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Abstract

The controlling mechanisms of the radiation extinction of the flame spreading over cylinders in low flow
velocity conditions are investigated with an analytical approach. Attention is focused on the interaction among
solid surface curvature, solid surface radiation, and gas-phase volumetric radiation heat loss in the flame spread
process. The analysis uses a classical thermal model, which considers the heat balance on the unburned fuel
surface near the flame front. A non-dimensional number that evaluates the effects of volumetric radiation heat
loss and finite rate chemistry on the flame temperature is also proposed. It is found that solid surface radiation
cannot be a dominant mechanism for the radiation extinction of a flame spreading over a thin cylinder.
Furthermore, in the case of flame spread over a cylinder, flame spread rate significantly increases with
decreasing opposed flow velocity due to curvature effect, thus the consideration of the relative gas flow velocity
seen by the spreading flame becomes essential in low flow velocity conditions. However, when the volumetric
radiation heat loss in the gas phase is taken into account in the thermal model, flame spread rate for a thin
cylinder once increases with decreasing opposed flow velocity and then turns to decrease. As a result, the flame
spread rate of a thin cylinder shows a peak value in low flow velocity conditions. This trend is in good agreement
with previous microgravity experiments (Fujita et al., 2002 [1]). Moreover, the limit condition of flame spread
appears as a bifurcation point where the stable and unstable solutions of flame spread rate coincide in the low
flow velocity condition. The analytical results indicate that it is essential to consider the volumetric radiation

heat loss in the gas phase to predict the flame spread over a curved surface in low flow velocity conditions.
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Nomenclature

A pre-factor Greeks
Cp specific heat thermal diffusivity
d diameter Zel’dovich number
Da Damkohler number expansion ratio
E activation energy 6  characteristic diffusion length in the flame
1 cyl curvature factor Sy velocity boundary layer thickness
h volumetric heat loss intensity £ emissivity
Ah, heat of combustion K,  Plank mean absorption coefficient
H heat loss parameter A thermal conductivity
Loy preheat heat zone v kinematic viscosity
Loy standoff distance p  density
Lgy thermal penetration depth o Stefan-Boltzmann constant
dloss  volumetric heat loss 7 thickness
r radius "' reaction rate
R gas constant Q correction factor of flame temperature
Re Reynolds number v vector differential operator
Ts flame temperature Subscripts
T, pyrolysis temperature eff  effective
velocity vector F fuel
U deviation of energy from equilibrium state g gas
Vi flame spread rate S solid
Ve gas velocity in mainstream st stoichiometric
Xq development length of boundary layer o ambient/initial
mole fraction
Y mass fraction

1. Introduction

The solid surface curvature is an important controlling factor that enhances the flame spreading over solid
fuels [2]. Understanding the effect of solid surface geometries on the flame spread process is therefore not only

important for fundamental combustion research but also essential for better fire safety design of materials. It



has been well established that the preferential spread of flames along the edges and curved surfaces of solid
fuels is due to the following reasons [1-5]: convex curvature on the flame surface facilitates access of oxygen
to the flame and increases the ratio of the flame area to the solid surface, thereby enhancing the heat flux from
the flame to the solid surface; the ratio of the surface radiation heat loss to the heat conduction from the gas
phase to the solid surface becomes small compared to the flat surface thus flame spread is less affected by the
surface radiation heat loss. It has been also reported in previous studies [1,3—5] that the effect of solid surface
curvature on the flame spread process becomes more pronounced under low flow velocity conditions such as
microgravity environment where there is no natural convection and therefore, molecular diffusion and radiation

dominate the transport phenomena.

Flame spread over solid fuels in microgravity has been extensively studied with experiments, theoretical
analysis, and numerical simulations, as reviewed by many researchers [6—11]. It is clarified that the radiation
heat loss from the system suppresses the flame spread and leads to radiation extinction in microgravity. In
addition, several previous studies [12—15] have shown that for flames spreading over solid fuels, unlike gaseous
diffusion flame, solid surface radiation is the main mechanism of the radiation extinction rather than the

volumetric heat loss in the gas phase.

