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Université, Paris 75005, France; Laboratoire EM2C, CNRS, Centrale
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Abstract. Flame spread over an insulated electrical wire is identified as a fire sce-
nario in space vehicles. In such microgravity configurations, the contribution of ther-

mal radiation from gaseous participating species and soot to the wire burning rate
and flame spread is not fully understood and the present paper addresses this ques-
tion both experimentally and numerically. A non-buoyant opposed-flow flame spread
configuration over a nickel–chrome wire coated by Low Density PolyEthylene

(LDPE) is considered with an O2/N2 oxidizer composed of 19% of oxygen in volume
and a flow velocity of 200 mm/s. Flame spread rate, pyrolysis rate, stand-off distance,
soot volume fraction, and soot temperature are experimentally determined based on

optical diagnostics that capture the flame spread in parabolic flights. The numerical
model uses the measured spread and pyrolysis rates as input data and solves trans-
port equations for mass, momentum, species, energy, and soot number density and

mass fraction in an axisymmetric flame-fixed coordinate system in conjunction with a
simple degradation model for the LDPE and a state-of-the-art radiation model. The
model considers two assumptions. First, pure ethylene results from the decomposition
of LDPE and, second, an acetylene/benzene based-soot model, initially validated for

C1–C3 hydrocarbons, can be extended with minor modifications to model soot pro-
duction of LDPE. Comparisons between model predictions and experimental data in
terms of flame structure and soot volume fraction support these assumptions. The

major finding of this study is that radiation contributes negatively to the surface heat
balance along the LDPE molten surface and the coating ahead of the molten front.
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This shows that the convective heat transfer from the flame is the main contribution

to sustain the pyrolysis process and the flame spread is mainly ensured owing to the
combined contribution of convection from flame and conduction inside the con-
densed phase. The maximum incident radiative flux along the molten ball is 17.5 kW/

m2 and is reached at the molten ball trailing edge whereas the radiant fraction is
about 0.25. Neglecting flame self-absorption affects these values by less than 5%,
showing that the optically-thin approximation is valid for this flame. In addition,
soot radiation dominates the radiative heat transfer in this flame, contributing for

about two-third of the total radiation. Finally, model results show that the usually-
used thermally-thin assumption throughout the LDPE coating is not strictly valid.

Keywords: Insulated wire, Opposed-flow flame spread, Microgravity, Soot production, Heat transfer

List of Symbols

a Stretch function (–)

AS Soot surface area (m-1)

Ca Agglomeration rate constant (–)

c Heat capacity (J kg-1 K-1)

f k-distribution function (m-1)

fS Soot volume fraction (–)

g Cumulative k-distribution function (–)

Ig; I Radiative intensity (W m-2 sr-1)

Ib Blackbody intensity (Planck function) (W m-2 sr-1)

k Absorption coefficient variable (m-1)

kB Boltzmann constant (J kg-1)

L Heat of reaction (J kg-1)

_mpyr Pyrolysis mass flow rate (kg s-1)

_m00
pyr Pyrolysis mass flow rate per unit area (kg m-2 s-1)

NA Avogadro number (part mol-1)

NCmin Number of carbon atoms in the incipient soot particle (–)

NS Soot number density per unit mass of mixture (part kg-1)

nq Unit surface normal (pointing away from surface into the medium)

_q00net Net heat flux (W m-2)

_q00R Radiative flux (W m-2)

_q
00

R;inc Incident radiative flux (W m-2)

_q00R;net Net radiative flux (W m-2)

_q00R;R Surface re-radiation (W m-2)

r Radial coordinate or radius (m)

r Position vector (m)

ŝ Unit vector into a given direction (–)

T Temperature (K)

u Velocity (m s-1)

up Spread rate (m s-1)

Wi Molecular weight of the ith species (kg mol-1)

Yi Mass fraction of the ith species (–)

z Axial coordinate (m)

d Stand-off distance (m)

Dgj Narrow band spectral resolution (cm-1)

g Wavenumber (cm-1)

j Absorption coefficient (m-1)

k Thermal conductivity (W m-1 K-1)

q Density (kg m-3)



_xn Reaction rate for soot nucleation (mol m-3 s-1)

_xsg Reaction rate for soot surface growth (mol m-3 s-1)

_xNS Reaction rate for soot number density (part m-3 s-1)

_xO2
Reaction rate for soot oxidation by O2 (kg m-3 s-1)

_xOH Reaction rate for soot oxidation by OH (kg m-3 s-1)

_xYS Source term for soot mass fraction (kg m-3 s-1)

