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Abstract

This study investigates the minimum ignition temperature of smoldering paper scraps with varying
bulk densities and lengths under different external airflow rates. Paper scraps of different lengths
were compressed to modify the bulk density within the smoldering fuel bed. The ignition tests were
performed using a rod-heater with a controlled temperature range of 350-450 °C. Once the rod-
heater reached the preset temperature, the current was turned off, and the rod-heater was inserted
into the center of the vertically oriented combustion chamber filled with paper scraps. By recording
the temperature variations at different locations within the combustion chamber, the ignition limits
of smoldering paper scraps with varying bulk densities under different external airflow rates were
determined. The results showed that in the absence of external airflow and with a fixed paper scrap
length, the ignition limit of smoldering paper scrap exhibits a clear U-shaped trend as bulk density
increases. Furthermore, we found that in the absence of external airflow, the length of paper scraps
had no significant effect on the ignition limit in the low bulk density range. However, in the high
bulk density range, the ignition limit increased with scrap length. As for cases with external air
flows, the ignition limit of paper scrap smoldering combustion once again exhibits a U-shaped trend
with varying bulk density. Compared with the condition without forced airflow, however, the
inflection point of the U-shaped curve shifts toward the higher-density region. Moreover, within
the range of externally forced airflow rates examined in the present study, the length of paper scraps
had no significant effect on the smoldering ignition limit.

Keywords: smoldering; ignition limit; bulk density; paper scraps; propagation

1. Introduction

Smoldering combustion is a low-temperature, slow, and flameless combustion phenomenon
[1,2] that occurs as an oxidation reaction on the surface of porous fuels. This process relies on the heat
generated from its own heterogeneous reactions to sustain its propagation. Smoldering combustion
can be initiated by heat sources that are insufficient to produce a flame, and once initiated, it is
difficult to extinguish. This characteristic is particularly evident in forest subterranean fires, which
can burn for extended periods, ranging from days to months or even longer [3,4]. Furthermore, under
certain conditions, smoldering combustion can transition into fully developed fires, resulting in
significant economic losses. The burning process of smoldering combustion produces a substantial
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amount of toxic and harmful gases, which pose serious threats to both the social environment and
human health.

Due to its critical importance in fire safety [5], the fundamental characteristics of smoldering
combustion have been extensively studied. Rein et al [6] studied the effect of bulk density on
smoldering combustion using polyurethane foam as an experimental sample. It was shown that the
rate of smoldering propagation decreased with increasing density. Moussa et al [7] proposed a two-
step reaction mechanism for cellulosic materials, where the fuel is first pyrolyzed and then oxidized.
The process of smoldering combustion is a complex process that consists of a combination of heat
and mass transfer. The ignition point is determined by a delicate balance between the heat supplied
by the reaction front, heat loss, and the heat generated by the chemical reaction [8]. Therefore, there
are many factors affecting the ignition of smoldering combustion. Hagen et al [9] found that bulk
density has a tremendous effect on the ignition temperature and weight loss of smoldering
combustion. Hadden et al [10] experimentally found that the critical heat flux of smoldering
combustion increases with increasing sample size, and further that the increase in sample size
increases the ignition limit of smoldering combustion. Xie et al [11] investigated the effect of high
bulk density, and the effect of wind velocity on the ignition characteristics of cotton bales and found
that the ignition diffusion rate and peak temperature increased almost linearly with wind velocity
due to the increase in oxygen supply. In addition, Walther et al [12] found that the minimum energy
required for ignition decreased as the oxygen mass fraction increased. Thus, bulk density, sample
size, and air flow rate are important parameters affecting ignition.

The smoldering of municipal solid waste, often triggered by discarded cigarettes or other
smoking-related materials, has consistently been identified as a leading contributor to the fire
pathways through which urban spot fires are initiated. According to the CTIF Report No. 29 (2024)
[13], which provides a comprehensive analysis of global fire statistics for 2022, there were 640,093,000
residential fires, accounting for 23.1% of the total number of fires. Additionally, 51,564,000 fires were
attributed to smoking-related factors, representing the third highest cause of fires among all
contributing factors.

