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Abstract: The effects of oxygen concentration in oxidizer flow with a low speed of 0.1-0.3 m/s on a
co-current flame spread over a thin liquid fuel bed at microgravity is numerically studied. The soot
model is based on the Laminar Smoke Point (LSP) concept, which was used to reproduce the
behaviour of a non-premixed, heavily sooting laminar flame. The results including flame patterns,
soot emissions, temperature, and liquid burning rate are examined. Pyrolysis rate of liquid fuel
significantly increases by increasing forced flow velocity and oxygen concentration, favouring flame
length and soot formation. The flame behaviour at very low strain rates depends on both radiative
heat loss and combustion efficiency, which are affected by oxygen concentration. The reactive
boundary layer is significantly lifted along the pyrolysis surface due to lack of oxygen in the growing
boundary layer, and the 3D effects are of importance due to thermal expansion. The ratio between
the flame stand-off distance and the boundary layer thickness converges toward unity, however, the
soot resides within the boundary layer. Compared to a heptane flame, a dodecane flame has lower
pyrolysis rate and more effective oxygen transport ensures intensive combustion. A high oxidizer
flow velocity results in a longer flame, and a reduction in flame standoff distance from the flat plate.
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Abbreviations: LSP: Laminar smoke point; HRR: Heat release rate (kW); HRRPUA: Heat release
rate per unit area (kW.m2); RTE: Radiative transfer equation
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Arrhenius parameter in combustion model
pre-exponential factor in combustion model
pre-exponential factor in soot model
Arrhenius parameter in combustion model
flame stand-off distance (m)

diffusivity (m2.s?)

activation energy

mixture fraction

soot volume fraction

sensible enthalpy (kJ.kg™)

thermal conductivity (W.m.K™?)
direction vector of the radiation
convective length scale (m)

horizontal flame length (m)

pyrolysis heat (kJ.kg™)

length of the pyrolysis area

mass loss rate of liquid fuel per unit surface (kg.m-2s-1)
Nusselt number
number of solid angle.

pressure (Pa)
convection heat flux (kw.m2)

radiation heat flux (kW.m2)
heat release rate per unit volume (KW.m=)

radiative heat flux (kw.m2)

gas universal constant

stoichiometric coefficient

gas temperature (<C)

boiling temperature of liquid (K)

gas temperature (K) at the center of the adjacent gas phase cell
surface temperature of liquid (K)

time (s)

velocity (m.s™)

normal component of velocity at the surface

oxidizer flow velocity (m.s™)

fuel mass fraction

fuel mass fraction at the center of the adjacent gas phase cell
fuel mass fraction at liquid surface

oxygen mass fraction

product mass fraction

soot mass fraction

coordinates system in numerical simulation

Metascience in Aerospace

Volume 1, Issue 2, 159-184.



161

WEe molar weight of liquid fuel (kg.kmol™?)

W molar weight of mixture (kg.kmol™)

Wy width of the pyrolysis area

Greek

P volume density (kg.m)

P gas volume density at the surface (kg.m)
Q solid angle

T key mixing timescale (s)

T viscous stress

i laminar viscosity (kg.m™.s?)

K absorption coefficient

Ky gas absorption coefficient

Ks soot absorption coefficient

an distance between the surface and the center of the adjacent gas phase cell

inn  soot inception rate (kg.m3.s?)
%0 soot oxidation rate (kg.m3.s%)

AHc energy released per kilogram of fuel consumed (kJ.kg™?)
50 solid angle corresponding to direction |

1. Introduction

Buoyancy-induced flow at Earth-gravity is initially laminar, and transition to turbulence occurs
when the fire is fully developed. Due to the absence of natural convection in spacecraft, a flame
propagation over a condensed fuel surface by diffusion of heat and mass by forced convection is
expected to be laminar [1]. Forced-flow flame spread in microgravity at low-velocity can’t be
reproduced on Earth, and flame radiation loss is significantly affected by Earth gravity via the time
scales for chemical reaction and inviscid buoyant/viscous convections [2,3].

