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Abstract: In this theoretical study, we dealt with the impact of gravity on flame shape, heat flux, and
species composition in laminar diffusion flame subjected to a low-speed flow of 0.2 m/s with an
oxygen concentration of 25%. The visible flame length (600°C contour) over a flat liquid surface in
microgravity environments was substantially longer by a factor of 2.5 times than the flame height on
Earth. Our results showed that with the presence of a backward-facing step in front of a fire, the flame
length in microgravity decreased significantly by a factor of 5 times, which was different from the
height of a buoyancy-induced fire. In microgravity, the soot-related radiation was a predominant mode
of heat transfer except at the leading edge, resulting in a large and consistent radiative loss fraction
above 0.5. The heat feedback from a microgravity flame to the fuel surface was two times smaller than
that on Earth and decreased further with the presence of a backward-facing step in front of a fire. These
findings implied that at a low-speed flow, there could be a higher toxic emission in microgravity than
these on Earth. The longer flame tail and the higher toxic productions in microgravity would have
significant implications for spacecraft fire safety.
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1. Introduction

Since the time spent on board a spacecraft is increased due to the operation of proposed space
missions, a fire safety strategy is used to prevent ignition of thermally destructing materials that are
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directly above or adjacent to a heat source [1]. In the context of a measure of the fire hazard, fire
growth rate is controlled by ignitability of condensed materials, which is associated with heat transfer
and species composition. In a spacecraft, a gas flow velocity of about 0.2 m/s is induced by a HVAC
system [2], and such flow is significantly weaker than the fire-entrained buoyant flow on Earth. Flame
behaviors are very different in a spacecraft from those on Earth at a low-speed flow. From an opposed
flame spread over a PMMA rod, the microgravity flame is with a smaller tail and a larger width;
however, buoyant convection driven by the flame on Earth enables the flame to contract and enlarge
[3]. For a condensed fuel exposed to an external radiant flux, the ignition delay under reduced gravity
and in low-speed flows is shorter than that on Earth [4]. The downward flame spread and heat flux
over solid fuel become insensitive to an applied opposed flow on Earth due to a stable pyrolysis rate
of the condensed fuel, as observed in [5]. The buoyancy-induced flow is conducted to blow-off of an
upward flame spread over thin solid materials [6]. Moreover, the curvature effect on microgravity
flame spread rate over solid fuel is studied via enhanced convective heat transfer [7]. There is self-
similar solution [8] to a flame spread over condensed fuel solely in the case where the convective heat
feedback is predominant at very-high-flow speed. With the suppression of buoyancy, radiative exchanges
between flame, solid fuel, and environment become predominant for the flame growth in a very mild
flow field [9]. The three-dimensional computations are uncoupled with gas radiation by excluding soot
emission in flame [10]. Impact of ambient pressure at microgravity on an opposed flame spread over
an electrical wire is assessed [11]. By applying an electric field in a microgravity flame, any feedback
between ion-driven convection and reacting behavior is captured [12]. The opposed flame spread over
thin cellulosic fuels is studied on Earth and at microgravity thanks to a drop tower facility [13].

