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Abstract:

Drying of grain is a crucial process for long-term preservation, while having a significant fire risk. This work
investigated the ignition risk and fire behavior of paddy rice (~1 kg) with the drying airflow velocity up to 0.9
m/s. Results showed that there was a minimum internal flow velocity for a given spotting ignition protocol, so
that a stronger drying flow has a greater ignition risk. Once ignited, three stages of fire spread processes
hidden below the surface were revealed, (1) smoldering spread, (1) flame spread, and (I11) smoldering spread.
The smoldering rice was glowing hot (800-900 °C). With a forced airflow, the downward smoldering spread
(about 2 mm/min) was comparable to or faster than the horizontal spread, different from the natural
smoldering fire. The regression of rice bed in Stage-I smoldering increased the drying airflow, which created a
cavity and further accelerated the downward smoldering spread. Moreover, the smoldering-to-flaming
transition is triggered to sustain the flame spread on and below the free surface. By increasing the drying flow
velocity, the fire-spread rate, and the fire hazards in all stages increased. This work reveals the complex fire
dynamics of rice storage and supports fire protection during the grain drying process.
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1. Introduction

Rice is the staple food for more than half of the world's population, especially in Asian countries [1].
China is the world’s largest rice producer and consumer, with rice production accounting for about 37% of the
global production [2]. Therefore, the fire safety of rice during the processing, storage, and transportation
becomes a critical concern. The typical paddy rice consists of white rice, bran, germ, and rice husk. The main
components of white rice are fat, protein, and cellulose. Thus, rice is combustible in nature, and the rice husk
is also widely used as biomass fuel [3-5]. A scientific understanding of the rice combustion characteristics is
critical for assessing the fire risk of granaries and designing a more effective fire protection system. Most
research efforts on the fire hazards of grain products and fuels have focused on the heat generation of grain,
the risk of self-ignition, and the explosion of grain flour [6-9], but ignored their actual fire risk and behaviors
of rice and other grains, especially during their complex industrial processes.

The water in rice storage creates a proper environmental condition to breed insects and bacteria [10]. The
excessive moisture content of rice will not only increase the mildewing possibility and reduce the economic
value of rice [11, 12] but also facilitate the self-heating in low temperature via exothermic biodegradation.
Therefore, after harvest, the rice must be dried below 12~14% for minimizing the biodegradation processes
caused by bacteria. There are various methods for drying grain, and the convective drying is most widely used,
which can be classified by the direction of inner airflow through the grain, namely, cross-flow, counter-flow,
and concurrent-flow drying processes [13-15]. The principle of these drying processes is to reduce the
moisture by intense convective heat and mass transfer between the porous rice bed and internal airflow [16]. It
is worth noting that the high-temperature process of drying has the most significant fire risk among all
post-harvest processes. Comparatively, the fire risk in grain transportation and storage is much lower [17, 18],
due to a scientific understanding of the self-heating ignition process (such as the critical storage size and
self-ignition ambient temperature) [19], as well as a sophisticated fire protection regulation [20]. So far, many
fire accidents have occurred in grain drying towers. For example, there was a fire accident in the tower in the
Cenex Harvest States at Crookston, MN, USA, in 2009, where several re-ignition of flame occurred during the
firefighting process [21]. More recently, fire events in the drying tower of a granary at Mount Pleasant, USA
in 2018 [22] and at Melfort, Canada in 2019 [23] (Fig. 1), which might be caused by the self-ignition process.
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Fig. 1 Rece‘t fire accidents in rice storage and dryig processing at (a) Crookston, MN USA in 2019 [21], (b) Mount
Pleasant, USA in 2018 [22], and (c) Melfort, Canada in 2019 [23].

