
flow results in different NASA projects such as Burning and 
Suppression of Solids (BASS) (Zhao et al. 2017) and Saf-
fire (Urban et al. 2019) highlighted that flame spread rate 
is also affected by the confinement level. Even in normal 
gravity, constrained geometries can enhance (or even hinder 
depending upon the cavity size) fire spread due to the chim-
ney effect, such as what happened in the London Grenfell 
Tower Fire accident in 2017 (Sharma and Mishra 2021).

The buoyant flow in a normal-gravity Earth environment 
establishes a positive feedback loop between the supply of 
oxygen and the growth of the fire (Comas et al. 2015; Cui 
et al. 2023; Matsuoka et al. 2018). This buoyancy-induced 
convection enhances the availability of oxygen, promoting 
the rapid expansion of the flames, especially in concurrent 
flow. For opposed flow, however, buoyant flow in some 
cases may promote blow off extinction (Olson et al. 1989). 
On the other hand, in microgravity the absence of buoyancy 
usually means that another oxygen transport method must 
be provided to enable fire spread. Flames may still be pos-
sible simply due to air circulation in the space station or 
crew vehicle ventilation systems (around 10 to 20 cm/s). 
However, if the airflow in microgravity is less than around 
10 cm/s, the system enters the “oxygen-limited regime,” 
where the flame weakens and moves away from the solid 
surface and towards fresh oxygen in the environment. Con-
sequently, the increased flame standoff distance weakens the 
transfer of heat from the flame to the fuel surface, causing a 
decrease in the spread rate. For thin cellulose sheets, (Olson 
et al. 1989) observed that this oxygen-limited behavior 
is observed when the flow falls below 15 cm/s for a 30% 
oxygen concentration and below 25 cm/s for a 21% oxy-
gen concentration. Confinement exacerbates the deficiency 
of oxygen, especially in microgravity, further complicat-
ing the flame spread process by exploring the relationship 
between airflow speed and flame spread, we can gain valu-
able insights into the dynamics of fire behavior and develop 
more effective fire safety measures.

Considering these, (Li et al. 2021a) investigated the effect 
of confinement on concurrent-flow flame spread in micro-
gravity in the “Confined Combustion” ISS project. Here, 
the BASS hardware (Zhao et al. 2017) was refurbished and 
modified to allow different levels of flow confinement and 

different radiative wall properties. The results demonstrated 
that at the same confined condition, steady-state flame length 
and spread rate are proportional to the concurrent flow 
speed over the tested range. When confinement increases, 
the flame spread rate and flame length first increase and 
then decrease. The work stressed that a long test duration is 
needed to reveal the various stages of flame development, 
such as accelerating flame spread, steady state, and extinc-
tion, under different confinement levels.

Other studies have investigated opposed-flow flame 
spread (Huang and Gao 2021), with most focusing on flow 
speed, oxygen concentration, fuel thickness, fuel width, 
and radiation feedback in actual (Bhattacharjee et al. 2016; 
Bhattacharjee and Carmignani 2022; Carmignani et al. 
2020; Kashiwagi et al. 1996; Olson et al. 2001; Olson 1991; 
Takahashi et al. 2002; Urban et al. 2019; Wang et al. 2015) 
or simulated (Hossain et al. 2018, 2020; Olson et al. 2009; 
Zhang and Yu 2011) microgravity conditions. A few stud-
ies have specifically examined the impact of confinement 
on opposed-flow flame spread. For instance, Nakamura et 
al. (Konno et al. 2020) conducted numerical simulations 
to investigate enclosure effects on opposed-flow flame 
spread and observed that flame spread rate was faster for the 
enclosed case than the open case. Wang et al. (Wang et al. 
2015) conducted experiments using a drop tower to inves-
tigate the impact of confinement on the flame spread over 
thin solid fuels in a low speed opposing flow (5 cm/s). Their 
results revealed a non-monotonic trend of flame spread rate 
with respect to the height of the tunnel where the flame 
spread occurred. However, it is important to note that the 
tests were conducted at a single flow speed and were lim-
ited to a duration of 3.6 s due to the inherent constraints of 
achieving microgravity conditions on Earth (e.g., the limit-
ing height of the drop tower).

