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Smoldering is a flameless combustion mode occurring on the surface of charring fuels, such as wood and ciga-
rettes. Although the smoldering process is slow and has a low temperature compared to flaming, it is easy to be
initiated by a weak heat source and persists under poor oxygen conditions. Extensive work has been done for
flame extinction to develop scaling models to predict the limiting oxygen concentration (LOC), but limited work
is available for the smoldering extinction. This study develops a reduced analytical model to predict the
extinction limits of smoldering. The model simultaneously solves smoldering propagation rate, surface tem-
perature, and surface oxygen mass fraction as part of the solutions. The extinction limit is determined as the
critical condition where solutions satisfying all governing equations cease to exist. The model provides a qual-
itative description and captures the essential characteristics of a previous experiment. The smoldering rate de-
creases with increasing fuel diameter, and a larger-diameter fuel is easier to extinguish. The mechanisms of the
extinction process are investigated, showing the dominant role of radiative heat loss in the smothering limit at
low airflow velocities and convective heat loss near the blowoff limit at high airflow velocities. Further analysis
of the effect of oxygen concentration shows an increasing trend of LOC with fuel diameter, and the smothering
branch cannot be predicted without considering the heat loss through radiation from the solid surface.
Novelty and Significance Statement: The novelty of this research is the prediction of smoldering propagation rates
and extinction limits across various fuel diameters using a reduced analytical model. The model is modified to
accommodate a thin fuel configuration and high airflow velocity condition, where convective heat and mass
transfer play a more important role. The model’s significance is that it not only provides essential insights into
the mechanisms but also has the capability to simultaneously determine key parameters such as spread rate,
reaction temperatures, and surface oxygen concentration as part of the solutions. Additionally, this study
demonstrates the model’s ability to reproduce the limit conditions, including smothering/blowoff limits and
limiting oxygen concentration (LOC).

conditions. Fernandez-Pello et al. [2] conducted experiments on flame
propagation over thick PMMA and thin paper sheets with varied oxygen
concentrations and forced flow velocities. Osorio et al. [4] investigated
the limiting conditions of flame spread for fire-resistant fabrics. They
found a strong influence on oxygen concentration and radiant flux.

1. Introduction

The extinction of combustion processes is one of the most crucial

topics related to fire safety. This complex phenomenon is influenced by
various factors, including external air velocity [1-3], oxygen concen-
tration [2,4], moisture content [5], sample size [6], and gravity level [7,
8]. The flammability of a material is often characterized by its limiting
oxygen concentration (LOC), which is the lowest oxygen concentration
required to support the reaction. Over the past few decades, substantial
research efforts have delved into understanding the limiting conditions
for flaming spread over solid fuels in both normal and microgravity

* Corresponding author.
E-mail address: kuwana@rs.tus.ac.jp (K. Kuwana).

https://doi.org/10.1016/j.combustflame.2024.113668

More recently, increased research attention has been directed to-
wards fire safety in spacecraft. Olson et al. [7], Takahashi et al. [8], and
Bhattacharjee et al. [9,10] explored the flame spread along a thin solid
fuel in a microgravity environment. A flammability map is constructed
based on the experimental data across a wide range of airflow velocities.
Scaling analysis was employed to assess the flammability limits, using
two non-dimensional parameters, i.e., the Damkohler number (the ratio
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Nomenclature

a strain rate [s™}]

B; pre-exponential factor of reaction i [balance]
c specific heat capacity [J/kg K]

d fuel diameter [m]

D mass diffusivity [m?/s]

E; activation energy of reaction i [J/mol]
h heat transfer coefficient [W/m? K]

hm mass transfer coefficient [m/s]

Qi heat of reaction i [J/kg]

R universal gas constant [J/mol K]

T temperature [K]

U, forced airflow velocity [m/s]

Ug gas velocity [m/s]

Vp pyrolysis-gases velocity [m/s]

Vsm smoldering propagation rate [m/s]