Xi Solid angle around the direction si

Subscript

b Molten ball

core Metallic core

f Flame

F Fuel

g Gas

inc Incident

m Molten phase

melt Melting

mix Mixing

pyr Pyrolysis

PE Polyethylene

R Radiation or radiative

r r-direction

ref Reference state

S Soot

wire Coated wire

z z-direction

g At a given wavenumber or per unit wavenumber

¥ Ambient

Superscript

FS Full spectrum

NB Narrow band

g Gas

g-s Gas-soot

1. Introduction

Flame spread over an insulated electrical wire has been paid a special attention
since unexpected overheating of wires by electrical current overshoots has been
identified as a primary cause of fire initiation and growth in a space vehicle. Fol-
lowing the early work of Greenberg et al. [1], most of the experimental studies
have considered flame spread in microgravity over thin electrical wires (diameter
� 1 mm), made of a potentially flammable polymer coating and a metallic core, in
quiescent or opposed flow configurations [2–6]. Kikuchi et al. [2] investigated
experimentally the effects of several parameters, namely, ambient pressure and
oxygen concentration, dilution gas, wire initial temperature, and diameter on the
flame spread rate over ethylene-tetrafluoro-ethylene insulated wires. These authors
found that spread rates in microgravity under preheating conditions are higher
than in normal gravity whatever the oxygen concentration considered. In addition,
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they showed that the spread rate increases as the wire diameter decreases. Fujita
et al. [3] considered flame spread over PolyEthylene (PE)-insulated wires in an
opposed flow. These authors identified the existence of four regimes as the flow
velocity increases, namely, an oxygen transport control regime where the flame
spread rate increases to reach a maximum, a geometrical effect regime where the
flame spread rate decreases, a thermal regime where the flame spread rate is
almost independent of the flow velocity, and a chemical kinetic control regime. In
particular, the existence of the geometrical effect regime and a maximum spread
rate at the transition between the oxygen transport control and geometrical effect
regimes can be viewed as unique features of flame spread over wires. Citerne et al.
[4] investigated interacting flame spreads as three parallel wires burn concomi-
tantly. The flame was found to spread faster along the central wire and its corre-
sponding mass loss rate was found to be higher than for a single wire. This effect
was attributed to the radiative heat transfer from the lateral flames. Other experi-
mental studies were reported with the objective of proposing standard flammabil-
ity tests based on the limiting oxygen concentration (LOC) method, LOC being
defined as the minimum oxygen volumetric fraction that supports the flame spread
over the wire coating [5, 6].

As a matter of fact, the absence of buoyancy leads to enhanced residence times,
favoring the soot production, therefore potentially increasing the radiative heat
transfer [7, 8]. This in turns may affect the flame spread over materials [9].
Although meaningful studies reported on soot production processes and radiative
heat transfer in non-buoyant flames [10–15], the previous literature survey reveals
that these processes have not retained specific attention within the context of
flame spread over insulated wires, soot production being even neglected in prelimi-
nary numerical efforts [16].

The objective of the present study is to investigate experimentally and numeri-
cally soot production and radiative heat transfer in flame spread over insulated
wire in microgravity. Experiments were conducted in parabolic flights. The fields
of soot volume fraction and temperature were measured by the Broadband Modu-
lated Absorption Emission (BMAE) technique that has been recently developed
[17]. The present paper first outlines the experimental setup and optical diagnos-
tics to measure flame spread, stand-off distance, soot volume fraction, and tem-
perature. The numerical model is then described. The subsequent results are
finally presented and discussed.

2. Experiments

Experiments were conducted in parabolic flights which provide 22 s long sequen-
ces of microgravity with an accuracy level of 10-2 g0 (g0 = 9.81 m s-1). A specific
rig has been designed to enable the study of flame spread over LDPE coated wires
in an opposed oxidizer flow [4]. This especially includes a combustion chamber
where the pressure, the oxygen content, and the velocity of the oxidizer flowing
along the samples can be controlled together with the power of the ignition
device.



2.1. Experimental Setup

The experimental setup on board the aircraft consists of three sub-rigs that are
extensively detailed in Ref. [4]. The central element of this setup is a cylindrical
combustion chamber with an inner diameter of 190 mm. The gas flow is straight-
ened at the entrance of the chamber to provide a flat velocity profile around the
cylindrical samples located along the central axis of the chamber. Oxidizer flows
can be generated with an oxygen content ranging from 0% to 21%, a pressure
from 0.4 up to 1.5 bars, and a velocity between 0 mm s-1and 300 mm s-1. In the
present study, the oxidizer flow is set at an oxygen content of 19%, atmospheric
pressure, and a velocity of 200 mm s-1. The sample considered here is a LDPE-
coated nickel–chrome (NiCr) wire. The diameter of the NiCr core, dcore, is 0.5 mm
and the thickness of the insulation is 0.3 mm, leading to an outer diameter for the
insulated wire, dwire, of 1.1 mm. The sample length is 150 mm. Given the duration
of each parabola and the velocities recorded in the opposed flow, this is more
than three times the maximum propagation length expected. Consequently, border
effects linked to heat conduction throughout the metallic core can be neglected.
This configuration of polyEthylene cylinders formed around an inert core that
could be heated electrically was widely considered from the early works of Ref.
[18]. Experiments were performed by using NiCr but also other metals such as
copper. Only experiments related to NiCr were found to lead to steady spread
rates. Still, it is worth mentioning here that no existing or planned spacecraft uses
NiCr wire or LPDE insulation.

The sample is ignited using a hot Kanthal wire, and images are captured using
a JAI AT-140CL digital tri-CCD camera. A telecentric lens is mounted on the
camera to limit the light collection to beams parallel to the optical axis. With this
arrangement, the spatial resolution of the projected data is 76 lm for each spec-
tral band and images are acquired at a rate of 34.67 fps. At this rate, a LEDs
backlight behind the samples is alternatively set on and off, hence images are con-
secutively recorded with and without backlight all along every microgravity per-
iod. This imaging allows for the optical measurements specified below.

2.2. Experimental Measurements

From the frames obtained, flame spread rate, pyrolysis rate, and stand-off dis-
tance are determined using image processing. In addition, the Broadband Modu-
lated Absorption Emission technique [17] is implemented to probe soot volume
fraction and temperature fields from the frames captured within the visible spec-
trum. As the ignition procedure generates a transient state, the existence of a
steady state propagation is first assessed by tracking the time history of several
characteristic length scales captured by the camera. Taken together, the flame
front, the flame length, but also the dimensions of a liquid ‘ball’ formed by the
melted LDPE in the vicinity of the flame leading edge reflect the time evolution of
the solid, liquid and gaseous phases hereby present. Once all these quantities only
vary by amounts below the level of noise from the acquisition setup, the flame is
assumed to spread steadily and the subsequent data analysis is performed.