Based on the above-mentioned considerations, previous studies [ 15—18] have developed thermal models [2],
that take into account the heat balance at the surface of unburned fuel near the flame front, to describe the flame
spread rate and extinction limit in microgravity conditions. For the slab, by considering the heat balance between
the heat input from the flame to the solid surface and the radiation heat loss from the solid surface, quantitative
predictions of the flame spread rate and radiation extinction in microgravity have been successfully achieved
[15-18]. Although there have been several analyses [3,4,19] focusing on the effects of solid surface curvature
and external gas flow velocity on the flame spread process, they studied only the steady flame spread problem.
Thus, the effect of solid surface curvature on the extinction limits remains unclear. That is, the flame spread
model over the curved solid surface is still in progress while the establishment of the flame spread model over

the slab proceeds greatly. Moreover, in the existing analysis using thermal models, the effects of volumetric heat
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loss in the gas phase and finite rate chemistry are often ignored to simplify the analysis, and the adiabatic flame
temperature is usually used for the analyses. This could be one of the challenges in the modeling of the flame

spread over solid fuels.

Therefore, the present study aims to provide a more general model of the radiation extinction of flame
spreading over a curved surface and then to provide a methodology estimating the flame spread rate and the
radiation extinction limit in low flow velocity conditions. Particularly we consider the effects not only of the
surface radiation heat loss but also of the volumetric radiation heat loss in the gas phase, which is a key process
to estimate extinction limits. As an example of the flame spread over the curved solid surface, we study opposed

flame spread over a thin cylindrical rod in which the curvature effect is pronounced.

2. Analysis

The energy balance equation for the opposed flame spread over a cylinder has been formulated by
Delichatsios et al. [4]. Thus, the present analysis refers to their previous study [4]. The main change from the
previous study is the incorporation of the effects of volumetric heat loss from the gas phase and finite rate

chemistry on the flame temperature into the thermal model.

2.1. Energy balance equation

Figure 1 shows a conceptual diagram of —
Oxidizer flow

VL ::Vg

opposed flame spread over a cylinder. A

cylinder of radius 73 is placed in uniform

flow with velocity V; and diffusion flame Solid fuel

enveloping a downstream edge of the

cylinder travels with a constant velocity V¢

in the opposite direction to the surrounding

flow. A modified energy balance equation  Figure 1: Schematic of opposed flame spread over a cylinder.



for the opposed flame spread over a cylinder is formulated as follows,

uVp) = -chyl,glg(Tf - Tp) - ngso'(Tg —T2) — Lsrfcyl,spscp,sz(Tp — Too). (1)

The LHS of Eq. (1) is the deviation of energy from the equilibrium state, which is a nonlinear function of V.
Namely, V¢ satisfying U(V) = 0 corresponds to the steady solution of the spread rate. Note that for cylinder
case Eq. (1) is a transcendental equation of V;, and the solutions of V; cannot be obtained analytically and must
be obtained numerically. Moreover, since Eq. (1) in a nonlinear function of V¢, multiple steady solutions for V¢
can be obtained; the typical behavior of U(V;) and the physical meaning of steady solutions are explained in
Appendix A. The RHS of Eq. (1) consists of the heat conduction from the gas phase to the solid surface, the
heat loss due to surface radiation, and the amount of energy required to heat the unburned fuel entering the
control volume at a velocity V¢ from ambient temperature, T, to pyrolysis temperature, Ty,. Although there are
more sophisticated models that account for the heat of fusion and heat of gasification in the heat balance
equation for steady flame spread problem [20,21], for the sake of brevity, the present analysis uses a simplified
model that ignores melting and introduces a constant pyrolysis temperature, assuming that the activation energy
of pyrolysis is sufficiently large. In Eq. (1), subscripts g and s denote gas and solid, respectively. In addition, (1
is the correction factor of the adiabatic flame temperature, fcy; is the factor of the curvature, 4 is the thermal
conductivity, T¢ is the flame temperature, T}, is the pyrolysis temperature of the solid fuel, L, is the standoff
distance (Lgy) or thermal diffusion length scale at the flame front (Lgy), € is the emissivity, o is the Stefan-
Boltzmann constant, T,, is the ambient temperature, L, is the thermal penetration depth in the solid fuel from

its surface, p is the density, and ¢, is the specific heat.