Despite extensive investigations into the smoldering behavior of various materials, limited
information exists regarding the specific conditions required for smoldering to be initiated in paper
scraps by a discarded cigarette. The ignition mechanism of fuel by a discarded cigarette butt
fundamentally differs from that of flames or radiation [14,15]. When a cigarette butt comes into
contact with a fuel, energy is transferred from the cigarette to the fuel and its surrounding
environment. However, as the cigarette no longer receives a continuous energy supply, its
temperature decreases, thereby creating distinct boundary conditions for the heat source. If the
cigarette butt remains sufficiently hot, carbon oxidation or oxidative pyrolysis reactions within the
fuel bed can sustain the propagation of the smoldering front, potentially leading to smoldering or the
generation of flames [16]. The ignition threshold of the fuel bed under these unique boundary
conditions is influenced by various factors [17]. Given that paper is a ubiquitous combustible
material, this study employs common paper scraps as the experimental material to investigate the
ignition process. In this study, we used a rod-heater to simulate the process of cigarette ignition of
paper scraps. A series of experiments were conducted to vary the rod-heater temperature, paper
scraps bulk density, length, and wind speed conditions to investigate the propagation characteristics
of paper scraps smoldering and the effect on the ignition limit of paper scraps.

2. Materials and Methods

2.1. Experimental Samples

In the present research, shredded paper scraps (Figure 1) derived from commonly used cellulose
paper were selected as experimental samples. The physical properties of these paper scraps are
summarized in Table 1. The samples were prepared in lengths of 30 mm, 45 mm, 60 mm, and 75 mm
to investigate the influence of length variations on their combustion characteristics. The width of the
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paper scraps was maintained at 30 mm to ensure a controlled variable, while the thickness was
measured as 8.7x10 mm.

The bulk density of the paper scraps was regulated within the range of 5 kg/m? to 50 kg/m?®.
Specifically, when the bulk density was lower than 5 kg/m?, it became challenging to achieve a
uniform sample within the combustion chamber. On the other hand, when the bulk density exceeded
50 kg/m?3, it became difficult to compress and stabilize the sample within the combustion chamber.

Figure 1. Paper Scraps.

Table 1. Physical Properties of Paper Scraps.

Length (mm) Width (mm) Thickness (mm) Intrinsic density (kg/m?)
30
45
-3
60 30 8.7 x10 301.1
75

2.2. Experimental Setup and Experimental Conditions

The experimental investigation of smoldering ignition in paper scraps was conducted using the
apparatus illustrated in Figure 2. This experimental setup consists of a combustion chamber, a base,
a heating system, a gas supply system, a temperature acquisition system, and a digital camera. The
combustion chamber is a transparent cylindrical container with a length of 0.20 m and an internal
diameter of 0.15 m, mounted on a stainless-steel base. The lower surface of the base is equipped with
an air diffuser and covered with ceramic balls, which fill the entire internal space of the base. An
annular air diffuser located at the base of the pedestal contains eight pairs of diametrically opposed
holes, ensuring uniform airflow into the combustion chamber.

To monitor temperature variation at different vertical positions within the porous fuel bed, six
K-type thermocouples (denoted as TC1-TC6) are evenly spaced at 2 cm intervals along the vertical
center axis, as illustrated in Figure 2. Temperature data are recorded at 5-second intervals. A rod-
heater, controlled by an ignition controller, is inserted into the combustion chamber through a hole
in the wall of the glass tube. The rod-heater is positioned centrally, equidistant from both the top and
bottom of the chamber. The precise positioning of the thermocouples relative to the rod-heater is also
depicted in Figure 2.

To minimize the influence of environmental factors, the ambient temperature was controlled
within a range of 15-20 °C, and the relative humidity was maintained between 30% and 40%
throughout the experiment. A specified length of paper scraps was placed inside the combustion
chamber and compressed to a predetermined bulk density. Air was introduced into the chamber at a
controlled flow rate through an air diffuser located at the chamber’s base, which incorporated a
honeycomb structure filled with ceramic balls to ensure uniform airflow distribution.

