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ABSTRACT

Concurrent flow flame spread experiments are conducted over thermally thin solid fuels in micrograv-
ity aboard the International Space Station (ISS) under varying levels of confinement. Samples of cotton
fiberglass blended textile fabric are burned in air flows in a small flow duct. Baffles are placed parallel to
the sample sheet, one on each side symmetrically. The distance between the baffles is varied to change
the confinement of the burning event. Three different materials of baffles are used to alter the radia-
tive boundary conditions of the space that the flame resides: transparent polycarbonate, black anodized
aluminum, and polished aluminum. In all tests, samples are ignited at the upstream leading edge and
allowed to burn to completion. The results show that at low flow speeds (<17 cm/s), the flame reaches
a steady state for all tested baffle types and baffle distances. The spread rates and flame lengths at the
steady state increase first and then decrease when the baffle distance decreases, resulting in an opti-
mal baffle distance for flame spread. Furthermore, there exists a limiting baffle distance below which the
flame fails to spread. It is concluded that the confinement imposed by the baffles accelerates the flow
during the combustion thermal expansion and the baffles reflect flame radiation back to the sample sur-
face, both of which intensifying the burning. However, the confinement also limits the oxygen supply
and introduces conductive heat loss away from the flame. At the same baffle distance and imposed flow
speed, flame length and spread rate are largest for polished aluminum baffles, and lowest for transparent
polycarbonate baffles. The differences are most prominent at intermediate tested baffle distances. While
the radiative heat feedback from the baffles is expected to increase when the baffle distance decreases,
flame length and flame spread rate are similar for all baffle types at small baffle distances as the com-
bustion is limited by the reduced oxygen supply.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

for flame spread, and mechanisms for extinctions. For example, a
previous NASA project, Burning and Suppression of Solids (BASS)

Fire safety is of critical importance in aircraft and space vehi-
cles due to limited options to suppress fires and the difficulty to
evacuate. To address this, numerous experiments have been car-
ried out to study how flames spread over solid materials in mi-
crogravity. These experiments used drop towers [1,2], parabolic
flights [3], sounding rockets [4], facilities aboard the International
Space Station (ISS) [5], and other space vehicles [6,7]. The previous
experiments focused on the effects of environmental conditions
(e.g., oxygen percentages, pressure levels, flow velocities) and flow
configurations (concurrent or opposed). They provided abundant
data regarding the flame structure, flame spread rate, mechanisms
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examined the burning processes of various materials (e.g., thin
cotton-fiberglass based fabrics, Nomex, Ultem, and PMMA slabs,
rods, and spheres) in concurrent and opposed flows using a small
flow duct (height: 7.6 cm) operated in the Microgravity Science
Glovebox (MSG) aboard the ISS [5]. For the tested cotton-fiberglass
fabric samples (referred to as SIBAL), steady flame spread was ob-
served in low-speed concurrent flows (~20 cm/s). The flame length
and spread rate increased with flow velocity and ambient oxygen
percentage up to about 22% (oxygen is determined by the day-to-
day variation in ISS cabin atmosphere and is usually in the range
of 21% to 22%). A low-speed quenching velocity was also identi-
fied and shown to decrease when the oxygen percentage increased.
In another NASA-led project Saffire, large samples of the same
cotton-fiberglass fabric were burned in a large flow duct (height:
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51 cm) inside the pressurized cabin of the unmanned Cygnus ISS
resupply vehicle [6]. While steady flame spread was also observed,
the flame spread rates at the steady state in Saffire were signifi-
cantly lower than those obtained in BASS even at the same oxy-
gen percentage and flow rate. The different spread rates were sus-
pected to be due to the different confined conditions introduced
by the large and small flow ducts used in these two experiments.

Similar phenomenon was reported in numerical studies [8-10].
Shih and T’ien used a two-dimensional steady Computational Fluid
Dynamics (CFD) combustion model to study concurrent-flow flame
spread over thin solid samples in a flow duct in microgravity [9].
Their results show that, when the flow duct height decreases, the
flame length and flame spread rate first increased to a maximum
value, and then decreased. Flow channeling effect (i.e., flow accel-
eration caused by thermal expansion of the combustion gaseous
products in a limited space [9]), restriction of oxygen supply, and
heat loss to the duct ceiling were identified as competing factors
that resulted in the observed non-monotonic trend of the flame
spread rate. Furthermore, when the radiation reflection from the
duct walls was considered in the model, converged solutions were
not achieved for some simulated duct heights. It is suspected that
the flame may be continually growing in these confined conditions
and this transient process could not be captured by the pseudo
steady time independent model used at the time. Li et al. [10] con-
ducted a three-dimensional transient numerical study and consid-
ered the geometry of the BASS experiments. In their work, the duct
height was varied between 1 and 9 cm to investigate the effects of
the flow confinement on flame spread. The results predicted that
the optimal duct height for fastest flame spread in a 10 cm/s air
flow was 4 cm. Above this optimal duct height, the flow confine-
ment affects the flame spread process mainly through the flow
channeling effect as the heated gases expand. The flame spread
rate varies approximately inversely with the duct height [10] in
this regime. Below the optimal duct height, the flame spread rate
is proportional to the oxygen supply to the combustion zone and
the spread rate is approximately linearly proportional to the duct
height [10].

Nakamura et al. [11] used a time dependent model to study
the effect of ignition and flame spread under confined conditions
with externally forced radiation in support of a microgravity ex-
periment [12]. These two works began ignition in the center of a
thermally thin fuel, leading to mostly opposed flame spread into
the fresh oxidizer stream. Some concurrent flame spread occurred
immediately after ignition, before the opposed flame grew large
enough to shield the downstream concurrent flame from fresh
oxidizer.

