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Smoldering fires in stored or transported solid biofuels are very difficult to extinguish.
The current study has explored heat extraction from the combustion zone as a method
for extinguishing such flameless fires. Heat extraction from the sample was made
feasible using water flowing through a metal pipe located inside the sample. The fuel
container was a steel cylinder with insulated side walls, open at the top and heated
from below. Wood pellets (1.25 kg, 1.8 liters) was used as fuel. Results from small-
scale experiments provide proof-of-concept of cooling as a new extinguishing method
for smoldering fires. During self-sustained smoldering with heat production in the range
0-60 W, the heat loss to the cooling unit was in the range 5-20 W. There were only
marginal differences between non-extinguished and extinguished cases. Up-scaling is
discussed, cooling could be feasible for preventing smoldering fires in silos.
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18 Abstract Smoldering fires in stored or transported solid biofuels are very difficult
19 to extinguish. The current study has explored heat extraction from the combustion
20 zone as a method for extinguishing such flameless fires. Heat extraction from the
21 sample was made feasible using water flowing through a metal pipe located inside
22 the sample. The fuel container was a steel cylinder with insulated side walls, open
23 at the top and heated from below. Wood pellets (1.25 kg, 1.8 liters) was used as
24 fuel. Results from small-scale experiments provide proof-of-concept of cooling as
25 a new extinguishing method for smoldering fires. During self-sustained smoldering
26 with heat production in the range 0-60 W, the heat loss to the cooling unit was in
27 the range 5-20 W. There were only marginal differences between non-extinguished
28 and extinguished cases. Up-scaling is discussed, cooling could be feasible for pre-
29 venting smoldering fires in silos.
gg Keywords Fuel storage safety - Industrial fire - Biofuels - Smoldering -
32 Extinguishment - Fire suppression
33
34
35 1 Introduction
36
37 Smoldering fires are regularly observed in industrial facilities such as biofuel silos,
38 flat storage units, cargo vessels and waste deposits [I]. This flameless form of fire
39 causes problems in large deposits, due to self-heating of the biomass [2]. Smoldering
40 in silos and deposits might be perceived as less harmful than flaming fires, but
41 smoldering can inflict severe damage. A smoldering fire will consume products in
42 a storage unit, while emitting toxic smoke that may be harmful to people in nearby
43 domestic areas as well as for workers at the facility.
44 As smoldering propagates through a material, heat is produced through het-
45 erogeneous reactions between air and the solid surface [3]. The heat from the
46 combustion promotes pyrolysis and the formation of pyrolyzate gases. These are
47 not consumed in the smoldering process, but may ignite outside the smoldering
48 zone and give flaming fire or explosion given a sufficiently high gas volume and
49
50 Address(es) of author(s) should be given
51
52
53
54
55
56
57
58
59
60
61
62
63
64


http://www.editorialmanager.com/fire/viewRCResults.aspx?pdf=1&docID=3743&rev=1&fileID=69026&msid=2276dcf2-9afa-479c-83e5-194ec3cd20ff
http://www.editorialmanager.com/fire/viewRCResults.aspx?pdf=1&docID=3743&rev=1&fileID=69026&msid=2276dcf2-9afa-479c-83e5-194ec3cd20ff

O©CoO~NOOOITA~AWNPE

2 First Author, Second Author

concentration. The conditions leading to such transitions are not easily predicted.
B

Industrially, it has proven challenging for fire brigades to detect, control and
extinguish smoldering fires. There are essentially no guaranteed and cost-effective
extinguishing procedures for large-scale industrial storage units [2].

A commonly used method to control and extinguish smoldering fires is to
remove the fuel from the storage unit, and drench it with water [2,[5]. This fire-
fighting method may result in production stop and in destruction of the product.
For some storage units such as silos, forced manual opening of the storage unit
may be necessary. For flat storage units, or outdoor storages like landfills, the enor-
mous scale of the fuel bed often makes a complete extinguishment by fuel removal
impossible. The fire-fighting strategy often has to be adjusted, from aiming at ex-
tinguishment to instead controlling the fire [6[7]. Fuel removal during smoldering
will often require personnel present at or near the combustion site, causing a risk
of injury due to asphyxiation, toxic gases, or explosion [21[5].

