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Abstract

Smoldering fire is the slow, low-temperature, and flameless combustion phenomenon in porous fuels.
Smoldering is different from flaming regarding the chemical and transport processes, despite sharing many
similarities in ignition and fire spread. In this work, we explored the applicability of quenching and quenching
diameter in smoldering. The smoldering of dry organic soil was initiated in the 25-cm long tubular reactor with
different diameters from 4 cm to 15 cm. The thermal boundary and oxygen supply of the smoldering reactor
were varied by using different wall materials and opening configurations, respectively. The quenching of
smoldering was found as the diameter of the reactor decreased, the same as the quenching of the premixed flame.
The minimum smoldering temperature (~250 °C) and propagation rate (~0.5 cm/h or 0.1 mm/min) were found
before quenching. The measured quenching diameter of smoldering was about 10 cm (much larger than the
flame) and comparable to the thickness of reaction front (similar to the flame). The quenching diameter of
smoldering increases as the wall cooling increases and the oxygen supply decreases. The influence of oxygen
supply is unique to the smoldering quenching phenomenon as it affects the mode of smoldering propagation.
This work helps understand the persistence and extinction limit of smoldering and the prevention and
suppression strategies for smoldering fire.
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1. Introduction

Quenching, in terms of combustion, refers to the flame extinction by cooling [1,2]. The quenching distance
(or thickness/diameter) is a critical length below which flame can no longer propagate through [1,3]. Concepts
of flame quenching and quenching distance are of practical significance in the design of flame arrestor [3], as
well as, the fire protection system of many industrial equipment and processes. Fundamentally, the quenching
of the premixed flame is attributed to the cooling from the reactor wall that decreases the flame temperature
below the threshold of chain reaction [1]. The quenching behaviors and quenching distance of flame have been
extensively studied, and key influence factors include the fuel type and concentration [4], thermal boundary
[5,6], and flow conditions (laminar or turbulent) [7]. For a laminar premixed flame, quenching occurs on the
scale of millimeter that is comparable to the flame thickness [1,2]. However, to the best of authors’ knowledge,
no study has systematically addressed the quenching dynamics of smoldering and quantified the corresponding
guenching distance, thus, there is a big knowledge gap.

Smoldering is the slow, low-temperature, and flameless burning of porous fuels, and is the most persistent
type of combustion [8,9]. Smoldering can be easily initiated by a weak heat source or even self-ignited, such as
those in silos and storage units [10,11]. Once ignited, it is extremely difficult to extinguish [8,12], such as the
smoldering firebrands [13] and peat soils [14,15] in wildland fire. In general, there are many similarities between
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flaming and smoldering fire behaviors [8,15,16]. For solid fuels, pyrolysis is a necessary step for both
smoldering and flaming ignition, and transition often occurs between flaming and smoldering [17-19]. For
charring materials, fire-spread modes of both flaming and smoldering can be maintained, and both fire-spread
rates vary with the fuel type, oxygen supply (or wind), and heat losses [8,15]. Therefore, it is reasonable to
expect the quenching and quenching distance (or diameter) of smoldering like those of flame.

On the other hand, smoldering is also very different from the flaming in terms of combustion chemistry,
transport processes, and time scales [8]. Fundamentally, the flame is dominated by the homogeneous oxidation
of gaseous fuel, while smoldering is sustained by the heterogeneous oxidation on the surface of solid fuel [8,18].
The characteristic temperature (~500 °C), propagation rate (~1 cm/h), and heat of combustion (~10 MJ/kg) of
smoldering are lower than those of flame [8,15,16,18-22]. The extinction of smoldering occurs with the
increasing fuel moisture content [23], the decreasing pressure [24], and oxygen concentration [25,26] or by
using suppression agents [12,27]. Rein [8,9] predicted the critical sample size of 15 cm for sustaining smoldering
in the rectangular polyurethane foam, but it has not been verified by the experiment.

The purpose of this experimental study is to explore whether the classical concept of flame quenching and
guenching diameter can be extended to smoldering. Considering the heat loss and oxygen supply are two key
parameters that control the burning and propagation of smoldering [8], different conditions of wall cooling and
oxygen supply were applied to the reactor to determine the quenching limit of smoldering. The quenching
diameter was compared with the thickness of the smoldering front, and the minimum values of the smoldering
temperature and propagation rate before quenching were quantified.

