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a b s t r a c t 

Microgravity experiments are performed to study the effects of confinement on the burning behavior of 

polymeric solid materials. Flat, 100 × 22 × 1 mm PMMA samples are burned in concurrent air flow in a 

small flow duct aboard the International Space Station. Three different burning scenarios are examined, 

double-sided, single-sided, and parallel samples. In the first two scenarios, single samples are burned 

on both sides and on one side, respectively. Flat baffles are placed parallel to the sample to confine the 

available space for combustion. The distance between the baffle and the sample (H) is varied in different 

tests. In each test, imposed flow is reduced in steps and steady flame spread is achieved at each flow 

speed until the flame quenches. The results show that at the same confined condition, steady state flame 

length and spread rate are proportional to flow speed over the range tested. When confinement increases 

(or H decreases), the flame spread rate and flame length increase first and then decrease. In addition, the 

quenching flow speed decreases and then increases with decreasing H. These results suggest that the 

confinement can increase or decrease solid fuel flammability depending on conditions. In the third burn- 

ing scenario, two PMMA samples are placed parallel to each other separated by a distance H. Twin flames 

are observed and combustion is confined between the two samples. Among the three tested burning sce- 

narios, twin flames have the largest flame length and burning rate at the same confinement level (H). 

This is because the thermal interaction between the twin flames enhances the heat feedback to the solid 

fuel and reduces the relative heat loss to the surrounding flow duct. Comparing single- and double-sided 

flames with the same baffle-sample distance, the spread rate of a single-sided flame is slightly less than 

half of that of a double-sided flame. This is due to the halved pyrolysis area exposed to the flame and 

heat loss on the back side of the sample. Optimal transport of oxygen to the flames also plays a role. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Understanding the process of flame spread is crucial for im- 

roving fire safety as this process determines the potential time 

o control and to evacuate from fires. Confinement has been shown 

o have significant effects on fire characteristics and can potentially 

ncrease fire hazards [1] . For example, confinement imposed by ex- 

ernal claddings on building facade was recognized to contribute 

o rapid fire growth in the London Grenfell Tower Fire in 2017. To 

ddress this, various technical standards concern burning behav- 

ors of solid materials in different confined environments (e.g., FM 

411 and FM 4880). In one series of tests using FM 4411 test setup, 

olyurethane was attached to one large panel (1.1 m wide × 4.9 m 

igh) and burned in a confined space imposed by another paral- 

el panel. The flame was 50% higher (1.8 m versus 1.2 m) when 

he panel distance reduced from 10 cm to 5 cm [1] . Similar phe-
∗ Corresponding author. 
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omena were found in microgravity. In a previous NASA project, 

ASS [ 2 , 3 ], 2.2 cm wide and 10 cm long cotton-blend fabrics were

urned in air flow in a small flow duct (7.6 × 7.6 cm cross-section 

rea, 20 cm in length) aboard the International Space Station (ISS). 

n another project, Saffire [ 4 , 5 ], the same fabric of a significantly

arger dimension (41 cm wide × 94 cm long) was burned in a large 

ow duct (51 cm × 46 cm cross-section area, 106 cm in length) 

n an unmanned space vehicle. The results show that in the same 

ow and ambient conditions, the sample burns twice as fast in 

ASS than in Saffire [ 4 , 5 ]. To understand how to interpret data ob-

ained in different test setups and to address the potentially more 

azardous fire scenarios in confined spaces, the effect of the con- 

nement on flame spread needs to be carefully evaluated. 

The effects of confinement on flame spread were studied in var- 

ous normal gravity experiments [6–11] . In these experiments, fuel 

amples were burned in a flow channel [ 6 , 12 ] or next to a struc-

ure (e.g., wall [ 7 , 8 ], other burning samples [9–11] ). These studies

how that for downward flame spread in a confined environment, 

ame reaches a steady state with constant flame length and spread 
. 

https://doi.org/10.1016/j.combustflame.2021.111637
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2021.111637&domain=pdf
mailto:yating.liao@case.edu
https://doi.org/10.1016/j.combustflame.2021.111637
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ate [ 6 , 7 , 10 ]. Comas et al. performed downward flame spread over

 cm wide 26 cm long thin papers both in an open environ- 

ent and in a channel [6] . The channel has a cross-section area 

f 4 cm × 4 cm. Inclination angles of the sample (and the chan- 

el if used) and ambient oxygen fractions were varied. In all tested 

onditions, flame traveled slower in the channel than in the open 

nvironment. They attributed the slower flame spread rate to lack 

f lateral entrained air and the friction of walls. Zhu et al. tested 

ownward flame spread over 1 mm thick PMMA slabs next to a 

arallel wall [7] . One side of the PMMA sample was open to the

mbient and the other side was restricted by the wall. The spacing 

etween the sample and the wall was varied. Their results showed 

hat the flame length and flame spread rate increased first and 

hen decreased when the spacing decreased. The maximum burn- 

ng rate occurred at a medium tested spacing. They concluded that 

his is due to enhanced radiative heat flux on the fuel surface from 

he wall at the critical spacing. 