Lg and Lg, are defined as follows [4,15,17],
Lg=Lgy = Lgr = ag/(Vg +Vp), (2)

Ls, = min [rs, /ang/Vf], 3)

where a is the thermal diffusivity. In the analysis, the relative gas flow velocity, V5 + V¢, to the spreading flame



is introduced because the convection due to flame motion itself plays an important role in the flame spread
process in low flow velocity conditions. In addition, to focus on the effect of the solid surface curvature on the
flame spread, the present analysis is limited to the thermally thin case. Therefore, Ly, in Eq. (3) is calculated as
L, = 15 regardless of the solid fuel diameter. Another assumption introduced in the present analysis is that the

longitudinal thermal length in the solid phase (Lgy = as/Vf) is considered to be Loy, ignoring the heat

gx>
conduction in the solid phase. This assumption is valid when Lgy > Lgy. Considering the thermophysical
properties of plastic material used in the calculation (see Table 1), the assumption would be valid when V; is
less than 500 times of V¢, which is within the range of flow velocity condition in the present work. Therefore, it
is reasonable to estimate the radiation heat loss from the solid surface by considering that Lgy is reflected on the

solid surface in low flow velocity conditions. However, careful treatment of thermal length in the solid phase is

necessary for high gas flow velocity conditions such as kinetic regime because Lgy can be larger than Lgy.

feyi,g and fey1 s are calculated as follows [4,19],

3 CLg/7s A
Jeste = a1 + CL/my @
fcyl,s =1- Lsr/(zrs)- (5)

where C is a constant that modifies the heat flux from the flame to the solid surface [4]. In the present analysis,
C is set to unity to simplify the discussion. It is noted that if 75 or I is sufficiently large, both fcy1 o and fey1s
converge to unity (as 7z = o0 or V; = 0, f.y1 o tends to 0/0 and therefore the limit of f¢y , may be evaluated
by L’Hdpital’s rule) and the curvature factors in both the gas phase and solid phase are eliminated. It is also
noted that when fcy1, and fcy1 s are set to unity, Eq. (1) is identical to the energy balance equation for the
opposed flame spread over slabs. Based on properties of fcy1 o and fey1 5 with respect to V;, the present study

focuses on the radiation extinction under low flow velocity conditions.

Qin Eq. (1) is a newly introduced dimensionless number in the present study. The role of () in the energy

balance equation is the correction factor of the adiabatic flame temperature as discussed later to consider the



effects of the volumetric heat loss and chemical reaction rate on the energy conservation in the gas phase which
have been ignored in the conventional flame spread models over solid fuel surface. The details will be explained

in a latter section.
2.2.  Effective gas flow velocity affecting the spreading flame

Here, we modify gas flow velocity affecting the spreading flame by considering the development of the
velocity boundary layer over the solid surface. Referring to the scale analysis developed by Bhattacharjee et al.
[22,23], the gas velocity profile perpendicular to the solid surface (V;(iy)) is defined, then the local gas flow
velocity at the standoff distance of the flame leading edge (y = L) is defined as Vg ot (see Figure 1). In the
present study, the Pohlhausen method [24] is adopted, then V4 (y) is calculated as follows,

o)) o ves

() = , (6)
Ve for y>=éy

where y = r — 15, 6y = 4.64x4Re; d°'5 is the thickness of the velocity boundary layer, x4 is the development
length, Rey, = x4Vg/vg is the Reynolds number, and v is the kinematic viscosity. Substituting y = Lg in Eq.

(6), Vg efr is obtained as follows,

3 (e 1/Lg\? o Lo<s
2 () -2 () | o g =

Ve for Ly =y

(7

Vg,eff =

V,

geff 1N Eq. (7) will be used in the next section to define the non-dimensional quantities in the gas phase. It is

important to note that since dy is a function of xg4, Vg ¢ff varies with the flame front position over the solid fuel.
In fact, it has been confirmed experimentally [25,26] and numerically [27] that the opposed flame spread in the
velocity boundary layer formed over the solid fuel surface shows unsteady behavior, and similarly the unsteady
nature of flame spread can be discussed in the present model. However, since this study intends to discuss steady

flame spread, x4 is fixed at 60 mm, and the eigenvalues of flame spread rate obtained in this case will be used
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for the discussion in the following sections.
2.3.  Correction factor of the adiabatic flame temperature

To model the effects of the volumetric heat loss in the gas phase and finite rate chemistry on the flame
temperature, we developed a non-dimensional number, (), based on the energy balance equation in the gas phase.

