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ABSTRACT

A three-dimensional numerical study is performed to investigate concurrent-flow flame spread over thin
solid fuels in microgravity. The model considers the burning scenarios of a recently concluded ISS mi-
crogravity experiment, Confined Combustion. Cellulose based thin samples are burned in a small flow
duct. The height of the flow duct and the radiation reflectance of the duct wall are varied. Flame devel-
opment and steady spread flame characteristics are compared with the experimental results at various
duct heights. The numerical results demonstrate that the confinement imposed by the duct walls accel-
erates the flow during the combustion thermal expansion, enhancing the conductive heat transfer to the
solid samples. When the duct height is below a critical height, the flow confinement limits oxygen sup-
ply to the flame, and the duct wall acts as a conductive heat sink. As a result of the interplay of these
effects, the flame spread rate and pyrolysis length first increase and then decrease as the duct height de-
creases. Eventually, the flame fails to spread at a quenching duct height. In addition, side-leading concave
(two-teeth fork shaped) flames are observed below the critical duct height. This flame shape increases
the flame surface area and facilitates oxygen transport to the combustion zone. When the duct wall re-
flectance varies, a higher reflectance yields a longer pyrolysis length and a faster spread rate. This is due
to enhanced heat input to both the solid sample surface and the gaseous flame. This effect is most signif-
icant for medium duct heights. At large duct heights, the duct wall is far from the flame and the sample.
At small duct heights, while flame spread rate increases with the wall reflectance, the pyrolysis and flame

length remain similar as combustion is limited by oxygen supply.
© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Fires in confined spaces can exhibit very different behaviors
from fires in open spaces and can be more dangerous [1]. In 2019,
55% of fires in the US occurred in confined structures (e.g., residen-
tial buildings, vehicles) and accounted for 98% of the total property
loss [1]. In many recent fire accidents of the high-rise buildings
(e.g., Grenfell tower fire in 2017), confinement imposed by exter-
nal structures on building facade was identified to contribute to
the fast fire growth [2]. To address this concern, this work aims to
study fire behaviors and flame spread in confined spaces. Specifi-
cally, the interactions between a spreading flame and its surround-
ing walls and effects of such interactions on flame characteris-
tics (e.g., flame length, spread rate, flame shape) will be examined
through numerical simulations.

Many past studies have focused on the mechanical (or aero-
dynamic) interactions between structures and fire, using station-
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ary burners in rooms, corners, tunnels, or near walls [3,4,5]. Many
other studies have focused on tunnel fires with ventilated flows
[6,7]. In most of these studies, fires are simulated experimentally
using stationary burners - the flame does not move. However,
fires in most real scenarios involve flames that themselves move
or spread across the fuel. Flame spread is one of the most impor-
tant characteristics of a fire, as it determines the available time to
control the fire or to escape the area.

Upward flame spread in open and confined spaces has been
studied in many previous works [5, 8, 9]. It is commonly ac-
knowledged to be an accelerating process - both the rate of fire
spread and the length of the flame continually increase. From a
safety point of view, this acceleratory nature is dangerous. It is
generally unknown if upward-spreading flames would eventually
approach a steady-state spread rate and a limiting length, be-
cause it is impractical to construct an experimental apparatus tall
enough to address this problem. Buoyancy has a major influence
on fire growth processes in normal gravity and may mask ob-
servation of the fundamental underlying physics. In addition, soot
radiation, which increases with fire size, further complicates the
problem.

0010-2180/© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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In a microgravity environment, buoyancy is essentially elimi-
nated so that forced flow can be imposed on the sample indepen-
dent of other parameters. Rather than being classified as upward
(or in a particular direction), flame spread in microgravity is de-
fined as concurrent-flow or opposed-flow depending on its direc-
tion relative to the flow. Note that on earth, upward flame spread
is concurrent-flow as the flame spreads in the same direction as
the buoyancy-driven flow.

For opposed-flow flame spread in confined spaces in micrograv-
ity, Nakamura et al. performed numerical simulations and com-
pared flames from an open configuration and in a chamber enclo-
sure [10]. Their results show that confinement increases not only
the flame spread rate but also the combustion heat release rate.
This is because the flow is accelerated in the enclosure, resulting
in enhanced oxygen transport to the flame. Wang et al. performed
opposed-flow flame spread microgravity experiments (using a drop
tower) in flow tunnels with different heights [11]. They found that
flame spread rate increases first and then decreases when the tun-
nel height decreases. They also performed numerical simulations
and concluded this trend is due to the flow acceleration at differ-
ent levels of confinement.