2. Experiment

2.1. Setup and controlling parameters

The dry organic peat soil, as a representative fuel that is prone to smolder, was chosen in the experiment
(Fig. 1a). This type of moss peat soil has an organic content of above 95%, and was studied previously in
[15,18,23]. The element analysis of peat sample shows 44.2, 6.1, 49.1, 0.5, 0.1% mass fractions for C, H, O, N
and S, respectively. Before the test, the peat soil was first oven-dried at 90 °C for 48 h [15], and its bulk density
and porosity were measured to be 150 + 10 kg/m® and 0.90, respectively [18]. The shape of the peat soil particle
was coarse, and its size was about 1 mm, leaving a large pore space between particles [22].

Coll igniter
Thermocouple

(A) Weak cooling
(10-mm insulation layer)
(B) Medium cooling
(4-mm glass + 10-mm cotton)
(C) Strong cooling
(4-mm quartz glass)

(I) Open
:‘ 1. (II) Sealed

Fig. 1. (a) Photos of peat soil and tubular smoldering reactors with different diameters, (b) schematic diagrams
for the smoldering reactor, and controlling parameters of wall cooling and oxygen supply.
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The peat soil was filled into a group of 25-cm long tubular smoldering reactors with different diameters (D)
from 4 cm to 15 cm, as shown in Fig. 1. Such tubular reactors were also widely used in other smoldering
experiments [28,29]. Three reactor walls of different thermal resistances (R) were selected to vary wall cooling:

(A) Weak cooling: 10-mm ceramic insulation layer (0.1 W/m-K) with Ra (thermal resistance) = 0.1 m2-K/W;

(B) Medium cooling: 4-mm quartz glass (1.0 W/m-K) covering by 10-mm cotton insulation layer (0.15
W/m-K) with Rg = 0.06 m2-K/W, and

C) Strong cooling: 4-mm quartz glass (1.0 W/m-K) with Rc = 0.004 m2-K/W.
( g g quartz g

The smoldering reactor was vertically placed with the top surface open. To vary the oxygen supply to the reactor,
the bottom surface was kept open with metal mesh to hold the fuel (i.e., a good oxygen supply) or sealed by the
insulation board (0.05 W/m-K) (i.e., a poor oxygen supply), as illustrated in Fig. 1(b). The ambient temperature
is 23 £ 2 °C, and the relative humidity is about 50 + 10 %.

2.2. lgnition method and test procedures

A coil heater was placed 1 cm below the fuel top free surface. The ignition protocol was fixed at 100 W for
0.5 h, the same as previous work [22,23], which was strong enough to initiate smoldering. Unlike the visible
flame propagation, it was difficult to judge the success of smoldering propagation by visual observation [15,18].
Therefore, an array of 13 K-type thermocouples with the 100-um bead was inserted into the sample along the
axis. These thermocouples were placed from 1 cm to 25 cm below the top free surface with the 2-cm interval to
monitor the temperature and the location of the smoldering front [22]. Temperatures of inner and outer wall
surfaces were also measured by two thermocouples (~13 cm below the free surface), as shown in Fig. 1(b).

Quenching test was started with the largest reactor (D =15 cm). If smoldering successfully propagated to
the bottom, the reactor diameter was then decreased gradually until the smoldering front could no longer
propagate, i.e., the smoldering quenching, so that the quenching diameter (D*) could be determined. Afterward,
conditions of wall cooling and oxygen supply were changed to explore the variation of quenching diameter. For
each scenario, tests were repeated at least twice, and good experimental repeatability was found.

3. Results and discussions

3.1. Smoldering quenching phenomena

Figure 2(a) shows the thermocouple measurements of a successful smoldering propagation in the 15-cm wide
reactor with the bottom sealed under the weak cooling. Once ignited, the smoldering front gradually propagated
downward, and the temperature decreased from 500 °C to 350 °C with increasing depth. After 48 h, most of the
peat soils burnt into ash with the mass loss above 90% of the original mass. Figure 2(b) shows an example of
smoldering quenching (or failed propagation) through a 6-cm wide reactor. During ignition, the sample
temperature could reach about 500 °C, but after ignition, it gradually decreased to ambient temperature within
5 h. For all quenched cases, the mass loss of peat soil was below 20% of the original mass.