Additional studies examined longer durations by using 
a simulated microgravity environment in normal gravity 
(Hossain et al. 2018; Olson et al. 2009). (Olson et al. 2009) 
developed a Narrow Channel Apparatus (NCA) that physi-
cally constrains buoyant convection by using short-height 
channels. Opposed-flow flame spread experiments were per-
formed at different flow speeds, oxygen concentrations, and 
channel gap sizes. Good agreement was obtained between 
the results from the NCA, and corresponding equivalent 
tests performed at the NASA microgravity drop facilities. 
(Hossain et al. 2018) further investigated various channel 
heights and airflow speeds for opposed-flow flame spread 
over thin fuels using the NCA. It was noted that only limited 
confinement levels can be studied in NCA since making the 
gap too narrow yields excessive heat loss to the confining 
walls and making the gap too large nullifies the simulated 
microgravity conditions because significant buoyant flow 
can develop.
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Furthermore, as reported by (Li et al. 2021a) in the case of 
concurrent flow a longer testing duration is needed to reveal 
the various stages of flame development, such as accelerat-
ing flame spread, steady state, and extinction, under different 
confinement levels. To the best of the authors’ knowledge, 
no other experiments have been conducted that specifically 
examine the impact of confinement on fire behavior in long-
duration opposed-flow microgravity conditions, the objec-
tive of the present study. This work focuses on investigating 
the impact of confinement on flame behavior and spread for 
long duration microgravity conditions in different opposing 
airflows. The study also investigates the radiative interac-
tions between the flame and surrounding walls. Our ultimate 
goal is to gain insights that could be useful in identifying 
risks in future structural designs and enhancing fire safety 
codes for space and Earth applications.

Microgravity Experiments

This work presents additional results from the Confined 
Combustion ISS project. Specifically, we will present the 
opposed-flow flame spread data for the cotton-fiberglass 
composite fabric fuel (also called “SIBAL fabric”) and 
PMMA. Results of the concurrent-flow portion of the proj-
ect have been published in separate papers (Li et al. 2021b; 
Li et al. 2021a).

Experiment Facility

The experimental apparatus is shown in Fig. 1. It is identi-
cal to that reported in (Li et al. 2021a) except for the fuel 

ignited on the downstream trailing edge (to initiate the 
opposed-flow flame spread), and thus will be described here 
only briefly. Cotton-fiberglass composite fabric fuel sam-
ples and 1-mm-thick PMMA (the same as used in (Li et al. 
2021a; Olson et al. 2021; Zhao et al. 2017) are burned in an 
opposed flow in the BASS flow duct located in the Micro-
gravity Science Glovebox (MSG) aboard the ISS. The flow 
duct is 20 cm long and has a square cross-Sect. 7.6 cm by 
7.6 cm. A fan provides a variable forced convective flow up 
to 55 cm/s. (Flow speeds reported here are the average value 
at a given cross section.) The MSG is equipped with an O2 
sensor (Quantek model 201) that has an accuracy ± 2% 
of reading. This sensor is installed to monitor the oxygen 
consumption in the MSG during each test. In addition, the 
environmental oxygen sensor data is also collected from 
the ISS. In this study, all experiments are conducted at ISS 
ambient conditions i.e., at 1.0 atm and ~ 22% oxygen mole 
fraction (with daily oxygen variation between 21.3% and 
22.9%). The burning events are recorded by a video camera 
through the top window of the flow duct. The video record-
ings have a spatial resolution of 12.5 pixels/mm (equivalent 
to 0.08 mm/pixel) and a frame rate of 24 frames per second. 
The camera is configured to automatically adjust for white 
balance, exposure, and digital gain.