Radiation becomes the predominant mode of heat transfer via soot emissions for a co-current
microgravity diffusion flame, which always resides within the boundary layer [4,5]. Soot formation
and thus flame structure with a gas fuel in the absence of natural convection are affected by blowing
effects [4,5]. A short residence time at high strain rates is the key factor for extinction of laminar
diffusion flames via kinetic chemical processes. In microgravity, radiation loss becomes predominant
to conduct extinction of gaseous diffusion at very low strain rates [6,7] due to absence of
acceleration (strain) of the flow field by buoyancy. By neglecting radiation heat transfer, the
analytical solution [8] is developed to describe the flat surface burning in a parallel stream of
oxidizer in a reacting boundary layer. The exact solution [9] deals with the pyrolysis of solid fuel in
the combustion chamber of a hybrid rocket. In order to overcome gravity effects in previous work
[8,9], the flow velocity would have to be so large that the radiant flux from the flame approximately
balances surface re-radiation, and that there is not an external heat flux, and then the forced-flow
flame spread is primarily determined by convective heat flux. Numerical study demonstrated that the
velocity overshoots close to the reacting zone at low-velocity flow in microgravity is a function of
blowing and thermal expansion [10].
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Many steady spread experiments over thin solids in both buoyant and forced flows have been
carried out [11-18] for showing impact of flow velocity and oxygen concentration on the flame
length. Only for a non-radiative flame, the heat flux at the solid fuel surface can be obtained from the
solution of the laminar boundary layer diffusion flame [11,12]. It is found flame length increases
when radiation losses are reduced, and the decrease of the heat flux with distance is dominated by the
flame extension. By using forced flow models [11,13], a spread rate that increases with the flow
velocity is predicted. For a two-dimensional (2D) sample, a steady spread with constant limiting
length is predicted without flame radiation. As compared to the aforementioned results [13], other
works [14,15] show that gas radiation modifies the flame length, spread rate, and flame extinction
limit. Using a 2D transient model, flame spread with a limiting length in a forced low-speed flow,
over both thin and thick solids surface, has been studied [16]. A finite sample width affects co-
current flame spread over a condensed fuel plate [17,18].

Current knowledge is limited to flame development with a selected gas or solid fuel [1-18] as a
function of oxygen concentration, flow rate, and pressure. This theoretical research looks specifically
at the impacts of oxidizer flow conditions including oxygen concentration and its speed on a
boundary diffusion flame established over liquid fuel beds at microgravity. Various liquid fuels, such
as heptane and dodecane are considered, because they are commonly chosen in studies on fire
behavior. Soot emission with a dependence on temperature and composition is apparently important
due to long residence time in microgravity [19]. The rate of soot emission is limited by the growth of
aromatics rather than the formation of the first ring [20]. Since the heterogeneous processes of soot
inception and its surface growth are rather complex [21-25], several semi-empirical soot models
[19,20,21] are currently used. A number of empirical parameters in inception, coagulation, and
surface growth processes are only experimentally calibrated for ethylene, and they are not available
for other fuel types such as heptane or dodecane. A simple soot conversion model used in Fire
Dynamics Simulator (FDS, Version 6.7) [27] can’t be directly applied to a heavily sooting,
microgravity boundary layer flame. The novelty of this study is implementation of a Laminar Smoke
Point (LSP) model [26] in the software package FDS6.7, which is developed by the National
Institute of Standards and Technology, U.S. The model of laminar smoke point allows us to provide
a general and practical solution for soot modeling in multi-fueled fires, such as heptane or dodecane
fire, even when its exact elementary reactions are generally unknown. It is discovered that an
increase in oxygen fraction and oxidizer flow velocity enhances soot formation, heat release rate
(HRR) and gas temperature. The more fundamental research in these areas helps to improve
spacecraft fire safety.

2. Numerical modelling and its validation

A brief description of the theoretical background and the essential physical processes in
hydrodynamic, combustion, and soot models is presented. In manned spacecraft, velocities of
ventilation drafts are of the order of 0.1 to 0.2 m/s. The peak buoyant flow induced by flames at Earth
gravity at the flame base is about 0.3 m/s. Flame spread over a condensed fuel surface after incidental
initiation by a heat source at a low Reynolds number co-current flow seems the most likely scenario.
Absence of buoyancy in microgravity enables a boundary layer diffusion flame, as shown in Fig. 1a.
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Figure 1. Coordinate system of a boundary layer diffusion flame.

The starting point of the analysis is the set of the fully three-dimensional, unsteady reacting
flow equations, which are discretized and iteratively solved. The physics-based model that governs
the phenomena of interest here and the numerical methods are descripted in detail in the FDS6.7 user
guide [27].

2.1. Hydrodynamic model

The hydrodynamic model consists of the transient equations of mass, momentum, energy, and
species conservation.
Mass conservation:
op

E+V-(pu)=0 (1)
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Momentum conservation:

a;%.,.v.(puu):—Vp—V.r (2)
Energy conservation:
%+V.(phu)=V-(kVT)+C'|:—V°q: ©)
Chemical species conservation:
%+V-(pYiu)=V-(pDVYi)+(b'i" (4)

2.2. Combustion model

Because the pyrolyzed fuel and oxidizer are initially separated, the flame is primarily of the
diffusion type. As shown in Fig. la, the separation of the pyrolyzed fuel and oxidizer is roughly
schematized by a straight line behind the leading edge. A slope can be approximately estimated by
the expression, tan0 = d;/ ;s where dr denotes the flame standoff distance and L the flame length.
The flame length corresponds to the distance of the 600 <T contour from the leading edge, below
which radiation loss is too low to affect the flame. The flame standoff distance is defined as the
distance of the flame tip from the flat plate. At the location of the stoichiometric mixture fraction,
fuel is transported with a velocity of \v-cosO, and oxidizer with a velocity of V,,cos6 toward the
mixing zone by convection, but within this zone diffusion determines the flame position. The flame
thickness, ¢, can be estimated from HRR where oxygen and fuel are delivered in stoichiometric
proportions. The characteristic diffusion time is defined as

ng

T=
DYow

()