Many liquid lubricants could originate from leaking machinery on board a spacecraft. Typically,
the ignition temperature of liquid fuel is smaller than that of solid fuel, thus a flame growth over a
liquid surface is quicker compared to that over a solid surface [14]. Predictions and experiments show
that a forced airflow is needed to sustain flame spread over liquids in microgravity, while the flame
sustains itself in a pulsating mode on Earth [15]. The consequences of forced airflow on flame spread
rate over butanol in microgravity is moderate, and on the flame pulsation frequency in normal gravity
it is large due to buoyant convection [16]. Moreover, there was not a measurement methodology
developed [15,16] to determine the liquid vaporization rate, heat flux over a liquid surface, and
chemical species from a liquid fire in environments similar to those expected in spacecraft. The
objective of this study is to understand further the consequences of gravity on flame structure, heat
transfer, and species composition over liquid fuels, which are, to a large extent, unexplored. The soot-
related radiation controlling the flame growth on Earth and in microgravity environments over a
surface of heptane is taken into account. Although heptane may be never used in spacecraft, it is
extensively used in an attempt to study flame destabilization and extinction [17,18,19]. A simple soot-
yield conversion model [18] or no soot emission [19] cannot be applied to a heavily sooting,
microgravity boundary layer flame. The innovation of this study lies in the implementation of a
Laminar Smoke Point (LSP) model [20] in FDS6.8 [21], which has been evaluated thanks to
quantitative comparisons of soot emissions in ethylene and heptane fires [22,23]. To identify the
impact of the geometrical configuration on transport of oxygen and heat exchange in microgravity and
in normal gravity, both a flat flame and a flame behind a backward-facing step are considered.
Quantitative results on flame temperature, evaporation rate, combustion efficiency, radiative loss
fraction, heat flux, and species composition are reported thanks to these numerical simulations.
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2. Numerical modeling

Fire Dynamics Simulator (FDS6.8) [21] is used, and a Direct Numerical Simulation (DNS) is
adopted to the simulations conducted throughout this study. A non-homogeneous combustion over
thermally destructing material includes the interaction between the condensed phase and the gas phase
[24]. In the gas-phase, the model consists of the three-dimensional Navier-Stokes equations for the
conservation of mass, momentum, and energy in addition to species equations for fuel, Oz, Hz2, CO,
COz2, H20, and soot. The physics-based equations that govern the phenomena of interest here are
discretized and iteratively solved as described in detail in the FDS6.8 user guide [21].

Based on a multi-step, quasi-global mechanism, a three-step chemistry scheme is assumed for
oxidation of heptane [25] in flames,

C7His + 1002 — 6 CO2+ 7 H20 + CO + Ha (1)
2 CO + 02622 CO2 (2)
2 H2 + 0222 H20 3)

To avoid the numerical modeling on ignition processes via finite-rate kinetic reactions, a mixed
reaction is employed, including a fast chemistry for the heptane oxidation (Eq.1) and a finite-rate
Arrhenius reverse reaction between CO/Hz and Oz (Egs.2, 3) [21]. The net change of species in a time
step along with the enthalpy of formation of each species enables the calculation of heat release rate
in the energy equation.

For a heavily sooting flame, such as fire, both surface and gas radiations are taken into account
in the model. The gas-phase Radiative Transfer Equation (RTE) is considered with the coupled
computation of soot emission even though it is very time-consuming. The RTE is solved through a
ray-based method [21] in angular discretization and a finite volume method in spatial discretization,
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The most important combustion products, such as H20, CO, COz, and soot, control the gas-phase
thermal radiation via the absorption coefficient, k, in Eq. 4.

K = Ks + Ke ()

A spectral dependence of gas absorption coefficient, kg, is taken into account for the contribution
from gas-phase radiation of H20, CO, and COz2 [21]. Since the radiation spectrum of soot is continuous,
its absorption coefficient is calculated from the gas temperature, T, and soot volume fraction, fv [21].

Ks =12256T (6)

The empirical calibration parameters in inception, coagulation, and surface growth processes for
ethylene flame in the advanced soot modeling [26] cannot be directly applied to any condensed fuel.
The more robust modeling framework as LSP is widely employed to calculate soot emission, Cs, in
buoyancy-induced fire [22] and in a microgravity flame [23]. In this work, the LSP model is coupled
with a three-step chemistry scheme to calculate the soot precursory rate from the gas temperature and
mixture fraction. The pre-exponential factor in an Arrhenius reaction of soot precursory rate is
reversely proportional to smoke height. The oxidation rate of soot, Cs, to CO2 is determined from an
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Arrhenius expression as a function of the gas temperature and the soot/oxygen concentrations via the
following chemistry scheme [27]:

Cs+ 02 — CO2 (7)

It is worth noting that such a quasi-global chemistry mechanism (Egs. 1-3) cannot provide OH*
and O* radicals in soot oxidation via the elementary reactions [27].