X moving coordinate [m]

Y mass fraction [-]

Greek symbols

a thermal diffusivity [m?/s]

€ emissivity [-]

¢ volume fraction [-]

A thermal conductivity [W/m K]
u viscosity [Pa s]

Vij mass-based stoichiometric coefficients of species j in
reaction i [kg/kg]

p density [kg/m®]

c Stefan-Boltzmann constant [W/m? K*]
o] rate of reaction i [kg/m? s]
Subscripts

0 initial value

C char

F fuel

g gas phase

(0] oxygen

P pyrolysis products

p pyrolysis front

s surface

of the residence time to chemical reaction time) and a radiative loss
parameter. The flame spread is suppressed due to the finite kinetic effect
and heat-loss mechanisms. These limits were determined by calculating
the conditions where the sum of the radiative loss and the reciprocal of
the Damkohler number equals unity. The LOC of a thin cellulose fuel was
identified to be around 15% at 4-6 cm/s flow velocities.

Compared to flaming spread, the smoldering process is more easily
initiated by a weaker heat source and can be sustained in extreme
conditions, such as high airflow velocity and poor oxygen supply [11].
Moallemi et al. [12] performed smoldering experiments and numerical
simulations at different oxygen mass fractions. The LOC of a
wood-charcoal sample was found at 13.5% at an inlet gas flow rate of 0.3
mm?>/s. Richter et al. [13] examined the ignition and burning behavior
of a particleboard experimentally and computationally. Their results
indicated that the particleboard undergoes the smoldering reaction
within the oxygen concentration range from 4 to 15% at a heat flux of 30
kW/m?. Despite some earlier works concentrating on determining the
LOC of the smoldering process, there seems to be a gap between avail-
able experimental data and an insufficient theoretical understanding of
the oxygen supply thresholds.

So far, the models proposed to predict the LOC [8,14,15] have been
discussed based on scaling analysis, considering simplified heat balance
around the solid preheated zone. These phenomenological arguments
can only predict the limiting condition of extinction by assuming a
balance between heat generation and heat loss. However, a deep sys-
tematic understanding of the mechanisms driving the extinction phe-
nomena cannot be provided. Therefore, the present study aims to
develop a more rigorous model to investigate the extinction mechanisms
at various airflow velocities and oxygen concentrations. The steady,
one-dimensional smoldering model, initially proposed by Kadowaki
et al. [16], is modified to predict the smothering and blowoff limits of a
smoldering process for various thickness samples. Unknown parameters,
such as smoldering rate, surface oxygen concentration, pyrolysis tem-
perature, and char-oxidation temperature, are determined simulta-
neously as part of the solutions. The model is validated with a previous
experiment by Lin et al. [1], in which an incense stick of 1.5, 2.5, or 5
mm in diameter was burned in a forced airflow. Subsequently, the model
is further applied to predict the critical airflow velocity and the LOC.

2. Mathematical model
2.1. Model description

A steady, one-dimensional model of forward smoldering, previously
proposed by Kadowaki et al. [16], is modified to accommodate a thin
fuel configuration (Fig. 1) tested in [1]. The following assumptions are
made to simplify the equations:

1) Steady smoldering is assumed in a moving coordinate system fixed
at the fuel surface (x = 0), as shown in Fig. 1. The following two
reactions of pyrolysis and char-oxidation are considered to model the
smoldering process.

F->vcCH+rvpP (R1)

C+ 100~ a+ VZ,Q)CO/COZ (R2)

Both reactions are assumed to take place only at the interface: py-
rolysis front (x = x;) and char-oxidation front (x = 0), respectively. This
assumption is reasonable because the chemical reaction rate is much
faster than the diffusion rate. The comparison between the reaction and
oxygen diffusion rates leads to the following dimensionless quantity: 7 =
[dv2,0Bopcpcexp(—E2/RT)]1/Do, a similar dimensionless parameter to
the Thiele modulus. With the representative value of Ts = 1200 K, the
following results are obtained: 7 = 71 for d = 1.5 mm, and 7 = 235 for
d = 5 mm. Its high value makes the surface oxygen concentration much
lower than the ambient value. On the other hand, smaller diameters may
lead to a reaction-limited regime, necessitating a new modeling
approach.