In the same experiments of Comas et al. [6] , upward flame 

pread was also tested. When the samples were burned in the flow 

hannel, the flame front spread rate was ∼ 40% higher than that 

n an open space. They concluded that the increased spread rate 

s caused by the channeling effect and the enhanced heat trans- 

er to the solid. It was also reported that the flame was signifi- 

antly stronger than that in the downward flame spread tests and 

he flame consumed the sample in a very short time (within 2 s). 

he observation of pyrolysis was seriously impeded by the strong 

ame. 

In downward flame spread, the flame extends upward and cov- 

rs the burned region of the sample. Only a small bottom portion 

f the flame transfers heat to the fresh solid fuel. On the contrary, 

n upward flame spread, the whole flame and the ventilated hot 

as products transfer heat to downstream fresh solid fuel. As a 

onsequence, upward flame spread in normal gravity usually has 

 longer flame length and a higher spread rate compared to the 

ownward flame spread. Furthermore, the induced buoyancy flow 

s strongly correlated to the concurrent-flow flame size and the up- 

ard flame spread is commonly acknowledged as an accelerating 

rocess [13] . These factors introduce challenges for fundamental 

nvestigations on concurrent-flow flame spread in normal gravity. 

In microgravity, the confounding factors of buoyancy flow are 

liminated. Instead of being categorized as upward and down- 

ard, flame spread is considered concurrent or opposed depend- 

ng on the relative direction of the flame spread to the flow. Note 

hat downward flame spread in normal gravity is also consid- 

red as opposed-flow as the buoyancy flow goes up and upward 

ame spread as concurrent-flow. Wang et al. examined the ef- 

ect of confinement on opposed-flow flame spread using CAS (Chi- 

ese Academy of Sciences) 3.6 s drop tower [14] . In their exper- 

ments, thin papers were burned in flow ducts of various duct 

eights (ranging from 1.5 cm to 5 cm). When the duct height de- 

reased, the flame length and spread rate increased first and then 

ecreased. They also conducted complementary numerical simu- 

ations. The modeling results showed that the stronger flame at 

edium duct height was due to local flow acceleration caused by 

ombustion thermal expansion. This flow acceleration is suspected 

o have an even more profound effect on solid burning behaviors 

n concurrent flows than in opposed flows as the flame-solid cou- 

ling is stronger. 

Olson conducted experiments of concurrent-flow flame spread 

ver three parallel cheesecloth sheets using NASA’s 5.18 s drop 

ower [15] . The inter-sample distance varied between 1.27 cm and 

.81 cm. The three samples were ignited simultaneously, and the 

dge view of flame spread was recorded. Flame spread of a single 

ample was also tested for comparisons. When the sample sep- 

ration distance is large (3.18 cm), the parallel samples have a 

arger flame spread rate compared to the single sample. This was 
2 
ttributed to the radiative heat transfer between adjacent burn- 

ng samples. When the separation distance is small (1.27 cm), the 

urning intensity of parallel samples is lower than that of a single 

ample. This is due to insufficient oxygen supply to the combustion 

one. 

Other than Olson’s work, to the authors’ best knowledge, there 

s no microgravity experiment that explicitly investigates the ef- 

ects of confinement on concurrent-flow flame spread. Olson’s ex- 

eriments focused on thin cellulose samples and short-time quasi- 

teady flame behaviors (likely due to the limitation in test dura- 

ion in a drop tower). To achieve a more complete understanding 

f how flame spreads in a confined space, more investigations on 

arious confined conditions are needed. 

In this study (referred to as Confined Combustion), concurrent- 

ow flame spread was investigated using the BASS flow duct 

board the ISS [ 2 , 3 ]. The long test duration allows the observa-

ion of different flame development (accelerating flame spread, 

teady state, and extinction) when subjected to different confine- 

ents. The long microgravity duration also allows thicker samples 

o be tested. In Confined Combustion, thin cotton-blend fabrics and 

mm-thick cast PMMA slabs were tested. Results of the thin fab- 

ic were published in a separate paper [16] . In this work, results 

f PMMA are presented. Three different burning scenarios were 

onsidered: symmetric double-sided burning, single-sided burning, 

nd burning of parallel samples. Effects of confinement in each 

cenario are investigated and compared. Imposed flow speed is 

lso varied to investigate its interplay with the confinement. The 

im is to provide a comprehensive understanding on how poly- 

eric materials interact with its surrounding structures during 

ombustion. 

PMMA is commonly used in aerospace and earth applications, 

nd as a solid fuel calibration specimen, hence is frequently tested 

n normal gravity [ 7 , 8 , 17 ] and microgravity experiments [ 5 , 18–20 ].

he previous experiments focused on burning behaviors in differ- 

nt flow speeds [ 19 , 20 ], flow direction [ 7 , 8 , 20 ], oxygen concentra-

ion [ 19 , 20 ], and sample shapes [ 5 , 18 , 20 ]. The results of Confined

ombustion can be potentially compared to results from other ex- 

eriments. The results can also potentially provide guidance for 

roduct design and development of fire safety codes. 