The Stefan equation is used to calculate the evaporation rate of heptane via the thermo-physical
and combustion properties [25]. The liquid fuel with a thickness of 1 cm is considered thermally-thick,
and a one-dimensional heat conduction equation is applied for the temperature stratification in the
liquid phase. Heat balance through convective and radiative heat exchanges is established on the liquid
front surface to calculate its temperature. Over the liquid surface, the radiation heat flux is calculated
from the radiation intensity by solving RTE (Eq. 4), and the convective heat flux is determined from
a Fourier law [21]. Mass fraction of fuel vapor at the interface is found from a Clausius-Clapeyron
relation in an equilibrium state via liquid surface temperature [21].

3. Model evaluation from a microgravity ethylene flame

Figure 1. Schematic diagram of the experimental set-up and a computation coordinate system.

Schematic diagram of the fire configuration and the coordinate system in the computation are
displayed in Figure 1. A laser induced incandescence technique (LII) [28] was developed to measure
the soot volume fraction of an ethylene laminar diffusion flame at microgravity. The experiment
concept and hardware design [28] during airplane flying parabolic trajectories provide model guidance
for fuel size and oxidizer flow velocity. A square porous burner with a size of L,=5 cm provides a gas
fuel (ethylene) supply rate of 5 g/m?s at the bottom (z=0), downstream an entrance of 5 cm. The
computation domain is limited to 8L in the windward direction, and 4L, in both the lateral and normal
directions, enabling us to exclude the negative effect of boundary entrainment on a flow field. A highly
compressed grid system, which has to be used for an excessive computation domain, induces a
significant calculation error [21]. At the two sides and the top, free slip conditions for the velocity are
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imposed. At the outlet of the domain, zero gradient conditions are applied. An oxygen mass fraction
of Yo=0.35 and a flow speed of Uo=0.2 m/s are prescribed at the inlet of x/L, = —1. The initial
temperature of 300 K is imposed for the gas fuel and the crossflow.

As shown in Figure 2(a), the experimental image [28] from a Canon digital camera is
characterized by a boundary layer diffusion flame over a fuel surface at microgravity. The computed
visible flame shape can be defined as the isotherm of 600°C with most of the soot-related radiation.
Sooty area is represented by the yellow color due to soot glowing as opposed to blue, which is exposed
directly to the leading edge with a weak soot emission. The interaction between soot and radiative heat
loss becomes the primary factor translating a blue region with a high temperature to a yellow sooty
region with a low temperature. A mesh sensitivity analysis on the visible flame shape by reducing the
grid size from 2 to 1 mm is illustrated in Figure 2(b, ¢). Regardless of the mesh size, the predicted
visible flame shape in length and thickness is similar to the experimental trend. The numerical
uncertainty within 5% is observed only in the zone with a flame temperature of 1700°C at the leading-
edge region with a reduction in the mesh size from 2 to 1 mm. A grid system contains 200 x100 x75
cells with a mesh size of 2 mm, and a physical time of 10 s needs about 150 CPU hours by using 10
processors of a Linux cluster. It is worth noting that with a reduction in the grid size from 2 to 1 mm,
the computational time increases by a factor of two for each spatial coordinate, plus time for satisfying
the CFL stability condition.