There are two major reasons for the significant fire risk during the convective drying process of rice, (1)
the heating components or the hot burning fuels, which are used to heat the airflow, may accidentally enter the
drying equipment [13, 24] and cause the spotting ignition of a fire! [25, 26], and (2) the high-temperature
drying airflow in the equipment enhances the heterogeneous oxidation inside the porous grain [27]. Like most
natural biomasses, such as wood, peat, and coal [26-29], rice and other grains can support both smoldering
and flaming fires. Smoldering is a slow, low-temperature, flameless, and most persistent type of combustion
[30], which plays a central role in the self-heating ignition. Flaming fire is more intense, has a faster heat
release rate, and can spread at least two orders of magnitude faster than smoldering, but a stronger ignition
source is required to initiate a flame. Nevertheless, flaming fire and smoldering fire can easily transition to
each other under proper environmental conditions [31, 32]. In order to evaluate the fire risk and hazard of rice
and other grain during the drying process, it is essential to gain a more scientific understanding of different
combustion and fire characteristics of these grain fuels under the convective drying airflow.

In this work, we designed an experimental platform to study the ignition risk of rice under different
drying airflows, and the combustion characteristics of rice after ignition. The fire dynamics and the influence
of airflow velocity on ignition and fire spread were analyzed to help develop fire-protection strategies during
the grain drying process.

2. Experimental methods

Figure 2 shows the schematic diagram of the experimental setup that simulates the industrial drying
process of rice and the fire scenario initiated by a spotting ignition. The cylindrical drying chamber for rice
had a volume of 2.1 L with a diameter of 21 cm and a depth of 6 cm, which was a 1/10 reduced scale model of
the industrial drier and provided by the industrial collaborator. It was made of stainless steel and covered by a
5-mm thick layer of the thermal-insulation fiberglass. The rice bed was held by a porous metal mesh plate, and
an electronic balance was placed at the bottom to measure the mass loss of rice during the burning process.
Below the drying section, there was the conical flow duct. An extraction fan was connected in the outlet to
produce a forced airflow that penetrates the rice sample from the top free surface. The velocity of drying
airflow could be adjusted by varying the power of the fan.

For each experiment, about 1150 g of paddy rice sample (i.e., with the outer husk) was filled into the
drying chamber. Thus, the bulk density of paddy rice was 550 kg/m?®. Considering the solid density of 1200
kg/m? [33], the porosity of paddy (¢) was 0.58. The thermogravimetric analysis (TGA) was conducted for this
rice sample (see Fig. Al in the Appendix). To determine the original moisture content of rice, the rice was
drying in an oven at 105 °C for 10 h. Then, the mass-based moisture content (MC) of rice sample is

m,, —m

MC =—2—"9" % 100% = 14 + 2% €)
Mmayr

where m,, and my, are the mass of the rice before and after drying, respectively.

! The spot fire ignition is caused by hot (solid, molten oxidizing or burning) metal fragments/sparks and firebrands
(flaming or glowing embers), which is an important fire ignition pathway industrial and wildland fire.
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Fig. 2. (a) Schematics of the rice drying chamber with a downward airflow, and (b) photo of rice sample and particle.

Inside the rice bed, there was a matrix (5x5) of thermocouples, evenly inserted from one side of the
chamber to its central plane. These armed K-type thermocouples had a bead diameter of 1 mm. The
thermocouple matrix had a vertical spacing of 1 cm and a horizontal spacing of 2.5 cm, where column A
roughly overlapped with the central axis. Thermocouple wires and flow pipes were not stretched when
connecting to the combustion chamber, which limited the interference of fan vibration and wiring tension on
the measurement of mass loss. An electric rod igniter was used to mimic the potential spotting ignition by hot
metal particles or burning fuels. The igniter had a diameter of 1cm, a length of 8 cm, a default power of 200 W,
and a surface temperature of about 800 °C. Only the tip of igniter was inserted into the rice sample with a
depth of 1 cm, which created a hot spot, so that the effective ignition power was about 15% default power. For
all tests, the ignition duration was fixed to be 10 min, and the drying airflow was on during the ignition.