The temperature of the rod-heater was gradually increased from 340 °C to 460 °C in 10 °C
increments. Once the desired temperature was reached, the heating was stopped, and the rod-heater
was inserted directly into the combustion chamber. The ignition limit of the paper scraps fuel bed
was then recorded as a function of several factors, including the initial temperature, the bulk density
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of the fuel bed, the length of the paper scraps, and the airflow rate. In the present research, ignition
was defined when self-sustained propagation of the smoldering front was observed by every
thermocouple.

In this experimental setup, the length of the paper scraps was varied between 30 and 75 mm, the
bulk density ranged from 5 to 50 kg/m?, and the airflow rate varied from 0 to 30 NL/min. To ensure
the reliability and reproducibility of the results, each set of conditions was repeated three times.

Glass tube

TC4

o
N
3 TC-2

Paper

1= I

1C4

Heater Data collector computer

T1C-5

Temperature regulator

Ceramic ball Rotameter

Figure 2. Schematic diagram of the experimental setup.

3. Results and Discussion

3.1. Ignition Limit of Paper Scraps at Different Bulk Densities Without an External Air Flow

This section focuses on the influence of paper scrap bulk density within the fuel bed on the
ignition limit under conditions without externally forced airflow.

Figure 3 illustrates the trend of the smoldering ignition limit of paper scraps as the bulk density
increases. Initially, the ignition limit decreases with increasing bulk density, but it subsequently
increases with further increments in bulk density. At a bulk density of 12 kg/m? and a rod-heater
temperature of 420 °C, only one out of the three replicate experiments failed to ignite, while the other
two successfully ignited. Consistent results were obtained across all three replicates for all other

conditions.
500
X No ignition

A480’ O Self-propagation
& 460 o o o o o X
£ 440] o o o 0o o X
%;_ 420+ wx O O O 0O X
£ 400 X X~.o.-%X X X
@ 380+ X X X X x X
®
£ 360- X X X X X X

340 T T T T
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Bulk density of scraps of paper (kg/ms)

Figure 3. Ignition limit of paper scraps at different bulk densities without an external air flow. (Paper scrap

length: 45mm).
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As shown in Figure 3, the ignition limit of paper scraps exhibits a U-shaped trend with increasing
bulk density at a fixed paper scrap length. This behavior is attributed to the competitive effects of
porosity, heat capacity, and oxygen supply. To qualitatively describe this U-shaped trend, a simple
model is presented in this paper. Due to the cessation of electric current supply to the rod-heater
when embedding it into the fuel bed, the temperature of the rod-heater decreased. This decrease is
primarily attributed to heat loss, which includes heat transfer from the rod-heater to the test sample
and heat loss to the surrounding air through convection or radiation. The energy balance equations
of the rod-heater and the test sample are given as Egs. (1) and (2), respectively:

Energy balance equation of the rod-heater:

Vioncn(0Ty/0t) = =SiAtserr(Th — Tes)/d + Quossyn 1)
Energy balance equation of test sample:
Vtsptscts(aTts/at) = Sl/lts,eff(Th - Tts)/d + Qloss,ts + whthr (2)

In Equation (1), the first term is the transient energy of the heater, the second term is the heat
conduction from the rod-heater to the test sample, and the last term is the heat loss from the rod-
heater to the ambient air due to convection or radiation and Q,,ss, has negative value.

In Equation (2), the first term is the transient energy of the test sample, the second term is the
heat conduction from the rod-heater to test sample, the third term is the heat loss of test sample to
ambient and Qy4s5¢s has negative value, and the last term gives the heat generated within the test
sample.

The effect of porosity can be explained as follows. The porosity decreases with the increase of
bulk density, resulting in the increase of the effective thermal conductivity of the sample:
Aes,intrinsic (1 = Pes) + Agir®rs + PesdeaTED,) For a low bulk density case, a small amount of heat
was transferred from the rod-heater to the test sample (2nd term in Equations (1) and (2)). due to the
low effective thermal conductivity of the sample. Meanwhile, there was a large heat loss from the
heater to ambient air. (3rd term in Equation (1)) The energy lost from the rod-heater is defined as the
ratio of Qjossn and S;Agserr(Ty — Tts)/d, then as the bulk density increases, this ratio decreases and
the rod-heater gives off less heat to the environment, making ignition relatively easy

Regarding the heat capacity effect, as the bulk density of the paper scrap fuel bed increases, the
heat capacity of the paper scraps also increases. This leads to a higher ignition limit for the paper
scraps (1st term in Equation (2)).

