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A Study on Fire Risk Reduction of Porous Combustible
Storage
Nam Kyun Kim,a and Dong Ho Rie b,*
As biomass has become increasingly important, wood pellets are
becoming more widely used, and the storage of wood flour, which is the
raw material of wood pellets, has become inevitable. The purpose of this
study was to reduce the economic losses from fires during storage of
porous combustible materials. To achieve this purpose, the authors
analyzed and compared the wood flour loss rate between the use of water
and the use of wetting agents to extinguish a deep-seated fire through a
scale model experiment. To do this, the authors measured the penetration
amount of the water and dilute solutions of wetting agent, the weight
change of the wood flour holder, and the emissions on a real time basis
when that spray amount was the same. Furthermore, the authors analyzed
the calorific value and combustion gas to examine the reusability of the
wood flour with the added wetting agent. This study quantitatively
demonstrated that the active use of wetting agents in wood flour storage
fires dramatically reduced the fire loss rate of raw materials and resulted
in early fire extinguishing, which minimizes companies' economic loss.
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INTRODUCTION
Today, fossil fuels are a major energy source, accounting for more than 80% of
global energy demand (IEA 2013). However, fossil fuels are not regenerable and have
limited reserves. In recent years, as an effort to replace fossil fuels, biomass has become
more important (Williams et al. 2012; Guo et al. 2015). As a result, the market for wood
flour pellets has grown (Toscano et al. 2013). The EU's bioenergy policies and rise in oil
prices have led to a significant increase in wood pellet boilers for home heating (Kristöfel
et al. 2016). Wood pellets are also considered high quality biomass material suitable for
many industrial and household applications (Li et al. 2012; Yu and Chen 2016). Many
reports on the increasing consumption of wood pellets forecast that the consumption of
wood pellets will increase steadily in the future (Williams et al. 2012; Toscano et al. 2014;
Proskurina et al. 2015; Kristöfel et al. 2016; McKechnie et al. 2016; Nabavi et al. 2016;
Nunes et al. 2016; Simpson et al. 2016). Therefore, the production and storage of wood
flour and the raw material for making wood pellets will become inevitable (Alakoski et al.
2016). The stored wood flour, consisting of fine particles, has a larger surface area and
more interparticle voids per weight unit than wood. These characteristics facilitate oxygen
inflow and increase the possibility of smoldering, even at a low external oxygen
concentration, due to a high internal oxygen content. At the same time, the particles serve
as an insulating material, thereby reducing heat loss and enabling continuous combustion
despite a low heat emission rate. Furthermore, the carbides that are not fully degraded by
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smoldering are likely to ignite if there is rapid oxygen ingress at relatively low temperatures
(≥ 670 K) (SFPE 2002). A phenomenon in which a fire generated on the surface of porous
materials is transferred to the deep part of porous materials, leading to continuous
smoldering, is called a “deep-seated fire”. In the case of a deep-seated fire, it is difficult to
judge whether or not the fire is extinguished completely, and the use of general water,
which has a low surface penetration performance due to high surface tension, is not
effective for extinguishing a deep-seated fire. Also, if the cooling surface formed during
the extinguishing of the surface fire is lost due to the external force, there is a high
possibility of reignition due to rapid oxygen supply (SFPE 2002; Toscano et al. 2014). In
a recent deep-seated fire case, “Woodchip fire at the South Wales recycling site”, the fire
occurred in Heol Llan, Coity, Bridgend at 03:30 BST on September 19, 2016. The store
had about 3000 tonnes of wood chips, and the fire lasted eight days until it was completely
extinguished on September 26. In case of a deep-seated fire, the high temperature inside
the porous materials due to the fire is maintained for a long time, so the penetration
performance of the water used for extinguishing the fire should be excellent and should be
kept on the fire for a long time (National Fire Protection Association 2005). Therefore, it
is important to cope effectively with fire extinguishing by changing the physical and
chemical properties of fire water through the addition of wetting agents (Kim and Rie
2015).
Torero and Fernandez-Pello (1995), Palmer (1957), and Kim and Rie (2013)
focused on the implementation of deep-seated fires and the transfer rate. Kong et al. (2013)
studied the effect of the surfactant on the penetration performance, and Lazghab et al. (2016)
described the limitations as well as the merits and demerits of the methods of evaluating
the wettability of the solid powders reported in the literature, providing the basis for
obtaining appropriate data and selecting system specifications. The previous studies
conducted to date have been focused on the implementation of deep-seated fires and the
penetration performance in non-fires, but not many studies have been conducted on the
extinguishing of deep-seated fires. Kim and Rie (2016) conducted a study on the
development and validation of a scale model apparatus and the fire extinguishing
performance evaluation of the deep-seated fire using the existing agents.
In this study, the authors tried to confirm the reduction in economic losses from
deep-seated fires by the use of a wetting agent. To accomplish this, the authors
implemented deep-seated fires in wood flour and conducted fire extinguishing experiments
according to the addition of wetting agents through a scale model experiment, and then
analyzed the wood flour loss rate. Furthermore, to examine the reusability of residual wood
flour after fire extinguishing, the changes in the caloric value and combustion gas were
analyzed through a cone calorimeter and FT-IR.