Soot Production and Radiative Heat Transfer in Opposed Flame Spread over



2.2.1. Flame Spread, Pyrolysis Rate, and Stand-off Distance Figure 1 illustrates
the procedures to determine flame spread, pyrolysis rate, and stand-off distance
from the measurements. The flame spread rate, up, is evaluated by tracking the

time evolution of the position of the luminous flame front as captured on the non-
backlighted images (see Fig. 1c) for a recording period longer than 3 s. For each
image, a threshold method is used to determine the position of the first row of
pixel identified as the flame front. up is then extrapolated from a linear regression

Figure 1. Details on the procedures to determine flame spread,
pyrolysis rate and stand-off distance from the measurements: (a)
typical backlighted frame and (b) set of wire contours extracted from
this kind of frame; (c) typical unbacklighted frame and (d) evolution
with time along a microgravity period of the flame front and length
(indicated by the blue dotted line and the red double arrows on the
unbacklighted frame, respectively) (Color figure online).



of the time evolution of the flame front location during the steady-state propaga-
tion. For consistency, the spread rate is considered correct only if the coefficient
of determination of the regression is above 0.99.

The pyrolysis rate, _mpyr, along the propagation at steady rate is evaluated from
the spread rate and simple geometric considerations by assuming a constant den-
sity of the LDPE insulation of qPE ¼ 0:92 kg m-3:

_mpyr ¼ qPEupp r2wire � r2core
� �

ð1Þ

The stand-off distance, defined as the radial distance between the wire and the
flame sheet, is evaluated through a similar procedure along the radial coordinate.
It assumes that the soot luminous region on the rich side of this diffusion flame is
immediately surrounded by the flame sheet [15].

For the conditions investigated, the steady propagation is 7 s long (see the per-
iod delineated by the dotted lines in Fig. 1d). Over that period, results show a
flame spread rate, up; of 1.07 mm s-1 and a pyrolysis rate, _mpyr; of 0.74 mg s-1.

2.2.2. Soot Volume Fraction and Temperature Soot volume fraction and tempera-
ture fields are obtained using the B-MAE technique as extensively outlined in Ref.
[17]. At a given time within the microgravity period, these fields can be computed
provided four kinds of images: the flame with backlight, the backlight alone, the
flame alone, and the background noise.

Fifty images featuring the flame with backlight and 50 images featuring the
flame without backlight are averaged over the steady propagation period. For the
flames to overlap on the images, they are shifted following the flame position
recorded for the flame spread rate (see the superimposition in Fig. 1b). Back-
ground noise and backlight images are averaged over 50 frames recorded before
the sample is ignited. Figure 2 illustrates the soot volume fraction, fS , and temper-
ature, T, fields recovered experimentally.

2.2.3. Experimental Error Assessment As images are averaged over a limited time
of steady propagation, the repeatability of experimental measurements has to be
assessed. Given the camera acquisition rate of 34.67 fps, a hundred images, alter-
natively backlighted and unbacklighted, correspond to roughly 3 s of steady prop-
agation. Over the 7 s of steady propagation observed in the present case, there is
some freedom to choose the initial dataset.

Consequently, results from four different sets of one hundred consecutive ima-
ges are compared. Figure 3 illustrates the spatial distribution of soot volume frac-
tion. The contour plot highlights positions with a soot volume fraction above
5 ppm. These distributions only differ of a few pixels, which illustrates the very
similar soot location for these measurements. Yet, the slight difference in distribu-
tion from one measurement to another forbids a point by point comparison of
soot volume fraction and temperature, as the profiles do not overlap perfectly. As
a consequence, populations of soot temperature / volume fraction measurements
in the flame are compared, for locations with soot volume fraction above 5 ppm.
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These results are displayed in Fig. 4. It can then be inferred that soot volume
fraction is recovered with a precision of 1 ppm whereas temperature is determined
with a precision of 50 K. Though they lead to an estimation of measurements pre-
cisions, such data do not specify which dataset must be retained. The ultimate
choice is made by comparing the accelerometric data recorded in the same peri-
ods. The dataset presenting with the weaker g-jitters is then selected.

3. Numerical Model

3.1. Configuration and Assumptions

The configuration considered is that described in the previous section. The objec-
tive of this study is to provide a fine description of gas and soot radiation for
steady spread rate. In order to address this problem, only modeling the gas phase
processes is required and the spread rate, up, the pyrolysis rate, _mpyr, and shape of

the molten ball are specified as inputs from the experimental data. In the same
manner, the solution of the heat transfer in the condensed phase is only required
to specify proper boundary conditions for the gas phase.

The model solves the steady-state governing equations of both gaseous and con-
densed phases in axisymmetric coordinates. A flame-fixed coordinate system is
considered so that the flame experiences an opposed forced flow of speed equal to
the experimental spread rate (see Fig. 5). During the flame spread, a change in the
volume of the molten insulation appears due to heat transfer from the flame, lead-

Figure 2. Fields measured by the B-MAE technique: (a) soot volume
fraction; (b) temperature.



ing to the appearance of a ‘‘ball’’ (see Fig. 1a). This molten ball is assumed to
delimit the pyrolysis region responsible for the fuel supply to the flame. A bare
Nickel–Chrome core is then located downstream this ball whereas the unburnt
coated wire is located upstream (see Fig. 5). The pyrolysis process is treated as a
phase transition with the ball surface temperature being assumed to be at a pyrol-
ysis temperature, Tpyr, and the pyrolysis mass flow rate per unit area, _m00

pyr, being

related to the net heat flux to the surface, _q00net, by _m00
pyr ¼ _q00net=Lpyr, where Lpyr is the

pyrolysis heat of molten LDPE. In addition, the fuel injection velocity profile,
uF zð Þ; is deduced from measured fuel mass flow rate, _mpyr; ball surface, Sb; and
stand-off distance, d zð Þ. The analysis is based on the classical result of the reac-
tive-laminar boundary layer theory, showing that the pyrolysis mass flow rate per
unit area, _m00

pyr, is inversely proportional to the stand-off distance [19]:

Figure 3. Comparison of physical distribution of soot volume
fractions in the flame for four different datasets. The contours mark
the positions with soot volume fractions above 5 ppm. The wire
profile is visible on the left.
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Figure 4. Comparison of experimental measurements in the (fS, T)
plan. From this graph, it can be assumed that B-MAE recovers soot
volume fraction with a precision of 1 ppm and temperature with a
precision of 50 K.