To better compare different cooling conditions of the reactor wall, the approximate and simplified one-
dimensional cooling flux through the wall (¢,,) in the slow and quasi-steady-state smoldering propagation may
be expressed as:

— Twi

T, —T T
C[",& :u:h(Two_Too)'l'gU(Tvgo_TO‘é) szsm—

R, D/2 1)

where T, is the characteristic temperature of smoldering, T,,; and T,,, are the inner and outer wall
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temperatures, T,, is the ambient temperature, h is convective coefficient, € is the emissivity, o is the Stefan-
Boltzmann constant, and kg is the thermal conductivity of fuel. The thermal resistance of the reactor wall is

w = X 8;/k;, where &; and k; are the thickness and thermal conductivity of i" wall layer, respectively. Based
on temperature measurements in the experiment, cooling fluxes for three walls were g, , = 1.0 + 0.1 kW/m?
(weak cooling), ¢,,5 = 1.6 = 0.3 kW/m? (medium cooling), and ¢, = 2.4 = 0.6 kW/m? (strong cooling).

(a) Propagation (D = 15 cm, bottom sealed)

(b) Quenching (D = 6 cm, bottom sealed)
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Fig. 2. Thermocouples data of (a) successful smoldering propagation in the 15-cm wide reactor, and (b)
smoldering quenching in the 6-cm wide reactor with the bottom sealed under a weak wall cooling (1 kW/m?).

The negative sign means that the thermocouple is below the reactor’s top free surface.

3.2.  Quenching diameter of smoldering

The experimental outcomes of smoldering propagation (®) and guenching (x) are summarized in Fig. 3.
The quenching of smoldering occurs as the diameter of reactor decreases, and the quenching diameter increases
as the cooling flux increases. Therefore, both smoldering quenching behaviors are essentially the same as the
guenching of the premixed flame [4-6]. Specifically, if the oxygen supply is good by opening the bottom of
reactor (Fig. 3a), as the wall cooling flux increases from 1 kW/m? to 2.4 kW/m?, the quenching diameter
increases from 5+ 1 cm to 11 = 1 cm. Note that the smoldering quenching diameter has a length scale of several
centimeters, which is 1~2 orders of magnitude larger than the flaming quenching distance (~1 mm) [1-5].

(a) Bottom open

(b) Bottom sealed
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Fig. 3. Experimental outcomes of (a) bottom open with a good oxygen supply, and (b) bottom sealed with a
poor oxygen supply, where smoldering propagation uses ® and quenching uses X.
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To further explain the influence of wall cooling on the smoldering quenching diameter (D*), a simplified
energy conservation equation is applied to a propagating smoldering front with the thickness of &, as illustrated
in Fig. 4(a). At the quenching diameter (D*), the heat loss from the cold wall (Q,,) is equal to the heat generation
from the smoldering zone (Q,, = Q,,) due to oxidation as

Qw = Qsm = Qox 2)

4o (D" 8) = 1t (3 D7) Ay = i (7.0°) B ®3)

44,6 44,0
 MFAHp g AH,,

4

where my is the smoldering burning flux of fuel, AH is the heat of smoldering combustion of fuel which is
sensitive to the burning conditions, 1, is the mass flux of oxygen (i.e., the rate of oxygen supply), and AH,,
is the heat of oxidation. A similar expression was previously derived for the rectangular fuel sample in [9].
Equation (4) reveals that the smoldering quenching diameter is proportional to the wall cooling flux, which
explains the trend of experimental data in Fig. 3.

If the oxygen supply is reduced by sealing the bottom of the reactor (Fig. 3b), the quenching diameter also
increases with the wall cooling flux, following the same trend of the bottom-open case in Fig. 3(a). On the other
hand, under the same cooling flux, quenching becomes easier, and the gquenching diameter increases, because
of the reduced oxygen supply from the bottom. Specifically, at the cooling flux of 1 kW/m?, the quenching
diameter (D*) increases from 5 + 1 cm with the bottom open to 9 £ 1 cm with the bottom sealed. Such a trend
can also be explained by Eq. (4), where the quenching diameter is inversely proportional to the rate of oxygen

supply (o).
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Fig. 4. (a) Schematics for smoldering quenching, and (b) thickness of smoldering front (&) vs. reactor
diameter (D), where the shadowed point indicates the quenching diameter (D*) and minimum thickness (6*).
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3.3.  Smoldering front thickness

By defining a minimum smoldering temperature of 250 °C, the average thickness of smoldering front (&)
in successfully propagated cases can be estimated based on the thermocouple data (e.g. Fig. 2a). Figure 4(b)
summarizes the thickness of the smoldering front, which increases with the reactor diameter as well as the
oxygen supply. For example, with the bottom open and the weak cooling flux of 1 kW/m?, the thickness of the
smoldering front increases from 7 cm to 16 cm, as the reactor diameter increases from 6 cm to 15 cm.