For concurrent-flow flame spread in microgravity, limiting
flame lengths and steady spread rates were predicted by numerical
models for thin and thick samples [12,13]. The steady spread and
limiting flame length have been verified experimentally in space
where thick plastic rods [14] and thin fabric samples [15] were
burned in low-speed concurrent flows in a small duct aboard the
International Space Station (ISS). In a recent NASA project (Saf-
fire), a series of large-scale flame spread experiments were con-
ducted in unmanned space vehicles [16,17]. The sample and flow
duct in these experiments had a dimension of one order magni-
tude larger than prior experiments. Results yielded slower flame
spread rates than seen in previous smaller-scale experiments for
the same samples, even when all other environmental conditions
were the same (oxygen, pressure, and flow speed). This demon-
strates that the confinement can have a significant influence on
the flame spread characteristics.

Several research groups conducted numerical studies to investi-
gate similar situations [18,19,20,21,22]. For instance, Shih and T’ien
used a steady two-dimensional model to study concurrent-flow
flame spread over thin solids in a flow tunnel in microgravity.
Their results showed that the flame spread rate increases as the
tunnel height decreases [18], consistent with the previous experi-
ments. However, when the tunnel height is very small, their results
showed that conductive heat loss to the tunnel walls increases,
slowing the spread rate. This eventually leads to flame quench-
ing. Their results also showed that for the same tunnel height,
the flame becomes longer, and the spread rate increases when the
reflectivity of the tunnel wall increases. No steady state solution
was achieved for wall reflectivity close to one. This may indicate
that flame continues to grow when subjected to radiation reflec-
tion from the tunnel wall. Such a transient process cannot be cap-
tured by a steady state model.

A similar process was studied by Li et al. using a three-
dimensional transient numerical model [21,22]. In their work, tun-
nel walls were simulated as black surfaces (no radiation reflec-
tion). Steady state was achieved in most of the simulated cases
(except when the duct height is close to the quenching limit). The
steady state flame spread rate first increases and then decreases
when the tunnel height decreases. When the tunnel height was re-
duced to near the quenching height, the transient model of Li et al.
captured an oscillating flame: flame length, reaction intensity, and
maximum flame temperature oscillated with time before the flame
quenched.

Shih [19] and Malhotra et al. [20] simulated respectively con-
current [19] and opposed [20] flow flame spreads over parallel
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thin solid fuel sheets in microgravity using steady two-dimensional
models. The fuel sheets were oriented parallel to the flow direc-
tion. The flow confined between adjacent sheets is similar to flow
in a tunnel. At first, as the fuel sheets are brought together, the
spread rate increases as the separation distance decreases. For in-
termediate fuel-sheet-separation distances, steady solutions were
not obtained unless there was no radiation interaction between the
flame and the fuel. When the separation distance is further de-
creased, the flame spread rate decreases and eventually the flame
quenches due to flow resistance, limited thermal expansion, and
oxygen starvation.

These numerical studies suggest that flow confinement and ra-
diation reflection play important roles on the burning behaviors of
solid combustibles (steady, continuously growing, or quenching).
They also affect the characteristics of flame spread (flame length
and spread rate). To further elaborate the effects of confinement on
flame spread, Li et al. conducted microgravity experiments aboard
the International Space Station (ISS) [23]. In their project, Confined
Combustion, thin cotton-blend fabrics were burned in concurrent
flows in a flow duct. The flow was imposed by an electric fan up-
stream to the duct inlet. Flow was measured by an air velocity
transducer positioned in the fan section between the flow straight-
ener and the duct inlet screen. To create different levels of con-
finement, two flow baffles were placed parallel next to the sam-
ple, one on each side symmetrically. Different levels of radiation
reflection were imposed by using three different types of baffles,
black anodized and polished aluminum and transparent polycar-
bonate baffles. Flow speeds and sample-baffle distances were also
varied. At high flow speeds (> 15 cm/s), Li et al. observed an ac-
celerating flame: flame length and flame spread rate continuously
grew throughout the test. When the flow speed was reduced (e.g.,
6 cm/s), the flame reached a steady state with a constant spread
rate. The steady flame spread rate increases first and then de-
creases when the baffle distance decreases. When comparing be-
tween the three different types of baffles, the flame spread rate
was highest for the polished baffles and lowest for the transparent
baffles.

Confined Combustion was the first to examine the combined ef-
fects of flow confinement and radiation reflection on concurrent-
flow flame spread in microgravity. While qualitative discussions
were given, it was challenging to discuss such effects quantita-
tively. As in many other microgravity experiments, the number of
test points and diagnostics are limited. In addition, the spectral ra-
diation properties of the baffles were hard to control, adding com-
plexity when interpreting the results.