The fresh fuel is steadily consumed at a constant velocity vsy, by
pyrolysis reaction (R1) at x = X, to produce the char and pyrolysis gases.
Then, the char reacts with oxygen through the char-oxidation reaction
(R2) at x = 0 to produce the gas species moving along with the pyrolysis
products into the gas phase at velocity ugs. The rates of pyrolysis and
char-oxidation reactions are assumed to be first order in each reactant
and are expressed in the following forms:
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Fig. 1. Schematic diagram of the one-dimensional smoldering model.
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The bulk density of fuel and char are expressed as ppgr and pcéc,
respectively, where ¢ is the volume fraction.

2) The near-tip flow is modeled as a potential counterflow, following
studies on counterflow diffusion flames of Tsuji-Yamaoka configu-
rations [17], which have been modeled as a semi-infinite stagnation
flow. The gas flow along the x direction, ug, is hence modeled by Eq.
(3), enabling one-dimensional treatment.

Ug = Ugs — AX 3)

where ug 5 is the gas velocity at the fuel surface. Here, the velocity vsy of
the moving coordinate is neglected as ug s >> vsm. The potential flow is
characterized by the strain rate a, which dimensional consideration
suggests is proportional to the forced airflow velocity, u,, divided by the
sample diameter, d. While Kadowaki et al. [16] considered a thick fuel,
for which the assumption of semi-infinite stagnation flow is reasonable,
the diameter of incense sticks used in [1] was as small as 1.5 mm.
Therefore, convective heat loss and oxygen transfer at the tip are
considered in this study using heat-transfer and mass-transfer co-
efficients to compensate for the multi-dimensional effect. Besides, the
airflow velocity in [1] was much faster than [16] to achieve the blowoff
conditions, making convective heat and mass transfer significant.

3) All material properties, including the gas density, are assumed to
be constant.

2.2. Conservation equations

2.2.1. Mass balance equations
The mass balance in the solid phase is shown in Egs. (4)-(6).

PePpVsm = @y ()]
V1c0] = @, %)
PrdpVsm = Pgligs (6)

Eq. (4) expresses the consumption of fresh fuel by pyrolysis reaction
(R1). Eq. (5) indicates the steady-state condition; all char produced by

reaction (R1) is consumed by char-oxidation reaction (R2). Eq. (6)
corresponds to the overall mass balance; the fuel is entirely converted
into gases.

2.2.2. Energy balance equations

The heat balance equations within the fresh fuel (x < xp), char layer
(xp < x < 0), and gas phase (x > 0) are shown in Egs. (7)-(9),
respectively.

dT d’T
PreCeVan e = M8 g @)
dTr &?T
[pC¢CCCVsm +,0p(1 - ¢C)CPVP] a = ﬂcﬁ (8)
dr d’T
uga = ag@ (9)

The interface conditions at pyrolysis front (x = Xp) and char-
oxidation front (x = 0) are described based on heat balance concepts,
as shown in Egs. (10) and (11), respectively.

dT oy
PePeCeVem Tp — ﬂFa +Qa, = [ﬂc4’cCCVsm +pp(1 - (/’C)CPVP] T,
XP’
dT
- ﬂca . 10)
P
dT oy
[pC¢CCCVSm +pp(1 - ¢C)CPVP] T, - Aca + Quiv, — GS(T: - Tg)
- an
dT
—h(T;—To) = PgCellgsTs — Aga .