In normal gravity, previous experiments also showed that fires
in confined spaces (e.g., parallel panels, channels) can be longer
and spread faster compared to fires in open spaces [13-15]. Shih
and Wu [13] performed upward flame spread experiments over
parallel thin paper sheets. When the distance between the pa-
per sheets is larger than 10 cm, fire behavior is similar to that
of one single sheet. As the separation distance between the pa-
per sheets decreases, the adjacent flames begin to interact with
each other and flame spread rate increases. It was concluded that
both the chimney effect due to buoyancy and the radiation interac-
tions between the adjacent flames and samples intensify the fires.
However, when the separation distance is further reduced, flames
between parallel samples suffer from oxygen depletion and the
flame spread rate decreases. Similar non-monotonic trend of flame
spread rate was also observed by Zhu et al. [15]. In their studies,
the effects of the spacing between a wall and a solid fuel on up-
ward flame spread behaviors were investigated, using 1mm-thick
PMMA fuel samples. They predicted the maximum flame spread
rate and mass-loss rate occurred at a spacing of ~6.5% of the wall
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height due to the enhanced radiation flux incident on the PMMA
surface.

In microgravity, Olson conducted concurrent-flow flame spread
over three parallel thin fuel sheets, using NASA Glenn Research
Center’s 5.18 s Zero Gravity Research Facility [16]. The distance
between the sheets varied from 1.27 cm to 3.31 cm. At 5 cm/s
concurrent flow, the optimal gap spacing between sheets for the
flame spread rate is found to be ~ 3.2 cm: the flame spread rate
increased to 1.5 times the single sheet value. It was concluded
that the radiation exchange augments the flame heat flux to the
fuel surface, enhancing the burning. Many other works exist vary-
ing the level of externally forced radiation on concurrent [17,18]
and opposed flame spread [3]. Other experiments limit the amount
of oxidizer to the flame zone in microgravity by reducing oxygen
concentration or forced flow velocity [5-7]. Some studies vary the
amount of flame confinement in an attempt to suppress buoy-
ancy flow as a sort of ‘simulated’ microgravity [19-23]. The ex-
periments were found to mostly agree with microgravity experi-
ments in the opposed flow direction. However, to the authors’ best
knowledge, there are no published works that specifically investi-
gate the effects of confinement on concurrent-flow fire behavior in
long-duration actual microgravity.

In the work presented in this paper, the previous BASS hard-
ware [5] is refurbished and modified to allow different levels of
flow confinement and different radiative wall reflection boundary
conditions. A series of microgravity experiments (referred to as
Confined Combustion) are carried out aboard the ISS. The aerody-
namic and radiative interactions between a flame and its surround-
ing walls and the fate of the flame (no ignition, growing flame,
steady flame, or extinction) are explored systematically for various
confined conditions. One benefit of conducting thermal fluid (in-
cluding combustion) experiments in a microgravity environment is
the removal of the confounding factor of gravity-induced buoyancy
flow. This facilitates the observation of the underlying physics of
the burning events. While the findings of this study can be directly
applied to space applications, a major goal is to provide guidance
for future structural design and improve fire safety code and re-
sponse for both space and Earth applications.

2. Microgravity experiments
2.1. Experiment apparatus

The experimental setup is shown in Fig. 1. The experiment is
based on the existing flow duct hardware from BASS [5]. The flow
duct is 20 cm long and has a square cross-section 7.6 cm x 7.6 cm.
Flow velocity (Us) is measured by a built-in air velocity trans-
ducer (TSI™ # 8475) positioned in the fan section (see Fig. 1b)
between the flow straightener and the duct inlet screen. The flow
duct is capable of providing flow up to 55 cm/s [24]. The duct op-
erates in the Microgravity Science Glovebox (MSG) used for work
volume isolation aboard ISS. Along with ISS environmental sensor
data, an O, sensor (Quantek model 201 accuracy +/—2% of read-
ing) is installed in the MSG to monitor the oxygen consumption
during each test. A high-resolution video camera is used to record
the burning events from the top window (sample edge view) of the
flow duct. The spatial resolution and the frame rate of the video
recordings are 12.5 pixels/mm (or 0.08 mm/pixel) and 24 frames
per second (or ~ 42 ms/frame) respectively. The camera is set to
auto adjust for white balance, exposure, and digital gain. An ISS
laboratory camera downlink was occasionally used for a secondary
view, normal to the fuel surface (when transparent or no baffles
were used), through the MSG front window.

In this work, a new baffle/sample system is developed (Fig. 2).
Similar to BASS, each sample is held in position sandwiched be-
tween two stainless steel sample frames with black oxide surface
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Fig. 1. Experimental setup in the Microgravity Science Glovebox (MSG) 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.
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Fig. 2. a) Sample frame with fuel and igniter. b) Assembly of the sample/baffle carrier, sample frame, and two parallel transparent baffles. The distance of the fuel to either

baffle is D/2.

treatment (Fig. 2a). The sample frame is 13.8 cm long and 6.1 cm
wide and the exposed sample surface is 10 cm long and 2.2 cm
wide. A 29-AWG Kanthal hotwire in a sawtooth pattern with re-
sistance ~ 1 © (powered at about 3.7 A) is located at the lead-
ing edge of the sample to serve as the igniter. The sample frame
is then placed at the center position of a mounting system, to-
gether with two parallel flat baffles (Fig. 2b), one on each side of
the sample symmetrically. The mounting system consists of a se-
ries of 0.5 cm spacers. By controlling the number of spacers be-
tween the baffles and the sample, different levels of flame confine-
ment are achieved. The variation of the inter-baffle distance in the
flow direction is measured to be within 3% in all cases. A trans-
parent top window is custom-designed to retrofit the BASS flow
duct and the baffle/sample assembly is magnetically attached to a
mount integrated with the new top window. This mounting system
was designed in a way that the sample can be positioned exactly
in the middle of the flow duct when the baffle/sample assembly is
mounted on the top window.