. Microgravity experiment 

.1. Experimental apparatus 

Confined Combustion, was developed upon a previous NASA 

roject, Burning and Suppression of Solids - BASS [ 2 , 3 ]. Burning

xperiments were conducted inside a small flow duct contained in 

he Microgravity Science Glovebox (MSG) aboard the ISS, as shown 

n Fig. 1 . The flow duct is 20 cm long and has a cross-section

rea of 7.6 cm × 7.6 cm. A fan section is integrated at the inlet of

he flow duct and is capable of providing a maximum flow speed 

f 55 cm/s [21] . The flow duct was refurbished and updated on 

he ground prior to being sent back to the ISS. Modifications were 

ade to accommodate a new sample/baffle assembly for achieving 

ifferent effective flow confinement for this project. 

The flow duct features a front and a top window, allowing ob- 

ervation of the burning event. A high-resolution video camera was 

sed to record the burning process from the edge view (parallel to 

he sample) through the top window. During the experimental op- 

ration, the camera was set to auto adjust for white balance, expo- 

ure, and digital gain. The spatial resolution and the frame rate of 

he video recording are 12.5 pixels/mm (or 0.08 mm/pixel) and 24 

rames per second (or ∼ 42 ms/frame) respectively. 

In all experiments, the ambient conditions in the MSG were 

aintained at 1.0 atm and ∼22% oxygen molar fraction (i.e., the 

SS conditions). The oxygen molar fraction X O 2 was monitored by 
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Fig. 1. Experimental setup in the Microgravity Science Glovebox aboard the International Space Station. A sealing front window for containment and a cloth light cover are 

installed over the MSG work volume before each test run. a) ISS crew member sets up and performs each test while in real time space to ground communication with the 

science team in the Glenn Research Center ISS Payload Operations Center (GIPOC). b) Close-up view of the experimental setup. 

Fig. 2. a) Sample frame with fuel and igniter. b) Assembly of the sample/baffle carrier, sample frame, and two parallel flow baffles. 
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n O 2 sensor (Quantek model 201 accuracy + / −2% of reading) in- 

ide the MSG ( Fig. 1 ). The daily oxygen variation was measured to

e between 21.3% and 22.9%. 

During each operation, real-time space to ground communica- 

ion and live video downlink were established between ISS crew 

nd the science team in the NASA Glenn Research Center ISS Pay- 

oad Operations Center (GIPOC). The experiments were instructed 

nd monitored by the science team and were operated by the ISS 

rew. 

.2. Sample-baffle assembly 

Two sample materials were tested in Confined Combustion: 

hin cotton-blend fabric and 1mm-think PMMA slab. Results for 

he thin fabric were reported in a previous paper [16] and this 

ork focuses on the results for the PMMA samples. The samples 

re made of uncoated clear CLAREX® cast acrylic sheet. Each sam- 

le is sandwiched by thin black anodized stainless-steel frames (as 

hown in Fig. 2 a) leaving the burning area exposed. The sample 

rame is 13.8 cm long and 6.1 cm wide and the exposed sam- 

le area is 10 cm long and 2.2 cm wide. To ignite the sample, a

9-AWG Kanthal sawtooth-shaped electric wire ( ∼1 �, powered at 

.7A) is wrapped on the sample at the upstream leading edge. 

Flow baffles (made of black anodized 6061 aluminum alloy, 

hown in Fig. 2 b) are used to impose flow confinement on the 

oncurrent-flow flame during the burning process of the sample. 

affles and sample frames are positioned in the flow duct using a 

ewly developed baffle/sample mounting system ( Fig. 2 b). The sys- 

em consists of a series of 0.5 cm spacer blocks and is attached to 

he flow duct top window using a magnet. Flow baffles and sam- 

le frame can be inserted into any positions between the spacer 
3 
locks. This setup allows a variety of sample configurations. In this 

ork, three different burning scenarios are tested ( Fig. 3 ): double- 

ided flame, single-sided flame, and twin flames. 

In Fig. 3 a, the sample is positioned in the center of two baffles. 

fter ignition, flames are observed on both sides of the samples. 

ence, this burning scenario is referred to as double-sided flame. 

onfinement of the combustion is controlled through the inter- 

affle distance 2H. In Fig. 3 b, one baffle (referred to as quenching 

affle) is placed one-spacer away (0.5 cm) on the back side of the 

ample and another baffle is placed at distance H from the sample 

urface. The back quenching baffle restricts the flow and prohibits 

he flame on the back side of the sample. As a result, the sam- 

le burns one-sided. In Fig. 3 c, two PMMA slabs are positioned in 

arallel with a separation distance H. Quenching baffles are placed 

ne spacer away on the back of both samples to ensure one-sided 

urning for each sample. Twin flames, one from each sample, are 

bserved in this burning scenario. 

In all three configurations, the sample frame is positioned in 

he center of flow duct. In this work, the confinement of the com- 

ustion event is characterized by the baffle distance H (see Fig. 3 ). 

he effects of confinement on each of the burning scenarios are 

iscussed and compared. 