When considering the oxygen supply within the porous medium, the total amount of oxygen
inside the bulk porous medium decreases with increasing bulk density, which makes oxygen delivery
to high-temperature regions more challenging. This significantly impacts the last term in Equation

Coy,00
(1/k+1/ho,)
concentration in the ambient, k represents the chemical control effect, and h,, illustrates the

(2), as the reaction rate for heat generation is defined by:wy, = where C,, ., is the oxygen

diffusion control effect.

Through the analysis of the experiments, we have gained a better understanding of the U-shaped
trend shown in Figure 4. In the case of low bulk density (e.g., 12 kg/m?), porosity is the dominant
factor influencing thermal conductivity. A higher porosity results in lower thermal conductivity,
which in turn hinders effective heat transfer from the heating element to the fuel bed. Oxygen
distributions between particles reached ambient level because the pore size was much greater than
the characteristic thickness of the paper in the low-density range.

As the bulk density increases, the influence of oxygen supply and heat capacity becomes more
significant in the ignition process of the fuel bed. Consequently, this leads to an increase in the
ignition limit of the paper scraps as the bulk density rises.
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Figure 4. Qualitative description of ignition limit of paper scraps as a function of initial rod-heater temperature

and bulk density without external air flow.

3.2. The Influence of Paper Scrap Length Within the Fuel Bed on the Ignition Limit Without External Forced
Air Flow

This section primarily discusses the effects of paper scrap length within the fuel bed on the
ignition limit, in the absence of externally forced air flow.

As shown in Figure 5, the ignition limits of the paper scraps fuel bed across all tested sizes follow
a U-shaped curve, which supports the accuracy of our previous analysis. The natural stacking density
of small-sized paper scraps is approximately 15 kg/m3 while that of large-sized paper scraps is
around 5 kg/m3. Within the low bulk density range (10-15 kg/m?3), the lowest ignition temperatures
for paper scraps with lengths of 45, 60, and 75 mm are 420 °C, 400 °C, and 420 °C, respectively. In this
range, the effect of paper scrap length on the ignition limit is minimal. In the high bulk density range
(15-25 kg/m?), for instance, at a bulk density of 16.98 kg/m3, the lowest ignition temperatures are 400
°C, 400 °C, 420 °C, and 420 °C for 30, 45, 60, and 75 mm paper scraps, respectively. At a bulk density
of 19.81 kg/m?, the lowest ignition temperatures are 400 °C, 420 °C, 420 °C, and 440 °C for 30, 45, 60,
and 75 mm paper scraps, respectively. At a bulk density of 22.5 kg/m3 the lowest ignition
temperatures are 420 °C, 420 °C, 440 °C, and 460 °C for 30, 45, 60, and 75 mm paper scraps,
respectively. Compared with low-density regions, the size of paper scraps has a more pronounced
effect on the smoldering ignition limit of the fuel bed in high-density regions.

Based on the analysis of the U-shaped trend from the previous section, the smoldering ignition
limit of the fuel bed in high-density regions is characterized by a larger heat capacity and limited
oxygen availability in the fuel bed. This is most likely because, in high-density regions, the size of
paper scraps influences the oxygen supply conditions within the fuel bed, while the heat capacity
remains constant at a given bulk density. This is evidenced by the temperature distributions shown
in Figure 6.

Figure 6 illustrates the temperature distribution within the paper scraps fuel bed for two
individual cases. The temperature profiles within the test sample, obtained at initial rod-heater
temperatures of 400 °C and 440 °C, with paper scrap lengths of 30 mm and 75 mm at a bulk density
of 14.15 kg/m?, are presented.