EXPERIMENTAL
Materials
The sample used in the experiment was wood flour, which is the main raw material
of wood pellets (Woodtech, Sejong-si, Republic of Korea). This was the wood flour of the
radiata pine (Pinus radiata), which comprises 75% of the wood used in Korea (Kim
2012b). The wood flour was imported from New Zealand.
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The sample size ranged from 1.0 to 2.0 mm. That was sieved using a sieve shaker
(CG-211-8) and standard sieves (US standard sieves no. 18 and 10) (Chunggyesanggongsa,
Seoul, Republic of Korea) to conduct the experiment with uniform particle size.
The water content of the wood flour was measured repeatedly at intervals of 4 h
after drying the sample in a dryer at 80 °C for 48 h until the weight change was ± 1 g. The
water content was calculated using Eq. 1. The results showed that the water content of the
wood flour used in the experiment was 10.6% (Simpson 1987).
(1)
In Eq. 1, MC is moisture content (%), Wm is weight of sample before oven-drying (g), and
Wd is weight of sample after oven-drying (g).
Wetting agents
The three agents used in this study were certified agents currently on the market in
Korea and overseas (Hanjung Lube, Gimhea-si, Republic of Korea). Table 1 shows the
physical properties of the agents used in this study. The concentration of the agents was set
at the concentration recommended by the manufacturer. The median value of the
recommended use concentration of the agent whose use concentration was specified within
the range value was used to minimize experimental errors due to the concentration. The
average dilution concentration of diluted agent was 0.77% ± 0.23%, the mean surface
tension was 31.3 mN/m ± 2.3 mN/m, and the mean viscosity was 1.027 cP ± 0.01 cP, and
the mean pH was 7.01 ± 0.05.
Table 1. Physical Properties of Wetting Agents Used in the Experiment
Wetting
Agent

Experimental
Concentration
(%)

Recommended
Concentration
(%)

Surface
Tension
(mN/m)

Viscosity
After
Dilution
(cP)

pH

Main Component

Wetting
Agent A

0.75

0.5 to 1

30

1.036

7.03

Alkyl ether amine
reaction with
aliphatic acids

0.55

0.1 to 1

34

1.017

6.96

Hexylene glycol

1

1

30

1.027

7.05

Butyl diglycol

Wetting
Agent B
Wetting
Agent C

Methods
Figure 1 shows a flow chart for this study, which consisted of two parts. Part 1 was
the analysis of the wood flour loss rate through a scale model experiment. Part 2 was the
analysis of the calorific value and combustion gas of residual wood flour through a cone
calorimeter experiment to determine the reusability of residual wood flour as raw pellet
material. The economic loss reduction rate when using each of the wetting agents was
analyzed through these experiments.
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Fig. 1. Flow chart of study

Scale model experiment
A scale model experiment was conducted to measure the change in weight loss of
the wood flour according to the change in water. This experiment was conducted using the
scale model experimental apparatus developed by Nam Kyun Kim in his study (Kim and
Rie 2016). Figure 2 below shows a scale model experiment apparatus.
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① Pressure gauge

⑧ Thermocouple 2

② Nozzle

⑨ Thermocouple 3

③Firefighting water
tank

⑩ Data logger and
display

④ Sample holder

⑪ Scale for amount
of runoff and drain
pan

⑤ Flow regulating
valve
⑥ Supporting legs

⑫ Scale for amount
of penetration

⑦ Thermocouple 1

⑬ Scale for amount
of watering

Fig. 2. Schematic diagram of experimental apparatus (Kim and Rie 2016)