The energy balance equation used in the analysis is as follows,

PgCpgll- VT, = ,1gV2Tg + Ahe@"" = Glnss, (8)

where u is the velocity vector, V is the vector differential operator, Ah is the heat of combustion per a unit
nr

mass of fuel, @' is the reaction rate, g/ is the volumetric radiation heat loss. In the present study, the

difference between mass and thermal diffusivity is not considered and the Lewis number is assumed to be unity.

The reaction rate follows the Arrhenius law as,

0:),” — péYFYOZAe_E/(RTg)! (9)

where Yz is the mass fraction of the fuel, ¥y, is the mass fraction of oxygen, A is the pre-factor, E is the
activation energy, and R is the gas constant. For the simplicity of the analysis, the radiation heat loss is

approximated as a linear function of gas temperature as [28-31],

q{(;,s,s = h(Tg — To), (10)

where h is the heat loss intensity and its unit is W/(m*-K). Zhang et al. [30] and Chen [31] have confirmed that

the linear and quartic radiative loss models have qualitatively and even quantitatively similar influences on the
flame propagation of premixed gaseous fuels when the heat loss intensity is adjusted. Thus, in the present
analysis, h in Eq. (10) is treated as an arbitrary constant and the contribution of the radiation heat loss in the gas
phase to the flame spread and extinction will be investigated by changing the value of h. Note that, assuming

that the gas is optically thin, A can be expressed as h = 4-O'Kpr3 (where Kk, is the Plank mean absorption



coefficient), so the calculation can be performed without making h as an arbitrary constant [28], but in this study

h is treated as a constant to simplify the analysis and discussion.

To normalize Eq. (8), the characteristic diffusion length in the flame, 8¢ = ag/(Vgefr + Vi), and the relative
gas flow velocity seen by the flame, Vg ofr + Vf, are used as the reference length and velocity, respectively. The

non-dimensional vectors are defined as,

V=4, U= u/Vgerr + Vo). (11)

In addition, the non-dimensional quantities are defined as,

Ty=(Ty—To)/(Tr—To), Ve = Ye/Yest, Yo, =Yo0,/Yo0,000 (12)

where Yg ¢ is the mass fraction of fuel for stoichiometric combustion, Yy, o is the mass fraction of oxygen in

the oxidizer flow. The flame temperature can be calculated as,

Ty = To + Yestdhe/Cppg (13)

The non-dimensional form for the energy balance equation in Eq. (8) is obtained as follows,

__BU-Ty 14
- VT, = V2T, + Da¥elo e V010 — 1T, (14)

where Da is the Damkohler number, 8 = yE/(RTs) is the Zel’dovich number, y = (Tf — Tw,)/T¢ is the
expansion ratio, H is the heat loss parameter. The relations of Da and H to the dimensional counterparts are as

follows,

Da = Ahcp2YesiYo, e PV _ agpgYo, 0 AeF/Y .
PeCpg Vgesr + Vo) (Tr — Too) / ¢ Vgest + Vp)?
h(Tf — Tw) hA
"= : B ) (16)

C Ag(Te—To)/8%  pEcke(Vgerr + V)2

Da in Eq. (15) stands for the ratio of the heat released by chemical reaction to the amount of energy required

10



to heat the unburned gas entering the control volume at a velocity Vg ofr + V¢ from ambient temperature to the
flame temperature. As seen in Eq. (15) Da decreases with increasing the gas flow velocity. This indicates that
when the gas flow velocity is high the amount of heat released by the chemical reaction is depleted relative to
the energy required to raise the temperature of the cold gas entering the reaction zone owing to the finite rate

chemistry.

On the other hand, H in Eq. (16) stands for the ratio of the volumetric heat loss in the gas phase to the heat
conduction in the gas phase. As seen in Eq. (16), H increases with decreasing the gas flow velocity. This implies
that as the gas flow velocity decreases, the flame thickness increases, thus increasing the volumetric heat loss

from the flame relative to the heat conduction from the flame to the surrounding or solid surface.

Considering the characteristics of Da and H derived from the energy balance equation in the gas phase, the
linear combination of the inverse of Da and H well describes the extinction natures of the diffusion flame as a
function of the flow residence time of the reactants. Therefore, we define a correction factor, (), of the adiabatic

flame temperature as follows,

Q=1-1/Da—H, 0<Q<1. (17)

Q = 1 corresponds to the assumptions of adiabatic flame (H = 0) and infinite rate chemistry (Da = o).