2a). Experimental image.
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Figure 2. Qualitative comparison between the experimental image and the predicted iso-
contour of a temperature above 600°C at Uo=0.2 m/s and Yo=0.35.
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The predicted soot volume fraction is compared with the measurements in Figure 3 and Figure 4
for the grid spacing of 2 and 1 mm across the height, z, at x/L,=0.4, 0.8, 1.2, 1.6, 2, and 2.4. The
predicted peak in soot volume fraction is deemed satisfactory compared to the experimental data.
Indeed, an attempt to reduce the mesh size from 2 to 1 mm does not enable us to match the experimental
data with every 0.2 mm at x/Ly=1.2 and 1.6. Regardless of an extremely small grid size of 1 mm, which
enables us to fully resolve the flame sheet, the computation over-predicts the soot stratification
thickness in the boundary layer by a factor of two times in the post combustion region. A systematic
deviation between the prediction and the experiment is attributed not only to the errors induced by the
cell size, but also to all the assumptions made in modeling and uncertainties in measurement at
microgravity [28]. The OH* and O* radicals, which cannot be provided via a quasi-global chemistry
mechanism (Eqgs.1-3), play a dominant role for soot burnout in the post flame region, enabling us to
reduce the soot stratification thickness. The discrepancy between the calculated and measured soot
thickness might originate from neglecting the endothermicity in soot precursory reactions [28].
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Figure 3. Comparison between the calculated and measured soot volume fraction along
the height z at various positions with a grid spacing of 2 mm.
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Figure 4. Comparison between the predicted and measured soot volume fraction at various
axial locations with a mesh size of 1 mm.
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4. Results and observations

The above study on ethylene flame (section 3) indicates that a grid size of 2 mm enables us to
obtain a relatively good estimation of both the soot emission and the flame shape. Moreover, a mesh
size of 2 mm is extensively used for a practical three-dimensional reacting flow simulation at low
Reynolds number flow [23]. A fire growth asymptotically reaches a steady state during a physical time
of about 20-45 s via heat feedback from a flame to liquid surface as a function of liquid temperature.
A grid spacing of 2 mm is chosen, and roughly 300-500 CPU hours are required for each simulation
of liquid pool fires. With each halving of the mesh size to 1 mm, a prohibitive CPU time with an
increasing factor of 16 is required. In fact, the accurate prediction depends also on other factors such
as soot, radiation, and combustion models with respect to the fire scenario related to fuel type, fire size,
and ventilation conditions. All the results on flame shape, species, and heat flux are time-averaged
over the last 1 s at a steady state for establishing a mean value.

The concurrent flame structure over a liquid surface subjected to a crossflow depends on a ratio
between buoyant and inertia forces, defined as

g=0 (®)

5/2

Rex

where Rex and Grx denote the Reynolds number and the Grashof number, respectively [29]. A clear
illustration is that of Figure 5 and Figure 6, which show flame structure in normal gravity and in
microgravity. The axis, x, is normalized by the fuel size, Lp, to show the pyrolysis zone (x/Ly=1).
According to an experimental photo, the yellow color in a flame is a consequence of soot radiation
[30]. The blue color implies a lower soot emission in the flame or potential soot moving away from
the reactive region [28]. On Earth, a small magnitude (0.2 m/s) of a forced flow results in a ratio (Eq.
8) much greater than unity, and a predominant natural convection generates a vertical thermal plume
(Figure 5). The flame behavior subjected to a low-speed crossflow is slightly affected by a backward-
facing step due to the dominant upward buoyancy-induced flow. Nevertheless, it may be inferred that
a backward-facing step significantly reduces the flame temperature near the corner region (Figure 5b).
In normal gravity, the predicted visible flame height, defined as the furthest axial position of the
isotherm 600°C [22], is roughly 0.12 m. Near the bottom of the fire, the flame color is blue with
negligible soot-related luminous radiation at the leading edge with a high temperature of 1200°C due
to a large heat release from an exothermic reaction. In the middle section of the fire, the temperature
is relatively low because little oxygen has penetrated a fuel-rich core to ensure an exothermic reaction.
This is followed by a temperature decreasing region due to more entrained cold air, which induces an
exponential decrease in the rate of chemical reactions. In microgravity, the ratio (Eq. 8) becomes much
lower than unity, and a concurrent boundary layer diffusion flame (Figure 6) becomes the superior
mode with a significant rise of the stand-off distance. A blue flame near the leading edge with a
temperature of 1400°C and negligible soot emission changes to a yellow flame of the 600°C contour
where soot particles are radiating heat [28]. A flat liquid surface in microgravity contributes to a long
flame tail (600°C contour) with an increase by a factor of 2.5 times in flame length compared to the
height of a buoyancy-induced pool-fire. It is seen that under reduced gravity environments, the flame
structure changes particularly behind a backward-facing step where the oxygen-transport of low-speed
flow limits the flame propagation [31] with a reduction in flame length by a factor of 5 times compared
to that over a flat surface.
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Figure 5. Fields of gas temperature in normal gravity on the symmetrical plane (x, z).
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Figure 6. Fields of gas temperature in microgravity on the symmetrical plane (X, z).
The convective and radiative heat feedback from the flame to the liquid surface are presented in
Figure 7(a, b). For the buoyancy-induced fire, the convection heat flux is dominant with a peak of