The combustion reduction and penetration amount of wood flour were measured in
real time using three load cells. In Load Cell 1, the spray amount and penetration amount
were measured. In Load Cell 2, the loss on combustion and penetration amount of wood
flour were measured. In Load Cell 3, emissions were measured.
Table 2 shows the experimental conditions of the scale model experiment. The
initial temperature of the laboratory was set at 278 K ± 3 K, the humidity was set at 50% ±
5%, and the air-pressure was set at 1 atm.
Table 2. Experimental Conditions of the Scale Model Experiment
Division
Temperature
Pressure

Experimental Condition
278 K ± 3 K
1 atm

Height of Injection

25 cm

Position of
Thermocouples

2/ 5/ 8 cm
from the bottom of the
sample

Division
Humidity
Flow rate of water
Angle of injection
pattern (nozzle)
Distance from
methane burner
Gas pressure of
methane burner

Experimental Condition
50% ± 5%
0.5 L/min
45°
10 cm
2.5 bar

The experimental results were obtained by repeating the experiment three times
under the same conditions. The sample was heated using a methane burner at a distance of
10 cm from the bottom of the sample, and the output pressure of the methane was 2.5 bar.
The bottom of the sample was heated for 5 min using a methane burner to implement a
deep-seated fire, and the water was sprayed when the temperature of the thermocouple
(T/C) 2 reached 493 K for the heat transfer and fire spread. The ejection angle of the water
spray nozzle was 45°, and the water spray height was calculated through Eq. 2 to uniformly
spray water onto the surface of the sample:
(2)
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where θ is the spray angle of the nozzle (°), h is the spray height (cm), and r is the radius
of the sample holder (cm). The water was sprayed at a rate of 0.5 L/min and a height of 24
cm, and was calculated using 0.75 L water in the agent tank. The weight and height of the
wood flour in the holder were maintained at 400 g and 13 cm, respectively, and the filling
density was maintained at 0.096 g/cm3 to ensure the same conditions.
Analysis of calorific value and combustion gas of wood flour after fire extinguishing
To examine the reusability of wood flour after fire extinguishing, the calorific value
and combustion gas of wood flour were analyzed after the scale model experiment. The
unburned wood flour was sampled and dried for the experiment. Samples could not be
taken when water was used because of the high combustion rate. Therefore, wood flour
was dried before the experiment for a control group. A cone calorimeter (Fire Testing
Technology, East Grinstead, UK) and FT-IR (Midac Co., MA, USA) were used for the
analysis of calorific value and combustion gas. The cone calorimeter is widely used to
measure the calorific value of samples (Seo et al. 2016; Liang et al. 2017), and FT-IR is
mainly used to look at the chemical bonding of solids (Cal et al. 2016; Li et al. 2017), but
in this study, it was used for a combustion gas analysis. Calorific value measurement was
conducted in accordance with ISO 5660-1 (2015), and the combustion gas analysis was
conducted in accordance with the test method specified in ISO 19702 (2015). The FT-IR
spectra were recorded in the spectral region of 4400 cm-1 to 400 cm-1 with eight scans at a
4 cm-1 resolution. Figure 3 shows the schematic of the sampling system specified in ISO
19702 (2015).

① Probe

④ Transfer line

⑦ Pump

a. Flow rate (3.5 L/min)

② Exhaust duct (fire
model)

⑤ Filter 2

⑧ Flowmeter

b. Part of the sampling system heated to
>423.15 K

③ Filter 1

⑥ FT-IR gas cell

c. Water trap

Fig. 3. Schematic diagram for a “pulling” sampling system on ISO 19702 (2015)