To better understand the characteristics of (), a simple calculation was performed here. Figure 2 shows the
relationship between () and gas flow velocity and between the effective flame temperature, T of and gas flow

velocity. T ofr is defined as follows,

Ttefr = Too + Q(Te — Too). (18)

Namely, Q) can be considered as the dimensionless effective flame temperature. In the calculations, the adiabatic
flame temperature of an air/C,Hs mixture with an equivalence ratio of unity is used. To see the effects of the
chemical kinetic parameters and the volumetric heat loss on flame temperature, A is set to 3.0x107 m?/(kg-s)

and £ and h are varied. As can be seen in Figure 2, when both Da and H are considered in the calculation,
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and T e¢r show upward convex trends with — T Xo, ==021 —-- (h, B) = (10, 10)
—-- (h,Da) = (10, x) --- (h,B) =(20, 10)
respect to the gas flow velocity. Moreover, g; = 2 ;
. . .B)=(20, 11)
as f increases, Tgefr is more suppressed B)=( )
1.0
under high gas flow velocity conditions, ]
. . . ~ 0.8 1
while as h increases, Tfefr 1S more -]—:- 1
: . | 0.6
suppressed under low velocity conditions. 8 2]
— ]
These trends correspond well with the I 0.4
o ]
I
relationship between the maximum flame C 0.2
temperature and the stretch rate for 0.0
107!
counterflow premixed flames [32] and
2400

between the maximum flame temperature
and the gas flow velocity for counterflow

diffusion flames [33], indicating that Q) is a

T + QT = T) [K]
N
o
S
o

useful dimensionless number for 1800 _
Il ]
considering the effect of the flow residence :E 1600 1
time of the reactants on the flame 140(% (;_
temperature. Vg [cm/s]

Figure 2: Relationship between Q and gas flow velocity, (a)

3. Results and discussion and between T ¢ and gas flow velocity, (b).

In this section, steady solutions of flame spread rate (V) that satisfies U(V;) = 0 in Eq. (1) are presented.
For the comparison, calculations are performed for both slab and cylinder. As mentioned before, when the
calculation is performed for a slab, f.y ¢ and fcy s in Eq. (1) are set to unity. Further, because the present study
focuses on the effect of curvature on the radiation extinction in low flow velocity conditions, Da is purposely
set to infinity in the analysis. Thus, Eq. (17) becomes {1 = 1 — H. In the calculations, thermophysical properties

of low-density polyethylene (LDPE) are used for solid fuel properties because comparable experiments using
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LDPE coated electric wire in microgravity are available

[1]. The thermophysical properties of LDPE used in the

calculation are summarized in Table 1. A mixture gas of

O, and N; 1s considered as the oxidizer. The flame

temperature is calculated using NASA CEA2 [34].

3.1

Without gas phase radiation (H = 0 and Da = )

Table 1: Properties of LDPE

Item LDPE
Density, kg/m? 920
Specific heat, J/(kg-K) 2300
Conductivity, W/(m-K) 0.33

Surface emissivity 1

Pyrolysis temperature, K

690

To confirm whether the surface radiation can extinguish a flame spreading over a cylinder in low flow

velocity conditions or not, we firstly present the calculation results in which the heat loss from the system is

only the surface radiation, ignoring the volumetric heat loss in the gas phase. For this purpose, Q in Eq. (17) is

set to unity.

Vg as a function of V; for slab and cylinder are presented in Figure 3(a) and (b), respectively. To see the effect

of solid surface curvature on Vg, the calculation results for four different fuel thicknesses/diameters (0.8, 2.0,

3.4, and 4.0 mm) are presented. For the slab (see Figure 3(a)), Vr decreases monotonically with decreasing V,

0.4

1 extinction

(a) Slab, Xo, - =0.17

Radiation

Y

20 40 60 100
Vg [mm/s]

Vi [mm/s]