.3. Test matrix 

In addition to sample configurations and the baffle distance, the 

mposed flow speed is also a varying parameter. In the beginning 

f all tests, an initial constant flow speed was imposed. After the 

ow stabilized, the ignitor was powered at ∼ 3.7 A and lasted un- 

il a visible flame was observed (7 ∼20 s). After ignition, the flow 

peed was decreased in steps until the flame fails to spread down- 
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Fig. 3. Sketch of sample/baffle configurations: a) double-sided flame, b) single-sided flame, and c) twin flames. Not to scale. 
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tream. After each flow reduction, flow speed was maintained for 

t least 200 s, allowing the flame to adjust to the new flow condi- 

ions. This procedure (documented in Table 1 ) is similar to that in 

ASS [3] and allows multiple flow speeds to be tested in one burn. 

igure 4 summarizes the conditions for which steady flames were 

bserved in this work. 

. Transient flame development 

.1. Single-sided flames 

The development process of single-sided flames is demon- 

trated using a representative case with H = 2.5 cm, shown in 
4 
ig. 5 . Shortly after the ignitor is energized, a gaseous flame is ob- 

erved at the upstream leading edge of the sample. The flame is 

ery bright and turbulent under the initial flow speed ( ∼ 11 cm/s). 

lame is sooty and exhibits periodic sparks near the downstream 

ront. These sparks are suspected to be due to fuel vapor-jetting 

18] . During the burning process, solid PMMA melted before it va- 

orized. Due to the absence of gravity, the melted PMMA stayed in 

lace on the sample surface and did not drip. As a result, gaseous 

yrolysate is sometimes trapped by the melted PMMA and forms 

ubbles on the heated sample surface. When these bubbles burst, 

uel vapor is released in jets and penetrates the flame zone, caus- 

ng disturbance of the flame shape. As the flow speed decreases, 

he flame becomes dimmer and more laminar. This vapor jetting 
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Table 1 

Test matrix of imposed flow speed and confinement level. 

Burning Scenario Baffle distance (H: cm) Imposed Flow (cm/s) 

Single-Sided 1.0 7.3 a → 6.2 → 5.2 → 4.7 → 3.9 

1.5 11 a → 7.3 → 5.1 → 3.9 → 2.5 → 2.0 b 

2.0 11 a → 7.3 → 5.3 → 3.9 → 2.5 → 1.9 b 

2.5 11 a → 7.3 → 5.1 → 3.9 → 2.5 → 2.2 b 

3.8 (No baffle) 11 a → 7.3 → 5.2 → 3.9 → 2.5 → 2.2 b 

Double-Sided 0.5 6.1 a → 7.0 → 7.6 → 10.4 → 13.3 → 16.5 → 7.4 b 

1.0 7.5 a → 5.2 → 3.9 → 2.4 → 3.9 → 3.0 b 

1.5 5.2 a → 2.5 → 2.0 → 1.7 b 

2.0 7.7 a → 1.8 → 1.6 c 

2.5 5.2 a → 1.8 → 1.7 b 

Twin Flames 1 7.3 a → 5.2 → 3.9 → 2.6 b 

1.5 d 7.3 a → 8.5 → 10.3 → 16.4 → 7.3 → 6 → 4.7 → 16.4 c 

a Initial flow speed for ignition. 
b Flame quenched within 10 s at this flow speed. 
c Flame sustained and consumed the sample at this flow speed. 
d Flame from the first sample did not ignite the second sample. 

Fig. 4. Test points where steady flames are obtained for PMMA samples in Confined Combustion. 
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henomenon is mitigated as well. Notice that at decreased flow 

peeds (e.g., U 0 = 5.1 cm/s), the flame turns blue, suggesting less 

oot formation and lower flame temperature. Smaller flame length 

nd spread rate are also observed at lower flow speeds. For this 

epresentative case, when the imposed flow speed is reduced to 

elow 2.5 cm/s, flame gradually decays and eventually quenches. 

The video image frames were analyzed using an inhouse code 

sing Matlab Image Analysis Toolbox, which transforms the images 

nto binary, then extracts the flame boundary, and tracks the flame 

ocation over time. Details of the code and the flame location track- 

ng methodology can be found in [16] . 

Figure 6 shows the locations of the flame front and flame base 

most downstream and most upstream points of the flame respec- 

ively), flame length (difference between the flame base and flame 

ront locations), and the imposed flow speed during the operation. 
5 
he plot shows that the flame was able to adjust and reach the 

teady state at three tested imposed flows (5.1, 3.9, and 2.5 cm/s 

espectively, marked by the shaded areas in Fig. 6 ). For each tested 

ow rate, linear least-squares curve fit is applied to the flame front 

nd flame base data. Slopes of the fitted lines are used to calcu- 

ate the flame spread rate. Average flame length is also deduced 

or each steady spread stage. 

In a previous study, Zhu et al. conducted experiments to inves- 

igate upward flame spread over PMMA slabs in normal gravity 

8] . In their work, 1 mm thick, 5 cm wide, and 20 cm long PM-

As were burned next to a wall. For a confined condition similar 

o that in Fig. 6 (sample-wall distance = 2.5 cm), the flame was 

bserved to continually accelerate throughout the burning process. 

his accelerating flame spread was due to the increasing buoyancy 

ow induced by the flame during the burning process and was 
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Fig. 5. Transient flame spread process of the single-sided flame ( H = 2.5 cm). Ignition is on the lower left and images are 50 s apart, left to right, bottom row to top row. 