In the x’ direction (see Fig. 1a), oxidizer and fuel separate from each other with a mixing
velocity given by
Vi = Vox C0SO — V/£SINO . (6)

When the ratio, R =&/1V/,, is higher than unity, fuel and oxidizer arriving parallel to the x’ axis
will react. Inversely, for boundary layer diffusion flame at low velocity, the R value is lower than
unity, implying that oxidizer will escape before being able to react with the fuel at a flame thickness,
e . As a result, unburnt hydrocarbons, CO, and soot are present in flame to some extent, which can be
approximately determined by

Lext=TVESINO (7)

To calculate CO and unburnt hydrocarbon, reactions from Westbrook [27] are assumed to
account for carbon monoxide production via the two sequential, semi-global steps.
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m n n
mHn+| —+—=10,>»mCO+—-H,0
CnH (2 4j02 2H2 (8)
1
CO+2 0, CO, (9)

To avoid the modelling of a complex reaction mechanism of ignition processes, the primitive
fuel oxidation (8) is considered as a mixing-controlled chemistry, and its reaction rate is calculated as

Yo

= Ye__ P o) (10)

= ——min ,
o dt Tmix (YF

The key mixing timescale in Eq. (10), <., IS supposed to relate approximately to the processes
of diffusion and chemical reaction times [27]. The mixing-controlled chemistry is combined with a
finite-rate reversible carbon monoxide reaction, and the Arrhenius parameters A, a, b, E are given in [28].

. _dlpY a
(bcoo% :'AP[YCO] [Yo]b e =R (11)

The heat release rate in energy equation (3) is calculated from the fuel consumption rate,

qg=(3);AHF+(b‘éoAHco (12)
2.3. Soot formation model

According to the analysis in Egs. 5 and 6, microgravity boundary layer flames have much
greater tendencies to emit soot particulates. The processes of soot inception and oxidation are applied
to the balance (see Eq. 4) between transport and soot production via the respective source terms:

(Ou = COsN + (b:,o (13)
Laminar smoke point (LSP) concept [26] allows us to determine the soot inception rate.

6= AT X200/ 0

st

where the pre-exponential factor, As, accounts for the sooting propensity of a specific fuel. The
conserved Schvab-Zeldovich, mixture fraction, f, is the key scalar variable in the soot inception process.

1+Ye
S

f=Ye+ (15)

The sooting propensities of various fuels are accounted for via a pre-exponential factor Ay,
which is in reversely proportional to its LSP height, Lruel.

A

f,Fuel — LC2H4 (16)

Af,C2H4 I—Fuel
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A summary of Ay, calculated according to Eq. (16) for the used hydrocarbon fuels in the current
work, is pre-tabulated in Table 1.

Table 1. Summary of the pre-exponential factor, As, for various fuels.

Fuel type ethylene heptane dodecane

As 4.1x10° 2.9x10° 3.1x10°

The temperature dependence of soot oxidation in a laminar diffusion flame is modelled [26,27],
and its specific rate is expressed as a function of soot and oxygen concentrations (mol/cm?3) by

(0=~ 4.7>10"°[ Ys][ Yo]exp(-211000/RT) 0

2.4. Radiative heat transfer model

For a heavily sooting flame such as fire, radiation is a crucial aspect of combustion, and can
dominate other modes of heat transfer. A radiative transfer equation (RTE) is solved by using a ray-
based method [27].

oT*
T

VOl +xl=x

(18)
Soot emission has a large influence on the radiation for low-flow-speed microgravity flame, and

its effects are included with gas in the absorption coefficient.
K=1Ks+1Kg (19)

A spectral dependence of gas absorption coefficient kg [27] is taken into account for the
contribution from gas-phase radiation of H20 and CO2. As the radiation spectrum of soot is
continuous, its absorption coefficient is calculated solely as a function of the temperature, T, and soot
volume fraction, fv [27]:

16 =1225,T (20)

Under the gray gas assumption, the gas phase contribution to the radiative loss term in the
energy equation (3) is

—V-q =x[U-4n1] and U= [I(x,s)ds (21)
47
Here, Iv is blackbody radiation intensity.
2.5. Heat balance at interface

A one-dimensional heat conduction equation for the thermally-thick condensed phase
temperature Ts(x,t) is applied in the direction x pointing into the liquid phase [27]. The boundary
condition on the front surface of a liquid is established via a heat balance:
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OT s
OX

(22)

—ks (O’ t) = q'clonv + q:ad - mSLV

where the point x = 0 represents the surface of liquid. The convective heat flux, Yeonv, at the surface

is calculated from Fourier law.