(b) Cylinder, Xo,, - =0.17

80 100

60
Vg [mm/s]

40

Figure 3: Flame spread rate, V¢, as a function of opposed flow velocity, V;, at 17vol.% oxygen concentration

with different fuel thickness. In the calculation. h in Eq. (16) is set to zero and the radiation heat loss in the gas
phase is ignored. (a) is for slabs (f¢y14 = fey1,s = 1) and (b) is for cylinders (foy1 # 1 and fey15 # 1).
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and eventually V; goes to zero irrespective of 5. Therefore, as reported by many researchers [12—16], we can
understand the surface radiation plays a dominant role in the suppression of the flame spreading over slabs in
low flow velocity conditions. Additionally, we can notice that although V¢ increases with a decrease in 7, V; at
which V¢ becomes zero does not change with 75 within the range of the thickness calculated in the present
analysis. Solving Eq. (1) for V; satisfying V¢ = 0 yields,

eso Ty — T

PeCpg Tr—Tp '

(19)

Vg,cr,slab =

Using Eq. (19), the gas flow velocity leading to radiation extinction can be easily estimated. As for the cylinder,

Vg cr,cy1 is calculated as follows,

Olg/TS
exp[ag/(rsvg,cr,slab)] - 1.

Vg,cr,cyl = (20)

For the cylinder, the gas flow velocity leading to radiation extinction depends on the fuel radius because

curvature plays an important role in the energy balance at the solid surface.

Moreover, for the cylinder (see Figure 3(b)), dg has a significant effect on the qualitative trend of V¢ with
respect to V. For dg = 4.0 mm, there is a velocity condition where V¢ goes to zero, but when dj is less than 2.0
mm, V¢ increases monotonically as V; decreases and exists as a positive real solution even at Iz = 0. It is noted
that Vg cr.cy1 in Eq. (20) can always exist as a positive real number irrespective of ;. The main cause of the
unique behaviors of Vy with smaller d; is that V¢ itself can control the relative gas flow velocity seen by the

spreading flame due to the increased V5.

For further discussion, the results in Figure 3(b) are presented as log-log plots in Figure 4. In the figure, the
condition where V¢ = 1} is denoted by the dotted diagonal line. We can notice that for smaller dg, Vs becomes
larger than V; in low flow velocity conditions. It is also found that when V¢ dominates the relative gas flow
velocity seen by the spreading flame, the unstable solution of V¢ appears as positive real solution (presented by

dashed lines) and the unstable solution goes to zero at V,

gcreyl 1N EQ. (20) instead of the stable solution. It is

14



noted that all calculation results presented in 102

{Cylinder, Xo,,» = 0.17 (log-log plot)
both Figure 3(a) and (b) have unstable ] s
1 d,=0.8 mm
10" 5 .
solutions, but the ones that cannot be seen in ] 2.0 mm \
the figures are negative quantities. The cause & 100 4 Radiation 3-4N
= extinction >(—\
of the appearance of two flame spread rates E, ] ‘\\ 4.0 mm
N 10°1 4 Vg = V; \
1
under a certain condition is that Eq. (1) holds 1
|
- "~ = I
a negative feedback system, i.e., as V; 1072 3 Sy I
12.0 mm?\ :
decreases, the heat loss from the system 10-3 1. ‘ \ |
LA | LR | rrrrTTm LA | rrrrTm
-3 -2 -1 0 1 2
increases while enthalpy necessary for 10 10 10 10 10 10
Vy [mm/s]

heating the unburned solid up to pyrolysis i . -
Figure 4: The calculation results in Figure 3(b) are presented

temperature decreases. Attention should be  as log-log plots. The solid and dotted lines correspond to the

) ) _ stable and unstable solutions, respectively. The dotted
given that when the unstable solution exists

diagonal line corresponds to the condition where V, = V;.
as a positive real solution, Egs. (19) and (20)

cannot be used to estimate the limit condition of the flame spread because the gas flow velocity leading to

radiation extinction will be overestimated when V; = 0 is regarded as extinction.

From Figure 4, the following three types of solution behaviors can be identified depending on dg:

() The stable solution goes to zero for V; = 0 (when d; is large, e.g., dg = 4.0 mm).

(ii) The stable and unstable solutions become coincident at a positive real number for V; = 0 (when dy is
transition range, e.g., ds = 3.4 mm).

(iii) The stable and unstable solutions always exist as positive real numbers for V; = 0 (when d is small, e.g.,

ds = 2.0 and 0.8 mm (Unstable solutions exist outside the range of the graph)).

The solution behavior in type (ii) corresponds to the fold bifurcation [35] in the dynamical systems theory and
the bifurcation point (quasi-stable solution) where the stable and unstable solutions coincide is also identified

as the limit condition of the flame spread. This is also a characteristic solution behavior of systems with the

15



negative feedback mechanisms.