Fig. 6. Flame position and flame length evolution after ignition (single-sided flame with H = 2.5 cm). 
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F
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o

undemetnally different from the steady spread observed in micro- 

ravity. When the flame spread to the end of the 20 cm long sam- 

le, the flame spread rate ( > 3 mm/s) was recorded two order of 

agnitude larger than those obtained in microgravity in this work. 

he buoyancy flow and the chimney effect signifacntly increase the 

ame spread rate in normal gravity. 
6 
.2. Double-sided flames 

The burning process of the double-sided flame is shown in 

ig. 7 using a representative case with the inter-baffle distance 

H = 3.0 cm. With this symmetric baffle setup, gaseous flames are 

bserved on both sides of the sample after ignition, similar to that 
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Fig. 7. Transient flame growth of the double-sided flame ( H = 1.5 cm). Ignition is on the lower left and images are 33 s apart, left to right, bottom row to top row. 

Fig. 8. Flame position and flame length evolution after ignition (double-sided flame with H = 1.5 cm). 
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3

eported in [16] . Similar to single-sided flames, as the flow speed 

educes, the flame length decreases. In this representative case, 

hen the imposed flow speed decreases to below 2.0 cm/s, flame 

urns blue and becomes dimmer. Eventually, the flames on both 

ides of the sample quench and fail to spread further downstream. 

Figure 8 shows the front and base locations and the lengths of 

he flames on both sides of the sample. Steady double-sided flames 

ere observed at imposed flow speeds of 2.5 cm/s and 2.0 cm/s. 

otice that in this representative test, the flame on the left side is 

37.6% longer and closer to the sample surface compared to the 

ame on the right side. This is likely due to sample surface dis- 

ortion during the test. When being subject to the heat from the 

ame (or the ignitor), the fuel sample expands and bends slightly 
F

7 
oward one side, leading to an asymmetric geometry and flow con- 

itions. This asymmetric flame shape is not consistent between dif- 

erent tests. A stronger flame can occur on either side of the sam- 

le. Nevertheless, in all tests, the flame base spread rates deduced 

rom left and right flames are similar ( < 7% difference). When 

omparing the flame spread rates between different confinement 

nd flow conditions, averaged values between the left and right 

ames are used. 

.3. Twin flames 

The flame spread process of the twin flames is shown in 

igs. 9 and 10 . In this test, two parallel samples were positioned 



Y. Li, Y.T. Liao, P.V. Ferkul et al. Combustion and Flame 234 (2021) 111637 

Fig. 9. Transient flame growth of the twin flames ( H = 1.0 cm). Ignition is on the lower left and images are 50 s apart, left to right, bottom row to top row. 

Fig. 10. Flame position and flame length evolution after ignition (twin flames with H = 1.0 cm). 
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 cm apart ( H = 1 cm). One of the samples (the left one in Fig. 9 ,

eferred to as the first sample) was ignited using the integrated 

lectric wire ( Fig. 2 a). As the flame grew and spread downstream, 

t transferred heat to the second sample through conduction and 

adiation. At ∼100 s ( Fig. 9 , bottom row third image), flame front

ent upstream near the second sample, forming an asymmetric 

�”-shape. This indicates that the second sample, although not yet 

gnited, reached the pyrolysis temperature and the flame from the 

rst sample consumed the pyrolysates from both samples. As the 

yrolysis of the second sample intensified, the right arm of the 

ame extended further upstream (the base location of the right 

ame decreases between 100 and 130 s in Fig. 10 ) and eventu- 

lly anchored on the surface of the second sample when the sec- 
m

8 
nd sample ignited. The flames from the two samples merged and 

pread downstream together in a “�”-shape. 

Notice that initially, the right arm of the twin flames is more 

pstream due to the delayed ignition of the second sample. While 

he twin flames propagated downstream, this lagging of the right 

ame base diminished and the flame shape eventually became 

ymmetric. 

It was also observed that in this case, even before the second 

ample ignited ( Fig. 9 , bottom row, first three images), the flame is 

righter and sootier than single-sided flame with the same flow 

nd confined conditions. This indicates that the parallel sample 

onfiguration has a higher flame temperature. 

As the imposed flow speed decreases, the flame becomes dim- 

er and eventually splits in two. When the imposed flow speed 
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Fig. 11. Single-sided flame spread rates at steady state under different confinement levels and flow conditions. The error bars denote the 95% confidence intervals of the 

measurements. 
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ecreases further to below 3.9 cm/s, the twin flames quench in a 

ew seconds. 

The parallel sample configuration was also tested under con- 

nement H = 1.5 cm. The pyrolysis of the second sample was indi- 

ated by occasional sparks near the surface of the second sample. 

owever, the flame was never anchored on the second sample. In 

ther words, the flame from the first sample did not ignite the sec- 

nd sample. 