In Confined Combustion, tested sample materials include SIBAL
fabric (75% cotton, 25% fiberglass, see Fig. 2a) and 1mm-thick cast
PMMA slabs. Both materials were previously tested in BASS [5] and
in various other microgravity experiments [6]. The thin SIBAL fab-
ric facilitates the observation of steady flame spread over cellulose-
based materials. The fiberglass matrix retains the sample structure
(no curling or breaking on burned sample surface) while cotton
burns. The PMMA slabs represent polymeric materials where solid
burnout occurs slightly slower (compared with the thin SIBAL fab-
ric). Both materials are commonly used in space vehicles and in
earth applications.

In addition to the sample/baffle arrangement described above
(sample in the center and two baffles symmetrically on the two
sides), the designed mounting system can accommodate a variety
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of sample/baffle setups. The baffles and the sample frame can be
placed at any positions on the rack. The mounting system can also
accommodate multiple sample frames and allows burning of paral-
lel sample sheets (similar to Olson’s work [16]) in one test. This ar-
rangement allows the study of how one burning sample ignites an-
other and how fires of adjacent samples interact with each other.
In this paper, selected data from the SIBAL fuel tests are presented.
Data for PMMA and for burning of parallel sample sheets will be
reported in separate papers.

Three types of baffles are used: transparent polycarbonate,
black anodized aluminum, and reflective polished aluminum
(Fig. 3). The reflective baffle (polished aluminum) and the black
baffle (black anodized aluminum) are made of 6061 aluminum al-
loy. To obtain the desired surface radiative properties, the reflec-
tive baffle is polished with progressively higher grits to a mirror
finish. The black baffle is blasted into a matte finish and anodized
black. The surface properties of each baffle are characterized on
the ground prior to the experiments. For black and reflective baf-
fles, the specular reflection gloss levels are tested using Konica Mi-
nolta Multi Gloss 268A glossmeter at three measurement angles,
20°/60°/85° The values for the reflective baffles are 1300, 670, and
130 GU (gloss units) at the three tested angles respectively, and
the values for the black baffles are 0, 0.3, and 1.3 GU respectively.
Note that these reflectance measurements only characterize visible
light reflectance. A fraction of flame radiation is reported in the
infrared range (e.g., at wavelength 2500-3000 nm from H,0 and
CO,, and at ~ 4400 nm from CO, [25]). In 500-2500 nm range,
polished aluminum surface is reported with a fairly constant re-
flectance around ~ 0.95 while the raw surface is around 0.8-0.9
[26]. The reflectance of blasted black anodized aluminum increases
from below 0.10 to ~ 0.35 at 700-1200 nm and maintains constant
throughout 2500 nm [27].
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Fig. 3. Three types of baffles. a) Transparent polycarbonate. b) Anodized black aluminum. c) Polished aluminum.

The visibly transparent baffles are made from 1.6-mm-thick
clear polycarbonate (Makrolon® GP). The transparency is tested
using a 5500 K color temperature white light LED (Lightspeed
Technologies, HPLS-36, High Powered Light Source w/ 5500 K
White LED) and a UV-enhanced silicon photodiode detector
(Newport, 818-UV/DB, spectral range: 200-1100 nm) with an
accompanying Power/Energy Meter (Newport, 842-PE). The baffle
is inserted between the light source and the broadband photode-
tector. Baseline tests are also performed without any baffles. The
differences between the measurements with and without baffles
are used to determine the transmittance of the baffles. This mea-
surement is repeated three times and the average transmittance
is 92.5% for the polycarbonate baffles. The tested spectrum range
is mainly in the visible light wavelengths. The flame radiation
in the infrared range is generally less transmissive. Based on the
manufacture’s data [28,29], the transmittance for a 1 mm-thick
polycarbonate remains fairly constant at ~ 90% for wavelength
400-1600 nm, drops to ~40% at 1650 nm, and increases back
to 80% at 1750-1950 nm. Further testing is warranted to obtain
information of the transmittance at higher wavelengths.

During the experiment operations, real time space to ground
communication and live video downlink is established between ISS
crew and the science team in the Glenn research center ISS Pay-
load Operations Center (GIPOC). After the flow is established, igni-
tion current is powered on and lasts until the sample ignites and
an established flame is observed. The ignition and flame develop-
ment processes are monitored in real time and recorded using a
video camera of the sample edge view through the flow duct top
window (Fig. 1b). Post-burn sample images are also obtained.

In all tests, the pressure and oxygen percentage in the MSG
remain constant at ISS ambient values of 1.0 atm and ~22% re-
spectively. The daily variation of oxygen concentration in MSG is
between 21.3% and 22.9%. Imposed flow velocities range from 5-
28 cm/s.

2.2. Preflight cold flow characterization

Prior to the ISS operations, cold (i.e., without combustion) flow
characterization was performed for the BASS flow duct with the
new sample/baffle assembly. The purpose was to evaluate how the
sample/baffle assembly may alter the flow profiles. To achieve this,
anemometers (Schiltknecht ThermoAir3, precision of 1 cm/s) were
placed on the mid-plane between one of the baffles and the sam-
ple at three different streamwise locations (near the entry, at the
center, and near the exit of the flow duct). Local flow velocities
were obtained at these locations at different imposed flow veloci-

2

ties (U = 3-32 cm/s) and different baffle configurations (D = 2, 3,
4, and 5 cm). Imposed flow velocities were measured by the built-
in air velocity transducer in the fan section near the duct inlet.