Figure 5. Computational details and notations. The computed fields
of temperature is also plotted with the wire being represented by the
lightest blue (Color figure online).



_m00
pyr ¼

C
d zð Þ ¼ qF uF zð Þ ð2Þ

C is a constant which can be computed from:

C ¼ _mpyr=

ZZb

0

2prb zð Þ
d zð Þ dz ð3Þ

where rb zð Þ and zb are the radial and axial locations of the ball surface and are
determined experimentally (see Fig. 5). The fuel injection velocity profile, uF zð Þ, is
then determined from Eq. (2).

The conjugated heat and mass transfer between the gas phase and the con-
densed phase is solved by using a blocked-off region procedure [20]. In this proce-
dure, the computational domain includes both gas and condensed regions. The
standard numerical scheme is modified to render hydro-dynamically inactive the
condensed regions and to correctly match the interface conditions at the burning
or inert surface. At the gas-condensed phase interface, the mesh size is sufficiently
refined to match accurately the ball surface. It should be recalled that the ball sur-
face is taken from the experimental results.

3.2. Condensed Phase

As shown in Fig. 5, the condensed phase can be divided into three regions: (1) an
unburnt insulated wire located ahead of the pyrolysis front (z � 0), (2) the molten
ball where pyrolysis occurs (0< z � zb), and (3) the bare nickel–chrome core
(z > zb). As discussed previously, this study aims to provide an accurate description
of the gas phase to characterize soot production and radiative heat transfer
toward the condensed phase. As such the modeling of the heat and mass transfer
processes within the condensed phase only intends to provide realistic boundary
conditions for the gas-phase modeling, especially for z � 0 and z > zb.

The surface of the Nickel–Chrome core exchanges heat with the gas-phase for
z > zb and with the insulation for z � zb. As a consequence, the heat transfer equa-
tion for the core is solved with the corresponding boundary conditions:

qcoreccore
@Tcore
@t

þ qcoreccoreup
@Tcore
@z

¼ kcore
@2Tcore
@z2

þ kcore
r

@

@r
r
@Tcore
@r

� �
ð4aÞ

z � zb : kcore
@Tcore
@r

����
r¼rcore

¼ kPE
@TPE
@r

����
r¼rcore

ð4bÞ

z > zb : kcore
@Tcore
@r

����
r¼rcore

¼ kg
@Tg
@r

����
r¼rcore

þeNi _q00R;inc � rT 4
core r ¼ rcore; zð Þ

� �
ð4cÞ
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8z : @Tcore
@r

����
r¼0

¼ 0 ð4dÞ

The proposed model for the LDPE is based on the following assumptions: (1) the
pyrolysis process is assumed to behave as a phase transition occurring at the ball
surface (see Fig. 5). As a consequence, the ball surface temperature is equal to a
fixed temperature, Tpyr; and there is no mass transfer within the polymer; (2) the

melting process is also assumed to be a phase-transition. It occurs then at a fixed
temperature, Tmelt, and is characterized by a heat of melting, Lmelt. During the
melting stage, the heat capacity and the thermal conductivity (cmelt and kmelt
respectively) are computed using a mass-weighted average between the properties
of virgin LDPE (denoted by the index v) and those of the molten LDPE (denoted
by the index m). The heat transfer equation and the corresponding boundary con-
ditions can be written as follows:

TPE < Tmelt : qPEcv
@TPE
@t

þ qPEcvup
@TPE
@z

¼ kv
@2Tv
@z2

þ kv
r

@

@r
r
@TPE
@r

� �
ð5aÞ

TPE ¼ Tmelt : qPEcmeltup
@TPE
@z

¼ kmelt
@2TPE
@z2

þ kmelt
r

@

@r
r
@TPE
@r

� �
þ _m000

meltLmelt ð5bÞ

TPE > Tmelt : qPEcm
@TPE
@t

þ qPEcmup
@TPE
@z

¼ km
@2TPE
@z2

þ km
r

@

@r
r
@TPE
@r

� �
ð5cÞ

0< z � zb : TPE r ¼ rb; zð Þ ¼ Tpyr ð5dÞ

z < 0 : kPE
@TPE
@r

����
r¼rwire

¼ kg
@Tg
@r

����
r¼rwire

þePE _q00R;inc � rT 4
PE r ¼ rwire; zð Þ

� �
ð5eÞ

�1< z � zb : kcore
@Tcore
@r

����
r¼rcore

¼ kPE
@TPE
@r

����
r¼rcore

ð5fÞ

The material properties adopted in this study are given in Table 1.