The objective of this work is to further investigate the inter-
play of the flow confinement and radiation reflection and their
combined effects on flame characteristics. This is achieved through
a three-dimensional transient numerical study. The geometry and
burning scenarios are based on the Confined Combustion exper-
iments [23]. The height of the flow duct and the radiation re-
flectance are systematically varied. The detailed profiles of the gas
and solid phases, including the gas temperature, reaction contour,
and heat fluxes on the sample surface, are compared between dif-
ferent cases. The results are also compared with the microgravity
experiment data.

2. Numerical model description

The numerical model used in this work is based on a three-
dimensional transient Computational Fluid Dynamic (CFD) in-
house program. This model has been proven robust and validated
against experimental data in a wide range of oxygen and flow con-
ditions [15,16].

The model simulates the gaseous flame and the solid fuel sam-
ple. In the gas phase, the combustion and transport processes are
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Fig. 1. Model configuration (not to scale). a) Sample, sample holder, and the flow duct. b) Sample dimensions used in the model validation. ¢) Sample dimensions used in

parametric studies on duct height and duct ceiling radiation reflection.

simulated using direct numerical simulation. Three-dimensional
transient Navier-Stokes equations are solved for the conservation of
mass, momentum, energy, and species. One-step, second-order, fi-
nite rate global Arrhenius kinetics is assumed for the gas-phase re-
action. Radiation Transfer Equation is also solved for gas radiation.
In the solid phase, the mass and energy conservation equations are
solved for the fuel sample and the sample holder. A two-step in-
depth pyrolysis model is applied for the thermal decomposition of
the sample fuel [15]. Gray diffusive surface radiation is considered
on the surface of the sample and sample holder. The gas and solid
phases are coupled to each other through interfacial boundary con-
ditions. More detailed model descriptions, including theoretical for-
mulation, gas and solid properties, mesh arrangement, time march-
ing schemes, and numerical parameters can be found in previous
papers [15,24,25].

The model configuration in this work is shown in Fig. 1. A
thin solid sample (a cotton-blend, consisting of 75% cotton and
25% non-combustible fiberglass) is mounted on a sample holder
and is positioned in the center of a flow duct. A uniform air flow
of 6 cm/s is imposed at the duct inlet. Ignition of the sample is
achieved by applying an external heat flux on the upstream lead-
ing edge of the sample. The applied heat flux follows a Gaussian
distribution with a peak value of 2.39 W/cm? occurring 0.3 cm
away from the sample leading edge. 98% of the ignition energy
(~ 139 W) is distributed within 0.6 cm from the sample leading
edge. After ignition (defined when the maximum gas temperature
exceeds 1500 K), the external heat flux is reduced to zero at a con-
stant rate in 3 s. The simulation conditions are in zero gravity, with
ambient pressure of 1 atm and ambient temperature of 300 K.

The model configuration and the sample selection are based
on the ISS project, Confined Combustion [23]. Dimensions corre-
sponding to the experiments are first simulated (Fig. 1b). This al-
lows direct comparisons between the modeling and experimen-
tal results (discussed in Section 3). After the model is validated
against the experimental data, parametric studies are performed
against flow duct height and the duct ceiling reflectance. In the
parametric studies (discussed in Section 4), the height of the flow
duct (H) varies between 1.5 cm and 15.0 cm. Longer lengths of the
flow duct and fuel sample are used compared to the experiments
(dimensions listed in Fig. 1c). This is to allow sufficient time (and
distance) for the flame development and to facilitate the observa-
tion of the steady spreading flame.

In all simulations, symmetry boundary conditions are applied
on the plane along the sample center line (z = 0, referred to as
the center plane hereafter) and on the half sample thickness plane.
This reduces the computational domain to a quarter (marked by
the green box in Fig. 1a).

A constant temperature of 300 K is assumed on all duct walls.
The duct ceiling (y = H/2, the wall parallel to the sample) is as-
sumed to be gray diffusive (radiation heat transfer is indepen-

dent of wavelength and directions). The radiative reflectance (p)
of the duct ceiling varies between 0 (black surface) and 1.0 (fully-
reflecting surface). The duct side wall (z = 3.8 c¢cm, the wall per-
pendicular to the sample surface) is assumed to be a black surface.

All simulations are performed on the Case High Performance
Computing Cluster at Case Western Reserve University. The total
mesh ranges from 476k - 810k and the simulations typically re-
quire ~ 120 to 226 h with parallel computing using 12 processors.