Solving Egs. (7)—(9) yields the temperature gradients needed to
evaluate the interface conditions. Eq. (7) is solved with the boundary
conditions of T — Tp as x - —oo and T = T}, at x = Xp, giving the tem-
perature gradient, as shown in Eq. (12). Similarly, Eq. (8) with boundary
conditions of T = Tp, at x = xp and T = T at x = 0 leads to Eq. (13). Also,
Eq. (9) with boundary conditions of T=Tyatx=0and T — Tp as x — oo
leads to Eq. (14).

g _ PrPECeVsm (Tp - TO)
x|, e (12)
dT dT
Ac (a o T dx . 7> = [pepcCcVem +pp(1 = dc)ervp] (Ts — Tp) a3
P
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dT \/2a/ma, Uz,
=TT x exp(—zj& a4
0+ Uy 8
erfc <\/2—i_ag>

By substituting Eqgs. (12) and (13) into Eq. (10), Eq. (15) can be
obtained as follows.

dT

PedpCeVsmTo + Qld); = [pebcccVsm +pp(1 — pc)cpve]Ts — o=

i (15)

o

The total energy balance equation in the solid phase, Eq. (16), is
derived by substituting Eq. (15) into Eq. (11). It includes terms repre-
senting the heat of reactions, the sensible heat of the fresh fuel and the
gas, heat transfer due to gas-phase conduction, and heat loss by radia-
tion and convection into the gas phase. Note that the value of x; can be
obtained by solving Eq. (8) in the char layer between X;, and 0 with the
aid of Egs. (10) and (12), given that the material properties of char and
pyrolysis gases are known. Meanwhile, the value of vp can be known by
considering the mass balance across the pyrolysis front: prppvem =
pcdcVsm + pp(1—@c)vp. Nevertheless, this study does not determine their
values because they are not included in the total energy balance Eq.
(16).

iy iy T T 42 dr
Qlwl + szz +/)F(/)FCFVsm 0~ pgcgug.s s + ga o (16)
—0e(T¢—Tg) —h(Ts—To) =0

The gas-phase heat conduction term in Eq. (16) can be evaluated
using Eq. (14). The heat transfer coefficient is modeled as a function of
the Reynolds number (Re). The following correlation for the airflow past
single spheres proposed by McAdams [18] is applied in this study. The
Re number can be calculated as Re = pgu,d/jg with g = Prpgag, where Pr
= 0.71 is the Prandt number of the air.

__hd

Nu = = 0.31Re’¢ a7
8

2.2.3. Oxygen balance equation

The oxygen balance can be expressed as Eq. (18), illustrating the
balance between oxygen consumed at the surface and oxygen loss due to
gas flow, oxygen diffusion caused by the concentration gradient, and
convective oxygen supply by the forced airflow. Note that the unity
Lewis number (Le = Ag/pgcsDo = ag/Do = 1) is assumed for simplicity.
The oxygen concentration gradient appearing in Eq. (18) can be derived
similarly to Eq. (14) by solving the oxygen balance equation in the gas
phase, with the boundary conditions of Yo = Yo satx =0 and Yo — Yoo
as x — oo.

d Yo

Vo.0@y + PaligsYos — Pel% |~ Pghm (Yoo — Yos) =0 1s)

o+

The convective oxygen mass transfer is also included in the oxygen-
balance equation. Brian et al. [19] presented mass transfer coefficients
for spheres suspended in an agitated liquid, expressing the Sherwood
number (Sh) as a function of the Reynolds (Re) and Schmidt (Sc)
numbers, as in Eg. (19). The Sc number can be calculated as Sc =

Hg/pgDo.