3.3. Gas Phase

3.3.1. Governing Equations The governing equations are briefly described here and
more details can found in Ref. [23]. The numerical model was initially developed
to simulate laminar axisymmetric diffusion flames at normal gravity. The micro-
gravity conditions are obtained when suppressing the gravitational force in the



momentum equation. The numerical model includes the solution of the overall
continuity equation, the Navier–Stokes equations in the low Mach number formu-
lation, and transport equations for gas-phase species mass fractions and energy.
Although LDPE vaporizes as higher molecular weight oligomers rather than
monomer [24], the present study adopts the widely used assumption that pure
ethylene is released from the pyrolysis of the LDPE [16, 25, 26]. The oxidation of
ethylene was modeled by using the full chemical kinetic scheme developed by Qin
et al. [27] which consists of 70 species and 463 reactions.

The conservation equations are solved in axisymmetric cylindrical coordinates
using a finite volume method and the SIMPLE algorithm. Details of the dis-
cretization method and the strategy for handling the stiffness of the equation sys-
tem can be found in previous publications [23].

3.3.2. Soot Model Soot is modeled by using an acetylene/benzene-based two-
equation model [28]. It assumes that soot particles are locally spherical and
monodisperse. Consequently, the soot particle dynamics can be described consid-
ering only two transport equations: one for the soot number density per unit mass
of mixture (Ns), and another for the soot mass fraction (Ys):

@qgYS
@t

þ 1

r

@ rqgug;rYS
� �

@r
þ
@ qgug;zYS
� �

@z
¼ 1

r

@ rqgVT ;rYS
� �

@r
þ
@ qgVT ;zYS
� �

@z
þ _xYS

ð6Þ

@qgNS

@t
þ 1

r

@ rqgug;rNS
� �

@r
þ
@ qgug;zNS
� �

@z
¼ 1

r

@ rqgVT ;rNS
� �

@r
þ
@ qgVT ;zNS
� �

@z
þ _xNS

ð7Þ

where VT ;r and VT ;z are the particle thermophoretic velocities in r and z directions,
respectively [23].

The source term, _xYs ¼ _xn þ _xsg
� �

WS � _xO2
� _xOH , for the soot mass fraction

accounts for the contributions of soot nucleation, surface growth, and oxidation
by O2 and OH. The nucleation and surface growth processes are expressed as fol-
lows:

Table 1
Properties of the Insulation Materials

cv
a (J/kg/K) cm

a (J/Kg/K) kv
a (W/m/K) km

a (W/m/K) Tpyr
b (K) Tmelt

b (K) Lmelt
c (J/g) ePE (–)

2300 2900 0.33 0.45 760 403 286 1

The density is computed as qPE ¼ 948:2� 0:94 TPE � T1ð Þ [16]
aTaken from [21]
bTaken from [16]
cTaken from [22]
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C2H2 ! 2C Sð Þ þH2

C6H6 ! 6C Sð Þ þ 3H2
with ð8aÞ

_xn ¼ 2k1 Tg
� �

C2H2½ � þ 6k10 Tð Þ C6H6½ � molm�3 s�1
� �

ð8bÞ

nC Sð Þ þ C2H2 ! nþ 2ð ÞC Sð Þ þH2 with ð9aÞ

_xsg ¼ 2k2 Tg
� �

AS C2H2½ � molm�3 s�1
� �

ð9bÞ

In these reactions [Eqs. (8a–9b)], C Sð Þ represents carbon in its solid form, while
C2H2½ � and C6H6½ � are the molar concentrations of acetylene and benzene, respec-
tively. The parameters adopted for the nucleation and the surface growth pro-
cesses are those provided by Lindstedt [28] in the initial formulation, then used
and validated in Ref. [29] in axisymmetric laminar diffusion flames fueled by C1–
C3 hydrocarbons, except for the pre-exponential factor for surface growth that
was scaled here by a factor of 1.3 to match the soot production of LDPE. This
scaling strategy is similar to that proposed by Moss and Aksit [30]. The parame-
ters related to soot formation processes are reported in Table 2.

The rate of oxidation by O2 was computed with the Nagle and Strickland-Con-
stable (NSC) model [31], while oxidation rates by OH were based on the Feni-
more and Jones model [32]. Collision efficiency factors of uOH ¼ 0:13 was
considered. The source term, _xNS ; for the soot number density is given by
Eq. (10):

_xNS ¼
NA

NCmin

_xn � 2Ca
6WS

pqS

� �1=6
6kBTg
qS

� �1=2 qgYS
WS

� �1=6

qgNS
� �11=6 ð10Þ

NCmin and Ca are taken equal to 60 and 9, respectively [28]. The soot density, qS ,
was set to 2000 kg m-3 [28].

3.3.3. Radiation Model The spectral coverage range considered in the present
study is 50–11,250 cm-1. All the line data for CO2 and H2O used to generate the

Table 2
Reaction Rate Constants for Soot Formation, Following an Arrhenius
Expression kj ¼ Aexp �Ta=Tð Þ (Units in K, m, s)

kj A Ta References

k1 0.63 9 104 21,100 [28]

k
0

1 0.75 9 105 21,100 [28]

k2 0.75 9 103a 12,100 [28]

aA scaling factor of 1.3 was applied to the expression for k2 derived by Lindstedt [28]



databases described below are taken from HITEMP 2010 [33]. The Rayleigh’s the-
ory with the refraction indexes of Chang and Charalampopoulos [34] is applied to
obtain the soot absorption coefficient.

The Full-Spectrum Correlated-k model is used as a gas radiative property
model [35]. The method consists in reordering the absorption coefficient over the
entire spectrum by introducing a Full Spectrum (FS) Planck-function weighted-k

distribution, f T ;/; k
� �

, and a FS Planck-function weighted cumulative k-distribu-

tion, g T ;/; k
� �

. / is an array of state variables affecting the absorption coeffi-

cient, i.e. the temperature, the molar concentrations of the radiatively
participating gaseous species, xi, the total pressure, P, and the soot volume frac-
tion, fS . These two functions are defined as:

f T ;/; k
� �

¼

R1
0 Ibg Tð Þd k � jg /

� �h i
dg

Ib Tð Þ ð11aÞ

g T ;/; k
� �

¼
Zk

0

f T ;/; k0
� �

dk0 ð11bÞ

Due to the smooth nature of the cumulative function, the integration of the reor-
dered wavenumber can be easily achieved with a simple integration scheme.