Sample-Baffle Assembly and test Matrix

The study involves evaluating the SIBAL fabric (75% cot-
ton, 25% fiberglass, area density: 18 mg/cm2, 0.33 mm thick) 
and PMMA materials, which were previously assessed in 
BASS (Olson et al. 2021; Zhao et al. 2017) and in the con-
current-flow tests in Confined Combustion. Both samples 

Fig. 1 Experimental setup of the BASS hardware in the Microgravity 
Science Glovebox aboard the International Space Station. (a) ISS crew 
member performing a test with real-time communication with the sci-

ence team located at the NASA Glenn Research Center ISS Payload 
Operations Center (GIPOC). (b) Close-up view of the experimental 
setup (Li et al.2021a)
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Three types of baffles, namely transparent polycarbon-
ate, black anodized aluminum, and polished (reflective) alu-
minum are used to study the impact of radiative boundary 
conditions (Fig. 3). The surface properties and other details 
of these baffles can be found in (Li et al. 2021a). To facilitate 
the attachment of the baffle/sample assembly to the BASS 
flow duct, the top window of the flow duct is retrofitted, 
and the assembly is magnetically integrated with the top 
window mount. This new design ensures that the sample is 
centered in the middle of the flow duct.

Arrangement of baffles and sample is sketched in Fig. 4. 
The flame burns on both sides of the SIBAL fabric while for 
the PMMA, the flame is only allowed on one side. Note that 
the weaker, single-sided flame is preferred in the PMMA 
tests to protect the baffles from thermal damage as observed 
in the concurrent tests (Li et al. 2021b). The single-sided 
flame configuration is achieved by installing a quenching 
baffle, 5 mm away from the back side of the sample. The 

are considered thermally thin in the experiments. The sam-
ple is held between two thin, stainless steel, black-oxide-
treated sample frames that are 13.8 cm long and 6.1 cm wide 
(Fig. 2a). The exposed area of the sample is 10 cm long and 
2.2 cm wide (Fig. 2a). A 29-AWG Kanthal hotwire of resis-
tance ~ 1 Ω located at the downstream edge of the sample is 
used to ignite the samples. After ignition, the samples are 
allowed to burn in the opposed-flow configuration. A newly 
developed baffle/sample system enables the creation of dif-
ferent confinement conditions inside the flow duct (Fig. 2b). 
The sample frame is installed at the center position of a 
mounting system, with two parallel flat baffles on each side 
of the sample (Fig. 2b). The dimensions of the baffles are 
the same as those of the exterior measurements of the black 
stainless steel sample holder. The mounting system com-
prises a series of 5 mm spacers. By adjusting the number of 
spacers between the baffles and the sample, various levels of 
flame confinement can be achieved.

Fig. 3 Types of flow baffles. (a) Transparent polycarbonate. (b) Anodized black aluminum. (c) Reflective aluminum

 

Fig. 2 Sample setup. (a) Sample holder with fuel and igniter mounted. (b) Assembly of baffle/sample system showing sample, sample frame, and 
two parallel black baffles
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the sample). Preflight flow calibration performed at various 
sample-baffle distances and at three different streamwise 
locations (near the entrance, at the center, and near the exit 
of the duct) is discussed in detail in our previous work (Li 
et al. 2021a). In this study, flow speed is decreased in steps 
as the flame spreads over the sample. After each flow reduc-
tion, the flow speed is maintained for a certain period (~ 20 s 
for SIBAL and ~ 200 s for PMMA) to allow the flame to 
reach steady state at the new flow condition. It is noted 
that flames in the opposed-flow configuration exhibit rapid 
response to changes in flow conditions. This is because 
the preheating of the fuel and hence the flame spread rate 
rely mainly on radiation and thermal diffusion in a small 
region surrounding the upstream flame base stabilization 
zone. This characteristic of opposed-flow flames is used to 
observe and analyze the flame spread behavior as a function 
of flow speed by conducting a series of incremental flow 
adjustments in a single test. This procedure is similar to that 
used in the previous BASS tests and allows multiple flow 
speeds to be examined in one burn (Zhao et al. 2017).

Results and Discussions

Transient Flame Development Process

The process of flame development resulting in steady, 
spreading flames at each flow step for SIBAL is illustrated in 
Fig. 6. In this case, two black baffles are used with a 1.5 cm 

flame cannot be established in this narrow gap because there 
is minimal air flow and excessive conductive heat loss for 
any flame that might try to become established there. For the 
thin SIBAL samples, flame residence time over the sample 
is short and heat transfer to flow baffles is not as significant, 
so a two-sided flame is permitted.