Table 1. Measured guenching diameter (D*) and minimum smoldering front thickness ().

Wall cooling Weak Medium Strong
Oxygen supply  Open Sealed Open Sealed Open  Sealed
Gw 1.0+0.1 16+0.3 24+0.6
D™ (cm) 5x1 9zx1 9+1 135+15 11z+1 >15
5* (cm) 6+1 4+1 7+1 6+1 7+1 -
D*/§8* 08+£01 23x06 13x01 23x05 16zx03 -

Moreover, the minimum thickness of the smoldering front (6*) can be estimated by a linear extrapolation
towards the quenching diameter, as indicated by the shadowed points in Fig. 4(b). As summarized in Table 1,
the value of §* ranges from 4 to 7 cm, which is insensitive to the wall cooling, but slightly decreases with the
decreasing oxygen supply. The comparison further shows that the minimum smoldering front thickness and the
guenching distance are comparable (i.e., D*~&*). Such behavior is similar to the premixed flame whose
guenching distance (or diameter) is comparable to flame thickness [1-5].

To further explain the relationship between the smoldering thickness and quenching diameter, the analogy
could be made between the burning of premixed flame and smoldering propagation [9,15]. Considering a 1-step
global smoldering reaction

Fuel + v0, = (1 + v) Products (5
Then, the smoldering burning flux of fuel can be described as
mgx/v = m;TI X PpSsm (6)

where v = 1 ~ 2 is the oxygen stoichiometric coefficient [9,18], pr is the fuel density, S, is the smoldering
burning speed, and the burnout of fuel is assumed after smoldering propagation. By balancing the advection and
diffusion terms in the energy equation like the laminar premixed flame [2], the smoldering burning speed (Ss,,)
could be approximated as

2ap

Ssm ~ T (7)

where ap = kg /(prcp) is the thermal diffusivity. The heat of smoldering can be estimated as
AHp = (1 + v)cp(Tsm - To) (8)

where Ty, is the initial temperature and c,, is the specific heat. By substituting Eqs. (1,6-8) into Eq. (4), the
guenching diameter becomes
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1+v\Ty —T,

which explains why the smoldering quenching diameter is comparable to the thickness of the smoldering front
in Fig. 4(b). As the wall cooling increases, the wall temperature (T,,;) decreases so that the ratio of D*/§*
increases. By sealing the reactor bottom, the smoldering temperature (Ts,,) increases due to the change of
smoldering-propagation mode (see more discussions in Section 3.5), so that the ratio of D*/§™ also increases.
Both trends of D* /8™ are consistent with experimental measurements in Table. 1

3.4. Smoldering temperature and propagation rate

Figure 5 shows the effect of reactor diameter, wall cooling, and oxygen supply on the (peak) smoldering
temperature (T,,,) and the (downward) propagation rate (Ss,,). For this dry peat soil, the smoldering temperature
is no more than 500 °C, which is similar to the literature data [15,23], and as expected, it is much lower than the
minimum temperature of flame (~1300 K) [2]. The propagation of smoldering is in a creeping manner (about 1
~ 6 cm/h), which is at least two orders of magnitude slower than the flame-spread rate over solid fuel [3] or the
burning velocity of premixed flame [2]. As the wall cooling increases, both the smoldering temperature and
propagation rate decrease. For increasing the oxygen supply by opening the bottom, the smoldering propagation
rate, as expected, increases significantly, but the smoldering temperature decreases, because of the change in
mode of smoldering propagation (discussed in Section 3.5).
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Fig. 5. (a) Mean smoldering temperature (T,,), and (b) downward smoldering propagation rate (Ss,,) as a
function of reactor diameter (D), wall cooling flux, and oxygen supply.

Moreover, as the reactor diameter decreases, both the smoldering temperature and propagation rate
continuously decrease. Eventually, at the quenching limit, the minimum temperature to maintain smoldering is
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found to be about 250 °C, which is close to the threshold temperature for char oxidation found in the
thermogravimetric analysis of this fuel [18]. Also, the minimum smoldering propagation rate before quenching
is found to be about 0.5 cm/h or 0.1 mm/min.