The results show that the cold flow accelerates slightly in
the streamwise direction, possibly due to the buildup of the vis-
cous boundary layers on the surfaces of the baffles and the sam-
ple. However, the variation is minimal (see Fig. 4a for results for
D = 5 cm). For all tested baffle configurations and imposed flow
speeds, the streamwise flow variation is less than 10% from the
mean value.

However, with the same flow speed imposed at the duct inlet,
the flow in the confined region (i.e., between the baffles and the
sample) can vary significantly with the baffle configuration. In this
work, effects of confinement on the flame spread process are dis-
cussed using microgravity data at U, = 6 cm/s (in Sections 3.3 and
3.4). Figure 4b shows how the local flow at the duct center (U.)
varies with the baffle configuration at this imposed flow velocity.
Note that in the preflight cold flow characterization, data were ob-
tained at Uy, = 5 and 7.5 cm/s (see Fig. 4a). Interpolation between
these two imposed flow speeds was applied for data in Fig. 4b.
The measured flow in the center of the confined region is acceler-
ated (Us > Uy) when D > 2 cm and decelerated (U: < Uy ) when
D < 2 cm.

Figure 4b also shows the anemometer readings for a higher
imposed flow speed at 20 cm/s. At this imposed flow speed, U,
also decreases with the baffle distance. However, the variation
(percentage-wise) between different baffle settings is smaller com-
pared to that at the lower imposed flow speed.

When the imposed flow encounters the sample/baffle assem-
bly, it redistributes into four pathways (see Fig. 5), I and IV be-
tween the baffles and the duct inner walls and II and III between
the baffles and the sample. The flow rate in each pathway varies so
that the pressure drop due to friction is identical at each pathway.
When approximating each pathway as two-dimensional flows be-
tween parallel plates, the fully developed flow profile in pathway i
can be described as:

2
w3 (2
Ui 2 h,/z

Here, h; is the pathway height (e.g., h; =hy; = D/2), y; is the
distance to the mid-plane of the pathway i, and Uy; is the averaged
flow speed in each of the pathways. Note that Uy; can be different
from the imposed flow speed, U,,, depending on the baffle config-
urations.

(1)
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Fig. 5. Illustration of two-dimensional idealization of flow pathways for the sample
and baffle assembly.

For two-dimensional steady Poiseuille flow, the pressure drop
between parallel plates can be expressed as:

3ul

T ?)

Ap; = Uoi

Where L is the length of the parallel plates and w is the flow
viscosity.

Assuming the pressure drops are the same in all pathways, the
incoming flow is redistributed according to the pathway heights:
Upi hl?. Based on Eqgs. (1) and 2, the cold flow speed at the mid-
plane between one baffle and the sample in the fully developed
region can be calculated as:

3 D?Dy

20,00 7

Cc
Here U, is the imposed flow speed at the duct inlet, D and Dy
are the inter-baffle distance and the flow duct height, respectively.
The estimated flow speeds are compared to the measurements of
the center anemometer (located 10 cm away from the duct inlet)
in Fig. 4b. The estimated flow speed decreases when the baffle dis-
tance is reduced. This is consistent with the trend of the measured
flow speeds.
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The deviation of the estimated flow speed from the measure-
ment is suspected to be due to the validity of the assumption of
fully developed flow profile (Eq. (1)). The hydrodynamic entrance
length for laminar flow between parallel plates can be estimated as
0.02ReH [30], where H is the distance between the parallel plates
and Re is the Reynold number. For H = 2.5 cm, Uy, = 6 cm/s,
the entrance length is ~5 cm, the same order of magnitude of
the sample/baffle length. The flow is likely to be still developing
at the end of the flow pathway. Nevertheless, Fig. 4b shows that
Eq. (3) roughly captures the center anemometer readings in the
cold flow characterization, suggesting that friction on the sample
and baffles contribute significantly to the variation of the flow at
different baffle distances.

To further characterize the flow profile in the duct, CFD simu-
lations were performed using ANSYS Fluent. The simulations con-
sider U, = 6 cm/s at four different inter-baffle distances. The
steady state flow profiles of all cases are included in the Appendix.
The simulated local flow speeds at the center anemometer loca-
tion (i.e.,, Uc) are shown in Fig. 4b. It shows that the simulations
match the measurements reasonably well. The simulation results
were also used to estimate the local flow speeds the flame may
encounter in the experiment. Figure 4b shows the simulated flow
speeds 0.5 cm away from the sample surface (Uj,.). Note that this
location is chosen based on the observed flame distance from the
sample surface (as will be shown later). Similar to U, U, de-
creases with the inter-baffle distance. However, the variation is less
significant.

2.3. Image analysis

A typical flame image obtained in this work is shown in Fig. 6a.
In this figure, the camera line of sight is parallel to the sample sur-
face (edge-view) and the image was taken through the top window
of the flow duct (see Fig. 1b).

To quantify the flame development process, a custom code
was developed to track the flame locations in each video frame.
The flame images are first transformed into gray scale (Fig. 6b)
to obtain the information of the flame luminance. The gray-scale
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Fig. 6. Image analysis and flame position determination. a) Original flame profile. b) Gray scale flame profile. c) Black and white binary flame profile. d) Integrated (along

the cross-stream direction) flame thickness versus streamwise location.

images are then transformed into black and white binary (Fig. 6¢)
with a constant threshold. Finally, the binary flame profiles are an-
alyzed and the integrated (along the cross stream direction) flame
thicknesses are determined for flames on each side of the sam-
ple (Fig. 6d). Note that the flame thickness varies in the stream
direction and the maximum value occurring at the middle por-
tion of the flame is at ~0.4 cm. Also note that the profiles of the
flames on the two sides of the sample are fairly symmetric, except
that in Fig. 6d the right flame (close to the duct front window) is
slightly thinner than the left flame. However, this is not consistent
throughout the test or between different tests.