. Effects of imposed flow speed and confinement 

.1. Flame spread rate and flame length 

The steady-state flame spread rates of single-sided flames are 

ompared between different confinement levels and imposed flow 

peeds in Fig. 11 . Similar to previous work [ 16 , 22 ], when the con-

nement level increases (i.e., H decreases), the spread rate first 

ncreases and then decreases. At the same confinement level, the 

ame spread rate increases with imposed flow speed. While not 

hown here, the steady state flame length exhibits the same de- 

endencies on the flow speed and confinement level. 

Previous research shows that for thermally thin solid fuels in 

oncurrent flows in microgravity, both flame spread rate and flame 

ength at steady state have a linear dependency on the imposed 

ow speed [ 4 , 16 , 23 , 24 ]. This linear dependency remains true for

ifferent confined conditions ( Fig. 11 b). Adjusted flame spread rate 

nd flame length, V f / U 0 and L f / U 0 are plotted against baffle dis- 

ance H in Fig. 12 . Data at different flow speeds converges, except 

or the lowest tested flow speed 2.5 cm/s (when the flame is near 

uenching). 

At H = 2.0 cm, the adjusted flame spread rate and flame length 

re ∼ 25% higher than those at H = 2.5 cm. The difference is sus- 

ected to be caused by accelerated flows during combustion ther- 

al expansion [ 16 , 22 , 25 ]. Assuming the volumetric expansion of

he hot reacting gas mixture is approximately the same, the flow 

cceleration is expected to be inversely proportional to the cross- 

ectional area [16] . As a result, the flame spread rate and flame 

ength are expected to be proportional to 1/H. 

For H < 2.0 cm, flame spread rate and flame length are ob- 

erved approximately linear to the baffle distance. In these con- 

nement levels, combustion is under-ventilated and is controlled 

y the oxygen supply to the confined space. 

Assuming the gaseous fuel production rate equals to the solid 

egradation rate, the fuel production rate at the steady state can 
9 
e expressed as follows. 

˙  f uel = τW s ρs v f (1) 

Here, ρs , τ , and W s are the density (1.18 g/cm 
3 ), thickness 

1 mm), and width (2.2 cm) of the PMMA samples respectively. 

The oxygen supply to the combustion zone is approximated as 

ollows. 

˙  O 2 = ρair U 0 H W s Y O 2 (2) 

air is the density of air (1.204 kg/m 
3 at 20 °C and 1atm) and Y O 2 

s the mass fraction of oxygen in the air (0.23). When the combus- 

ion is under-ventilated and is controlled by the oxygen supplies 

 ˙ m f uel r = ˙ m O 2 
for complete combustion), flame spread rate can be 

xpressed as follows. 

 f = 

ρair Y O 2 H 

r ρs τ
U 0 (3) 

Here, r ( = 1.92) is the stochiometric oxygen-fuel mass ratio. 

q. (3) shows that the flame spread rate is proportional to the 

mposed flow speed U 0 , consistent with the observation shown in 

ig. 11 b. Eq. (3) also shows that flame spread rate is linearly pro-

ortional to the duct height, consistent with Fig. 11 a. 

In the case with H = 3.8 cm (half of the flow duct height), both

ame length and spread rate are larger than those at H = 2.5 cm. 

n this case, no baffle is used and the flame is confined be- 

ween the sample surface and the front window of the flow duct. 

he front window is made of polycarbonate ( Fig. 1 b). Compared 

ith the black aluminum baffle, the polycarbonate window has 

ignificantly smaller thermal conductivity (0.2 vs. 200 W/m/K) 

nd slightly smaller volumetric heat capacity ( ρ• C p ∼ 1.44 vs. 

.46 J/cm 
3 /K). Therefore, the flame heat loss to the duct window 

s expected to be smaller than the heat loss to the baffle. This con- 

ributes to a stronger flame at H = 3.8 cm. 

.2. Equivalence ratios 

The combustion equivalence ratios in all tests are plotted in 

ig. 13 based on the following. 

= 

(
˙ m f uel / ˙ m O 2 

)
a v ail (

˙ m f uel / ˙ m O 2 

)
stoi 

= 

τ r ρs v f 
ρair U 0 H Y O 2 

(4) 

As shown in Fig. 13 , the equivalence ratio is insensitive to the 

ow speed. This is because the solid burning rate ( τρs v f W s ∝ U 0 ) 

nd the oxygen supplies to the flame ( ρair U 0 H Y O 2 W s ) both increase 
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Fig. 12. Single-sided adjusted flame spread rate and flame length at the steady state under different baffle distances. 