about 17 kW/m? near the leading edge and decreases sharply far from that region as a result of a
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reduction in temperature gradient. In the middle section of the pyrolysis zone, a predominant natural
convection yields substantial soot and luminous radiation [22]. A curvature effect of microgravity
flames at the leading edge with a high flame temperature (Figure 6a) promotes a peak of roughly 20
kW/m? in convective heat flux. In both normal gravity and microgravity, downstream the leading edge
or behind a backward-facing step, a significant flame lifting from the flat surface leads to a significant
decrease in convective heat flux due to a reduction in the temperature gradient. In fact, the flame
structure (Figure 6) dominates the distribution of the radiative and convective heat fluxes over the fuel
surface. For a flat microgravity flame, the zone with a high radiative heat flux of about 4 kW/m? covers
the pyrolysis area (Figure 7b). Behind a backward-facing step, the convective and radiative heat fluxes
decrease drastically to about 1 kW/m? due to a shorter flame (Figure 6b). Under a reduced gravity, the
radiative heat flux over a flat heptane surface augments by a factor of 8 times compared to that for the
flame behind a backward-facing step (Figure 7b). The radiative flux is a temperature-sensitive
volumetric mechanism associated with both the gas temperature with T* dependence and combustion
products as CO2, H20, and soot. As a consequence, a larger buoyancy-induced fire size (Figure 5)
enhances the radiation heat flux with an increase by a factor of two times compared to that from a flat
microgravity flame, and 16 times that from a flame behind a backward-facing step.
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7a). Convection flux. 7b). Radiation flux.
Figure 7. Impact of gravity on the heat feedback from a flame to a fuel surface.

The ratio of the radiative heat flux to the total heat flux over the heptane surface is given in Figure
8 to identify the thermal regime for the fire growth. For the buoyancy-induced fire, the convection heat
flux is dominant near the leading edge with a radiative fraction of about 40%, while a radiation fraction
of 80% is maintained at the center of pyrolysis area as a result of a large buoyancy-induced thermal
plume. Near the corner of a backward-facing step, the radiative fraction of the buoyancy-induced fire
reaches about 80% due to a reduction in the temperature gradient. In the absence of natural convection,
a radiative fraction is roughly 20% near the leading edge of a flat surface and, thus, flame growth is
ensured thanks to substantial convective feedback. Downstream the leading edge, with an increase in
thickness of the hotter boundary layer over a flat surface at microgravity, the radiation fraction reaches
about 70%. For a microgravity flame behind a backward-facing step, the radiation heat feedback from
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the flame to the condensed surface is the primary cause of fire growth with a radiative fraction higher
than 70% due to the flame detachment from the pyrolysis surface.
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Radiative fraction over liquid surface
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Figure 8. Impact of gravity on radiative fraction over the heptane surface.