By controlling the fan in Fig. 2, the ignition and fire experiments were conducted for the rice stack with a
drying airflow in the downward direction. Throughout all tests, the airflow was not heated, so its temperature
was the same as the room temperature of 27+2 °C. The airflow velocity inside the porous rice bed (U,) was
calculated based on the volumetric flow rate (Q), the cross-section area of the drying chamber (4), and the
porosity of rice bed (¢) as

Q

Ug = (;b_A (2)
Six different velocities of such internal airflow were tested, i.e., 0 m/s (no forced flow), 0.2 m/s, 0.4 m/s, 0.6
m/s, 0.8 m/s and 0.9 m/s, respectively, which were also typically used in the industrial application. Note that
without the forced flow, there would still be diffusion and natural convection to feed oxygen for the burning of
rice. A high-definition digital camera was placed above the combustion chamber to monitor the ignition and
development of rice burning processes. At least two experiments were conducted for each test condition. If
there were large variations of test outcomes, especially near the limiting condition, more repeating tests were
conducted to ensure good experimental repeatability.

3. Results and discussion
3.1. Ignition of rice

Figure 3 shows the outcome of the entire ignition and burning of rice under six different airflow velocities
from 0 to 0.9 m/s. The original test videos can be found in the Supplemental Materials (Videos S1-4 with 50
times playback speed). Figure 4 shows the corresponding curves of mass loss and the mass-loss rate. Clearly,
there is a minimum internal airflow velocity under the given ignition protocol of about 0.6 m/s. As the airflow
velocity was increased, the oxygen supply became abundant in the rice stack, thus promoting the
heterogeneous oxidation (or smoldering combustion) during the ignition process [27]. When the airflow was
below 0.6 m/s, only the rice near the igniter was charred (see Fig. 3a-c and Video S1), while a self-sustained

3


https://doi.org/10.1016/j.firesaf.2020.103013

Q. Xie, M. Gao, X. Huang (2020) Fire Risk and Behavior of Rice during the Convective Drying Process,
Fire Safety Journal https://doi.org/10.1016/].firesaf.2020.103013

smoldering front could not be produced under the limited ignition duration. In other words, the ignition and
fire risks of rice are greater under a larger drying airflow.

During the 10-min ignition, a stable flame could be observed near the ignitor. The thermocouple near the
ignitor gradually increased and eventually exceeded 800 °C, which was much higher than the threshold
temperatures of pyrolysis (300 °C) and char oxidation (400 °C) in Fig. Al. Both the existence of flame on the
sample surface and the thermocouple measurements inside the rice bed have demonstrated that the ignition
process was robust. After turning off the igniter, the flame could no longer be sustained on the rice surface.

Fig. 3. The outcomes and residues of ignition and burning of rice Under drying airflow velocities of (a) 0 m/s without
airflow, (b) 0.2 m/s, (c) 0.4 m/s (Video S1), (d) 0.6 m/s (Video S2), (e) 0.8 m/s (Video S3), and (f) 0.9 m/s (Video S4).
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Fig. 4. (a) Normalized mass loss and (b) mass-loss rate under different internal drying airflow velocities ranging from 0
to 0.9 m/s, where the original mass of rice sample is about 1150 g, and (c) the burning residue of rice particle and bed.

The mass loss during ignition was less than 20 g or less than 2% of the original mass, as shown in Fig. 4a.
On the other hand, once ignited, about 80% of the rice bed was burnout, except for some quenched near the
cold metal wall and the bottom of the dry chamber [34] (see Fig. 3d-f). Once heated, the rice particle would
first thermally expand, melt, and then breach the outer husk. Afterward, the hot molten rice flowed out and
was pyrolyzed to release pyrolysis gas and form char and tar, as shown in Fig. 4c.