RESULTS AND DISCUSSION
Scale Model Experiment
The criterion used to determine extinguishing in the scale model experiment was
the phase change temperature of water at 373 K (Kim and Rie 2016). The sample was
deemed extinguished when the temperature was kept below that for more than 15 min. The
wetting agent experiment was terminated at 1500 s and the water experiment was
terminated at 7500 s, based on relevant standards.
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Figure 4 shows the temperature change of T/C 1. In the wetting agent experiment,
the temperature did not rise above 373 K from the time of spraying to the end of the
experiment. However, in the water experiment, the temperature continuously rose after it
reached 373 K at 590 s, it showed 831.4 K at 5232 s, and the temperature dropped below
the fire extinguishing standard at 6467 s.
Figure 5 shows the temperature change of T/C 2. In the wetting agent experiment,
the average temperature of the three types of agents dropped below the fire extinguishing
standard at 90 s after being sprayed. However, in the water experiment the temperature
decreased slightly immediately after spraying, and then continuously rose to 761.6 K at
1122 s, and then dropped. Thereafter, the temperature rose again starting at 2883 s to 748.8
K at 5055 s, and the temperature dropped below the fire extinguishing standard at 6267 s.
Figure 6 shows the temperature change of T/C 3. In the wetting agent experiment,
the average temperature of the three types of agents dropped below the fire extinguishing
standard at 189 s after spraying. However, in the water experiment, the temperature rose
starting at 113 s, after the temperature drop immediately after spraying, to 736.9 K at 336
s, and then dropped. Thereafter, the temperature rose again starting at 2882 s to 662.6 K at
5143 s, and then dropped below the fire extinguishing standard at 6114 s.
The results of analyzing the internal temperature of wood flour showed the
reignition point where the temperature suddenly rose again at around 4900 s, as shown in
Figs. 4, 5, and 6. Table 3 shows the time to reach the fire extinguishing point by T/C (≤
373 K). The results showed that the fire extinguishing time was effectively reduced
compared to water.

Fig. 4. T/C 1 temperature change
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Fig. 5. T/C 2 temperature change

Fig. 6. T/C 3 temperature change
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Table 3. Time to Reach Fire Extinguishing Point for each T/C
Division

T/C 1
(s)

T/C 2
(s)

T/C 3
(s)

Water

6468

6267

6114

Wetting Agent 1

-

82

203

Wetting Agent 2

-

98

156

Wetting Agent 3

-

66

108

Agents Average

-

90

189

Figure 7 shows the emission measurement results, while Fig. 8 shows the weight
measurement results of the sample holder. In the wetting agent experiment, it was
confirmed that 750 g of sprayed water penetrated into the wood flour, whereas in the water
experiment, 354.2 g of water did not penetrate into the inside, and remained outside.
Furthermore, it was confirmed that the weight within the sample holder continuously
decreased due to internal smoldering and was reduced rapidly from the re-ignition point.

Fig. 7. Emission measurement results
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Fig. 8. Sample holder weight measurement results

The residual wood flour was dried and weighed to examine the weight loss before
and after the experiment. Table 4 shows the weight change of wood flour before and after
the experiment. As shown in the above table, the weight of the wood flour was reduced
73.1% after the use of water and 3.9% after the use of the wetting agents.
Table 4. Weight Change Before and After the Experiment

Before
Drying
(g)

After
Drying
(g)

Wood
Flour
Weight
Reduction
(g)

Water

374.4

96.3

261.3

73.1

Wetting Agent 1

1115.0

344.6

13

3.6

1104.9

340.5

17.1

4.8

Wetting Agent 3

1110.8

346.2

11.4

3.2

Agent Average

1110.23

343.77

13.83

3.9

Division

Wetting Agent 2

Before
Experiment
(g)

400

Drying
Before
Experiment
(g)

357.6
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Analysis of Calorific Value and Combustion Gas of Wood Flour after Fire
Extinguishing
This experiment was conducted to examine the reusability of wood flour after fire
extinguishing. For that reason, the authors examined whether heat emission was reduced
and whether toxic gases were generated during combustion with the use of agents. Figure
9 shows the total heat release (THR) of each sample. Experiment results confirmed that the
addition of agents did not cause a decrease in the heat emission rate or the decrease of the
combustion rate, whereas THR increased approximately 4% by the addition of the agent.

Fig. 9. THR of respective samples

Fig. 10. Toxic gas (9 types) spectrum (Kim 2012a)
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Generated gas was qualitatively analyzed according to the peak correspondence
with each gas database. Figure 10 shows the standard gas spectra of nine types of toxic
gases that can be generated during combustion (Kim 2012). Figures 11 through 16 show
the results of the spectrum analysis of combustion gases generated during combustion
according to time. A qualitative analysis of nine types of gases confirmed that no gases
other than CO and CO2 were generated in all combustion gases from the four types of
samples.