The predicted temperature over the liquid surface at a steady state along the x axis on the central
plane is provided in Figure 9. Although the convection heat flux is dominant with a high peak near the
leading edge (Figure 7a), more cold air is entrained with a drop in liquid temperature. Liquid fuel in
the middle section of the pyrolysis zone becomes easy to preheat with a higher temperature thanks to
substantial luminous radiation. The liquid temperature shows a slowly growing trend for the flame
behind a backward-facing step and reaches a peak near the tailing edge. The liquid temperature of
buoyancy-induced fire is higher than that of a microgravity flame because of the enhanced heat flux
(Figure 7) on Earth.
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Figure 9. Impact of gravity on liquid surface temperature.
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At a steady state, the evaporation rate asymptotically reaches a limit to supply a permanently
burning flame once the liquid temperature is established over a liquid surface, as shown in Figure 10.
In normal gravity, a peak in the evaporation rate takes place at the leading edge due to strong
interaction between crossflow and buoyant driven flow, followed by its sharp decrease beyond that
region. The possibility of reaching a low evaporation rate of about 1 g/m?s is expected due to
insufficient heat feedback from a microgravity flame behind a backward-facing step to increase liquid
temperature (Figure 9). For a flat microgravity flame, the evaporation rate reaches a peak at the leading
edge due to an enhancement of convection heat flux (Figure 7a), and decreases progressively to a small
value. The buoyancy-induced fire (Figure 5) seems more pronounced compared to a microgravity
flame (Figure 6), resulting in an increase of the evaporation rate by a factor of 2.3 times in the peak,
mainly due to a contribution of radiative feedback (Figure 7b). A strong burning rate over a flat surface
at microgravity contributes to an increase in flame length by a factor of 10 times in comparison with
the flame length in the presence of a backward-facing step (Figure 6).

50
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U, =02m/s H/Lp =1 (Earth gravity)

Y,=025  —-—.— HiLp = 0 (Microgravity)
————— H/Lp =1 (Microgravity)

Mass loss rate (g/m™.s)

Length, x/L,

Figure 10. Impact of gravity level on the evaporation rate of heptane.

To further show the dependence of the flame behavior on the gravity, flame temperature, radiative
loss fraction, HRR, and combustion efficiency are summarized in Table 1. For the buoyancy-controlled
fire, the temperature peak seems insensitive to the presence of a backward-facing step in front of the
flame with a peak above 1200°C. Behind a backward-facing step, a weak combustion intensity in
microgravity with a regression rate of 1 g/m?s significantly reduces the temperature peak to a critical
value of 740°C below which no sustained flame exist [15]. Radiation heat transfer becomes
predominant in the absence of natural convection with a higher radiative loss fraction above 0.5
compared to 0.35 for buoyancy-induced fire. The HRR derived from the evaporation rate (Figure 10)
is normalized over the burning surface area, giving Heat Release Rate Per Unit Area (HRRPUA). For
buoyancy-controlled fire, HRRPUA augments 1.5 times in comparison with that for a flame behind a
backward-facing step. A rapid regression rate of a flat microgravity flame (Figure 10) contributes to a
higher HRRPUA by a factor of 10 times in comparison with that for a flame behind a backward-facing
step (Figure 6). The combustion efficiency can be evaluated from the ratio between the effective HRR,
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which is determined from the chemistry model (Eqgs.1-3), and the theoretical one, which is derived
from the evaporation rate (Figure 10). Although a backward-facing step prevents transport of the fresh
air into the reaction zone, a low pyrolysis rate (Figure 10) contributes to a high combustion efficiency
of about 0.9.

Table 1. Dependence of the flame behavior on the gravity level.

Microgravity Earth gravity Microgravity Earth gravity

(H/Ly=0) (H/L,=0) (H/Ly=1) (H/Ly=1)
Flame temperature (°C) 1282 1216 740 1231
Radiative loss fraction 0.62 0.36 0.57 0.37
HRRPUA (kW/m?) 215 676 21 470
Combustion efficiency 0.66 0.67 0.9 0.92