Moreover, the larger the airflow velocity, the earlier the peak of mass-loss rate appears (Fig. 4b), which
indicates a faster development and spread of fire and an increase of the fire heat release rate (HRR). The
reason is that the early-stage burning of rice was dominated by the form of smoldering combustion, which is
controlled by the oxygen supply [35, 36]. Therefore, as the larger airflow brought more oxygen, the burning
rate became faster and reached a peak earlier. Note that as the burning of the rice sample continued, the
internal airflow velocity would increase due to the decrease in flow resistance. Therefore, near burnout, the
airflow velocity was much larger, which also enhanced convective cooling effect and quenching near the
chamber wall, resulting in a slightly more residue for a larger airflow velocity.
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3.2. Fire development on rice

Figure 5 shows a series of photos for ignition and fire development processes on the rice bed with a forced
drying airflow of 0.6 m/s (also see Video S2). As most of the fire processes were hidden below the charred top
surface, Figure 6 shows the corresponding thermocouple temperature measurements inside the rice bed, which
were reconstructed into a temperature contour in Fig 7a and Video S5 to illustrate the internal fire spread
process. Figure 8 shows a diagram that summarizes the three-stage fire-spread process on the rice bed.

7 &-‘ \\ \ \ . p J ; A _.‘

\

Fig. 5. Photos of rice ignition an combustion experiment with the downward drying airflow of 0.6 m/s (Video S2).

Stage-1 Smoldering Spread. After turning off the hot ignition rod, a charred black ring was formed
around the rod. The top-view camera also captured a glowing red edge that was formed in the outer perimeter,
that is, the smoldering fire front. Along with the continuous smoldering spread process, the charring
(smoldering) region expanded steadily and uniformly on the top free surface within the first 30 min. Note that
small flames were also observed in the fire inception, which was the ignited rice husk, rather than the rice
particle. The rice husk was quickly burnout, so the flame was unstable and discontinuous. Thus, the
smoldering spread was dominant in Stage I.
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Fig. 6. Temperature inside the rice sample during the ignition and fire spread under a forced drying airflow of 0.6 m/s, (a)
0cm, (b) 2.5 cm, (c) 5cm, (d) 7.5 cm, and (e) 10 cm from the central axis, and (f) locations of all thermocouples, where
the arrow shows the dominating fire spread directions during different stages, the solid arrow shows the smoldering
spread, and the hollow arrow shows the flame spread.

5


https://doi.org/10.1016/j.firesaf.2020.103013

Q. Xie, M. Gao, X. Huang (2020) Fire Risk and Behavior of Rice during the Convective Drying Process,
Fire Safety Journal https://doi.org/10.1016/].firesaf.2020.103013

The smoldering peak temperature of rice was 800-900 °C (Fig. 6a-b and Fig. 7a), which was much higher
than smoldering fires in peat [36] and cotton [37], but comparable to coal fire [29, 38]. As the temperature of
smoldering rice particles was comparable to the rod igniter, it was hot enough to emit visible light (i.e., the
glowing phenomenon [30, 32]), even if there was no flame inside the porous rice bed at this stage. The
smoldering spread is a volumetric process [30], so it spreads both horizontally and downward into the rice
sample. For the convective drying process, the primary oxygen supply for the smoldering spread was from the
forced drying airflow.
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Fig. 7. Reconstructed temperature contour inside the rice bed under the forced drying airflow of (a) 0.6 m/s (Video S5),
(b) 0.8 m/s (Video S6), and (c) 0.9 m/s (Video S7), where the arrow shows the dominating fire spread directions during
different stages, the solid arrow shows the smoldering spread, and the hollow arrow shows the flame spread.