Fig. 13. Combustion equivalence ratio. 
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ith the imposed flow speed. Figure 13 also shows that when H 

ecreases from 3.8 cm to 2.0 cm, the equivalence ratio increases 

rom 0.27 to 0.48. Below the critical baffle distance, the combus- 

ion was under-ventilated, and it was expected that the equiva- 

ence ratio should be close to unity. However, the calculated equiv- 

lence ratios are below unity. In this work, the flame width is sim- 

lar to the sample width ( ∼ 2.2 cm) and is significantly smaller 

han the duct width (7.6 cm). During combustion, flame, through 

hermal expansion, can act as a pseudo-body [ 4 , 24 ] deflecting in-

oming flows to the two lateral sides of the combustion zone. This 

ay contribute to the over-estimated oxygen supplies to the com- 

ustion zone using Eqs. (2) and (4) , resulting in under-estimated 

quivalence ratios. Nevertheless, Fig. 13 shows that the equivalence 

atio remains nearly constant ( ∼ 0.52) when duct height is below 

he critical duct height. This implies that the combustion is indeed 

imited by the oxygen supply. 

fi

10 
If a correction factor is introduced to the oxygen mass rate in 

q. (2) ( ˙ m O 2 , corrected 
= η ˙ m O 2 

, η = 0 . 52) , the resulting equivalence 

atios are shown using the right axis in Fig. 13 . Eq. (3) is re-written

s follows. 

 f = 

ηρair Y O 2 H 

r ρs τ
U 0 (5) 

The predicted flame spread rate is plotted in Figs. 12 a and 11 b.

t matches the experimental data reasonably well. 

.3. Heat transfer to sample and baffle surfaces 

Flame shapes at steady state are also examined. For each 

ested condition, ten images, evenly distributed in the flame steady 

preading state, are selected and transformed into binary. Averaged 

ixel values of these binary images and time-averaged flame pro- 

les are then obtained. This procedure filters out disturbance due 
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Fig. 14. Flame profiles at different confinement levels and flow speeds. 
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o fuel vapor jetting and the deduced flame shapes are shown to 

esemble the flame profile in the raw images. The averaged flame 

hapes at different flow and confinement conditions are compared 

n Fig. 14 . In general, the flame standoff distance (distance from the 

ame sheet to the sample surface) is higher in lower flow speeds 

nd in a more confined space (smaller H). 

Previous research showed that for flame spread over flat sam- 

les, the flame shape resembles the flow viscous boundary layer 

 24 , 26 ]. This is because the fuel pyrolysate needs to diffuse across

he boundary layer to meet the oxidizer in the flow stream. As a 

esult, as the flow speed decreases, the boundary layer thickness 

nd the flame standoff distance increase. When the confinement 

evel increases (especially near the quenching limit), oxygen supply 

o the flame is restricted. A higher flame standoff distance helps 

ncrease the oxygen supply to the flame base region. 

During the flame spread process, flame transfers heat to the 

ample and the baffle. Assuming the heat transfer for these small 

ames is mainly through conduction [27] , with approximations 

f flame sheet and constant flame temperature, the heat transfer 

ates can be estimated using Fourier’s law as follows. 

 sample = W 

L f 

∫ 
0 

k g 
T f − T p 

y f 
dx (6) 

 ba f f le = W 

L f 

∫ 
0 

k g 
T f − T amb (
H − y f 

)dx (7) 

Here, y f is the flame standoff distance to the sample surface, 

educed from the flame images ( Fig. 14 ), W is the sample width

2.2 cm), and k g is the conductivity of the air (0.06255 W/m/K, 

valuated at film temperature 900 K). T f , T p , and T amb are the 

aseous flame temperature (1200 K), solid pyrolysis temperature 

600 K), and the ambient temperature (300 K) respectively. 

Heat of combustion released by the flame is also estimated as 

ollows. 

 comb = v f ρs τW �H c (8) 

s and τ are the density (1.18 g/cm 
3 ) and thickness (1 mm) of 

he PMMA sample respectively. �H c is the heat of combustion 

26.81 J/mg) of the PMMA. 

The heat of combustion q comb and the heat transfer rates q sample 

nd q ba f f le are compared between different cases in Fig. 15 . Simi- 

ar to the flame spread rate, heat of combustion and heat transfer 

o the sample surface exhibit non-monotonic dependency on the 

affle distance, H. However, the heat loss to the baffle increases 

onotonically when the baffle distance decreases. When the baffle 

s far from the flame, e.g., H > 1.5 cm, the heat loss to the baffle
11 
s negligible compared with the flame heat transfer to the sample 

urface. When H decreases to 1.0 cm, heat loss becomes compara- 

le to the heat transfer to the sample ( q ba f f le ∼ 65% of q sample ). This 

ncreased heat loss to the baffle and the insufficient oxygen supply 

o the flame eventually lead to a limiting confinement condition 

or flame spread. 

. Comparisons between different sample configurations 

Flame spread rates in the three tested configurations are com- 

ared in Fig. 16 . At the same confinement level, the double-sided 

ame has the highest spread rate, followed by the twin flames. For 

hermally-thin solid fuels, flame spread rate is estimated from the 

nergy conservation in the solid preheat zone as follows [28] . 

 f = 

q ′ pre 
ρs τ c p,s ( T p − T 0 ) 

(9) 

Here, c p,s is the specific heat of the solid fuel and q 
′ 
pre is the net

eat input (per unit sample width) to the sample preheat zone. 