From the evaluation of smoke hazards, including CO and COz, to occupants [14], roughly 80%
of fire fatalities is attributed to smoke/gas incapacitation. Distributions of CO on the symmetrical plane
are depicted in Figure 11 and Figure 12. For a buoyancy-induced fire, most CO production takes place
in an oxygen-starved, high temperature region around the pyrolysis zone. The buoyancy-entrained cold
air conducts a sharp decrease of the CO emission in a thermal plume region. A flat microgravity flame
carries abundant CO along the forward boundary layer with a slow decay of the CO emission due to a
strong diffusion. It seems that the peak in CO molar fraction is weakly dependent on the presence of a
backward-facing step in front of a fire with a maximum in a range from 1.5% to 1.7%, which is
indicative of an equivalent fuel-air ratio in the reaction region.
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Figure 11. Distributions of a CO molar fraction in normal gravity on the symmetrical plane (x, z).
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The volume of air breathed per minute during a fire depends on the concentration of inhaled CO2
[14]. Figures 13 and 14 show the distributions of carbon dioxide concentrations on the symmetrical
plane. For a buoyancy-induced fire, the CO2 molar fraction is in abundance with a maximum of about
9% 1in a high chemical reactivity region following the trend of CO generation (Figures 11 and 12). A
flat microgravity flame facilitates a large presence of CO2 downstream along the boundary layer
(Figure 6). For a microgravity flame behind a backward-facing step, the reduced convective transport
of the fresh air into the reaction zone leads to an increase of CO2to 12% compared to 9% on Earth.
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Figure 15. Fields of hydrogen volume fraction in normal gravity on the symmetrical plane.

Distributions of hydrogen on the symmetrical plane (x, z) are depicted in Figures 15 and 16. For
the buoyancy-induced fire, a high pyrolysis rate (Figure 10) correlates to a large extent of hydrogen
concentrations above 0.5% within the high temperature region. The small evaporation rate for the
microgravity flame behind a backward-facing step significantly reduces the H2 formation due to a low
flame temperature (Figure 6b). It is found that Hz is generated only in a high chemical reactivity region
where the temperature is sufficiently high. The peak of Hz production for buoyancy-induced flame
augments about two times in comparison with that for a flat microgravity flame. For the microgravity
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flame behind a backward-facing step, the H2 formation in the forward direction undergoes a low peak
of 50 ppm due to a low chemical reactivity. Globally, hydrogen occurs only in the fuel-rich and
oxygen-starved area at locations where the temperature is high enough to trigger its activation. In case
of a fire, hydrogen will escape quickly into the atmosphere as a very diffuse gas and may burn
spontaneously if it contains dust. Moreover, it is highly flammable with an ignition energy that is
smaller than that of unburnt hydrocarbons [14].
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Figure 16. Fields of hydrogen volume fraction in microgravity on the symmetrical plane.

A lack of oxygen near the pyrolysis zone leads to the formation of unburnt hydrocarbon as heptane,
as depicted in Figure 17 and Figure 18 on the symmetrical plane (x, z). A plat microgravity flame with
a strong evaporation rate leads to a peak of 20% in molar fraction of unburnt fuel near the pyrolysis
surface. A reduced evaporation rate for the microgravity flame behind a backward-facing step enables
us to maintain a low peak of about 10% in unburnt fuel at the tailing edge (x/Lpy=1). Although a
buoyancy-induced air entrainment enhances oxidation of the unburnt fuel into CO and COz, a strong
pyrolysis rate (Figure 10) of liquid fuel correlates to a rise of molar fraction of the unburnt
hydrocarbons to 38%. A decrease in the air supply toward the buoyancy-induced flame behind a
backward-facing step reduces the slight generation of the unburnt hydrocarbons due to a low pyrolysis
rate (Figure 10). Usually, an increase in CO production (Figures 11 and 12) follows the trend of
unburnt hydrocarbons, which can be easily suppressed downstream once away from the fire source.
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Figure 17. Fields of unburnt fuel volume fraction in normal gravity on the symmetrical plane.
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The heptane fire is sootier, and its growth is significantly affected by the amount of soot via a
great strength of flame radiation. Iso-contours of soot volume fraction on the symmetrical section are
presented in Figure 19 and Figure 20. For a buoyancy-induced fire, few sooting regions are present
near the burning surface, and most soot emission takes place in a high chemical reactivity region where
heat is released. For a free-burning fire on Earth, the buoyancy-induced flow enhances the oxygen
concentration at the leading edge with a low soot emission there, similar to that in [22]. Since the peak
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in soot volume fraction is affected by the ratio between air entrainment and unburnt hydrocarbons, its
peak seems insensitive to the presence of a backward-facing step on Earth. Moreover, natural
convection is favorable for soot dilution in the thermal plume, and a flat microgravity flame tends to
emit the abundant soot all along the boundary layer with an increase in the peak by a factor of 4 times.
In the absence of natural convection, the excessive fuel with an additional evaporation rate of about 5
times over a flat plate (Figure 10) serves to conduct a heavy soot stratification thickness compared to
the flame behind a backward-facing step.
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Figure 19. Distributions of soot volume fraction in normal gravity on the symmetrical plane.
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Figure 20. Distributions of soot volume fraction at microgravity on the symmetrical plane.
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Soot deposition from the gas-phase onto the wall surface reduces the visibility and increases the
activation time for smoke detectors. As shown in Figure 21, the peak in soot deposition for buoyancy-
induced fire occurs at the center of the evaporation zone (x/Lp=0.5), and a negligible soot deposition
takes place near the leading edge. Notably, a backward-facing step in front of a buoyancy-induced fire
reduces air entrainment, and, consequently, the peak in soot deposition takes place in the corner region
where the thermal stratification (Figure 5b) and soot emission (Figure 19b) are significant. A flat
microgravity flame conducts a significant soot deposition with a peak of 1.75 g/m? just downstream
the trailing edge (x/Lp>1), and a complete absence of soot deposition occurs beyond x/Lp=7. In
microgravity, the peak in soot deposition is about 6 times as high for a flame over a flat plate compared
to a flame behind a backward-facing step. Compared to buoyancy-induced fire, the maximum soot
deposition from a flat microgravity flame augments about 3 times due to a significant temperature
gradient inside the boundary layer, which pushes soot particles approaching the wall surface via
thermophoretical effects [28].
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Figure 21. Impact of gravity on soot deposition (g/m?) over a wall surface in the windward direction.
5. Concluding remarks