At the airflow velocity of 0.6 m/s, the horizontal and downward spread rates are comparable, as shown by
the fire-spread processes in Fig. 7a. Specifically, after about 30 min, the smoldering front reached the bottom
free surface that was 5 cm below the top, and the horizontal spread distance was also about 5 cm. Note that
with the internal airflow, the internal horizontal smoldering spread could be comparable to free-surface
horizontal spread, which is different from most natural smoldering fires without the internal airflow. Without
the internal airflow, the free surface has the best oxygen supply; thus, the smoldering spread near the free
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surface will be much faster than the internal (or in-depth) spread, such as in peat [36, 39] and cotton [37].
Moreover, because both the internal airflow and smoldering spread were in the downward direction, the
downward spread was a concurrent spread. The concurrent smoldering spread is essentially a burning or fuel
regression process [32, 35], so the rice beneath the charred top surface was burnout to create a cavity (see Fig.
8). The rice layer on the top surface did not collapse because (1) the pyrolysis of rice also produced sticky tars
to hold rice particles, and (2) the thermocouple matrix helped to hold the top residue shell. Figure 7b-c further
shows the temperature contour inside the rice bed based on thermocouple temperature measurements under
the airflow velocities of 0.8 and 0.9 m/s, respectively. Essentially, as the airflow velocity increases, the
downward smoldering spread inside the rice sample increases (see more discussions in Section 3.3).

Stage-11 Flame Spread. Afterward, the smoldering-to-flaming (StF) transition occurred on the sample
bottom surface at about 37 min, which initiated the flaming Stage Il. There were three causes for this StF
transition, (1) the burnout of rice bed significantly reduced the flow resistance and increased airflow velocity,
(2) the volume of the smoldering region was increased, where sufficient flammable pyrolysis gases were
produced, and (3) Stage-I smoldering (glowing) surface was hot enough (>800 °C) to pilot flammable mixture.

Ignition Stage II: Flame Spread

3 Buoyancy
Igniter fl 0wj \

G Buoyancy,

flow Horizontal
flame spread

Stage I: Smoldering Spread
e

Smoldering-to-flaming transition 1 Stage III: Smoldering Spread

Airflow

Fig. 8. The schematic diagram of the three-stage fire spread and the regression of the rice bed in the drying chamber.

As the Stage-I1 flame spread was beneath the top surface, it was challenging to observe the flame visually
(see Fig. 5 and Video S2). Nevertheless, the glowing region on the top surface was found to gradually increase,
as it was heated by the flame tip below. Moreover, the internal temperature increased rapidly to above 1100 °C
(see Fig. 6a-b and Fig. 7a), indicating the existence of flame. The flame grew quickly and, eventually, reached
and ignited the top surface. Thus, the duration of upward flame spread was short, where the flame above the
top surface occurred only a few minutes after the StF transition.

At the same time, the flame spread horizontally on the rice bed below the top charred shell (see the hot
cavity in Fig. 7 and the illustration in Fig. 8). The flame exceeded the top surface and became taller at a larger
airflow. Thus, the flame seems to “spread” horizontally on the top surface as well, and such a spread was
initially in the radial direction, but quickly became random, showing a finger-like pattern [32, 40]. These
behaviors were quite deceptive and could hide the actual flame spread below. Especially when the airflow was
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small, it was difficult to observe the strong internal flame spread from the top view. Nevertheless, the scrutiny
could still reveal the difference from a typical flame spread on the fuel surface. The surface rice particles
within the flame were glowing (Fig. 5 and Videos 2-4) and much hotter than the charring temperature (about
400 °C in Fig. Al), which indicated that they were heated by the flame below rather than that a flame was
maintained above the top surface.

The actual horizontal flame spread beneath the free surface could be quantified by the thermocouple
matrix (Fig. 7). As expected, the flame spread was much faster than the smoldering spread, so the burning area
(see hot spots inside the rice bed in Fig. 7 and Videos S5-7) quickly expanded and reached the chamber wall
within 10 min. At the same time, the mass-loss rate quickly increased to a peak (see Fig. 4b). After flame
spread over, thermocouples started to measure the temperature of rice residue and smoke, so the temperature
quickly decreased below 500 °C.