3. Validation against microgravity experiments
3.1. Transient flame growth process

In all simulated cases, the flame grows initially after ignition
and then reaches a limiting length and a steady spreading rate.
This is consistent with the observations in the microgravity ex-
periment: the flame reaches a steady state at low flow speeds.
The transient flame development process is demonstrated using
a representative case (H = 5 cm, p = 0) in Fig. 2 (right panes).
The modeling results are compared to a test of the ISS experi-
ment. In the test, the sample was positioned between in a pair
of black baffles with inter-baffle distance of 5 cm. Imposed flow
speed was 6 cm/s. Flame images from the experiments are shown
in Fig. 2 (left panes).

A reaction kernel was observed almost immediately after the
ignitor was energized (time = 1 s in Fig. 2). Shortly after ignition
(t ~ 10 s), the flame reached steady state and spread downstream
along the sample surface. Numerical and experiment results show
similar flame shapes during the steady flame spread and the flame
standoff distance (distance from the flame to the sample surface)
increases in the downstream direction. When the flame tip reached
the end of sample (t ~ 50 s), it rounded to the sample surface. This
was caused by the absence of no-slip boundary condition down-
stream of the sample (Fig. 1b). Eventually, the flame consumed all
the combustibles and quenched. Fig. 2 demonstrates that the nu-
merical model captures the transient flame growth and spread pro-
gresses observed in the experiment.

In Fig. 2, the high temperature region (e.g., T > 1200 K) in
the simulation (right panes) is twice as long as the visible flame
in the experiment images (left panes). Note that, in a concurrent
flow, heat of combustion is transported downstream to the reac-
tion zone via diffusion and convection. In this figure, flame profile
(black lines in the right panes) is defined using fuel gas reaction
rate at 10~3 g/cm?3/s. It shows that this definition of flame region
matches well with the visually observed flames in the experiments.

Flame positions versus time in both numerical and experiment
results are plotted in Fig. 3. In experiments, the flame profiles are
extracted through image analysis using a custom MATLAB code
[23]. The flame images are first transformed into gray scale to ob-
tain the flame luminance information. The gray-scale images are
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Fig. 2. Comparison of the flame growth between microgravity experiment (left panes) and numerical simulation (right panes). The black lines in the numerical simulation
(right panes) are the isolines of fuel vapor reaction rate of 10-3 g/cm3/s. H=5 c¢m, p = 0.
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Fig. 3. Flame locations and flame length versus time. H=5 cm, p = 0.

then transformed into black and white binary. The flame tip, flame
base, and flame length are determined using this binary flame pro-
file. Fig. 3 shows that the model quantitatively captured the flame
growth and the steady spreading state.

Notice that in the experiment results, the flame tip exhibits a
sudden advancement when reaching the downstream end of the
sample (t ~ 45 s). This is because in the experiment, flow con-
finement was imposed by two parallel baffles. The baffles have
the same dimensions of the sample holder and extend only 1 cm
downstream to the sample trailing edge (Fig. 1b). When the flame
tip is near the end of the sample and is close to the baffle trailing
edge, oxygen can diffuse upstream into the inter-baffle region. Fuel
vapor can also transport beyond and burn outside of the baffle re-
gion. These do not occur in the numerical simulations where the
confinement is directly imposed by flow duct walls.

3.2. Flame spread rate and flame length at steady state

Steady state flame lengths and spread rates at different duct
heights from experiments and from numerical modeling are com-

pared in Fig. 4. The flame spread rates are deduced by applying lin-
ear regression to the flame positions when the flame spread over
the center portion of the solid fuel (4 - 7 cm). The average flame
length is also deduced in the same time period. Note that the de-
duced flame length is associated with the definition of the flame
region. However, the steady-state flame spread rate is independent
of flame definitions.

The numerical results are consistent with the experimental ob-
servation: the flame spread rate and flame length increase first
and then decrease when the duct height decreases. This non-
monotonic trend was discussed previously by Li et al. [21,22].
Three major effects of confinement were identified. The first effect
is enhancement of conductive and convective heat transfer to the
sample surface. This is through forcing the flame to stay close to
the sample surface (at very small duct heights) and flow accelera-
tion due to thermal expansion of the combustion gasses. This effect
increases the solid burning rate and intensifies the gas phase reac-
tion as the duct height decreases. The second and third effects are
the reduction of oxygen supply to the flame zone and introduction
of heat loss to duct walls. These weaken the flame and eventu-
ally lead to a quenching duct height below which the flame fails
to spread. Note that in the experiment, at H = 1 cm, the flame did
not spread downstream and quenched immediately after the igni-
tor was off. The quenching duct height occurs between H = 1 and
2 cm. Note that this quenching duct height may depend on many
factors including fuel type, flow speed, ambient oxygen percentage,
and thermal boundary condition (300 K in the work) and radiation
properties of the duct wall. At large duct heights, the difference of
the flame spread rate between simulation and experiment is min-
imal (e.g., 3.7% difference for H = 7.6 cm). However, the difference
is larger at smaller duct heights. This once again is suspected to be
due to different hardware setups. In the experiments, the hardware
flow characterization tests showed that flow in the inter-baffle re-
gion is lower than the imposed flow speed when the inter-baffle
distance is small [23]. Friction on the sample surface and flow re-
sistance diverted the flow to the extra-baffle region. This resulted
in lower flame spread rate and flame length compared to the nu-
merical predictions. Also note that while the spread rate is inde-
pendent on the flame definitions, the flame length can vary when
different thresholds are selected. Nevertheless, the model was able
to replicate the experimentally observed influences of confinement
on the flame characteristics.
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4. Parametric studies on duct height and radiation reflection
4.1. Flame spread rate, flame length, and pyrolysis length