The test matrix for SIBAL and PMMA is shown in 
Table 1; Fig. 5. Key variables in the study are flow speed 
(ranging from 2.6 to 10.5 cm/s) and confinement level (i.e., 
sample-baffle distance H, at 1, 1.5, and 2 cm depending upon 

Fig. 5 Test matrix for SIBAL and PMMA samples in opposed flow 
confined combustion

 

Sample Burning 
scenario

Baffle type (boundary 
wall condition)

Sample-baffle 
distance (H 
in cm)

Opposed-flow speeda (cm/s)

SIBAL Double 
sided

Anodized black 
aluminum

1.5 10.3b → 7.3 → 6.1c

2.0 10.3b → 7.3c

Transparent 
polycarbonate

1.0 10.5b → 8.8 → 7.4c

1.5 10.3b → 7.3 → 6.1c

PMMA Single 
sided

Anodized black 
aluminum

1.5 7.31b→10.3→7.3→6→4.7→3.2→10.3c

Reflective aluminum 1.5 7.31b→6→4.7→3.2 →2.6d

a Crew manually adjusts flow rate with a dial between opposed flow speed setpoints
b Initial flow speed for ignition
c Flame sustained and consumed the sample at this flow speed (i.e., flame reached end of sample)
d Flame quenched within 10 s at this flow speed

Table 1 Test matrix for SIBAL 
and PMMA

 

Fig. 4 Sample/baffle configura-
tion for (a) SIBAL (b) PMMA 
(H: sample-baffle distance; 
2 H = D: inter-baffle distance for 
SIBAL)
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The flame position, spread rate, and imposed flow speed 
are depicted in Fig. 7. The video frames are processed using 
a custom-built code using MATLAB Image Analysis Tool-
box, which converts the images to binary format, detects the 
flame boundary, and monitors the flame position over time. 
The specifics of the code and the methodology used to track 
the flame location are described in previous research (Li et 
al. 2021a).

At the beginning of the video recording, the igniter emits 
bright light that saturates the camera, making it difficult to 
accurately identify the flame’s location. However, as soon 
as the igniter is turned off, the flame reaches a steady spread 
rate and length at the three tested flow rates (10.3, 7.3, 
and 6.1 cm/s, respectively). The steady flame spread rates 
(Vt and Vb for downstream flame tip and upstream base, 
respectively) are deduced in time periods bounded by small 
vertical arrows in Fig. 7. For each flow rate tested, a lin-
ear least-squares curve fitting method is used to determine 
the flame spread rate, and the average visible flame length 
is calculated for each steady spread stage. Similar obser-
vations of steady flame length and spread rate are made in 
other SIBAL tests as well. In general, the spread rate and 
flame length decreased with the imposed flow speed and the 
sample-baffle distance. This will be discussed further in the 
next section.

Figure 8 depicts a typical flame development process 
resulting in steady, spreading one-sided flames at each flow 
step for PMMA. Two reflective baffles with 1.5 cm sample-
baffle distance (H) (see Fig. 4b) are used in this case, and 
the opposed-flow speed is gradually decreased from 7.3 to 
2.6 cm/s in four steps. Following activation of the ignitor, a 
gaseous flame emerges at the downstream trailing edge of 
the sample and propagates against the flow until the sample 
is completely burned. The flame appears mostly blue right 
from the start, indicating minimal soot formation. Compared 
to the SIBAL fabrics, the PMMA samples have smaller 
flame lengths and spread rates. Flame position, spread rates, 
flame length, and flow speed are shown in Fig. 9. Similar 
to the SIBAL fabric samples, steady-state flame spread is 
observed for PMMA samples, both for reflective and black 
baffles.

Effects of Confinement and flow Speed

Figure 10 illustrates the flame profiles for SIBAL fabric at 
different sample-baffle distances, all at the same opposed-
flow speed of 7.3 cm/s. As the confinement increases (i.e., 
H decreases from 2.0 cm to 1.5 cm for black baffles and 
from H = 1.5 cm to 1.0 cm for transparent baffles), the flame 
length reduces due to oxygen starvation (Li and Liao 2022; 
Olson 1991; Olson et al. 1989) and heat loss to the baffles 
(Li et al. 2021a; Li and Liao 2022). This is further discussed 

sample-baffle distance (H, see Fig. 4a). The opposed flow 
is decreased from 10.3 to 6.1 cm/s in two steps. Following 
activation of the hotwire ignitor, the solid fuel is heated and 
pyrolyzed and a gaseous flame initiate at the downstream 
trailing edge of the sample and propagates against the flow 
until the sample is completely burned. Decreasing the 
flow speed results in a bluish color of the flame, indicating 
reduced formation of soot and possible lower flame temper-
ature, along with a decrease in flame length and spread rate.