Stage-111 Horizontal Smoldering Spread. After about 60 min, the flame on rice gradually weakened as
the flame front reached the chamber wall, and eventually transition back to smoldering. The extinction of
flame was because all rice particles had been pyrolyzed into char, and there was no pyrolysis gas to support
the flame. The smoldering fire front continued to spread horizontally over the remaining char, which lasted for
another 40-60 min before the true extinction. Such a long-lasting smoldering end-stage can also be a
significant fire hazard, which is able to trigger another transition to flame with the feed of fresh rice and
release a significant amount of toxic gases [30, 41]. Due to the cooling from the cold wall, the smoldering
peak temperature was about 700 °C (see Fig. 6d-e and Fig. 7a), which was much lower than Stage |
(800-900 °C). Eventually, the smoldering on charred rice was quenched near the wall [34] before burnout.

3.3 Fire spread rate and effect of drying airflow

Figure 7 further compares the influence of the drying airflow on the temperature and smoldering spread
pattern of the burning rice. As seen from the motion of the hot region in the smoldering Stage-I, the downward
spread rate increased with the velocity of internal airflow, and it eventually exceeded the horizontal spread.
For the horizontal spread, the spread profile was uniform with the depth, where the overhang structure [36]
did not appear, because the forced airflow provided an excellent oxygen supply in-depth. To further reveal if
the Stage-l smoldering spread was accelerating or steady-state, the spatial variation of smoldering spread rate
was calculated by the tracking the arrival of smoldering (or char-oxidation) front. Based on thermal analysis
data (Fig. Al), the thermocouple temperature of 400 °C was used to identify the smoldering front, and a
MATLAB code was programmed to conduct the calculation.
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Fig. 9. Stage-1 downward and horizontal smoldering spread rate vs. depth under the drying airflow velocities of (a) 0.6
m/s, (b) 0.8 m/s, and (c) 0.9 m/s, where the error bars showed the uncertainty in all repeating tests.

The concurrent smoldering spread rate (S) is essentially the burning regression rate (R) [30, 32] that is
controlled by the oxygen supply as
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where mhg is the fuel burning flux, mg, = Yy, p,U, is the mass flux of oxygen supply, and y,, is the

stoichiometric coefficient for oxygen. Figure 9 summarizes the Stage-1 downward spread rate vs. the depth
and the horizontal spread rate vs. the radial distance. It is apparent that the downward (concurrent) smoldering
spread rate increases with the depth, especially when it approaches the bottom. Specifically, the spread rate
increases from about 2 mm/min near the top surface to about 4 mm/min near the bottom surface. It is because
the burnout of rice layer reduces the flow resistance and increases the internal airflow velocity (U,) under the
constant extraction power.

On the other hand, the horizontal smoldering spread was mostly steady-state. Specifically, the horizontal
smoldering spread rate over rice was 2 + 0.5 mm/min, which was close to peat [36] and cotton [37]. Note that
the horizontal spread rate was comparable to or smaller than the downward spread, the trend of which was
opposite to the natural smoldering fire without forced internal flow. For the natural smoldering fire (like the
peat fire), there is no forced airflow inside the porous fuel, and the oxygen supply is controlled by diffusion
within the surface boundary layer. Thus, the oxygen supply for the horizontal spread is maximum, but
decreases with the increasing depth for the vertical (downward or upward) spread [35, 38].

(a) Smoldering spread (Stage 1) (b) Flame spread (Stage II)
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Fig. 10. Effect of drying airflow velocity on fire spread rate, (a) Stage-1 downward and horizontal smoldering spread,
and (b) Stage-11 upward and horizontal flame spread.

Figure 10 quantified the effect of drying flow velocity on the fire spread rate, (a) the Stage-I smoldering
spread, and (b) the Stage-Il flame spread. For the downward smoldering spread (Fig. 10a), the spread rate
increased almost linearly with the downward drying airflow, as explained by Eqg. (3). On the other hand, the
horizontal smoldering spread rate remained at 2 mm/min and, as expected, was insensitive to the downward
drying airflow. The rate of Stage-1l flame spread (about 10 mm/min) was much larger than that of Stage-I
smoldering spread (about 2 mm/min).