Tg - Ts (0’ t)

5 (23)

qconv= k
where 8n is the distance between the surface and the center of the adjacent gas phase cell. The net
radiative heat flux on a diffusively reflecting and emitting wall is written as

No
Orag= 2, I [ (- n)ds (24)
=1 50

The radiant intensity at the wall, 1, , is found from resolution of the radiative transfer equation (RTE) [27].
Typically, evaporation temperature is smaller for liquid than solid fuels. This is an important

distinction compared to the pyrolysis of solid fuel over its surface, which normally depends on a

critical ignition temperature above 450 <C [12-15]. Evaporation rate of liquid fuel is usually derived

from the Stefan diffusion equation as a function of mass fraction of liquid fuel in the gas phase, Yri [27,29].

= PP NuLn| 1Y e (25)
L 1-Ye;

The formulation (25) does not contain the basic assumption for phase transitions in liquid
evaporation, and solely an equilibrium state, which is the worst case in fire safety, is taken into
account. The mass fraction of fuel vapor at the interface, Yk, is derived from the Clausius-Clapeyron
relation with a dependence on its surface temperature, Ts, and boiling temperature, Ty, as follows:

Yei= %exp[—ﬂ[i—iﬂ (26)

The mass balance at the burning boundary is established as

Fg— YF,i

. Y
mF: uﬂpsYF,S_(pD)s 6n (27)

where un is the normal component of velocity at the surface pointing into the flow domain.

Table 2. Thermo-physical and combustion properties of heptane and dodecane.

Property Heptane Dodecane
Conductivity, k (W/m.K) 0.17 0.14
Density, P (kg/m®) 684 750

Heat capacity, Cp (kJ/kg.K) 2.24 2.21
Pyrolysis heat, Ly (kJ/kg) 321 256

Heat of combustion, AHe. (kJ/kg) ggsoo 421411(1547

Boiling temperature, Ty, (<C)

Metascience in Aerospace Volume 1, Issue 2, 159-184.
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For a laminar flame, material diffusivity, D, thermal conductivity, k, and viscosity, p, are
approximated from kinetic theory [27] as a function of temperature. The detailed information about
the thermo-physical and combustion properties of heptane and dodecane are provided in Table 2 [29].

2.6. Computational domain and boundary conditions

The numerical simulation is achieved according to the experimental configuration [4,5]. Due to
the limited space and amount of feed gases available in parabolic flight facilities, only a small square
porous burner with dimensions of Lp= W, =5 cm with gas fuel (ethylene) supply of 5 (g/m?s) is used.
This allows us to avoid the coupling of heat feedback with condensed fuel so that longer
experimentation time can be achieved. The gas burner is embedded in a stainless-steel plate at z=0
with a short entrance length of 5 cm. In the previous studies [10,30] on such a diffusion flame (see
Fig. 1a), it was found that a priori estimates of the computational domain of 8L, in the windward
direction (x), and 4L, in both the lateral (y) and normal (z) directions, seems to be enough to apply
zero gradient conditions on the free boundaries such as at two sides, top and outlet of the domain for
the farfield boundary values of the variables. An excessive domain extension needs the use of a
highly compressed grid system, and build-up of numerical error could produce spurious results over
the course of a calculation [27]. In the experiment, the oxidizer flow is with an elevated oxygen
concentration of 35% and 50%, and a constant velocity, Uo, of 0.2 m/s was prescribed at the inlet of
x/Lp = —1. Over the burning surface, a heat balance is established at the interface (see Eq. 22).

2.7. Model validation

Validation of the numerical model is achieved from the measured soot volume fraction with an
experimental set-up, as displayed in Fig. 1. The soot volume fraction of ethylene laminar diffusion
flame in microgravity is measured by using the laser induced incandescence technique (LII) [4,5].
The basic principle of this method relies on the detection of the thermal radiation from the soot
particles that were heated up to vaporization temperature thanks to high energy laser pulse. The LII
intensity image is later converted to soot volume fraction distribution, and the measurement accuracy
depends on a proportionality constant, which is required for correction due to attenuations of both the
laser beam and the collected signal. However, in the current numerical work, we lack the ability to
quantitatively specify the measurement errors. The methodology and a valid approximation for the
determination of the soot volume fraction in the microgravity flame are detailed in previous work [4,5].