hnd )0.67] 05 19

Sh=——={4+1.21(ReSc
Do

The five governing equations for mass, energy, and oxygen balance,
Egs. (4)-(6), (16), and (18), are employed to solve the following five
unknown parameters: ugs, Tp, Ts, Vsm, and Yo, utilizing the non-linear
regression method available in the Solver Add-In of Microsoft Excel.
The input parameters are listed in Table 1. The sensitivity analysis of By,
¢, and E» is conducted, and the results are presented in Appendix A.
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Table 1
Model input parameters.
Parameters Value Unit Ref.
hc 0.24 kg/kg [20]
vp 0.76 kg/kg [20]
V2,0 1.65 kg/kg [20]
By 2 x 10° m/s [16]
E; 120 kJ/mol [16]
Q —570 kJ/kg [16]
B, 1.8 x 10° m*/kg s This study *
E, 120 kJ/mol [16]
Q 2.16 x 10* kJ/kg [16]
prde 720 kg/m? [11
Cp 1400 J/kg K [16]
cq 1140 J/kg K [16]
g 0.35 kg/m?® This study "
Ag 0.026 W/m K [21]
€ 0.4 - This study *
¢ 5.67 x 107 w/m? K* [22]
R 8.314 x 107 kJ/mol K [22]
To 298.15 K -

@ Estimated using the experimental data in [1].
b Air density at 1000 K.

3. Results and discussion

In this section, the predicted results from the model concerning the
limit conditions are first introduced. These results are then validated
against the experimental data [1]. Furthermore, additional discussions
are provided on the fundamental mechanisms of extinction and the LOC.

2
1.6 f
|
E 12
E : Smothering limit Blowoff limit
O, (@a=9s7) (a=46168s1)
s 08 r
>U1
04 r
0 | a 1 1 |
2 -1 0 1 2 3 4 5
alsl] x10*

Fig. 2. Predicted smoldering rate, vy, as a function of strain rate a for d =
5 mm.

58
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50 r

Energy supply
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46

!

Energy terms [W/m?] x10#

42 Energy loss
38
34 1 1 1
1000 1100 1200 1300 1400 1500
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Fig. 3. Stability of the lower and upper solutions based on energy balance
concept at a = 10

4571
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Fig. 4. 2-D flow simulation: (a) velocity contour for d = 2.5 mm at u, = 25 m/s, (b) centerline velocity to obtain near-tip strain rate, and (c) correlation between u,
and a for various diameters. Red, blue, and black: d = 1.5, 2.5, and 5 mm.
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3.1. Smoldering limit conditions

The obtained results of smoldering propagation rates for d = 5 mm
are selected as a representative example of the predictions, as shown in
Fig. 2. The model successfully predicts two extinction conditions:
smothering at a low strain rate and blowoff at a high strain rate. Each
extinction limit is identified as a turning point, where the solutions
satisfying all the governing equations cease to exist beyond it. Between
the two limits, two solutions exist, i.e., the upper and lower branches.
However, the lower branch is disregarded because it is unstable and
lacks physical meaning. Fig. 3 illustrates the stability of solutions at a =
10* s7! by plotting the first three terms (energy supply) and the rest
(energy loss) of Eq. (16) as a function of the surface temperature, Ts.
There are two steady-state solutions where the energy supply and loss
terms are balanced. The upper solution is stable because energy loss
exceeds energy supply when T increases, while the situation is opposite
when T; decreases. Therefore, T can return to the steady-state solution
under a small perturbation. A similar consideration also indicates the
unstable nature of the lower solution. The upper branch in Fig. 2 dem-
onstrates an increasing trend in the smoldering rate with a slight
decrease near the blowoff limit. Further discussion will be given later in
Section 3.3.

3.2. Strain rate estimation

To validate the model with the experiment, the relationship between
strain rate a and forced airflow velocity u, must be established because
the former is used in the present model as a flow parameter, whereas the
latter is the experimental parameter. For this purpose, ANSYS Fluent
was employed. An axisymmetric 2-D computational domain, consistent
with the experimental setup of Lin et al. [1], where the diameter of the
outer tube is 20 mm, was adopted. The distance between the inlet
boundary condition and the fuel tip was fixed at a representative
experimental value of 5 cm. The forced airflow velocity was varied up to
50 m/s for three different fuel diameters, d = 1.5, 2.5, and 5 mm. No
chemical reactions were included, and the tip (the hemisphere surface)
temperature was fixed at a representative smoldering temperature of
1000 K. The temperature of the outer tube’s walls was fixed at an
ambient temperature of 300 K. The side boundary of the fuel was
coupled with the heat conduction equation within the fuel. The
temperature-dependent air properties were used.