The FS Radiative Transfer Equation (RTE) and the spectrally integrated inten-
sity, I , are expressed as [35]:

dIg
ds

¼ ŝ � rIg r; ŝð Þ ¼ k� Tref ;/; gref
� �

a T ; Tref ; gref
� �

Ib Tð Þ � Ig r; ŝð Þ
	 


with

ð12aÞ

a T ; Tref ; gref
� �

¼
dg T ;/

ref
; k

� �

dgref Tref ;/ref
; k

� � ð12bÞ

I r; ŝð Þ ¼
Z1

0

Ig r; ŝð Þdgref ð12cÞ

In this study a 10-point Gauss quadrature scheme is used, leading to:
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I r; ŝð Þ �
XNG¼10

i¼1

Igi r; ŝð Þxi ð12dÞ

where NG is the number of Gauss point and gi and xi are a quadrature point and
the corresponding weight.

The reference state is defined here by the molar fractions of the gas species
averaged over the flame volume. The reference temperature is calculated as an
emission weighted temperature [36].

A simple and efficient FS database was developed. Values of k* Tref ;/; gref
� �

and a Tref ;/; gref
� �

are stored at the 10 Gauss points used to solve the FS RTE

[Eq. (12a)] for different mixtures of CO2 and H2O. For each Gauss point, k* and
g are stored in the database for 6 values of xCO2, 6 values of xH2O, 6 values of fS ,
28 values of the gas temperature, T ; and 28 values of the reference temperature,
Tref . At each grid point and for each quadrature point, linear interpolation on

xCO2, xH2O, fS and spline interpolation on T and Tref are performed to obtain the

k* and a values at the desired conditions.
The FS database is generated from a NB k-distributions database itself gener-

ated from HITEMP 2010 [33]. In this NB database, the spectrum is divided into
450 NB with a resolution of Dgj ¼ 25 cm-1. For each NB, the NB k-g distribu-

tions were stored in the database for 128 values of g corresponding to a 128-point
Gauss quadrature scheme, 6 mol fractions ranging between 0 and 1 (0, 0.1, 0.25,
0.5, 0.75, 1) for both CO2 and H2O, 38 temperatures ranging from 300 K to
4000 K (by a uniform step of 100 K). For each local state /, the following proce-

dure is used to determine the FS-K distribution. For each NB, a mixed NB distri-

bution, gNB;gmix � kmix is then obtained by using the mixing scheme of Modest and
Riazzi [37]:

gNB;gmix kmixð Þ ¼
Z1

gCO2¼0

Z1

gH2O¼0

H kmix � kCO2 þ kH2Oð Þ½ �dgCO2dgH2O ð13Þ

where H is the Heaviside function. The NB k-distribution of the gas-soot mixture

(gNB;g�s
mix � kmixÞ is then obtained by adding the NB soot absorption coefficients to

the narrow-band gas k-distribution over each narrow-band [37]. The FS gFS;g�s
mix �

kmix distributions are then assembled from the NB gNB;g�s
mix � kmix distributions by

using the following relationship [37]:

gFS;g�s
mix T ;/; kmix

� �
¼

X

j2 allNBs½ �

Ibj Tð Þ
Ib Tð Þ g

NB;g�s
mix T ;/; kmix

� �
with ð14aÞ

Ibj ¼ IbgDgj: ð14bÞ



The radiative transfer equation [Eq. (12a)] is solved by the Finite Volume Method
(FVM) using the mapping developed by Chui et al. [38] for axisymmetric configu-
rations. In this method the dependence of radiative intensity on two space coordi-
nates and two angles is transformed into three space coordinates and one angle.
Computations are carried out using the first-order UPWIND spatial discretization
scheme and an angular mesh with 12916 control angles. In this approach, a finite
volume method discretization is employed for the spatial domain, leading to con-
trol volumes, Vp, of center rp. Similar to the spatial domain, the directional

domain of 4p is broken up into n solid angles, Xi, of average direction,

si ¼
R

Xi

ŝdX, which exactly fill the directional domain without overlap [36]. The

solution of the discretized radiative transfer equation leads to the radiative inten-

sity at each control volume center and average direction, I rp; si
� �

. The incident

radiative flux at a point rp on a surface of normal nq pointed out of the surface is

then computed as:

_q
00

R;inc rp
� �

¼
X

i=si�nq < 0

I rp; si
� �

si � nq
�� ��: ð15Þ

3.3.4. Boundary Conditions The boundary conditions are given in Table 3.

3.4. Computational Details

2D axisymmetric simulations are considered with an overall computational
domain of 4 cm (r) 9 6 (z) cm. The computational domain is divided into 167
(r) 9 327 (z) cells by using a non-uniform grid. The finest resolution (76 lm 9 76
lm) is located at vicinity of the molten ball. The finest resolution includes the
flame leading edge since the flame stabilization in this region may affect the region
downstream [39]. In the solution of the radiative transfer equation, all the bound-
aries including the solid are assumed to be black, which is mainly justified by the
strong deposition of soot on the wire.