Fig. 11. Results of combustion gas spectrum analysis (40 s)

Fig. 12. Results of combustion gas spectrum analysis (80 s)
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Fig. 13. Results of combustion gas spectrum analysis (120 s)

Fig. 14. Results of combustion gas spectrum analysis (160 s)
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Fig. 15. Results of combustion gas spectrum analysis (200 s)

Fig. 16. Results of combustion gas spectrum analysis (240 s)

Table 5 shows the percentage of wood pellet production activity by process (Mani
et al. 2006). As shown in the table, the percentage of the raw material was higher than any
other material.
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Table 5. Percentage of Wood Pellet Production Activity by Process (McKechnie et
al. 2016)
Pellet Process Operation

Percent Cost Distribution (%)

Raw Material

39.02

Drying Operation

20.37

Hammer Mill

1.88

Pellet Mill

6.55

Pellet Cooler

0.67

Screening

0.32

Packing

3.82

Pellet Storage

0.16

Miscellaneous Equipment

1.50

Personnel Cost

25.19

Land Use Building

0.51

Total Cost

100

McKechnie et al. (2016) reported that the cost of raw materials can exceed 50% of
the cost of producing pellets. Kristöfel et al. (2016) showed that the cost of raw materials
is directly related to the price of wood pellets. As such, the loss of raw materials due to
fires greatly affects companies' economic loss. Furthermore, disruption in business due to
disasters causes huge losses to companies (Sung 2014). Fire is a serious risk to the business
continuity; thus disaster prevention plans must be established in advance based on a
quantitative evaluation of fire risk. Therefore, the importance of ensuring business
continuity is growing compared to the past years when economic profit alone had the
highest value. In addition, business growth is the interest in resilient corporate operations
enabling flexible response to the shocks caused by disasters and crisis situations and
recovering from them quickly (Lee 2014). Hence, one way to minimize the economic loss
when a fire occurs in a wood flour storage facility, of which the size and number increases
with demand, is by extinguishing a fire quickly.
This study found that dilute aqueous solutions of wetting agents had much higher
fire extinguishing performance than the water used for fire extinguishing, and could reduce
wood flour loss and fire extinguishing time in the event of a deep-seated fire. The results
of the scale model experiment showed that 73.1% of the wood flour was lost when water
was used, and 3.9% of the wood flour was lost when the wetting agent was used under the
same conditions. The fire extinguishing time was also reduced 97.5% from around 6250 s
to around 150 s, with wetting agents. The results of analyzing the calorific value and the
combustion gas of the wood flour with added wetting agent through cone calorimeter
showed a slight increase in the caloric value, while the qualitative analysis results of the
nine analyzed toxic gases also showed a slight increase in calorific value. The results of
the qualitative analysis of the toxic gases from the nine samples showed that there was no
additional toxic gas generation due to the wetting agent, which indicated that unburned
wood flour can be reused.
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The results of this study were based on a scale model experiment; thus there are
some limitations in applying the results directly to actual fires.
Firstly, in an actual fire, there are other variables, such as the particle size of the
wood raw material in the storage, the particle size of the water to be sprayed, water
pressure, and water flow rate per unit area. In an actual fire, the particle size of the wood
raw material is larger than that of the experimental conditions in this study, and the particles
of the water to be sprayed also tend to be large and uneven with a spray flow rate per unit
area that cannot be maintained evenly.
Secondly, in an actual fire situation, the surface tension of the sprayed water is high,
so the water does not penetrate into the wood flour and flows along the slope surface, and
therefore is not transferred inside the wood flour. However, in the scale model experiment,
the water that did not penetrate the wood flour traveled along the holder wall, which
substantially increased the contact area with the sample, and increased the penetration
amount into the wood flour.
These limitations could cause larger loss rate deviations based on the use of the
wetting agent in actual fires. Furthermore, it was found qualitatively that, considering the
prevention of fire spread by early fire extinguishing and the reduction of secondary water
damage by the reduction of the amount of water used, the active use of a wetting agent can
minimize the economic loss of a company in the event of a fire in wood flour storage.

CONCLUSIONS
1. The results of the scale model experiment showed that the use of water when
extinguishing a deep-seated fire under the same conditions led to reignition, whereas
the use of the wetting agent reduced the wood flour loss by approximately 69.2%.
2. A deep-seated fire which was not extinguished by the use of water was extinguished
within about 150 s by the use of the wetting agent; thus the use of wetting agent can be
expected to improve companies' business continuity.
3. Cone calorimeter experiment results showed that the total heat emission of the wood
flour with added wetting agent was approximately 4% higher than that of the control
group. A qualitative analysis of combustion gas found no additional toxic gas
generation compared with the control group. These results demonstrated that wood
flour with the added wetting agent can be reused as raw pellet material.
4. The authors found qualitatively in this study that the active use of the wetting agent
during fires in wood flour storage allowed drastic reduction in the fire loss rate of raw
materials and minimization of economic losses by facilitating early fire extinguishing.
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