While the k- turbulence model was used, laminar calculations were
attempted for small Reynolds-number cases; the results were nearly
identical regarding the obtained correlation between the strain rate and

4
35 ’
E 25
g 15
N A d=15mm
1r it 0 d=25mm
0.5 O d=5mm
O 1 1 1 1 1 1 1 1

-2 0 2 4 6 8 1012 14 16 18 20
als] x10t

(a)
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the forced airflow velocity. The computational cell size is 0.1 mm, which
was confirmed to be fine enough to eliminate the grid-size dependence.

Fig. 4(a) shows the steady-state near-tip velocity distribution ob-
tained for u, = 25 m/s, which yields the centerline velocity profile
shown in Fig. 4(b). The slope of the curve near the fuel surface gives the
strain rate a. As shown in Fig. 4(c), a nearly linear, universal correlation,
Eq. (20), is obtained between a and u,/d for the different fuel diameters.
The correlation is used to convert the experimental parameter u, to the
model parameter a.

a= 5.57(“5) (20)

3.3. Model validation

The robustness of the model in predicting experimental results in [1]
is tested. Fig. 5(a) compares the predicted smoldering rate with the
experimental data. The model correctly reproduces the experimental
trends: the smoldering rate and the blowoff strain rate decrease with an
increase in fuel diameter. Considering the model’s simplicity, its accu-
racy in predicting the smoldering rate and the blowoff limit is reason-
able. Good agreement between experimental and predicted blowoff
strain rate is found for thin diameter (d = 1.5 mm), with less than 5%
error, yielding a =1.72 x 10°s~! and 1.66 x 10° s* for experiment and
prediction, respectively. On the other hand, higher errors are observed
in thicker diameters, giving a = 2.75 x 10* s™! for the experiment and a
= 4.62 x 10* 57! for the prediction of the 5 mm fuel.

The consequences of our model being derived based on one-
dimensional conservation concepts are discussed here. Firstly, the ef-
fects of fuel diameter are incorporated only through the heat (h) and
mass (hy) transfer coefficients in the present model. As a result, the
dependence of the smoldering rate and extinction limits is solely
controlled by the Nusselt-Reynolds and Sherwood-Reynolds correla-
tions. Analysis shows that the Nusselt-Reynolds correlation has a crucial
impact on the dependence of the blowoff limit on diameter (see Ap-
pendix B for more details). On the other hand, the critical strain rate for
smothering extinction is significantly overpredicted without considering
convective mass transfer. Both correlations are obtained for single
spheres in forced flows, which differ from the present configuration and
could contribute to errors in this study. While using heat and mass
transfer coefficients allows the present simple analysis, it also poses a
limitation of the model. Secondly, achieving uniform conditions, i.e.,
uniform temperature and uniform oxygen concentration at the reaction
front, is challenging for thick fuels, causing high error predictions in d =

0.05
0.04
d=5mm d=2.5mm d=15mm

2003 | ’ { f
3

0.02

0.01

0 1 1 1
0 5 10 15 20

alsl] x10t

(b)

Fig. 5. (a) smoldering rate, vsm, (b) oxygen mass fraction at the surface, Yq s, as a function of strain rate a. Solid lines: calculation results; Open symbols: experimental

data [1]; Red, blue, and black: d = 1.5, 2.5, and 5 mm.
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2.5 mm and d = 5 mm. Future research should consider adding the
differential terms in the radial direction to enhance the model’s
accuracy.