The above results show that the radiation extinction of the flame spreading over solid fuels strongly depends
on the solid surface curvature. Moreover, when the solid surface curvature is large enough, surface radiation
cannot bring about the radiation extinction of the flame spreading over solid fuels. However, the monotonic
increase in V¢ with decreasing V; for dg = 2.0 and 0.8 mm is questionable. Fujita et al. [1] have experimentally
investigated opposed flame spread over LDPE insulated nickel-chrome wire which has 0.5 mm core diameter
and 0.65 mm or 0.8 mm outer diameter. Their experimental fact obtained in microgravity environment shows
that Vg initially increases with decreasing Vg, then decreases when Vg approaches zero even with 21, 35, 50 vol.%
oxygen concentrations [1]. Although the present analysis considers the flame spread over the fuel cylinder,
comparison with experimental data from previous studies suggests that the thermal model which ignores the
volumetric radiation heat loss in the gas phase cannot reproduce the actual flame spread phenomenon over a
cylinder in microgravity conditions. In the next section, we, therefore, present calculation results that include

the volumetric radiation heat loss in the gas phase to see the applicability of the model proposed in this study.

3.2.  With gas phase radiation (H # 0 and Da = o)

As mentioned before, the contribution of radiation heat loss in the gas phase to the flame spread over solid

fuels is modeled by treating h in Eq. (16) as a variable. In the present analysis, h was varied in the range of 0 —
50 W/(m>*K), where the qualitative trend of V; as a function of Vg varied significantly. Figure 5(a) and (b) show

Vr as a function of ; that include the effect of radiation heat loss in the gas phase. As in the previous section,
the results for both the slab and cylinder are presented for comparison. Oxygen concentration and fuel

thickness/diameter are fixed at 21vol.% and 0.8 mm, respectively.

For the slab (Figure 5(a)), as h increases, V¢ decreases and the gas flow velocity leading to the radiation
extinction (V¢ = 0) increases. As discussed before, the trends of V¢ with respect to V; for the slab is dominated

by the surface radiation heat loss, thus the introduction of the radiation heat loss in the gas phase results in only
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Figure 5: Vrand H as a function of V; at 21vol.% oxygen concentration with different volumetric heat loss
intensity, h. (a) and (c) are for a slab with 0.8 mm thickness and (b) and (d) are for a cylinder with 0.8 mm

diameter.

a slight change in the quantitative results.

On the other hand, for the cylinder (Figure 5(b)), the qualitative trend of V¢ with respect to V; is affected
significantly depending on the magnitude of radiation heat loss in the gas phase. As h increases, the stable

solutions on the upper side decrease while the unstable ones on the lower side increase. In the figure, when h
exceeds 30 W/(m?*-K), the stable solution once increases with decreasing V; and then decreases. This trend is in

good agreement with previous experimental results that investigated flame spread over a thin electric wire in
microgravity low flow velocity conditions [1]. In addition, the appearance of the bifurcation point is confirmed
in low flow velocity conditions indicating the radiation extinction. For further validation, a comparison of the

experimental data for V; of the wire sample with the calculated V; of the cylinder is shown in Appendix B. Figure
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B1 shows that by considering heat losses in the gas phase, it is possible to reproduce the experimentally observed

non-monotonic trend of V¢ with respect to V.

In Figure 5(c) and (d), H is also shown as a function of V; to clarify the control mechanism of extinction of
the flame spreading over the slab and cylinder. It is noted that H in Eq. (16) represents the ratio of radiation heat
loss to the heat conducted from the flame to the surroundings. As can be seen in Figure 5(c) and (d), H increases
with decreasing V; and increasing h for both slab and cylinder cases. However, it can be seen that flame
spreading over the slab is extinguished for H < 0.2, whereas that over the cylinder is extinguished for H > 0.4.
From those results, it is demonstrated that the volumetric heat loss in the gas phase plays a significant role in
the flame spread over a cylinder in low flow velocity conditions. Namely, the radiation extinction over an
appreciably curved surface is dominated by the volumetric heat loss in the gas phase rather than the surface

radiation heat loss.