3.5. Influence of oxygen supply

Figure 6 compares the temperature profile of successful smoldering propagation with (a) bottom sealed and
(b) bottom open, where the reactor diameter is 12 cm and the weak cooling flux of 1 kW/m? is applied. For the
bottom-sealed reactor in Figs. 2(a) and 6(a), after ignition, the smoldering front gradually propagates downward
to the bottom and the top free surface regresses [22], as illustrated in Fig. 7(a). As the oxygen diffuses from the
top free surface, it is forward smoldering propagation where the reaction front moves due to the burnout of fuel
[15,22], similar to the motion of candle flame or the burning of premixed flame. After burnout, a sandwich
residue structure is observed (Stage III in Fig. 7a) where the top and bottom thin layers of char is not burnt due
to the heat loss to the environment [22].

(a) Bottom sealed (D = 12 cm)

(b) Bottom open (D = 12 cm)
Bidirectional propagation

Downward propagation i L~y

IS
<)
S

R 21 cm
B gyem

Temperature (C)
w
3
Temperature (C)

Time (h) Time (h)
Fig. 6. Thermocouple data of smoldering propagation in the 12-cm wide reactor under the cooling flux of 1
kW/m?, (a) bottom sealed with the downward propagation, and (b) bottom open with the downward-to-
bidirectional propagation. The negative sign means thermocouple is below the reactor’s top free surface.

With the reactor bottom open, there is an extra oxygen supply from the bottom, which could be dominant,
due to the chimney effect, and much larger than the oxygen diffusion from the top [19]. In Fig. 6(b), the
smoldering propagation has two stages, (1) 1%-stage downward propagation and (b) 2"-stage bidirectional
propagation, as illustrated Fig.7(b). Compared with bottom-sealed case in Fig. 6(a), the 1% downward
propagation is faster, while the temperature is lower (see more comparisons in Fig. 5). Under the upward airflow,
such a downward (opposed) propagation is fundamentally a continuous ignition process, that is, the newly
ignited smoldering front moving towards the airflow [15]. Thus, it is different from the downward (forward)
propagation in Figs. 6(a) and 7(a). Note that as small amount of oxygen still diffuses from the top surface, a
slow burning process remains below the ash layer (see Stage II).

After the smoldering front reaches the bottom (about 6 h in Fig. 6b), both smoldering fronts on the top and
bottom start to propagate towards the center, that is, a bidirectional forward propagation or burning (see Stage
Il and IV in Fig. 7b). Because of large oxygen supply and good insulation by ash layers, the 2"-stage
bidirectional has a higher temperature of about 600 °C, and the overall burnout time is about 20 h, much shorter
than 45 h in the single-stage downward smoldering propagation in Fig. 6(a). Note that in experiment, as long as
the 1-step propagation was successful, the second bidirectional propagation would not be quenched.
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(a) Bottom sealed: Downward (forward) smoldering propagation

Air flow

Ssm Ll

Ssm

Fuel Fuel

(1) Ignition (Il) Propagation (lll) Burnout
(b) Bottom open: Downward (opposed) to bidirectional smoldering propagation

Air flow

Air flow
Vbl ”l>l_lll

L | Aifow] |

Air flow

Vb

t 1aiflowl 1 t taiflowt 1 4 taiflowt 4 4 fthaiflowt f:

(1) Ignition (Il) Downward propagation (I Transition (IV) Bidirectional propagation (V) Burnout

Fig. 7. Schematic diagrams of (a) single-stage downward (forward) smoldering propagation, and (b) 2-stage
smoldering from downward (opposed) propagation to bidirectional propagation.

4. Conclusions

In this work, quenching of smoldering was observed as the reactor diameter decreased, which is the same
as the quenching of flame. The smoldering quenching diameter was quantified for the first time, which is on the
order of centimeter and much larger than the flame. Like the flame, the smoldering quenching diameter is also
comparable to the thickness of the reaction front, and it increases as the wall cooling increases and the oxygen
supply decreases, which are explained analytically. The minimum smoldering temperature (~250°C) and
propagation rate (~0.5 cm/h or 0.1 mm/min) was found at the quenching limit.

The oxygen supply plays a unique role in smoldering propagation and quenching. By opening both ends of
the reactor, the single-stage downward (forward) propagation transitions to the 2-stage downward-to-
bidirectional propagation. Future experiments will be conducted to determine the smoldering quenching
distance for different fuels and under controlled oxygen flux, and numerical simulations are needed to reveal
the underlying physical process and heterogeneous chemistry behind the minimum smoldering temperature and
propagation rate.
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