To investigate the combined effects of the duct height and the
radiation reflection, pyrolysis length and flame spread rate from
all simulated cases are compared in Fig. 5. Here, the pyrolysis
zone is defined as the region where solid mass burning rate ex-
ceeds 10> g/cm?/s [24]. When ceiling reflectance (p) is fixed (see
black isoreflectance lines), both flame spread rate and pyrolysis
length increase and then decrease when the duct height increases
(counter-clockwise direction around the loops). This remains true
for all duct reflectance. At a fixed duct height (symbols of the same
colors in Fig. 5), both pyrolysis length and spread rate increase
when p increases. While this phenomenon is generally true for
all duct heights, it is most prominent at medium simulated duct
height H = 4 cm (maximum distance observed between the black
isoreflectance lines), consistent with the findings in Confined Com-
bustion [23]. Below this duct height, the dependence of the pyrol-
ysis length on the ceiling reflectance is less significant than that
of flame spread rate (for example, at H = 3 cm, when p increases
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Fig. 6. Flame and pyrolysis lengths at steady spreading state at different duct
heights. The cross symbols denote partial flame spread. The pyrolysis zone is de-
fined as the region where solid mass burning rate exceeds 10> g/cm?/s and the
flame region is defined using fuel gas reaction rate > 10~# g/cm?/s. Black lines de-
note fittings of the flame length at p = 0. Left fitting equation: Ly = 3.2H — 3.9,
right fitting equation: Ly = 18.2/H +0.7.

from O to 1, pyrolysis length increases by 13% and the flame spread
rate increases by 52%). At the smallest and largest duct heights
(H = 1.5 and 15 cm), the pyrolysis length and spread rate remain
similar when p varies. At H = 1.0 cm, at large reflectance (p >
0.4), flame spreads downstream and consumes the upstream ~
10 cm portion of the solid (partial flame spread) before extinction
whereas no sustained flame is observed at small reflectance (p <
0.4).

Notice that in Fig. 5, at any fixed duct height, the pyroly-
sis length is linearly proportional to the spread rate. This phe-
nomenon is also observed in previous experiments for concurrent
flow flame spread under different flow speeds and oxygen concen-
trations [16,26,15,27,28].

In Fig. 6, the flame and pyrolysis lengths at different flow duct
heights for black (o = 0) and reflecting (o = 1) ceilings are com-
pared. Compared to the black ceiling, flame fails to spread at a
lower duct height for the reflecting ceiling (1.5 cm vs. 1 cm). Also
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notice that in Fig. 6, the optimal duct height (where the maximum
flame/pyrolysis lengths occur) is larger for the reflecting duct ceil-
ing than the black ceiling (H = 4.0 and 3.5 cm respectively). Above
the optimal duct height, the flame and pyrolysis lengths both in-
crease when duct height decreases and the flame-pyrolysis length
ratio remains at1.15-1.2. Below the optimal duct height, flame and
pyrolysis lengths both decrease with decreasing duct height and
the flame- pyrolysis length ratio increases (except near the quench-
ing duct height). These behaviors will be discussed below.

Note that below the optimal duct height, the combustion is
under-ventilated and is controlled by the oxygen supply to the
confined space, g, ~ pgi:UHWYp,. Here, U is ambient flow veloc-
ity, W is the duct width, and p,; and Yo, are the density and mass
fraction of oxygen of the ambient air respectively. The flame and
pyrolysis lengths are observed to be linear to the duct height at
both ceiling reflectance (see black line in Fig. 6). Above the op-
timal height, flow acceleration during combustion thermal expan-
sion plays a crucial role on the flame spread. Assuming the volu-
metric expansion of the hot reacting gas mixture is approximately
the same, the flow acceleration is expected to be inversely propor-
tional to the duct cross-sectional area (WH). As a result, the flame
spread rate and flame length are expected to be proportional to
1/H.