Removing the fuel is one way of extinguishing a smoldering fire, two other
options are to quench the oxygen supply to the reaction zone through inertisation
or to cool the reaction zone.

Inertisation has been used both at full-scale and in laboratory-scale experi-
ments, either to control the combustion until other measures may be taken, or to
completely quench the fire. Industrially, carbon dioxide (CO2) and nitrogen gas
(N2) are most commonly used due to availability and cost [5]. In silos, COs2 is
best applied from the top since its density is larger than that of air, while Nj
may be applied from both the top and the bottom, with easier access [5l§]. Re-
gardless of gas choice, if the gaseous suppression system is not pre-installed in the
industrial storage unit, penetration of the gas into the fuel bed may be insufficient
for complete extinguishment. Holding times of the gas extinguishing efforts for
complete quenching of smoldering is very long compared with flaming (days or
months vs minutes or hours) [9], and re-ignition is common both at industrial and
laboratory-scale [2|8[IO0LIT]. For all inert-gas systems, suffocation and toxic effects
for humans present in the facility represent hazards. Also, rapid injection of gases
may cause dust clouds, which may lead to dust explosions [5].

For the third option, cooling the reaction zone, water is the most widely used
cooling agent. However, water in large fuel beds will find the path of least flow
resistance. The subsequent channeling gives an uneven distribution of the water,
which will not necessarily reach the combustion zone [3]. At laboratory-scale, the
amount of water needed for extinguishment is in the range of 1-6 liters of water per
kilogram fuel [3[10]. Industrially, the additional weight of the water may damage
the structural integrity of the storage unit. Rupture of the storage unit may also
be caused by swelling of compressed fuels, such as pellets, when in contact with
water [2)[5]. To limit the amount of water, sprays [9] and water mists [I1] have been
used at laboratory-scale, with limited success. Water sprays, mists and showers
may even cause scattering of glowing embers or dust dispersion to hazardous dust
clouds [5]. Foams may be used to increase the wetting of the fuel, but this is still
not an effective extinguishing method [§], often foams are used only as an explosion
prevention measure applied to the top of the biomass [2]. At large-scale, water and
foam runoff to nearby rivers and lakes may be harmful to the environment [12}[13].

Cooling the fuel bed without direct contact between water and fuel can be
a way to avoid channeling, swelling, scattering and water runoff. This approach
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is currently being tested at large-scale in St. Louis, USA, where an underground
smoldering fire in a landfill is approaching nuclear waste. Cooling liquid is pumped
through pipes sunken into the ground to absorb heat [6[7]. The outcome of this
case study has not been published yet. A numerical study of a similar system
showed that the spacial extent of the cooling was limited, suggesting that local
cooling around a cooling pipe would have a very limited impact on a smoldering
fird"]

This article presents the first experimental study on such a system, in which
cooling of smoldering is obtained without direct contact between water and fuel.
A heat exchanger in the form of a metal pipe with water flow is inserted into
the fuel bed and used to extract heat. The potential for prevention, control or
extinguishment of smoldering is explored. The study is based on laboratory-scale
experiments with wood pellets as fuel. Application and up-scaling to industrial-
scale is discussed.

2 Material and methods
2.1 Wood pellet fuel

The pellets were produced in Norway and consisted of 20-50 % pine and 50-80 %
spruce, including bark. Pellets with pine/spruce mixture have been shown to be
reactive and prone to self-heating [14]. Pellet diameter was 8.2 £+ 0.2 mm (range
7.5-8.9 mm), pellet length 13.5 + 6 mm (range 2.8-34.3 mm), mass of each pellet
0.8 £ 0.4 g (range 0.04-2.0 g), the distribution of these properties is given in Fig.
m

The chemical composition of the pellets as received was 48 % carbon, 39 %
oxygen, 6 % hydrogen, 0 % nitrogen, measured by Leco CHN 1000 and Leco
CS230 elemental analyzers. Proximate analysis of the sample as received, gave
a content of 6.3 % moisture, 77 % volatiles, 0.46 % ash, measured by Leco 701
thermogravimetric analyzer.