Figure 10b also shows that the upward flame spread is faster than then horizontal spread. Moreover,
flame-spread rates in both directions increased almost linearly with the drying airflow. On the other hand, the
trend of horizontal flame spread was different from the unchanged horizontal smoldering spread rate. It is
because the flame spread in both directions is controlled by the convection that always increases with the
airflow. As discussed above, the horizontal flame spread occurred below the top surface (see Fig. 8), and the
flame was taller than the top surface. Thus, visually the flame seemed to “spread” on the top surface as well
(see Fig. 5 and Videos S2-4). As also plotted in Fig. 10b, such a flame motion was extremely slow (about 1
mm/min), which was even slower than the smoldering spread. This deceptive slow flame motion on the top
surface hides the fast flame-spread behaviors below, which can cause an underestimation of the fire
development and hazard. Thus, it is critical to monitor the internal temperature of rice and other grains during
the convective drying process, in order to discover the smoldering hot spot, identify the real motion of flame,
and determine the actual extinction moment.
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4. Conclusions

This work investigated the ignition risk and fire behavior of bench-scale paddy rice (about 1 kg and 2 L)
in the convective drying process with an internal airflow velocity up to 0.9 m/s. Results showed that there was
a minimum internal airflow velocity for given spotting ignition protocol, simulated by a glowing rod. A larger
drying airflow showed a greater ignition risk.

Once ignited, three stages of hidden fire spread processes below the surface were revealed, (1) smoldering
spread, (I1) flame spread, and (l11) smoldering spread. The smoldering rice was glowing hot and had a peak
temperature between 800 °C and 900 °C. With a large forced internal airflow, the downward smoldering
spread (about 2 mm/min) was comparable to or faster than the horizontal spread, different from the natural
smoldering fire. The regression of rice bed in Stage-I smoldering increased the drying airflow, which not only
accelerated the downward smoldering spread with depth, but also triggered the smoldering-to-flaming
transition and a flame spread. The Stage-1l flame mainly spread beneath the top surface, which was difficult to
identify. After flame extinction, the Stage-I1l1 smoldering could continue to burn for an extensive period. By
increasing the drying airflow velocity, the fire-spread rate in all stages increased, and the burnout time
decreased, indicating a more significant fire hazard.

It is also recommended to monitor the internal temperature of the rice and other grains during the
convective drying process, in order to discover the smoldering hot spot, identify the hidden motion of flame
below the fuel surface, and determine the actual extinction moment. This work reveals the complex
smoldering and flaming fire dynamics of rice and provides scientific support for fire protection during the
grain drying process.
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Appendix

The thermal analysis (both TGA and DSC) was conducted with a PerkinElmer STA 6000 Simultaneous
Thermal Analyzer. Before analysis, the rice sample was first pulverized and then dried at 105 °C for 20 min.
The initial mass of cotton was about 10 mg, and sample was heated at a constant rate, and six heating rates, 5,
10, 15, 20, 30, and 40 K/min were tested. The test environment was airflow with a flow rate of 50 mL/min.
Each condition was tested twice to ensure the experimental repeatability. Figure Al shows the mass-loss rate
and heat flow curves of this rice sample at the heating rate of 5 K/min and 40 K/min. As the heating rate in the
bench-scale rice fire is comparable or higher than 40 K/min, the thermal-analysis data with a higher heating is
more relevant. As indicated by the fast increase of mass-loss rate and heat-release rate, the decomposition of
rice starts at about 300 °C, and the second-stage char oxidation starts at about 400 °C. The heat of smoldering

for rice can be calculated by integrating the heat flow curve, and it is about 8 MJ/kg, which is lower than that
of peat [28] and cotton [37].
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Fig. Al. (a) Mass-loss rate (DTG), and (b) heat flow (DSC) curves of rice in air atmosphere with the heating rates
of 5 and 40 K/min.
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