Fig. 7 Flame location versus time for opposed-flow flame spread over 
SIBAL fabric sample with flow speeds shown in green. Confined con-
ditions: black anodized aluminum baffles with 1.5 cm sample-baffle 
distance (H). x = 0 is defined at the downstream trailing edge of the 
sample

 

Fig. 6 Opposed-flow flame spread over SIBAL fabric sample. Con-
fined conditions: black anodized aluminum baffles with 1.5 cm sam-
ple-baffle distance (H). Ignition is at upper left, and images are 5 s 
apart, left to right, top row to bottom row
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in the next section on the effect of radiation feedback. It 
is worth noting that when the flame is small and dim at 
the smallest baffle distances (e.g., H = 1.0 cm), the camera 
struggles with white balance, leading to videos with unreal-
istic flame colors (as seen in Fig. 10d).

The flame spread rates at different baffle distances are 
summarized and compared in Fig. 11. When flow speeds are 
held constant (tested flow speeds are marked next to data 
points on the plot), the rate of flame spread decreases as 
the confinement increases. As the distance between sam-
ple and baffles (H) decreases, two factors come into play: 
oxygen depletion (Li and Liao 2022; Olson 1991; Olson et 
al. 1989) and increased net heat loss to the baffles (Li et 
al. 2021a; Li and Liao 2022). Comparing black anodized 
aluminum baffles to polycarbonate transparent baffles, the 
former is anticipated to have higher conductive heat loss 
and lower spread rates due to their significantly larger ther-
mal conductivity (200 vs. 0.2 W/m/K) and volumetric heat 
capacity (ρCp  ~2.46 vs. 1.44 J/cm3/K). However, contrary 

Fig. 9 Opposed-flow flame location versus time for PMMA sample 
with flow speeds shown in green. Confined conditions: Reflective 
aluminum baffles with H = 1.5 cm (sample-baffle distance). x = 0 is 
defined at the downstream trailing edge of the sample

 

Fig. 8 Opposed-flow flame 
spread over PMMA sample. 
Confined conditions: Reflective 
aluminum baffles with sample-
baffle distance H = 1.5 cm. Igni-
tion is at upper left, and images 
are 50 s apart, left to right, top 
row to bottom row
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lower than H = 1.5 cm. Furthermore, at such proximity, the 
flow viscosity will also significantly reduce the local flow 
near the sample surface, hindering the flame growth process 
for much weaker opposed-flow flames.

Figure 12 compares the opposed-flow SIBAL results 
obtained in this work with previous concurrent flow results 
in Confined Combustion (2.2 cm wide sample) (Li et al. 
2021a) and opposed flow results in BASS (2 cm wide 
sample) (Ferkul et al. 2013). At sample baffle distance 
H = 1.5 and 2 cm, the opposed-flow flame spread rates are 
~ 25–36% lower than the concurrent-flow flame spread 
rates obtained from previous studies (Li et al. 2021a). At 
the minimum tested baffle distance H = 1.0 cm, with slightly 
higher flow speeds, the opposed-flow flame spread rates 
are slightly larger than for concurrent-flow flames. Also, 
opposed-flow flame spread is not as sensitive to the baffle 

to expectations, black anodized aluminum baffles exhibit 
higher spread rates. This unexpected result is attributed to 
the relatively higher radiation emission from black baffles 
compared to transparent ones. Consequently, due to ther-
mal radiation, the net heat loss in black baffles is reduced, 
leading to higher spread rates (to be discussed further in 
Sect. 3.3). In Fig. 10, the flame standoff distance (i.e., the 
maximum distance from the flame to the sample surface) 
was observed to be ~ 6 mm in all cases (it decreased slightly 
when the confinement increased). For the black baffles, if the 
sample-baffle distance is reduced further (e.g., to H ≤ 1 cm) 
and the flame is in the immediate proximity to the baffles, 
conductive heat loss from the baffles may become domi-
nant, resulting in higher net heat loss and lower spread rates 
compared to the transparent baffles (due to the higher con-
ductivity and the higher heat capacity), as observed in the 
concurrent cases (Fig. 12). However, for the opposed cases, 
this needs to be confirmed with more experiments as black 
baffles in the present study were not tested for distances 