A proper cell sensitivity analysis by varying the grid spacing from 2 to 1 mm was performed on
the predicted quantities in the previous study [30]. A deviation of roughly 5% is observed for the
flame temperature solely near the leading edge by varying the grid spacing from 2 to 1 mm. The
computational domain consists of multiple meshes, which can be treated with 20 processors through
parallel processing of a Linux cluster. The grid system contains 200 x 100 x 75 cells, and a typical
simulation with a mesh size of 2 mm for a physical time of 10 s requires roughly 150 CPU hours. A
reduction in the grid size to 1 mm results in a significant reduction in the time step (At < 10 s) due
to the Courant-Friedrichs-Lewy, the Von Neumann, and the realizable mass density constraints [27].
These three constraints on the time step are imposed in FDS6.7 [27] for maintaining numerical
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stability and accuracy in the presence of advection, diffusion, and expansion of the velocity and
scalar fields. With each halving of the grid size, the time required for the simulation increases to 150
x 2* CPU hours (a factor of two for each spatial coordinate, plus time), making practical flame
simulations difficult. Although the thickness of a laminar flame is about 1 mm, a mesh size of 2 mm
is extensively used for a low Reynolds number flow [10,30], because it is considered as the best
trade-off between accuracy and cost for a three-dimensional reacting flow simulation.

Given in Figs. 2 and 3 is the comparison between the computed and measured soot volume
fractions along the centreline across the height, z, at various axial locations x/Lp = 0.5-2.4. In
comparison with the experimental data, the soot peak value (about 10 ppm) and its profile are
numerically reproduced only for Y0=0.35 (see Fig. 2). For a high oxygen concentration of 0.5 (see
Fig. 3), the computations over-predict the soot peak present in the experiment for x/Lp < 1.25 and
under-predict the peak value beyond that region (x/Lp > 1.25). The measured peak is located just
above the burner surface with 1 mm, while the calculated one occurs with 2 mm. In all the cases, the
numerical model predicts a stronger soot emission than that of the measurement. This is partially
attributed to soot oxidation via the radicals OH, which can’t be included in the two sequential, semi-
global chemical reactions (see Egs. 8, 9), especially for elevated oxygen concentration of 0.5. The
comparison is deemed satisfactory with an uncertainty within 20% for Yo < 0.35, considering all the
simplifying assumptions made in the global soot model and uncertainties in measuring local soot
concentration in microgravity conditions during parabolic flights. In spite of the difference between
the numerical and the experimental results, any attempt to calibrate the empirical parameter in the
soot model for matching the experimental data is discouraged due to lack of the model
generalizability. As the recent results of such studies available in the work [19], verification of the
results with experimental data for microgravity flame also shows some uncertainty in the soot model.
In the following section, oxygen concentration is limited to 0.35 because a relatively good estimation
of soot emission allows us to properly calculate the contribution of the radiation heat flux over the
liquid surface in the vitiated air boundary layer.
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Figure 2. Profiles of soot volume fraction from prediction and measurement along the
height z for ethylene flame at different locations at Yo = 0.35.
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Figure 3. Profiles of soot volume fraction from prediction and measurement along the
height z for ethylene flame at different locations x/Lp at Yo = 0.5.

3. Results and discussions
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Figure 4. Co-current flame propagation over pyrolysis zone for Yo=0.35and Uo=0.2 m/satt=2s.

As an illustration, Figs. 4 and 5 are composed of two flame images in cross-stream plane at the
growth period (t = 2 s) and the steady state (t = 10 s) for cross flow velocity of Uo= 0.2 and oxygen
fraction of Yo = 0.35. In the growth period (t = 2 s), the strong burning rate of the heptane flame
causes distortions of the temperature distribution at the flame tip. The flame length, Lt (see Fig. 1a),
increases progressively with time during the growth period due to an increase in the pyrolysis rate of
liquid fuel. The flame reaches a steady non-propagating state at about 10 seconds (see Fig. 5). A
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lengthening of the flame is immersed in the developing flow boundary layer, and in parallel, the
boundary layer flame is significantly lifted above the flat plate downstream from the pyrolysis zone
(x/Lp> 1). In microgravity, the flame presents a remarkable augmentation in both the flame length
(Lf) and the stand-off distance (dr). Evaporation temperature is smaller for heptane than dodecane
(see Tab. 2), thus flame length is higher than that of dodecane by a factor of 1.7 times at the steady
state (t =105).
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Figure 5. Co-current flame propagation over pyrolysis zone for Yo=0.35and Uo=0.2 m/satt=10s.

The virgin liquid fuel is preheated due to heat feedback from the post-combustion gases, and the
flame acts as the source of gas ignition of the pyrolyzate and oxidizer mixture. The heated liquid
layer lies near the surface without natural convection. Plotted in Fig. 6(a, b) are the pyrolysis rate
distributions over the sample surface of heptane and dodecane at the various physical times at Uo =
0.2 m/s and Yo = 0.35. For heptane (cf. Fig. 6a) with a boiling point of 98 <C, sufficient volatiles are
generated when the surface temperature is above 50 <C for sustaining a burning flame. However, for
dodecane (see Fig. 6b) with a boiling point of 216 <C (see Tab. 2), volatiles become insufficient to
sustain a burning flame in the region beyond x/Lp > 0.5 where its surface temperature is below
130 <C. The liquid pyrolysis rate varies significantly along the pyrolysis zone with a peak
downstream of the leading edge due to the smallest flame standoff and thus the greatest heat feedback to
the fuel. The pyrolysis rate (see Fig. 6) curve follows a growing trend with a rise of liquid temperature,
and asymptotically reaches a constant peak downstream of the leading edge after a quasi-steady state
IS reached.
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Figure 6. Calculated pyrolysis rate along heptane and dodecane surfaces for the various
times at Uo=0.2 m/s.