The surface oxygen mass fraction is an indicator of the intensity of
the oxidation reaction. Fig. 5(b) shows an increase in the surface oxygen
mass fraction, Yo 5, near each limit condition, where the reaction is weak
and oxygen is not fully consumed. It is also found that Y s increases with
increasing d. Interestingly, the critical Yo near the blowoff limit is
around 0.028 for all diameters.

3.4. Extinction mechanisms

Fig. 6(a) and (b) show the predicted smoldering rate and surface
temperature as a function of strain rate, respectively. Without radiative
heat loss, the surface temperature is predicted to be much higher at the
low strain rates, as indicated by the dotted line, showing the significant
role of radiative heat loss in smothering extinction. On the other hand,
convective heat loss becomes more crucial at a higher strain rate near
the blowoff limit, as confirmed by the difference between the dashed
and dotted lines. Without the convective heat loss caused by the forced

Vem [cm/min]
N
T

h= Nulg/d, =04

als™] x1o0¢

(@
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airflow, radiative heat loss is insufficient to blow off the reaction; the
blowoff limit is overestimated at an extremely high strain rate with h =
0. The results align more closely with the experimental data (Fig. 5(a))
when accounting for both heat loss mechanisms, as shown by the solid
lines. Thus, considering both heat loss mechanisms is crucial in pre-
dicting blowoff and smothering conditions.

3.5. Limiting oxygen concentration (LOC)

Fig. 7(a) summarizes the minimum oxygen concentration required to
sustain the smoldering propagation at various fuel diameters. The graph
illustrates a broad smoldering boundary compared to the flaming spread
[7]. The extinction boundary consists of a smothering branch in the low
airflow velocity region and a blowoff branch in the high airflow velocity
region. The smothering and blowoff branches merge smoothly at the
bottom, indicating the limiting oxygen concentration (LOC) below
which smoldering propagation will not occur for any flow velocities.

The effect of fuel diameter on LOC is also examined, revealing an
increasing LOC value with the diameter. A larger diameter of 5 mm
shows a higher LOC of around 16%. The airflow velocity at LOC also

1900

1700
1500
1300

1100
A h=Nur/d e=04
900

700 1 1 1 1 1
-5 0 5 10 15 20 25
al[s x10¢

(b)

Fig. 6. Effect of heat losses on predicted (a) smoldering rate, vy, (b) surface temperature, T as a function of strain rate a for d = 5 mm. Dashed lines: h =0, e = 0.4;

Dotted lines: h = Nulg/d, € = 0; Solid lines: h = Nulg/d, € = 0.4.
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Fig. 7. Predicted limit condition as a function of forced airflow velocity, u,: (a) effect of diameter, (b) effects of heat loss mechanisms for d = 5 mm. Green symbol
and line: measured [16] and predicted data of dried mugwort for d = 18 mm. o: Combustible; @: Extinction.
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increases with d. These results contradict the previous discussion about
the flaming spread on solid fuels [23], an interesting difference between
smoldering and flaming spread.

The typical flammability map presented in [8] emphasizes the
importance of fire safety in spacecraft due to a lower LOC in micro-
gravity environments. For flaming spread, typical natural convection
velocities are higher than the critical airflow velocity at LOC. Therefore,
in normal gravity, natural convection leads to blowoff extinction at an
oxygen concentration higher than LOC, resulting in a higher apparent
LOC than microgravity. The situation is similar in the smoldering spread
for d = 1.5 and 2.5 mm, where the natural convection velocity (around 5
cm/s [24]) is higher than the critical airflow velocity at LOC. On the
other hand, for d = 5 mm, smoldering is possible at oxygen concentra-
tions as low as LOC, even in normal gravity.