Fig. 12 Comparison of flame spread rate (Vb) at different inter-baffle 
distance in opposed-flow (present and literature (Ferkul et al. 2013) 
and concurrent-flow (literature (Li et al. 2021a) experiments for 
SIBAL. Numbers marked next to the data points are the tested flow 
speeds

 

Fig. 11 Flame spread rates (Vb) at different inter-baffle distances (H) 
for the opposed-flow configuration over SIBAL fabric with black and 
transparent baffles. Numbers marked next to the data points are the 
tested flow speeds

 

Fig. 10 Comparisons of opposed-
flow flame profiles in different 
confined conditions at a flow 
speed of 7.3 cm/s for SIBAL (H 
is sample-baffle distance)
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obtained in the previous studies (i.e., 10–15 cm/s) (Olson 
et al. 1989) and a decrease in opposed-flow spread rate with 
increase in flow speed is not observed except for the case 
with the smallest sample-baffle distance at H = 1 cm. For 
this case, the optimal flow speed is observed at ~ 8.8 cm/s 
(Fig. 13). At such a high confinement level, heat loss to the 
baffles and reduction of oxygen transport to the combustion 
zone hinder the gas-phase combustion, requiring a longer 
flow residence time. As a result, the optimal flow speed and 
the blow-off limit are expected to be smaller. This shows 
that confinement plays a significant role and can change the 
dominant physical processes in fires. It is also clear from 
Fig. 14 that over the tested flow range, opposed-flow flame 

distance compared to the concurrent-flow case, with a maxi-
mum decrease of ~ 5% (for the opposed-flow, transparent 
baffle case) compared to 50% for the concurrent-flow (black 
baffle case) when H changes from 1.5 to 1 cm. Furthermore, 
in previous concurrent-flow tests, an optimal inter-baffle 
distance is observed at H = 2.0 cm where the spread rate is 
maximum. However, an optimal distance is not noticed in 
the present opposed-flow data. This can be due to the lim-
ited number of data points. It is also possible that the effects 
of flow acceleration due to confinement are not as sig-
nificant for opposed-flow flame spread. For opposed-flow 
flames, the flow acceleration mainly occurs downstream of 
the pyrolysis zone in the burnout region. For current-flow 
flames, the flow acceleration occurs in both pyrolysis and 
preheat regions, directly resulting in enhanced heat trans-
fer from the flame to the virgin solid fuels. In addition, the 
opposed-flow flames are generally smaller and hence cause 
less thermal expansion compared to concurrent-flames.

When comparing the present results with previous 
opposed-flow tests at lower and higher confinement levels 
(i.e., sample baffle distance H = 0.5, 0.9, 3.8 cm) in Fig. 12, it 
appears that the opposed-flow spread rate for SIBAL follows 
a monotonically decreasing trend with increase in confine-
ment levels (i.e., from H = 3.8 to 1 cm) due to oxygen star-
vation and conductive heat loss to the baffles. However, this 
is different from the non-monotonic trend of flame spread 
rate with confinement (5 to 1.5 cm) observed in a previous 
study where a 0.062-mm-thick laboratory wipe was burned 
at a fixed opposed-flow speed of 5 cm/s in a 3.6 s drop tower 
(Wang et al. 2015). There, fastest flame spread was seen for 
a 3 cm tunnel height. These differences can be attributed 
to many factors including different fuel samples, properties, 
experimental setup, conditions, and duration.