Table 3
Boundary Conditions

Solid wall z< 0; r ¼ rwire; ur ¼ 0; uz ¼ up; @P=@n ¼ 0; T ¼ TPE ; @Yi=@n ¼ 0

z> zb; r ¼ rcore; ur ¼ 0; uz ¼ up; @P=@n ¼ 0; T ¼ TNi; @Yi=@n ¼ 0

0 � z � zb; r ¼ rb; ur ¼ uF ; uz ¼ up; @P=@n ¼ 0; T ¼ Tpyr; _m
00

pyr ¼ _m
00

pyrYC2H4
� qD

@YC2H4
@r

Inflow (z =

- 0.03 m)

ur ¼ 0; uz ¼ Uox þ up; @P=@n ¼ 0; T ¼ T1; Yi ¼ YO2
; Yi ¼ YN2

Outflow

(z = 0.03 m)

@ur=@z ¼ @uz=@z ¼ @T=@z ¼ @Yi=@z ¼ 0; P ¼ P1

Outflow

(r = 0.04 m)

@ur=@r ¼ @uz=@r ¼ @T=@r ¼ @Yi=@r ¼ 0; P ¼ P1

The notations are given in Fig. 5
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4. Results and Discussions

4.1. Flame Structure and Comparison with Available Experimental Data

Figure 6 shows the computed (on the left) and measured (on the right) fields of
temperature (top) and soot volume fraction (bottom). In addition, computed
streamlines are plotted on the temperature diagram. Consistently with the mea-
surement technique, the experimental temperature is only available for regions
where significant amounts of soot are present.

Figure 6a1 shows that the computed flame structure is typical of a reactive lami-
nar boundary layer with the diffusion flame being attached close to the molten
ball leading edge. The reaction zone extends downstream the ball trailing edge due
to an excess of pyrolysate. The computed flame length, defined as the furthest
axial location of the isotherm 1500 K, is 16.7 mm. The value of 1500 K was selec-
ted since it is expected to correspond to a threshold below which soot ceases to be
oxidized [40, 41]. The radial location of the reaction zone (defining the stand-off
distance), characterized by the highest temperature met at the location z consid-
ered, increases first from the flame leading edge to about z ¼ zb, remains approxi-
mately constant between z ¼ zb and z = 12.5 mm, and decreases rapidly
downstream. The streamlines closest to the condensed phase surface flows though
the reaction zone whereas those released in upper locations are slightly deflected
upwards by the flame and flows above the reaction zone.

Figure 6b1 shows that, as expected, the soot is located in the fuel rich part of
the flame. The soot volume fraction increases between z = 5 mm and
z = 11 mm, reaches a peak equal to 14.8 ppm and is then oxidized as the reac-
tion zone falls down to the wire. Contrasting Fig. 4b1, b2 shows that the com-
puted soot field is consistent with the experimental one in terms of location,
shape, and maximum value. Nevertheless, it can be observed that the size of the
region of highest soot volume fraction is underestimated by the model. In addi-
tion, the soot is fully oxidized above z � 1:3 cm in the experiments whereas this
occurs above z � 1:6 cm for the model, which suggests that the model underesti-
mates soot oxidation.

Figure 7 shows computed and measured radial profiles of soot volume fraction
at different locations along the wire in order to make quantitative comparisons.
The model reproduces rather well the experimental profiles whatever the location
considered. The shape of the profiles as well as the peak value are properly pre-
dicted despite some underestimation in the soot growth region (z = 5 mm and
z = 7.5 mm) and overestimation in the soot oxidation region (z = 12.5 mm).
However, at each location along the wire axis, the computed peak occurs at
higher values of r and the soot region is shifted downstream as compared to the
experiments. Radial temperature profiles at the same axial locations are plotted in
Fig. 8. As discussed previously, experimental temperature is only available in the
parts of the flame where significant amounts of soot are present, i.e. in the fuel
rich region. Model predictions are in decent agreement with the experimental
data. The largest discrepancies are observed at z = 5 mm for r< 2 mm.

For a given value of z, the stand-off distance represents the distance between
the condensed phase surface and the radial location of the reaction zone. In the



experiments, the location of the reaction zone is defined as the furthest radial
location of the luminous region. This is expected to correspond to the soot oxida-
tion region [15]. On the numerical point of view, two definitions of the reaction
zone are adopted: one based on the temperature peak and another one based on

Figure 6. Computed and experimental fields of temperature (a) and
soot volume fraction (b). The index 1 (left row) refers to simulations
whereas the index 2 (right row) refers to experimental data.
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the peak of the soot oxidation rate by OH radicals. Figure 9 shows that both
computed and measured evolutions of the stand-off distance along the wire are
consistent. The stand-off distance increases up to z � zb ¼ 5.8 mm, remains
approximately constant and then decreases. The start of the decreasing stage
occurs for larger value of z in the calculations than in the experiments. These dis-
crepancies explain at least partially that the predicted soot oxidation is less effi-
cient than that observed experimentally (see Fig. 6). As expected, the definition of
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Figure 7. Computed and experimental radial profiles of soot volume
fraction at different locations z along the wire: (a) z = 5 mm, (b)
z = 7.5 mm, (c) z = 10 mm, and (d) z = 12.5 mm.



the stand-off distance based on the peak of the oxidation rate by OH is more con-
sistent with the experimental one and provides a better agreement with the experi-
mental data.