A constant threshold value (0.024 cm) of the flame thickness is
used to determine the downstream flame tip and upstream flame
base locations. This non-zero threshold value is somewhat arbi-
trary but was chosen to filter out background noise in the flame
images and was shown to correlate well with the flame size ob-
tained by manual examination of the flame images. Overall, the
flame tip and base locations of the left and right half of the flames
are similar in all image frames (once again, demonstrating the
symmetry of the flame profiles).

3. Results

The test matrix is summarized graphically in Fig. 7. While the
baffle distance, imposed flow velocities, and baffle types are varied,
different flame behaviors are observed. At low imposed flow ve-
locities (U, = 5-6 cm/s), steady state flame spread is observed ex-
cept for the smallest tested inter-baffle distance (D = 1 ¢cm). Under
these low-speed flows, samples are ignited at the smallest tested
inter-baffle distance but the flame does not spread away from the
ignition region. The flame extinguished when the ignition power
was off, regardless of the baffle types. When the imposed flow rate
is higher (Uy, > 17 cm/s), the flame continually grows and does not
reach a steady state except when the inter-baffle distance is small
(D < 3 cm). Note that this observation might be specific to the
tested sample length. It is possible that the flame will eventually
reach a steady state at these conditions if given a longer duct and
sample length. The transient development processes of a steady
spreading flame and of a growing flame are presented using two
representative cases below.

3.1. Steady state flame spread

Figure 8 shows a typical process of flame development lead-
ing to a steady spreading state. In this case, the sample is placed
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Fig. 7. Test points for SIBAL samples in Confined Combustion. The size of the data
points (not to scale) denotes the flame spread rate at the steady state (if achieved).

between two black baffles with 5.0 cm inter-baffle distance. The
imposed flow velocity is 6 cm/s.

Figure 8a shows a montage of the edge-view images of the
flame (baffles are outside of the cropped frames and not shown)
and Fig. 8b shows the flame tip and base locations versus time.
In the initial frames, the igniter is bright illuminating the interior
of the flow duct (and hence the developed code was not able to
track the flame locations). After the igniter is de-energized, Fig. 8b
shows that the flame quickly reaches a limiting length and steady
spread rate. In this work, for all steady state tests, flame spread
rate is taken as the slope of the least-squares linear fit through the
flame tip and flame base data when the flame base is located in
the center region of the sample (between 4 and 7 cm in Fig. 8b).
Flame length (difference between flame tip and base locations) is
determined in the same time duration. In the representative test,
the difference between the flame tip and flame base spread rates
are ~ 2.2%. A quasi-steady flame spread is maintained until the
sample is fully consumed at which point the flame goes out.

Near the end of the test, when the flame tip reaches the down-
stream open end of the sample, the flame tip accelerates, the
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Fig. 9. Typical steady state flame profile at low speed flows (U, < 17 cm/s). (a) Flame image. (b)-(d) RGB pixel intensity at three different streamwise locations.

flame suddenly lengthens, and the left and right flames merge
at the downstream end. Several edge effects may contribute to
this. When the flame spreads along the fuel surface, the gaseous
fuel pyrolyzate needs to diffuse across the flow viscous bound-
ary layer to meet with the oxygen in the flow stream. Thus the
flame profile resembles the shape of the flow boundary layer [1].
At the downstream trailing edge of sample, the no slip condition
ends due to absence of the solid fuel and a gradient-free sym-
metry plane condition begins. Consequently, the gaseous fuel and
hence the reaction zone from each side of the sample can join
up. The sudden removal of the no-slip boundary condition leads
to increased flow speed near the center plane downstream of the
sample fuel. Furthermore, the baffles end near this location (see
Fig. 2b). The downstream portion of the flame is no longer sub-
jected to the confinement (less oxygen limitation and conductive
heat loss to the baffles). The higher flow speed, additional oxy-
gen supply, and reduced heat loss to baffle and fuel surface con-

45

tribute to the acceleration of the flame tip near the end of the
test.

In this representative test (and in all tests with imposed flow
speeds < 17 cm/s), flame exhibits clearly two layers: a thin yel-
low layer of soot facing the sample surface and a thicker outer
blue layer near the two baffles. The RGB pixel values across the
flame thickness at three different stream locations are plotted in
Fig. 9. The upstream flame base (Fig. 9d) does not show obvious
soot zone. All three colors peak at similar cross-stream locations
(~0.3 cm away from the sample surface). The center portion of the
flame (Fig. 9c¢) clearly shows different locations for red and blue
peaks, reflecting the soot and flame layers. Near the downstream
flame tip (Fig. 9b), the combustion zone is predominantly red, sug-
gesting mostly soot. It is suspected that the observed formation of
soot is due to insufficient oxygen supply in the inner side (facing
the sample surface) and downstream region of the flame. It is also
possible that the temperature of outer flame layer is lower than
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and flame length versus time.

that of inner layer because of heat loss to the baffles and/or to the
flow stream. This can potentially prohibit the formation of soot as
well.

To fairly compare the flame profile and flame standoff distance
with images of different auto-adjusted camera settings, the most
luminous pixel locations are extracted from the blue flame zone
(marked by red in Fig. 9a). This represents the flame sheet profile
for each test at the steady state.