Impact of oxygen fraction in addition to oxidizer flow velocity on the pyrolysis rate of heptane
and dodecane at steady state is illustrated in Figs. 7(a, b) and 8(a, b). In microgravity, a diffusion
flame is immersed in a vitiated air boundary layer, and consequently, an increase of oxygen fraction
from 0.25 (see Fig. 7) to 0.35 (see Fig. 8) causes a sudden increase of pyrolysis rate by a factor of
about 60% for heptane and about 80% for dodecane. Typically, boiling temperature is smaller for
heptane than dodecane, thus the pyrolysis rate of heptane is higher. At Yo = 0.35, the mass loss rate
exhibits a peak of 32 g/m?s for heptane and 22 g/m?s for dodecane at Uo= 0.3 m/s. A sharp decrease
of pyrolysis rate beyond the leading edge is attributed to an insufficient heat feedback from the flame
due to an important flame stand-off distance (see Fig. 5). For dodecane flame, the results indicate
that less pyrolysis distance is reached at the steady state with a limiting pyrolysis length. The weak
surface radiation heat flux from dodecane flame results in a limiting pyrolysis length, which is
similar to those we see for solid fuel [16]. Length of the burning surface of dodecane is mainly
proportional to crossflow speed, and its pyrolysis front length increases from x/Lp= 0.4, 0.6 to 0.8
with a rise of crossflow velocity from 0.1 to 0.3 m/s.
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Figs. 9, 10, 11 and 12(a, b) are composed of a series of flame shapes in the windward plane and
in cross-section (x/Lp = 2) for crossflow velocity of 0.1 and 0.3 m/s and two oxygen concentrations
of Yo=0.25 and 0.35. The curvature of the leading edge corresponding to a peak of pyrolysis rate
with a parabolic nature is more pronounced for Uo=0.1 m/s (see Figs. 7, 8). The flame slope angle, 0,
as shown in Fig.la, decreases with an increase of Uo. The inclination of the flame near the leading
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edge is slightly affected by the oxygen concentration, but the flame length increases with an
augmentation of Yo from 0.25 to 0.35. However, an increase in the flame length is more remarkable
with an increase of crossflow velocity compared to an increase of oxygen fraction. The leading edge
remains attached to the pyrolysis surface, and the flame is fully lifted from the flat plate downstream
in spite of both crossflow speed and oxygen concentration. The flame stand-off distance in
microgravity increases by a factor of roughly 10 times compared to that described by Emmons [31]
for a reacting boundary layer flow. An important standoff distance of microgravity flame is
attributed to the greater importance of boundary layer diffusion as compared to expansion and
convection. Length of heptane flame increases by a factor of 1.8 times as compared to a shorter
flame length of dodecane due to its limiting regression zone (see Figs. 7b, 8b).

Due to spatially limited experimental volumes in microgravity, the two-dimensional flame
behaviours were usually illustrated [4,5]. As shown in Figs. 9-12b, the flame behavior in the cross-
section downstream of the trailing edge at the axial location of x/Lp,= 2 displays a 3D behaviour. A
stable symmetrical flame is generated in the cross-section. The extent of the thermal plume
(T>600<C) in the cross-stream plane exceeds the pyrolysis zone with —0.5 < y/Lp < 0.5. The 3D
effects downstream of the tailing edge are of importance with an increase of cross flow velocity. The
flame exhibits a complex curved front due to thermal expansion in the lateral dimension. A low
velocity of 0.1 m/s shortens the flame with the substantially low temperature at the same cross-section.

s = Heptane 0.08 e
P ] Uo= 0.1 mis = ] Teo [N | Heptane
£ 700 800 900 1000 1100 1200 Y0;0.25 = ] ‘ 200 300 400 500 600 700 800 900 ‘ Uo=0.1m/s
N L Pt i e e — Yo=0.25
£ = 004
2 =) §
@ [
a= =
0 S RS R 0 T T T T T — T
5 6 7 -2 -1 0 1 2
Width, y/Lp
0.05 — Hent 0.08
- T(C) Ui —~ 1 1o DL Heptane
S T 700 800 900 1000 1100 1200 0=d-2 s = ] 200 300 400 500 600 700 800 900 Up=0.3m/s
& Yo=0.25 £ o= 025
N N .
= 2 0-04f
2 2
@ [
0 Tt 11t 11ttt rrtrrrrrrrfrrrrprrrrJ1rrrr 0 T T T T LR T |
1 2 3 4 5 6 7 2 -1 0 1 2
Length, x/Lp Width, y/lLp
9a). Windward plane. 9b). Cross-stream plane (x/Lp = 2).