The experimental data of the extinction limit of dried mugwort from
[16] are plotted as a green symbol in Fig. 7(a) and compared with the
present model. Ref. [16] varied the oxygen concentration at a constant
forced airflow to observe the extinction, shown as the filled symbol (@).
Since the material properties of the dried mugwort are different from
those of incense sticks, the values of B, = 1 x 10° m*/kg s and ppgpp =
440 kg/m® are used, following [16]. The predicted result, represented by
the green dashed line, shows that the model underestimates the
extinction limit. Nevertheless, the limited available experimental data
makes it difficult to draw definitive conclusions, highlighting the need
for further validation with additional experimental data for the present
configuration. Specifically, experiments that explore the extinction limit
under low oxygen concentrations would help improve the model.

Fig. 7(b) shows the limit conditions for d = 5 mm predicted by
considering different heat loss mechanisms. When the convective heat
loss is ignored (h = 0), the blowoff limit at high airflow velocities is not
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accurately predicted. In contrast, the smothering limit at low airflow
velocities cannot be predicted when the radiative heat loss is ignored (e
= 0), aligning with the results shown in Fig. 6. Fig. 8 shows the ratios of
radiative and convective heat loss to the total reaction heat as functions
of airflow velocity. The predominant heat loss mechanism is radiation at
low airflow velocities. The intersection point at around 5 m/s signifies
the transition into an apparent convective role.

4. Conclusions

A reduced model for smoldering propagation under a concurrent
airflow is developed. The governing equations are derived by consid-
ering one-dimensional mass, energy, and oxygen balance. Five unknown
parameters, i.e., Ugs, Tp, Ts, Vsm, and Yo, are solved simultaneously as
part of the solutions. Despite the model’s simplicity, the predicted re-
sults qualitatively agree with the previous experiment [1].

The model correctly reproduces experimental trends: the smoldering
rate decreases with an increase in fuel diameter, and blowoff occurs at a
lower airflow velocity for a thicker fuel. The significant role of
convective heat loss at a high airflow regime is confirmed by investi-
gating the effects of various modes of heat loss on extinction. Excluding
the convective heat loss term, the blowoff extinction by the airflow
cannot be predicted within a reasonable range of airflow velocity. On
the other hand, the smothering branch at low airflow velocities cannot
be predicted without considering the heat loss by radiation. The effect of
oxygen concentration is investigated based on the constructed LOC
curve. The results show the increasing LOC with an increasing fuel
diameter. The influence of gravity level on LOC for the smoldering
spread is also discussed.
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The sensitivity analysis of model parameters, such as By, ¢, and Ej, is conducted as shown in Figs. A1 and A2, respectively. Figs. A1(a) and (b) show
the smoldering rate predicted using B, and ¢ with +5% perturbation. The results show that changes in B, and ¢ influence only the extinction limit, not
the smoldering rate itself. The effect of By and ¢ on the blowoff strain rate is tested for all diameters within + 25% perturbation of its original values, as
shown in Figs. Al(c) and (d), representing the increasing blowoff strain rate with increasing By and decreasing .

The sensitivity of E; is analyzed with 4 5% perturbation of its original value, as shown in Fig. A2. Note that for each perturbation, assigning a value
of E5 necessitates adjusting Bs to align with the experimental data. Fig. A2 shows that the choice of E; does not impact the results.

Appendix B

The effect of Nu correlations is evaluated through a comparison between the correlations for spheres (applied in this study) and those for falling
liquid drops [25]: Nu = 2 + 0.6Re'/?Pr'/3, The calculation is conducted using all the same model’s settings, except for the Nu correlations. Fig. B1
shows the predicted smoldering rates using the Nu correlations for falling liquid drops, indicating a significant deviation from the experimental data,
especially for d = 2.5 mm and 5 mm, when compared to Fig. 5(a). While the combination of Nu/Sh correlations applied in this study allows the
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reproduction of similar trends with the experimental data, there is room to improve the model’s accuracy through the careful selection of Nu/Sh

correlations.
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Fig. B1. Predicted smoldering rate, vsp, and extinction limits based on Nu = 2 + 0.6Re

Combustion and Flame 269 (2024) 113668
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Red, blue, and black: d = 1.5, 2.5, and 5 mm.
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