3.2. Accelerating flame spread

The flame spread process of a growing flame is presented in
Fig. 10. In this case, the sample is placed between two polished
aluminum baffles with 5.0 cm inter-baffle distance. The imposed
flow velocity is 28 cm/s. After the igniter is de-energized, the flame
tip spreads downstream rapidly and reaches the exit of the flow
duct. The flame base accelerates while spreading downstream with
a smaller spread rate compared with the flame tip. The spread
rates of the flame tip and the flame base are evaluated in Fig. 10b.
For the flame base, the spread rate is calculated using the same cri-
teria (i.e., when the base is between 4 and 7 cm) as for the steady
cases. For the flame tip, the spread rate is evaluated in a manually
chosen region (when the tip seems to move at a constant rate).
Note that in this case, the flame spread rate of the flame tip is
almost double of that of the flame base and the flame length in-
creases at least until the flame tip reaches the end of the camera
view. As observed in the previous case, when the flame tip reaches
the open end of the sample, it accelerates and the two flames on
both sides of the sample merge. Eventually, the sample is fully con-
sumed and the flame extinguishes.

As shown in Fig. 10, the flame at this flow speed (28 cm/s)
appears much more luminous (confirmed verbally by crew) and
sootier than that in low flow speeds (Fig. 8). Blue flame is only
observed near the upstream base region. At high flow speeds, the
flame is stronger and longer. The high flame temperature and in-
creased rate of pyrolysis promotes the formation of soot through-
out the combustion zone. The blue flame layer is less visible com-
pared to the highly luminous yellow sooty part of the flames and
hence not completely captured by the camera.

3.3. Effects of flow confinement

To understand the effects of flow confinement, the steady state
flame profiles at different inter-baffle distances (and with no baf-
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fles) are compared in Fig. 11. Here, we compare tests with the
same imposed flow speed of 6 cm/s and with black baffles (if
used). When the confinement varies from no baffles (the full
duct width, equivalent to D = 7.6 cm) to the most confined case
(D = 2.0 cm), flame length first increases and then decreases. The
maximum flame length occurs at around D = 4.0 cm. When the
inter-baffle distance further decreases to D = 1.0 cm, the flame
quenches immediately after ignition energy is removed. Post-burn
sample indicated that the flame never spread past the ignition wire
(the sample burn length is less than 0.8 cm).

Note that in the case with no baffles, the sample was installed
on the sample carrier (Fig. 2b) alone. The two sides of the sample
were exposed directly to the interior of the flow duct (left side
in Fig. 11) and to the front window (right side) respectively. The
interior of the flow duct is painted black and its radiation property,
although not measured, is expected to be close to a black surface.
The front window was made of visibly transparent polycarbonate.

Also note that when the flame is small and weak at very
small inter-baffle distances (e.g., D = 2.0 cm), the camera is strug-
gling with white balance and the videos show unrealistic colors of
the flames. The apparent colors would change between one video
frame and the next. However, the ISS crew reported true flame
color during the burns to confirm/correct the video displayed.

Flame contours and flame center profiles are also compared in
Fig. 11. The flames at different baffle setups seem to have simi-
lar flame shapes (except with different flame lengths). The standoff
distance of the flame tip varies between 0.4 - 0.7 cm depending on
the flame lengths.

The flame spread rates and flame lengths at different inter-
baffle distances are compared in Fig. 12. Note that as discussed in
Section 2.2, flames may encounter different flow speeds at differ-
ent baffle setups even when the same flow is imposed at the duct
inlet. The flow velocities obtained in the pre-flight flow character-
ization (U., measured at center of the confined space) are labeled
in Fig. 12 for reference. Also note that the variation of these mea-
sured flow speeds between different baffle setups might be larger
than the variation of the actual flow encountered by the flame (see
Fig. 4).

Both flame length and flame spread rate exhibit non-monotonic
trends when the inter-baffle distance decreases. When the confine-
ment increases from D = 7.6 cm (no baffle case) to D = 4.0 cm, the
flame spread rate increases by a factor of ~1.62 for the black an-
odized aluminum baffles. Compared with D = 5.0 cm, the test with
D = 4.0 cm has a larger flame length and flame spread rate, despite
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having a slightly lower measured local flow speed. This demon-
strates the effects of flow acceleration due to thermal expansion
during confined combustion. Compared with the inversely propor-
tional relationship between spread rate and tunnel height (Vy ~
1/D) predicted by Li et al. [10], the spread rate increases slower
when D decreases, due to a decreasing local flow rates. For the re-
flective highly polished aluminum baffles, the increases in spread
rate and flame length are even higher due to the additional ra-
diative heat feedback reflected from the baffles (will be discussed
further below).

As predicted by Li et al. [10], the optimal inter-baffle distance
for the flame spread occurs at D = 4.0 cm. The spread rate and
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flame length reach the maximum values for all baffle types. Below
this inter-baffle distance, the flame spread rate decreases with the
inter-baffle distance. The decreasing local flow speeds encountered
by the flame certainly contributes to the decreasing flame spread
rate. Other effects that may result in the decreased flame spread
rate at small-baffle distances include oxygen starvation and con-
ductive heat loss to the baffles [10]. At D = 1.0 cm, self-sustained
flame was not achieved and flames extinguished after ignition
power was off for any baffle types. Once again, at this small baffle
distance, local flow near the sample surface is greatly reduced by
flow viscosity. In addition, flame can act as a pseudo-body and fur-
ther prevents the flow from entering the inter-baffle region [1]. It
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Fig. 13. Flame spread rate V//U; at different flow confinement in microgravity.

is suspected that the flame extinction at this baffle configuration is
caused by the low flow speed in the combustion region. This might
also explain the identical no-spread limits for different baffle types
shown in Figs. 7 and 12.