Figure 6a shows the temperature distribution for a paper scrap length of 30 mm, while Figure
6b corresponds to a length of 75 mm. In both non-ignition cases, the temperatures recorded by all
thermocouples remained below 100 °C. Nevertheless, a significant difference is observed between the
two paper scrap lengths. For the 30 mm case, the temperatures in the upper part of the combustion
chamber (TC-1 to TC-3) were higher than those in the lower part (TC-4 to TC-6). Notably, the local
temperatures at TC-1 and TC-2 even exceeded that at TC-4, despite TC-4 being located closer to the
rod-heater. A similar phenomenon was also reported in our previous research [18]. This behavior can
be attributed to the heat transfer characteristics within the porous medium: in addition to conduction
and radiation from the rod-heater to the fuel bed, the upper region of the chamber received
convective heat transfer induced by buoyancy-driven flow. Such convection played a critical role in
enhancing the temperature of the paper scraps in the upper chamber. However, when the paper scrap

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2406.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 September 2025 d0i:10.20944/preprints202509.2406.v1

7 of 11

length increased to 75 mm, this buoyancy-driven convection effect was strongly suppressed,
resulting in a substantial reduction of convective heat transfer. Consequently, heat transfer was
dominated by radiation and conduction, leading to higher temperatures near the heaters (TC-3 and
TC-4) compared to locations farther away (TC-1, TC-2, TC-5, and TC-6). The suppression of natural
convection in the fuel bed deteriorates oxygen supply, making the effect of paper scrap size on the
smoldering ignition limit of the fuel bed more pronounced in high-density regions.
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Figure 5. Ignition limit of fuel bed with different paper scrap length without an external air flow, (a) paper
scrap length: 30mm; (b) paper scrap length: 45mm; (c) paper scrap length: 60mm; (d) paper scrap length:
75mm.

(b)

Temperature (°C )
Temperature (°C )
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Figure 6. Temperature profiles insde the compacted paper scraps, (a) heater temperature 400 °C, bulk density
22.65kg/m?, paper scrap length 30mm, (b) heater temperature 440 °C, bulk density 22.65kg/m?, paper scrap
length 75mm (Without external air flow).

3.3. Ignition Limit of Paper Scraps with External Air Flow

In this section, we investigate the impact of the external air flow rate, introduced from the bottom
of the fuel bed, on both the ignition limit and the smoldering propagation characteristics of the paper
scraps. Given that the ignition limit in the high-density region is primarily governed by oxygen
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transport within the fuel bed, this part of the study focuses exclusively on the effect of air flow rate
on the ignition limit of paper scraps in the high-density region.

Figure 7 shows the ignition limits of paper scraps without external airflow (Figure 7a), with 10
NL/min external airflow rate (Figure 7b). As discussed before, in the absence of an external air flow,
the ignition limit increases when the bulk density increases from 17 kg/m? to 25 kg/m?. However, at
external airflow rates of 10 NL/min, the ignition limit of the paper scraps first decreases with
increasing bulk density and then increases with a further increase in bulk density. Specifically, at a
bulk density of 19.81 kg/m3, the minimum initial rod-temperature required for ignition of the paper
scraps without external airflow is 420 °C (Figure 7a). In contrast, when an external airflow rate of 10
NL/min is applied, the minimum ignition temperature is significantly reduced to 380 °C (Figure 7b).
This enhanced ignition tendency with external airflow can be attributed to the increased oxygen
supply to the fuel bed facilitated by the externally induced airflow.

In the presence of externally forced airflow, the ignition limit of paper scrap smoldering
combustion once again exhibits a U-shaped trend with varying bulk density. Compared with the
condition without forced airflow, however, the inflection point of the U-shaped curve shifts toward
the higher-density region.

500 500

X No ignition (@) X No ignition (b)
. 4801 o Self-propagation . 4804 o Self-propagation
8 460 o X 5;), 460 ¢) ¢) o) o) o)
(O] (O]
5 440+ o X S 440+ o o o o o o
§420- o 97X X g;_ 420+ o o o o O o
€ 400 xT X X X £ 400+ o o o o o o
@ 380+ X X X X & 380+ g @ O O = X
© © X~sox_  oxox X X
£ 360 X X X X £ 360 X XTTTXTTXT X X

340 T . : : 340 . : : r r T T
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Bulk density of scraps of paper (kg/m®) Bulk density of scraps of paper (kg/m”)

Figure 7. Ignition limit for paper scraps (paper scrap length 30mm) with different external air flow, (a) without

external air flow; (b) I0NL/min air flow.