4.2. Flame shape

The flame profiles for two duct heights are compared in
Fig. 7. For large duct heights (H = 7.6 cm or H/2 = 3.8 cm), the
flame is far from the ceiling. The maximum flame standoff distance
is ~ 1 cm. The side-view flame profile (Fig. 7a, Top) resembles the
flow boundary layer on the sample surface, except near the down-
stream flame tip. It is similar to that reported in previous work
[26,28]. For a diffusion flame spreading over a solid combustible,
the fuel vapor generated on the sample surface needs to diffuse
across the viscous flow boundary layer to meet the oxidizer. Near
the downstream flame tip region, for a narrow sample, oxygen is
able to transport (via convection and diffusion) to the sample sur-
face from the two sides (see Fig. 7a, Bottom). Hence combustion
occurs near the sample surface (flame standoff distance decreases
slightly near the downstream flame tip). The three-dimensional

(3D) isosurface of the reaction contour (Fig. 7a Bottom) shows that
the flame has a centerline-leading profile at the downstream front
region (i.e., the center part of the flame travels ahead of the two
sides of the flame). This centerline-leading flame shape was also
reported in previous work [15,28,29] and was attributed to the
flame heat loss to the side sample holders.

When the duct height is reduced to ~ 3 cm (H/2 = 1.5 cm, close
to the flame standoff distance), the flame extends to the ceiling re-
sulting in a blockage of oxygen to the downstream region (Fig. 7b).
This duct height is slightly below the optimal duct height where
the flame length has a maximum value (Fig. 6). This oxygen block-
age has a profound influence on the flame shape. The 3D flame
profile (Fig. 7b Bottom) shows that the flame has a reversed shape
at the downstream flame front. Due to the limited oxygen supply
downstream of the flame front, the combustion near the sample
centerline is incomplete. The unburned gas fuel needs to diffuse
to the sides, seeking fresh air flow. Compared with the conven-
tional flame shaped observed for larger duct height (Fig. 7a), this
side-leading concave (two-teeth fork shaped) flame front increases
the flame-pyrolysis length ratio (Fig. 6). Furthermore, this concave
flame shape yields a larger surface-volume ratio of the flames, fa-
cilitating oxygen diffusion into the reaction zone. This mechanism
resembles that for the near quenching finger flames [30,31]. Also
notice that at this small duct height, the flame base on the cen-
terline is more downstream compared with the flame at the larger
duct height. While the flow supplies oxygen to the upstream flame
base through convection, the duct ceiling limits oxygen diffusion to
the combustion zone from the top at the small duct height. Similar
to the flame front, the combustible vapor in the centerline region
at the flame base needs to flow further downstream to react with
the oxygen from the lateral sides.

The flow profile also contributes to the different observed flame
shapes. The flow velocity profile along the duct height is plotted
in Fig. 7 (white lines in the top plots). When the flame spreads to
the center potion of the solid fuel, the flow is fully developed into
a parabolic profile [32]. Due to the boundary layer developed on
both the sample surface and duct ceiling, the flow accelerates in
the mid plane (the maximum flow speed is ~ 9 cm/s). Notice that
when the duct height reduces to 2.5 cm (Fig. 7b), the flame tip
enters the boundary layer of the duct ceiling where it experiences
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Fig. 8. Fuel vapor burning rate and calculated combustion efficiency at different duct heights. The combustion burning rate with reflection is always higher than without

reflection.

a large velocity gradient. The momentum loss due to viscosity
contributes to the reduction of the flame length at the small duct
height. This may also contribute to the insensitive dependency of
flame length on the reflectance (Fig. 5) at small duct heights.

4.3. Combustion efficiency and equivalence ratio

Fig. 8a demonstrates the influences of the flow confinement on
the total fuel vapor reaction rate and the combustion efficiency
(fuel vapor reaction rate over solid fuel mass burning rate). At large
duct heights, the combustion efficiency is 100% and the gas reac-
tion rate increases when the duct height decreases. This is because
of the aforementioned enhancement of the conductive and convec-
tive heat transfer to the sample surface and the resulting increased
solid burning rate as the duct height reduces. Note that the heat
transfer due to the temperature gradient on the sample surface
and due to flow convection are combined and will be referred to
as conduction in the following text.