Figure 13 compares the opposed-flow flame spread rate 
at different flow speeds. When the confinement level is con-
stant, the flame spread rate increases with the increase in 
flow speed, although only slightly. As flow is increased, the 
viscous boundary layer becomes thinner and heat flux to the 
fuel surface increases. There may also be reduced flame radi-
ation percentage loss (Takahashi et al. 2015) and enhanced 
mixing of fuel and oxidizer, both of which result in increase 
of the flame spread rate. This agrees with previous research 
as shown in Fig. 14 (Kleinhenz et al. 2008; Olson et al. 
1989) where opposed-flow flame spread rate increases with 
ambient flow to a maximum when the flow speed is around 
20 cm/s. Further, in these previous studies, it was also noted 
that the opposed-flow spread rate decreases at higher flow 
speeds due to enhanced cooling effects and a shorter resi-
dence time for the gas phase reaction (i.e., the Damkohler 
number effect), finally leading to blow-off extinction at 
higher flow speeds. In this study, the maximum flow speed 
tested is ~ 10.5 cm/s, lower than the optimal flow speed 

Fig. 14 Flame spread rate for SIBAL fabric at different flow speeds in 
previous opposed-flow and concurrent-flow experiments (Ferkul et al. 
2013) (Urban et al. 2019) with black baffles in present opposed forced 
flow work

 

Fig. 13 Flame spread rate at different flow speeds for the opposed-flow 
configuration over SIBAL fabric with black and transparent baffles
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comparing flame profiles for PMMA in Fig. 16. Longer 
flames and faster spread rate are observed for the reflective 
baffles due to enhanced heat feedback to the solid fuel com-
pared to black baffles.

spread is not as sensitive to the variation in the flow speed 
compared to concurrent flow in previous studies.

Similarly, Fig. 15 compares the flame spread rates for 
PMMA with reflective and black baffles at 1.5 cm sam-
ple-baffle distance. Spread rates for both baffles decrease 
with the flow speed with higher spread rates for reflective 
baffles as discussed in the next section. For the reflective 
baffle case, the sample was not consumed fully, and flame 
quenched within 10 s after the flow speed was reduced to 
2.6 cm/s. For the black baffle case, the sample was fully 
consumed when the flow speed was reduced to 4.7 cm/s and 
the low-speed quenching limit was not reached.

Comparisons are also drawn for PMMA in opposed 
(present and literature (Olson et al. 2021) and concurrent 
(Confined Combustion data previously reported in (Li et al. 
2021b)) flows in Fig. 15. Similar to SIBAL samples, con-
current spread rates are observed to be higher compared 
to opposed flow spread rates at the same baffle distance 
and flow speed for PMMA samples. This is because in a 
concurrent flow, the flame extends downstream and cov-
ers the pyrolysis and preheat regions of the solid fuel. In 
an opposed flow, the flame covers the burned region of the 
solid fuel and the thermal diffusion occurs against the flow 
in a small region near the upstream flame base. Therefore, 
the heat transfer between the flame and the solid fuel is more 
effective in concurrent than in opposed flows. For the same 
reason, the no-spread quenching limit occurs at a higher 
flow speed in the opposed-flow test (2.6 cm/s for reflective 
baffle) compared to the concurrent-flow test (2.0 cm/s for 
black baffles (Li et al. 2021b)) at the same confined level 
(H = 1.5 cm). Note that in both concurrent and opposed 
flow tests, the no-spread limits were determined at the flow 
speeds for which the flame could not be sustained for more 
than 10 s.

Effect of Radiation Feedback

Referring back to Fig. 10b and c for SIBAL, it is observed 
that when the baffle distance is the same (i.e., H = 1.5 cm), 
the flame appears longer with black baffles compared to 
transparent. During the combustion process, some of the 
heat is lost to the surroundings due to radiation. The baffles 
absorbed some of the radiation from the flame (~αq̇′′

f ), and 
provided heat feedback to the flame through surface radia-
tion emission (~εσT 4

s ). With higher absorptivity (α)  and 
emissivity (ε ), the black baffles were expected to absorb a 
higher fraction of radiation and re-emit it to the sample and 
the gaseous flame, leading to a longer flame. Conversely, a 
higher proportion of radiation passes through the transpar-
ent baffles and is lost to the ambient, resulting in less heat 
feedback to the fuel, a lower flame temperature, and a lower 
flame spread rate (Fig. 11). Similar behavior is seen when 

Fig. 16 Comparison of opposed-flow flame profiles over PMMA in 
different boundary wall conditions (i.e., reflective, and black baffles) at 
sample baffle distance H = 1.5 cm and flow speed 6.0 cm/s

 

Fig. 15 Comparison of PMMA flame spread rate at different flow 
speeds and inter-baffle distances in opposed-flow (present and litera-
ture) and concurrent-flow (literature) experiments. No-spread limits 
were determined at the flow speeds for which the flame was not sus-
tained for more than 10 s
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H = 1.5 cm) compared to concurrent-flow flame spread 
at the same conditions.