Assuming the flame heat input to the sample surface is ap- 

roximately the same for the same confined condition, the double- 

ided flames are expected to have twice as large of q ′ pre (the sam- 

le is subjected to the flame on both sides) compared to single- 

ided flames. As a result, the flame spread rate is expected to be 

wice as large for double-sided flames than single-sided flames 

see H = 1.0 cm in Fig. 16 ). However, in the experiments, when H >

 cm, the double-sided flames appeared yellow and sooty even at 

he minimum tested flow speed ( Fig. 7 ). This is due to strong gas

hase reaction and high flame temperatures. The radiation from 

he soot enhanced the heat input to the sample surface and in- 

reased the flame spread rate further. In Fig. 16 , when H > 1 cm,

ame spread rates for double-sided flames are significantly larger 

han twice of those for single-sided flames. 

When comparing twin flames with single-sided flames, the 

win flames should have a higher q ′ pre due to additional heat in- 
ut from the second flame. This additional heat input can be ap- 

roximated as the flame heat loss to the baffle in the single- 

ided flame configuration. In other words, q ′ pre, T F = q ′ 
sample 

+ 

 
′ 
ba f f le 

where q ′ 
sample 

and q ′ 
ba f f le 

are evaluated using Eqs. (6) and 7 

espectively. 

Figure 15 shows that, at H = 1 cm, the baffle heat loss is ∼ 65%

f the estimated flame heat transfer to the sample. This explains 

he ∼60% higher spread rate observed for twin flames than single- 

ided flames in Fig. 16 . 

As mentioned in Section 3.3 , when parallel samples were sep- 

rated by 1.5 cm, the flame failed to ignite the second fuel. For 
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Fig. 15. Estimated combustion heat release and flame heat transfer to the sample and baffle surfaces at different confinement levels. 

Fig. 16. Adjusted flame spread rates at different sample configurations. 

12 
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Fig. 17. The no-spread imposed flow speed at different confinement levels and flame types. 
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olid ignition to occur, a critical heat flux ( ∼10 kW/m 
2 for PMMA 

 28 , 29 ]) is required. The flame heat flux on the second sample is

stimated using the single-sided flame profile: 

 
′′ 
sample,second = k g 

T f − T amb (
H − y f 

)
min 

(10) 

When H increases from 1.0 to 1.5 cm, the estimated heat flux 

educes to below the critical heat flux for ignition (from 9.9 to 

.5 kW/m 
2 ). The flame failed to ignite the second sample. 

The low-speed quenching limits of different configurations are 

ompared in Fig. 17 . For both single-sided and double-sided flame 

onfigurations, the low-speed quenching limits decrease slightly 

rst and then increase as the baffle distance decreases. The lowest 

uenching limits are observed at the baffle distance where maxi- 

um spread rates occur ( H = 2.0 cm). This further indicates that 

he confinement can increase the flammability of the materials. 

At the same confinement level, the twin flame has the low- 

st quenching limit, followed by double-sided flames. Among the 

hree tested configurations, the twin flame has the highest heat 

nput to the samples and lowest heat loss to the surrounding. This 

eads to the lowest quenching flow speed. When comparing the 

ouble-sided and single-sided flames at the same baffle distance, 

he double-sided flames have twice as much oxygen supply and 

eat transfer to solid fuel. These result in a lower quenching flow 

peed. 

. Remarks 

Concurrent-flow flame spread over 1 mm thick PMMA slabs are 

nvestigated in a small flow duct aboard the ISS. Three burning sce- 

arios are considered, single-sided, double-sided, and parallel sam- 

les. For each burning scenario, confined condition (characterized 
13 
y a length scale H) and imposed flow speed are varied and their 

ffects on flame spread are examined. Key findings are as follows. 

1 For double and single-sided flames, the steady state flame 

length and spread rate increase first and then decrease when 

the confinement level increases (or when H decreases) in agree- 

ment with [ 9 , 14 , 15 , 22 ]. There exists an optimal confinement

where the largest flame spread rates, maximum flame lengths, 

and lowest low-speed quenching limit occur. These indicate 

that confinement can increase or decrease solid fuel flamma- 

bility depending on the confined conditions. 

2 Confinement has multiple effects on the flame. On one hand, 

it leads to accelerating flow during combustion thermal ex- 

pansion. This effect intensifies the burning process and en- 

hances the convective heat transfer to solid samples. On the 

other hand, confinement limits oxygen supply and increases 

heat loss to surrounding walls. These effects weaken the 

flame. As a consequence, two flame regimes are observed: 

ventilation-controlled and kinetics-controlled. When the con- 

finement length scale H is larger than that of the optimal con- 

finement, the flame characteristics are controlled by the accel- 

erated flow and the flame spread rate is inversely proportional 

to H. When H is smaller than the optimal H, the combustion is 

limited by the oxygen supply and heat loss. The flame spread 

rate is proportional to H. 

3 At each confinement level, flame spread rate and flame length 

increases linearly with the imposed flow speed. 

4 At the same confinement level, both double-sided flame and 

twin flames spread faster and are longer than the single-sided 

flame. The double-sided flame spread faster because the sample 

is subject to flame heat input on both sides. The twin flames 

spread faster because each sample receives additional heat in- 

puts from another flame. 
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5 For parallel samples, when the separation distance H exceeds a 

certain value, the heat flux from the first burning sample to the 

second sample drops below the critical heat flux for ignition. 

The second sample will not be ignited. 

6 The microgravity experiments provide a rich dataset for model 

and theory development and validation. 
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