Figure 9. Iso-contours of gas temperature for heptane at Yo=0.25 and Uo= 0.1, 0.3 m/s.
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Figure 12. Iso-contours of gas temperature for dodecane at Yo=0.35and Uo= 0.1, 0.3 m/s.

Fig. 13a clearly shows that the flame temperature peak at the leading edge is strongly dependent
on both crossflow velocity and oxygen fraction. The heat released by combustion induces a rise of
the gas temperature above 1200 <C near the leading edge where less soot is formed. The predicted
reactive zone is located at the locus of the heat release zone, corresponding to a peak temperature
that continuously falls off with a drop of approximately 300 <C with a decrease of oxygen
concentration from 0.35 to 0.25 at a fixed Uo. The general behaviour of the flame includes a strong
augmentation of temperature peak with an increase of crossflow velocity from 0.1 to 0.3 m/s due to

an increase of combustion intensity.
The combustion efficiency can be estimated from the ratio between the effective and theoretical HRRs,

_Q 28
n 0. (28)

Integration of the local heat release rate from the combustion model (see Eg.12) over all cells
with a volume AV in the computation domain allows us to monitor the effective heat release rate,

Qe =Y (@rAHe+ dxo AHeo) AV (29)
The theoretical HRR, Qr, is determined from the pyrolysis rate of liquid fuel over the pyrolysis area,
QT = ms Lp Wp Hc (30)

It is shown in Fig. 13b that a limiting pyrolysis zone of dodecane allows an improvement of
combustion efficiency as a consequence of low fuel supply rate and decreases monotonically with Uo.
A large pyrolysis rate of heptane due to great heat feedback in a high flame temperature region
results in a decrease of combustion efficiency as a consequence of an excessive fuel supply to
the boundary layer. In all the cases, the combustion efficiency is falling off with a decrease of

oxygen concentration.
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Generalizability of the theoretical HRR, Qrt, at the steady mode from a reduced scale
experimental device can be preserved by normalizing its value over the pyrolysis area (Lpx Wp, see
Fig. 1b), giving heat release rate per unit area (HRRPUA), Qpyro (KW/m?). Examined in Fig. 14a is the
response of the HRRPUA to the change in cross-flow velocity, Uo, for oxygen concentration of 0.25
and 0.35. Typically, the HRRPUA increases by a factor of about 2.3 times with a rise of crossflow
speed from 0.1 to 0.3 m/s, and of about 25% with an increase of oxygen concentration from 0.25 to
0.35. By using the radiative heat loss rate, Qr, which is determined from the radiation model (see Eq.
18), and the theoretical HRR, Qr, the radiative fraction, Qr/Qr, can be plotted versus Uo in Fig. 14b
for oxygen concentration of 0.25 and 0.35 at various velocity, Uo. At Earth gravity, the radiative loss
fraction is lower than 0.35 due to weak soot formation because buoyancy enhances mixing and
reduces residence times. A reduced convective flow in microgravity makes the radiative loss more
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prominent to trigger flame extinction [6,7]. The radiative fraction is a temperature-sensitive
volumetric loss mechanism in the visible flame region, which can be estimated by

Vs visiole = Lt X O X \\/; (31)

where L+, §;, and Wt denote, respectively, length, thickness, and width of the visible flame (T >
600 <C), as shown in Figs. 9-12. The radiative fraction is higher than 0.5 and increases rapidly with
Uo for heptane flame at Yo = 0.35 (see Fig. 14b) due to the presence of large soot particles in the
combustion products. The emitted radiation is greater at a higher oxygen concentration of 0.35 due to
increase in the visible flame volume, resulting in the greater radiation loss, which is practically
independent of oxidizer flow rate except at Yo = 0.35.