4.2. Radiative Heat Transfer

Figure 10 shows the incident radiative flux along the wire obtained with the com-
plete radiation model described in Sect. 3.3.3. It is referred as complete in the
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Figure 8. Computed and experimental radial profiles of temperature
at different locations z along the wire: (a) z = 5 mm, (b) z = 7.5 mm,
(c) z = 10 mm, and (d) z = 12.5 mm.
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legend of Fig. 10. The molten ball region experiencing pyrolysis (0< z< zbÞ can be
divided into two parts: (1) the region located downstream the highest value of rb
(zb;max < z < zb with zb;max defined in Fig. 10) which is exposed directly to the flame

radiation. As a consequence, a part of this region is exposed to relatively high
radiative flux that reaches a peak of about 17.5 kW/m2 at the vicinity of zb and
decreases up to 3.3 kW/m2 at z = zb;max; (2) the region located upstream zb;max
(0< z< zb;maxÞ which is partially hidden from the flame radiation and where the

incident heat flux decreases rapidly to reach 1.12 kW/m2 at z = 0. Along the
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Figure 9. Stand-off distance as a function of the distance along the
wire. The legend Model, Tmax and Model, xOH ;max indicate that the
numerical stand-o distance is determined from the maximum temper-
ature or the maximum soot oxidation by OH radical, respectively.
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Figure 10. Incident radiative flux (right y-axis) along the wire. The
axial evolution of the wire radius is also plotted (left y-axis).



region located upstream the molten ball (z< 0), the unburnt coated wire is
exposed to modest incident radiative flux lower than 1.12 kW/m2. In contrast,
along the bare wire (z > zbÞ, the incident radiative heat flux reaches a maximum of
about 12 kW/m2 at zmax = 10 mm which corresponds to the location of maximum
soot volume fraction (see Fig. 6). The incident heat flux decreases rapidly as the
distance from zmax increases. Table 4 shows that the radiant fraction, i.e. the part
of the heat release rate radiated away from the flame, is 25.2% in this case.

Decoupled radiation calculations were run by neglecting self-absorption with
the same thermal input (temperature, mole fraction of radiatively participating
gaseous species, soot volume fraction) as for the complete case. The corresponding
incident flux are denoted optically-thin in Fig. 10 and Table 4. The optically-thin
approximation has negligible but noticeable effects on both radiant fraction and
incident heat flux. Applying this approximation increases the radiant fraction by
3% and the peaks of incident radiative flux at z � zb and z � 10:0 mm by less
than 5%.

Decoupled radiation calculations were also run by considering only soot radia-
tion, i.e. by neglecting the contributions of CO2 and H2O. These calculations were
run with the computed (denoted Only Soot) and the experimental (denoted Only
Soot Exp.) fields of temperature and soot volume fraction. Table 4 shows that the
radiant fraction computed by considering only soot radiation is equal to 0.167.
This value has to be compared with the radiant fraction obtained with the com-
plete model. This shows that soot radiation represents about 2/3 of the total radi-
ation and, as such, prevails widely over gas radiation for the flame under
consideration. As expected, the incident radiative flux computed by neglecting gas
radiation is lower than that predicted by using the complete radiation model. It is
also interesting to note that this approximation reduces significantly the predicted
incident heat flux along the pyrolysing region located upstream zb;max
(0< z< zb;max). Comparing the cases ‘‘Only Soot’’ and ‘‘Only Soot Exp.’’ in Fig. 10

reflects the effects of the discrepancies of the predicted soot volume fraction and
temperature on the predicted incident radiative flux. It can be observed that the
largest discrepancies are observed along the bare wire. The incident heat fluxes
predicted with computed and measured fields of temperature and soot volume
fraction are on the whole in good agreement, especially along the molten ball.

Table 4
Radiant Fractions for the Different Cases Investigated

Case Complete No soot Optically-thin

vR 0.252 0.167 0.260

The case Complete takes both radiant gases and soot radiation into account, the case No Soot neglects the soot

contribution and the case Optically-thin neglects gas and soot self-absorption
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4.3. Heat Transfer Toward the Pyrolysing Surface and Ahead
of the Pyrolysis Front

Figure 11 shows _q00R;inc; _q
00
R;R and the net radiative heat flux, defined as

_q00R;net ¼ _q00R;inc � _q00R;R, along the molten ball surface and ahead of the ball leading

edge. At each location, _q00R;R is significantly higher than _q00R;inc. As a consequence, in

these regions, the net radiative contribution to heat transfer to the surface, _q00R;net,
is negative. This suggests that the pyrolysis process is governed by the convective
heat transfer from the flame whereas the heat flux ahead of the molten ball is con-
trolled by the combined contribution of the convective heat flux and conductive
heat transfer inside the condensed phase. This latter point is sustained by Fig. 12
that shows the temperature field inside the condensed material. This figure illus-
trates the importance of the conductive flux ahead of the molten ball inside the
metal core. In addition, it shows that the thermally-thin assumption for the
LDPE, widely used in previous studies (see Ref. [16] for example), is not fully
valid.

5. Conclusions

Soot production and radiative heat transfer were experimentally and numerically
investigated in opposed flame spread over a Nickel–Chrome wire coated with
LDPE in microgravity under an oxygen content of 19%. The following conclu-
sions can be drawn from the present study:

1. The numerical model reproduces correctly the available experimental data in
terms of soot volume fraction, soot temperature, and stand-off distance. These
results support the approximation of assimilating the pyrolysis products of
LDPE to pure ethylene and demonstrate that the acetylene-benzene based soot
model can be extended to polyethylene with minor modifications.

2. For the flame under consideration, soot radiation prevails over gas phase radi-
ation and the optically-thin approximation is valid. Further investigations
should be made to characterize flame radiation, especially those near the
extinction limits.

3. The surface re-radiation along the pyrolysing surface and the virgin LDPE is
higher than the incident radiative flux from the flame, leading to a negative net
radiative flux. This shows that the convective heat transfer from the flame sus-
tains the pyrolysis process and the flame spread is ensured owing to the com-
bined contribution of convection from the flame and conduction inside the
condensed material.

4. Model results show that the thermally-thin assumption throughout the LDPE
coating is not strictly valid.
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