Finally, we would like to mention the limitations of this model and future work. In this study, we
demonstrated that a method to evaluate the dependence of flame temperature on ambient flow velocity via one-
dimensional approach is effective. Furthermore, it was shown that heat loss in the gas phase plays a dominant
role in flame spread and extinction when curvature exist on the solid surface. However, the validation of this
model remains a qualitative discussion, and further optimization of input parameters such as h and reaction
parameters (A and E) in Q should be conducted through comparison with experimental results and numerical
analysis. Note that long-term microgravity experiments are required to observe radiation extinction under low
flow velocity conditions, and a detail comparison with experiments on orbit will make the discussion more
quantitative. Additionally, the flame temperature should depend on the three-dimensional geometry of the gas
phase, soot formation, heat of pyrolysis, and rate of pyrolysis of solid materials. The present model does not
include those effects and it is limited up to qualitative estimation of flame spread rate. The sensitivity analyses
of individual process should be made in numerical approach in the next step, while the main contribution of the
present work is to show the necessity to consider gas phase radiative heat loss to reproduce the decrease trend

in flame spread rate over curved surface solid in very low flow velocity conditions.
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4. Conclusions

A theory of opposed flame spread and radiation extinction over a cylinder is developed based on a classical
thermal theory. In the analysis, the effects of solid surface curvature, surface radiation heat loss, volumetric heat
loss in the gas phase on the flame spread rate and extinction limit are assessed. It was found that surface radiation
cannot be a mechanism for the suppression of the flame spread over solid fuel when the surface curvature is
large. It was also found that the conventional theory cannot predict radiation extinction because the flame spread
rate increases monotonically with decreasing gas flow velocity, even for a cylinder with a diameter of 2 mm
under oxygen concentration of 17vol.%. When the flame spread rate increases significantly under low flow
velocity conditions, the relative gas flow velocity seen by the spreading flame is dominated by the spread rate
itself, and consequently, radiation extinction does not occur even in a quiescent environment. In addition, when
the spread rate itself controls the relative gas flow velocity, the negative feedback mechanism in the system
becomes apparent. As a result, extinction limits appear as the fold bifurcation point. When a non-dimensional
number, 2, which compensates the adiabatic flame temperature for the volumetric heat loss in the gas phase, is
newly introduced into the thermal model, the model successfully reproduces the decrease in the spread rate and
radiation extinction under low flow velocity conditions even with large solid surface curvature. It was confirmed
that the trend of V¢ calculated by the proposed model well reproduced the previous microgravity experimental

results [1].
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Appendix A. Existence of two flame spread rates

The trend of U(V;) in Eq. (1) under the 150
condition where the two flame spread rates 100 1
are obtained as positive real solutions is ‘e 507
E U(Vg) <0 U(vg) >0 U(Vg) <0
shown in Figure Al. As can be seen in the Z;_ 01 /1
S —50 A Unstable Stable
figure, U(Vy) shows an upward convex
- . —100 A
parabolic-like trend. This is because as V¢
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Vi [mm/s]

spread decreases, but at the same time heat ) . ) ) .
Figure Al: Mapping of U(V;) in Eq. (1) for a cylinder with

loss increases. Additionally, because U(Vy) ds= 3.4 mm at V= 035 mm/s, 17vol.% oxygen

) o concentration, and Q = 1.

is the deviation of energy from the

equilibrium state, the stability of the solution can be discussed qualitatively by looking at the sign of U(Vf) in
the vicinity of the steady solutions. When U(V;) > 0, i.e., the energy balance in the entire system is in a surplus
state, Vs should increase and vice versa. In other words, U(Vf) can be regarded as the time derivative of V¢
(dVg/dt). Therefore, as represented by the arrows in Figure A1, the flow of V; is to the right where U(V;) > 0
and to the left where U (V) < 0. At the points where U (V) = 0, there is no flow, and they represent the steady

solutions of V. Based on the vector diagram shown in Figure A1, the larger solution can be considered as a

stable solution and the smaller solution as an unstable solution.

Appendix B. Comparison of experimental and calculated results

Figure B1 compares the experimental values of V; obtained in the previous study by Fujita et al. with V;
calculated from the model developed in this study. Note that in the previous study, LDPE insulated NiCr wire
with an outer diameter of 0.8 mm and a core diameter of 0.5 mm was used as the experimental sample, whereas
in the present study, the calculations were performed on LDPE rods with an outer diameter of 0.8 mm. As shown

in Figure Bl the conventional model, which ignores heat losses in the gas phase, cannot reproduce the
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