The effect of airflow on the temperature profiles in the vertical combustion chamber is presented
in Figure 8. In the absence of external airflow (Figure 8a), the smoldering front was first detected at
the bottom thermocouple (TC-6) and subsequently propagated upward, a behavior that has been
previously identified and explained in detail in our earlier study [18]. When an airflow of 30 NL/min
was introduced (Figure 8b), the smoldering front followed the same pattern but propagated at a
substantially higher rate. This acceleration was attributed to the oxygen-diffusion-limited nature of
the smoldering process, whereby the additional airflow enhanced oxygen availability [19], leading to
higher sample temperatures and faster front propagation.

The effect of paper scrap length on the ignition limit of smoldering combustion under external
airflow is presented in Figure 9. Figure 9a,b show the minimum temperatures required for
smoldering at different bulk densities for paper scraps of 30 mm and 60 mm in length, respectively.
The results indicate that increasing the paper scrap length had no significant influence on the ignition
limit with the presence of external forced airflow. In particular, no appreciable rise in the minimum
ignition temperature was observed with longer paper scraps under the 30 NL/min airflow conditions.
This can be explained by the fact that, under forced airflow, the convective heat transfer from the rod-
heater to the test sample was not hindered by the increase in scrap length.

It should be noted that in this study, the influence of longer paper scrap lengths on the ignition
limit was not comprehensively examined under external airflow conditions. It is hypothesized that
at greater lengths, convective heat transfer from the rod-heater to the sample may be reduced,
potentially requiring higher ignition temperatures or stronger airflow to sustain smoldering. Further
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investigations will be carried out to clarify the effect of extended paper scrap lengths on smoldering
ignition limits under forced airflow.
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Figure 8. Temperature distributions within compacted paper scraps at a bulk density of 19.81 kg/m?, (a)
without air flow rate, (b) air flow rate: 30NL/min.
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Figure 9. Ignition limit for paper scraps with 30NL/min external air flow, (a) paper scrap length 30mm; (b)
paper scrap length 60mm.

4. Summary and Conclusions

This paper investigates the ignition temperature and smoldering propagation characteristics of
paper scrap under varying conditions, including paper scrap length, bulk density, and externally
forced airflow rate. The effects of these factors on the ignition limit of the paper scrap fuel bed have
been discussed. The main findings are as follows:

(1) In the absence of external airflow and with a fixed paper scrap length, the ignition limit of
smoldering paper scrap exhibits a clear U-shaped trend as bulk density increases. This trend is
attributed to the complex interplay between porosity, heat capacity, and oxygen supply within the
fuel bed.

(2) In the absence of external airflow, the length of paper scraps had no significant effect on the
ignition limit in the low bulk density range. However, in the high bulk density range, the ignition
limit increased with scrap length. This phenomenon can be attributed to the suppression of natural
convection within the fuel bed, which reduces oxygen supply and thereby makes the influence of
scrap size on the smoldering ignition limit more pronounced under high-density conditions.

(3) In the presence of externally forced airflow, the ignition limit of paper scrap smoldering
combustion once again exhibits a U-shaped trend with varying bulk density. Compared with the
condition without forced airflow, however, the inflection point of the U-shaped curve shifts toward
the higher-density region.

(4) Within the range of externally forced airflow rates examined in the present study, the length
of paper scraps had no significant effect on the smoldering ignition limit.
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Abbreviations
Letters Greek symbols
\% volume p bulk density
c specific heat A thermal conductivity
T temperature o Stefan—-Boltzmann constant
t time o} porosity
S1 heat conduction surface from heater to test sample ¢ emissivity
d conduction distance @ reaction rate
Dy pore diameter in the porous Subscripts
Q heat h heater
C concentration ts test sample
k reaction rate constant loss heat loss
h mass transfer coefficient hr heat release
H reaction heat intrinsic intrinsic
02 oxygen
o] ambient
eff effective
air air
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