When the duct height is reduced to the optimal duct height
(4 cm for p =1 and 3.5 cm for p = 0), the combustion efficiency
drops below unity due to oxygen depletion. The incomplete com-
bustion and increased heat loss to the duct ceiling both reduce
the flame temperature and gas burning rate as the duct height ap-
proaches the quenching height. Compared to the black ceiling, the
reflective ceiling is expected to result in a higher solid burning rate
(due to enhanced heat feedback to the solid surface). This higher
solid burning rate requires a higher oxygen flow rate for complete
combustion. Consequently, the combustion efficiency drops below
unity at a higher duct height for the reflective ceiling compared
with the black ceiling.

Also note that, the reflecting ceiling has a larger gas reaction
rate. This is most obvious at middle duct heights. At a large duct
height, the sample and the flame are distant from the duct ceiling.
At small duct heights, combustion is limited by the oxygen supply
(ventilation-controlled). In these limiting cases, gas combustion is
less sensitive to ceiling reflection.

The steady state combustion equivalence ratio is also calculated
as follows.

(mf“e’/mo2)avail _
(mfuel/mOZ)stoi
Here, r is the stochiometric oxygen-fuel mass ratio. ps, T, and
W; are the density, thickness, and width of the fuel samples re-
spectively. The calculated equivalence ratio is plotted on Fig. 8b.

When the duct height is above the optimal duct height, ¢ in-
creases when the duct height decreases. At the optimal duct

TrTpOsVg
pairUHYOZ

height, the combustion equivalence ratio exceeds unity. This is ob-
served at both ceiling reflectance. This further suggests that the
controlling mechanism of the optimal height is the oxygen starva-
tion.

4.4. Heat flux on the sample surface

To understand the effects of the duct reflectance, the gas and
solid profiles are compared between black and reflecting ceilings.
For large duct heights (e.g., H = 7.6 cm, Figs. 9a and 9b), the ceil-
ing is relatively far from the sample. For both black and reflecting
ceilings, the conductive heat flux from the flame dominates the py-
rolysis region. For small duct heights (e.g, H = 2.5 cm, Figs. 9c
and 9d), the upstream flame base stays closer to the sample sur-
face and the temperature of the flame is noticeably higher than for
large duct heights. As a consequence, the conductive heat flux for
small duct heights is higher than that of the large duct heights.
This is true for both ceiling types. For the black ceiling, the duct
height does not have a significant influence on the radiative heat
input to the sample. For the reflecting ceiling, the radiative heat
flux becomes comparable to the conductive heat flux at a small
duct height.

The gas profile also shows an overall higher flame tempera-
ture for the reflecting ceiling compared to the black ceiling. This is
more obvious at small duct heights (Figs. 9c and 9d). In this sim-
ulation, the combustion products (CO, and H,O) participate in ra-
diative transfer by emitting and absorbing radiation. It is suspected
that the higher heat flux from the reflecting ceiling also transfers
more heat to the reacting gas mixture and promotes combustion.

Also notice that, at the small duct heights, while the flame ex-
hibits a side-leading concave front as shown in Fig. 7b, the pyrol-
ysis front remains relatively flat across the sample width (Fig. 9c).
On the sample surface profile shown in Figs. 9c and 9d, the py-
rolysis front is slightly longer than the flame length on the center
plane. However, the side-leading concave flame shape prolongs the
overall flame length. This explains the increasing flame-pyrolysis
length ratio with decreasing duct height in Fig. 6. It also leads to a
larger preheat region and enhanced heat input to the solid surface.

Average conductive and radiative heat fluxes (area average) in
the pyrolysis region for different cases are quantitatively compared
in Fig. 10. For a black ceiling (solid symbols) for all duct heights,
the conductive heat flux is greater than the radiative heat flux from
the flame and it dominates the solid pyrolysis process. When the
duct height decreases, the conductive heat flux remains constant
for large duct heights. When the half duct height decreases to close
to the flame height, the flame is pushed towards the sample hence
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the conductive flux increases. This somewhat compressed flame
also increases the flame radiative heat flux when the duct height
decreases. However, when the height reduces below 3 cm, com-
bustion is incomplete (Fig. 8) and the radiative heat flux decreases
due to the reduced flame temperature (compared with that at the
optimal duct height of 3.5 cm).

For the reflective ceiling (open symbols, Fig. 10), the radiative
flux is larger and the conductive flux is smaller compared to the
black ceiling. The radiative flux increases because the sample re-
ceives radiation from not only the flame but also the ceiling. The
smaller the duct height, the greater the additional radiative flux
the sample receives. This implies a higher sample surface temper-

ature (confirmed in the numerical results), and hence a lower con-
ductive flux compared to the results from the black ceiling. At large
duct heights, conductive transfer still dominates in the pyrolysis
process for the reflecting ceiling. At small duct heights, radiative
and conductive heat input become comparable.