5. The opposed-flow SIBAL data from present and pre-
vious experiments (BASS) suggested a monotonic 
decrease of flame spread rate when flow confinement 
level increases. This is different from the non-mono-
tonic trend observed in a previous microgravity experi-
ment with a short test duration (3.6 s) and confinement 
level 1.5–5 cm at ambient flow speed of 5 cm/s and may 
be due to the inherent differences in the fuel sample and 
experimental setup.

The present work provides unique long-duration micro-
gravity data for understanding the effects of confinement 
in the opposed-flow flame spread configuration. The time-
resolved data can also be used to assess and validate exist-
ing and future fire models and theories. However, additional 
experiments are required to investigate the burning of sol-
ids and flame propagation in different confinement condi-
tions. More data points and a comprehensive investigation 
are needed to achieve a complete understanding of the fire 
dynamics associated with this burning process. In addition, 
investigations on how one burning sample ignites the next, 
the criterion for such ignition to occur, and the interaction of 
two (or more) burning samples in opposed-flow configura-
tions in different confined conditions also need to be inves-
tigated to mitigate fire risk in future space missions.
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Concluding Remarks

In the present study, opposed-flow flame spread over thin 
cotton-fiberglass blend fabrics (SIBAL) and 1-mm-thick 
PMMA is investigated in a small flow duct aboard the ISS. 
The opposed flow varies from 2.6 to 10.5 cm/s. Different 
confinement levels are achieved by placing flow baffles next 
to the burning sample at different distances (H = 1–2 cm). 
Three different baffle materials, black anodized aluminum, 
reflective aluminum, and transparent polycarbonate are 
used to simulate different radiative boundary conditions. 
Results obtained are compared with previous opposed- and 
concurrent-flow tests in different confinements. Key find-
ings are as follows.

1. Opposed-flow flame spread rate has been shown to be 
positively correlated to the ambient flow speed (up to 
an optimal flow rate). This remains true in this study 
when the burning is subjected to various levels of 
confinement. The correlation is stronger for the 1-mm 
thick PMMA samples than for the thin SIBAL samples. 
For SIBAL samples at confinement level H = 1–2 cm, 
flame spread rate increases by ~ 11% when flow speed 
increases by ~ 70%. For PMMA samples at H = 1.5 cm, 
flame spread rate increases by 40% when flow speed 
increases by ~ 87%.

2. Confinement introduces heat loss to the surrounding 
walls (i.e., baffles in this study) and restricts oxygen 
supply to the combustion zone. As a result, flame spread 
rate is observed to generally decrease as the confinement 
level increases. These effects also reduce the gas-phase 
reaction rate, increase the required flow residence time, 
and decrease the optimal flow speed. The optimal flow 
speed for flame spread is found to be around 8.8 cm/s 
at H = 1 cm, lower than the previously reported 15 cm/s 
for the same sample burning in a taller flow duct (BASS 
flow duct, H = 3.8 cm).

3. The radiation boundary condition in a confined space is 
shown to play a significant role. For SIBAL samples, at 
the same confinement level, the black baffles result in a 
stronger flame with a higher spread rate (12% higher) 
and a longer flame length compared to the transparent 
baffles. For PMMA samples, the flame spread rates can 
be ~ 40% higher with reflective baffles compared to 
black baffles at same confined conditions.

4. Compared to concurrent-flow flame spread, opposed-
flow flame spread is less sensitive to the ambient 
flow speed and the confinement level (over the tested 
range in this study). In addition, the opposed-flow 
flame spread rate is generally slower (by ~ 25–36% for 
SIBAL samples) and the low-speed quenching limit 
is larger (2.6 cm/s vs. 2.0 cm/s for PMMA samples at 
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