Flame spread rate from the previous BASS experiment is also
included in Fig. 12. This data was obtained using the same sam-
ple material in similar environmental conditions (1atm, 21% O,)
and with a slightly lower concurrent flow rate at 5 cm/s. Com-
pared with the case with no baffles in this work, the spread rate
in previous BASS is ~ 42% higher. This difference in flame spread
rates might be due to a combination of various reasons, one be-
ing the different widths of the sample frames used in previous
and current tests (3.6 cm vs 6.1 cm, respectively). The wider sam-
ple frame used in this work is likely to introduce more heat loss
and to reduce side oxygen transport to the combustion zone, both
of which weaken the flame. In addition, in this work, the sam-
ple frame is closed at the upstream end and open at the down-
stream end of the sample (Fig. 2b). This is opposite to the previ-
ous BASS experiments. The upstream portion of the sample frame
can potentially lead to a lower flow speed (due to the viscous ef-
fects) near the sample surface compared to BASS. Last, there were
other hardware differences between the previous BASS and cur-
rent work. For example, the sample orientation was rotated 90-
degrees in the duct and the sample holder mechanism was slightly
different.

For concurrent-flow flame spread over thin solid fuels in mi-
crogravity, previous work has shown that the flame spread rate is
proportional to /Uy [31]. To take into considerations the differ-
ent flow speeds in the confined region at different baffle configu-
rations, adjusted flame spread rate Vy//U; is plotted against the
inter-baffle distance in Fig. 13 using black baffle data. Note that
data from a recent large-scale microgravity experiment Saffire is
also included. In Saffire [6,7], the same sample material (SIBAL)
was burned in a large flow duct with duct height ~ 50 cm in a
concurrent flow 20 cm/s.

At large inter-baffle distances, D > 4.0 cm, Vf/Jch is shown to
be inversely proportional to D, consistent with the prediction in
previous numerical work [10]. Assuming the volumetric expansion
of the combusting gases are similar in all tests, the flow acceler-
ation along the stream direction is inversely proportional to the
cross-sectional area (or the inter-baffle distance). This further im-
plies the stronger flame in the confined space is caused by the flow
acceleration due to thermal expansion.
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At small inter-baffle distances, D < 4.0 cm, Fig. 13 shows that
the flame spread rates, after being adjusted by the local flow
speeds, still decrease with D. This suggests that the oxygen star-
vation plays a role at these confined conditions. Assuming the
combustion is limited by the oxygen entering the inter-baffle re-
gion, for steady flame spread with complete combustion, V¢post =
UcpqirDYoor. Here, ps and pg; are the density of the solid fuel and
air respectively, T is the thickness of the solid fuel, Yy, is the oxy-
gen mass fraction of the air, and r is the stoichiometric fuel to oxy-
gen ratio. Based on this, V/U is expected to be proportional to D.
In this work, when D increases from 2 cm to 3 cm, Vi /Ue increases
by 49% for black baffles.

3.4. Effects of radiation interaction

The flame profiles for different baffle types are compared in
Fig. 14. In these cases, the inter-baffle distances are 4.0 cm and the
imposed flow speed is 6 cm/s. Among the three cases, flame is sig-
nificantly longer when the reflective baffles are used, as expected.
During the burning process, a portion of the combustion heat is
lost to the environment through radiation. The reflective baffles
help to re-direct radiation back to the sample and the gaseous
flame. On the other hand, a significantly higher portion of radi-
ation penetrates or is absorbed by the transparent polycarbonate
and black anodized aluminum baffles. Compared with the transpar-
ent baffles, the flame is slightly longer for the black baffles. During
the burning process, temperature of the baffles may increase, re-
sulting in increased surface radiation emission. The longer flame
observed for the black baffles is likely due to the combination of a
slightly higher radiation reflection and emission than transparent
baffles.

In Fig. 12, it is noticed that at small inter-baffle distances (e.g.,
D < 3.0 cm), the flame spread rates for black and reflective baf-
fles are similar but are different from those for transparent baffles.
To further compare the differences caused by the baffle types, the
ratios of the spread rates of the reflective and black baffles to the
spread rate of the transparent baffles are shown in Fig. 15.

In general, the additional radiation feedback from the reflec-
tive baffle results in a higher flame spread rate compared with the
black and transparent baffles. This effect is most prominent near
the optimal inter-baffle distance, D = 4.0 cm. At small baffle dis-
tances (e.g., D = 3.0 cm), the flame spread rates for different baf-
fles are almost identical. This further suggests that at these con-
fined conditions, the combustion is limited by the oxygen supplied
to the inter-baffle region.

Note that at the minimum inter-baffle distance for which a
flame spreads, D = 2.0 cm, the flame spread rate for the trans-
parent baffles is slightly higher than other baffle types. This indi-
cates that at this inter-baffle distance, the flame is close enough
to the baffles such that conductive heat loss contributes to the de-
crease of the flame spread rate [8,9]. Compared with the polycar-
bonate, the polished and anodized aluminum baffles have signifi-
cantly larger thermal conductivity (200 vs. 0.2 W/m/K) and larger
volumetric heat capacity (p-Cp ~ 2.46 vs. 144 J/cm?/K), and are
therefore expected to introduce more heat loss from the flame
zone.