The total net heat inputs in the pyrolysis and preheat regions
are compared in Fig. 11. The net heat input is the conductive and
radiative heat from the flame and from the ceiling minus radia-
tive heat loss from the sample surface. Compared to the black ceil-
ing, the additional radiation feedback from the reflecting ceiling in
general increases the net heat input to the solid. In the pyrolysis
region, the increase of the net heat input is largest in the middle
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Fig. 10. Average heat flux in the pyrolysis zone on the sample surface.

duct height (Fig. 11a). As mentioned earlier, although ceiling re-
flection increases the radiative heat input on the sample surface,
it also increases the surface temperature and decreases the con-
ductive flux. The higher sample surface temperature also results in
a higher surface radiation heat loss. As the duct height decreases,
this effect becomes more prominent and eventually leads to sim-
ilar net heat input to the pyrolysis region for black and reflect-
ing ceilings at small duct heights (< 2 cm). This contributes to the
nearly constant pyrolysis length at small duct height when p varies
(Fig. 5). In the preheat region, the effect of enhanced heating due
to ceiling reflection remains even when the duct height approaches
the quenching height (Fig. 11b). This explains the stronger depen-
dency of the spread rate on the ceiling reflectance compared to the
pyrolysis length at small duct heights shown in Fig. 5.

Conclusion

Numerical studies are performed using an in-house three-
dimensional transient CFD code to investigate purely forced
concurrent-flow flame spread over a thin solid in a flow duct. The
numerical model is shown to be able to capture the transient flame
spread process and reproduce the effects of confinement on flame
spread in the ISS microgravity experiments, Confined Combustion.
The height of the flow duct and the reflectance of the duct wall
are varied in the numerical investigation. Flame characteristics at
the steady state between different cases are compared. The aero-
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dynamics and thermal interactions between the flame and the duct
wall are examined in detail. The key findings are as follows.

1) For any fixed wall reflectance, the flame spread rate and the
pyrolysis length at steady state first increase and then decrease
when the flow duct height decreases. Eventually, the flame fails
to spread when the quenching duct height is reached. The flow
confinement imposed by the duct has multiple effects on the
flame spread process. Confinement accelerates the flow when
the flow undergoes thermal expansion during combustion. Con-
finement also forces the flame to stay close to the sample sur-
face, enhancing the net heat flux and local solid burning rate
near the upstream flame base. These effects intensify the flame.
However, at small duct heights, confinement limits the oxygen
supply to the flame in the downstream region. The flame loses
heat to the duct walls through conduction and radiation, re-
ducing the flame strength. These competing effects result in
the non-monotonic trend of the flame spread rate and pyrol-
ysis length at different duct heights.

2) When the half duct height is reduced close to the flame height,

the flame extends to the duct ceiling, blocking the downstream

region from oxygen. The combustion efficiency decreases and
the equivalence ratio increases with decreased duct height. At
the optimal duct height, the equivalence ratio exceeds unity
and the flame front transits from a center-leading convex shape
to a side-leading concave shape. This side-leading concave
flame front increases flammability in two ways. First, it in-
creases the surface to volume ratio of the flame and facilitates
the oxygen transport to the reaction zone from the two sides.

Second, the flame length is extended further downstream to

the pyrolysis region (i.e., flame-pyrolysis length ratio increases).

This results in a larger preheat region and enhanced heat trans-

fer to the solid.

At any fixed duct height, pyrolysis length and flame spread rate

generally increase with the duct ceiling reflectance. This is be-

cause reflection from the ceiling increases the net heat input
in both pyrolysis and preheat regions. For duct height smaller
than the optimal duct height, the heat input enhancement is
more pronounced in the preheat region than in the pyroly-
sis region. This is partly due to the increased flame-pyrolysis
length ratio. As a result, at small duct heights, when ceiling re-
flectance increases, the flame spread rate increases but the py-
rolysis length remains similar. The momentum loss to the duct
ceiling also contributes to similar flame lengths at small duct
heights when reflectance increases. In the gas phase, the com-
bustion gas products (e.g., CO2 and H20) also absorb the ceiling
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Fig. 11. Net heat input on the sample surface a) in the pyrolysis region and b) in the preheat region.
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radiation, and hence the flame temperature increases as the re-
flectance increases.

The effect of the ceiling reflectance on the flame spread pro-
cess is most prominent for middle duct heights. At large duct
heights, the sample and the flame are far from the duct ceiling.
The view factor from the flame to the adjacent ceiling area is
small. At small duct heights, the combustion is limited by the
oxygen supply (ventilation-controlled). In either case, gas phase
combustion is correspondingly less sensitive to ceiling reflec-
tion.
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