Effect of fuel injection rate, Ur, in the reactive boundary layer is described by a dimensionless
volume coefficient, Cq = Ur/Uo [32]. In the current work, since the pyrolysis rate varies over the
liquid surface, the Cq can’t be used as a constant. The ratio, di/dr, between the flame sheet distance, df,
and the reactive boundary layer thickness, dr, is shown in Figs. 15 and 16 at Yo= 0.25 and 0.35 for
various oxidizer flow speeds, Uo. The flame sheet distance, dr, is the one between the peak
temperature and the pyrolysis surface corresponding to the maximum HRR. The flame leading edge
is attached to the pyrolysis surface, and the flame sheet establishes at the limit of the viscous
boundary layer. Both dr and dr are significantly lifted above the pyrolysis surface with a ratio, d¢/dr,
close to unity. Nevertheless, the peak temperature is slightly away from the stoichiometric line where
the HRR reaches the maximum due to the radiation loss. The flame sheet thickness along the
stoichiometric line is estimated to be € =1.2mm, with a duration of combustion of 7 = 0.22s from
Eq. 5, where both are practically independent of the free-stream velocity and oxygen concentration.
The predicted thickness of the visible flame, §; (600 <T contour), as shown in Figs. 9-12, reaches a
value of roughly 10 mm, which is about 9 times that of the flame sheet, ¢ .
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As an illustration, the impact of the oxygen concentration on fields of soot volume fraction for
heptane in the windward plane on the axis of symmetry at Uo= 0.2 m/s is presented in Fig. 17(a, b)
for oxygen concentration of 0.25 and 0.35. A similar trend is found for dodecane flame. Significant
soot emission takes place over the pyrolysis zone where the fuel is rich and temperature is high, and
its amount depends significantly on the liquid fuel type. At Earth gravity, the buoyancy-induced
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convection transports soot toward the flame sheet for burning it, and the dominant diffusion or
thermal expansion at microgravity prevents soot particles from approaching the flame sheet due to
the thermophoretical effects [33], independent of the mainstream flow conditions. At low speed
forced flow, soot is immersed below the diffusion flame sheet close to the free flow velocity. The
smaller effective crossflow velocity helps to amplify the lateral mixing and cooling of thermal plume
via soot emission. The three-dimensional features of soot on the cross-stream section for heptane at
the axial location of x/Lp = 2 are illustrated in Fig. 18(a, b) for oxygen concentration of 0.25 and 0.35.
The extent of the soot emission in the cross-stream plane is located inside the pyrolysis width (0.5 <
y/Lp< 0.5).
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Figure 18. Impact of two oxygen concentrations at Yo = 0.25 and 0.35 on fields of soot
volume fraction in the cross-stream plane (x/Lp=2) for heptane at Uo= 0.2 m/s.

Evolution of the mean soot formation, which is averaged through the integrated smoke layer,
along the windward direction is examined in Fig. 19(a—d). An increase of oxygen fraction or oxidizer
flow velocity leads to an enhancement of soot in the peak. The peak of the mean soot emission takes
place downstream of the trailing edge at x/Lp= 2 for heptane, and at x/Lp= 0.5 for dodecane flame,
beyond which its pyrolysis rate remains rather small (see Fig. 7b, 8b). As compared to dodecane
flame (see Fig. 19b, d), the heptane flame (see Fig. 19a, c) seems heavily sooting with an
augmentation by a factor of roughly 3.5 times at low flow velocity of 0.1 m/s. Strong pyrolysis rate
and high temperature with oxygen concentration of 0.35 seem ideal for formation of an important
thickness of smoke layer due to an excessive fuel supply.
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4. Conclusi

ons

The overall research highlights the impact of the purely forced flow conditions, including
oxygen concentration and flow speed, on a concurrent diffusion flame established over a liquid
(heptane and dodecane) surface. Soot production within the viscous boundary layer at microgravity
is reasonably well predicted with oxygen concentration below 0.35 by using the LSP model. Some
major findings can be drawn from this numerical study as follows:
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1) Near the leading edge of a low Reynolds number reacting flow, the greatest heat feedback
results in a larger pyrolysis rate of liquid fuel. Both the visible flame length and soot
emissions are rather sensitive to oxidizer velocities below those encountered in natural
convection at Earth.

2) A decrease of both oxidizer flow velocity and oxygen concentration contributes to a
reduction in soot formation as a consequence of a decrease of flame temperature.

3) Downstream of the leading edge, the concurrent diffusion flame gradually develops 3D
features as a consequence of the oxygen side-transport induced by thermal expansion.

4)  Fuel accumulation at the stoichiometric line results in a long visible flame length (T >
600 <C), particularly for heptane, with an increase in the visible flame length by a factor of
2.3 times in comparison with the dodecane flame.

5) The visible flame is thicker by a factor of about 9 times than that of the flame sheet at the
stoichiometric line, independent on the flow conditions, including oxygen concentration and
flow speed. As a result, the radiative loss fraction is above 0.5, which drives a decrease of
flame temperature in comparison with an adiabatic one.

6) The pyrolysis rate is increasing with an augmentation of oxygen concentration and oxidizer
flow velocity due to a rise of flame temperature. A peak of pyrolysis rate takes place near the
leading edge with a drastically decreasing trend downstream, following the surface
temperature trend. A strong pyrolysis rate of heptane results in an additional heat release by a
factor of 2.5 times with an increase of oxidizer flow velocity from 0.1 to 0.3 m/s, and by a
factor of only 25% with a rise of oxygen concentration from 0.25 to 0.35. The pyrolysis front
of dodecane flame in low forced crossflow asymptotically reaches a limiting length.

Ongoing work aims to properly take into account a non-equilibrium model of liquid phase
transition and the surface tension gradients induced by the temperature gradients. This allows us to
predict flame spread at microgravity over thick heated liquid-phase flow.
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