The total heat release of the SIBAL sample is estimated at
~5.24 KJ, using the heat of combustion of the cotton at Ah.=17.44
KJ/g [32]. For the aluminum baffles to have an average tempera-
ture rise of 10 K, assuming no heat loss from the baffle surfaces,
the heat loss from the flame to the baffles is estimated at ~0.66 K],
~12% of the total combustion heat release. While the baffle tem-
perature was not measured in the ISS experiments, the heat loss to
the baffles is expected to play a role in the flame spread processes
at low inter-baffle distances when the baffles are in the close prox-
imity of the flame.
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4. Conclusion

This work leverages the unique long-duration microgravity en-
vironment aboard the International Space Station (ISS). A series of
purely-forced concurrent flow flame spread experiments were per-
formed to study the effects of confinement on burning character-
istics of solid materials. Thin cotton-fiberglass blend fabrics were
burned in a small flow duct. Confinement is introduced using two
baffles with adjustable distance between 1 and 5 cm installed par-
allel to the sample, one on each side symmetrically. Three types
of baffles: black anodized aluminum, reflective polished aluminum,
and transparent polycarbonate were used to simulate different ra-
diative boundary conditions from the surrounding walls. While the
imposed flow speeds are controlled (ranging from 5 to 28 cm/s),
the flow that enters the confined region varies for different baf-
fle setups. Flow characterization was performed prior to the ISS
operations to provide information on the cold flow profiles in the
confined region where the flame resides.

By varying the flow conditions and confinement levels, flames
exhibit different spreading modes: no spreading, steady spread-
ing, and accelerating spreading. Profiles and transient development
processes of both accelerating and steady flames are examined and
presented through high-resolution images. Main findings are as
follows:

~—

~

(1) For low tested flow speeds (<17 cm/s) and all baffle types,

steady state flame spread is reached and a limiting flame
length and constant spread rate are observed. In addition,
there exists a quenching inter-baffle distance below which
the flame failed to spread.

For large tested flow speeds (>17 cm/s), the flame continu-
ally grows throughout the test, except when the baffle dis-
tance is near the quenching distance. It is possible that the
sample size and flow duct used in this work are too small
for the flame to reach steady state in these conditions. In
other words, the boundary of the steady and accelerating
flames observed in this work may be specific to the experi-
mental hardware.

For cases where steady flame spread was observed, the re-
sults confirm the previously predicted non-monotonic ef-
fects of flow confinement on the burning characteristics.
There exists an optimal inter-baffle distance for flame length
and spread rate. Above this optimal distance, the confine-
ment affects the burning mainly through the thermal ex-
pansion during combustion, which accelerates the flow and
enhances the conductive heat feedback to the sample. This
results in a higher flame spread rate. When the inter-baffle
distance is smaller than the optimal distance, the flame suf-
fers from the oxygen starvation and additional heat loss to
the adjacent baffles. These weaken the flame and decrease
the flame spread rate.

In this work, the optimal inter-baffle distance for flame
spread is 4 cm, consistent with the previous model predic-
tion. However, considering this optimal confined condition
is resulted from the combined effects of flow acceleration
during combustion, oxygen limitation, and heat loss to the
surrounding walls, in reality, this critical inter-baffle distance
can vary with many factors. These factors include, for ex-
ample, material of the solid combustible, thermal physical
properties and radiative surface treatment of the duct walls,
width and configuration of the flow duct, and of course,
buoyancy effects.

(5) The reflective aluminum baffles in general have the strongest

flame (highest spread rate and longest length) and the trans-
parent polycarbonate baffles have the weakest flames. This
effect is most prominent near the optimal inter-baffle dis-
tance. The trend reverses at quenching for small inter-baffle
distances as the transparent baffles conduct the least heat
away from the flame among the three baffle types.

(6) The experiments in this work provide a rich data that can be

used for benchmarking and validation for future numerical
model and theory development.
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Appendix

To help characterize the flow profile in the experiment hard-
ware, the steady cold-flow (with no combustion) profile is
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Fig. A.2. Flow velocity profiles for different baffle configurations. a) u-velocity on the center-plane (z = 0). b) u-velocity on the mid cross-section plane (x = 10 cm, marked

by the red dash line in Fig. A.1). From top to bottom, D = 2, 3, 4, and 5 cm.
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simulated using ANSYS Fluent. The configuration is shown in
Fig. A.1. Three parallel plates (simulating the baffles and the sam-
ple card in the ISS experiments) are positioned in the center of a
flow duct. The dimensions of the flow duct and the plates are the
same as those used in the microgravity experiment. Four different
inter-baffle distances (D = 2, 3, 4, 5 cm) are simulated. Because of
the symmetric nature of the geometry, only a quarter of the do-
main (marked by the green box in Fig. A.1) is simulated. Uniform
flow of 6 cm/s is imposed at the inlet of the flow duct. The work-
ing fluid is air at 300 K and 1 atm. Constant gas density and vis-
cosity are assumed.

The simulation results of different inter-baffle distances are
compared in Figs. A.2 and A.3. Figures A.2a and A.2b show the
steady-state streamwise flow velocity (i.e., the u-velocity) on the
center-plane (z = 0) and on the mid cross-section of the flow duct
(x = 10 cm, marked by the red dash line in Fig. A.1) respectively.
Fig. A.3 shows the u-velocity along the duct height on the mid-
plane at the center of the flow duct (x = 10 cm, z = 0). When
encountering the baffle and the sample card, the flow is separated
into two flow pathways in the simulated domain: the pathway be-
tween the baffle and the duct ceiling (y = D/2 ~ 3.8 c¢m, or path-
way I in Fig. 5) and the pathway between the sample card and the
baffle (y = 0 ~ D/2, or pathway Il in Fig. 5). The simulation results
show that the flow in pathway II decreases when the inter-baffle
distance decreases, consistent with the pre-flight flow measure-
ments. In the pre-flight flow characterization, an anemometer is
placed at the center of the flow duct. Simulated local flow speeds
at this location (marked by hollow circles in Figs. A.2 and A.3)
match the measurement reasonably well (within 16% difference).
Local flow speeds at the estimated flame height location (marked
by black crosses in Figs. A.2 and A.3) are also evaluated using the
simulation results.
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