Significant results about the impact of gravity on flame shape, species compositions, and heat
flux are provided, though they are limited in steady-state scope. For the fire growth over liquid fuel,
the convective heat feedback is predominant at the leading edge, and the radiative heat transfer
becomes a predominant mode far from that region. At least for the present configuration, the peak in
evaporation rate is higher by a factor of two times in normal gravity than in microgravity due to the
contribution of a large buoyancy-induced thermal plume at the base of the pyrolysis zone. However,
the flame length is longer by a factor of about 2.5 times in a spacecraft than the flame height on Earth.
Furthermore, a flat microgravity flame has much greater tendencies to emit the strongest soot with an
increase in peak by a factor of about 4 times compared to the buoyancy-induced fire. As a result, the
soot-related radiation contributes to a large and consistent radiative loss fraction in a range of 0.5 to
0.6 compared to about 0.35 for buoyancy-induced fire. A minimum buoyancy-induced flow dominates
the behavior of the flame subjected to a low perpendicular flow velocity smaller than that on Earth.
Therefore, a backward-facing step in front of a flame has a weak influence on both the chemical
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characteristics and the heat flux on Earth, and the flame behavior exhibits a similarity. While a
backward-facing step has a profound effect on the microgravity flame, which becomes weak and
shorter in length. Oxygen starvation behind a backward-facing step induces a significant flame shift at
microgravity outward from the evaporation surface with a neglected convective heat transfer.

It is worth noting that the uncertainty in the calculated soot stratification thickness for a heptane
flame is estimated within two times in an inadequate oxygen region where soot burnout via O* and
OH* radicals become predominant. Based on a multi-step, quasi-global mechanism, it is difficult to
determine how accurate the theoretically predicted chemical species concentration is because of
potential changes with different kinetic reaction mechanisms. The verification of theoretical models
on chemical species with velocities lower than that induced by buoyancy over a heptane surface is
limited because the valuable experimental data in microgravity are rare because of the difficulty to
conduct long-term experiments. In a future study, we aim to obtain more potential experimental data
on the liquid vaporization rate, heat flux over a liquid surface, and chemical species, which could support
the simulation results by using a detailed chemical mechanism for combustion and soot modeling.
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