The activation energy of the pellets was 91.4 kJ/mol determined by adiabatic
testing [15]. The total heat of combustion was 17.4 MJ/kg without water and 18.8
MJ/kg with water (aka. the upper and lower calorific values), measured by TKA
C200 bomb calorimeter.

The heat conductivity was in the range 0.15-0.25 W/mK, measured for ground
wood pellets by hot disc method (not suitable for measurement of whole pellets).
The bulk permeability was below 2.4-1078 m?, as measured using a self-built flow
device. The bulk density as used in the experiments was approximately 710 kg/m?>.

The pellets were sampled by the producer 3 months after production. The
received pellets consisted mainly of whole pellets, with < 1 wt% fine particles
(< 4 mm x 4 mm). The pellets were stored in closed 10 kg bags at -25 °C, to
ensure that the reactivity of the pellets remained unchanged for all experiments
in a series, as recommended by Larsson et al [I6]. The pellets were taken from the
freezer 1-2 days prior to the experiment, and defrosted at ambient temperature
(22 + 1 °Q).

1 Access to the unpublished report ” Numerische Modellierung der Brandausbreitung infolge
Selbstentzndung ohne und mit Heatpipes”, by H.Krause, 2010, was granted by Prof. U.Krause
at OvG University Magdeburg, Germany.
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Figure 1 Photos of wood pellets fuel (left). The top photo (10 mm scale bar) shows its
granular nature. The bottom photo (1 mm scale bar) shows that each pellet is inhomogeneous,
consisting of compacted wood dusts of varying content (high bark content is seen as dark
areas). Distributions of length, diameter and mass of the pellets are given (right).

2.2 Experimental set-up

The experimental set-up is shown in Fig. The experimental set-up has been
developed within the research project EMRIS, and has previously been used for
experiments with smoldering in biomaterials [I7,[I8]. A Kern 30 kg IP65 weighing
platform connected to a Systech IT 1000 4-20 MAMP digital scale, with a precision
of 1 g was placed on a horizontal surface. A Wilfa CP1 electrical heating unit of
2000 W was placed on top of the scale. The top of the electrical heating unit
consisted of an 185 mm diameter ceramic disc, onto which a fitted aluminum
plate was placed. The aluminum plate was 280 mm x 280 mm x 30 mm and
distributed heat evenly to the lower part of the sample. On top of the aluminum
plate a stainless-steel cylinder was placed. The cylinder diameter was 150 mm, wall
thickness 1 mm. The side walls of the cylinder were insulated by 60 mm mineral
wool with thermal conductivity 0.041 W/mK at 50 °C, 0.085 W/mK at 300 °C.
The top end of the stainless-steel cylinder was not insulated, and vertical heat
conduction could occur. The cylinder thereby makes up a side-insulated sample
container that was open to air convection at the top and closed at the bottom.

Encapsulated 0.5 mm K-type thermocouples were used to monitor temper-
atures in the sample. One thermocouple was placed in a slit at the top of the
aluminum plate, measuring its top, center temperature, hereby denoted as the
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Figure 2 Photo and sketch of the set-up. Scale (S), electric heating unit (EHU), aluminum
plate (A), insulation (I), steel cylinder (SC), cooling unit (CU), water pressure (Pw) and water
temperature measurement positions (Trn, Tour). Thermocouple positions in the sample
container are marked by (o). The sketch is not to scale, dimensions are given in mm.

”heater” position. Above the heater, thermocouples were positioned at heights
from 20 mm to 140 mm, three at each level - one in the center, and two equidis-
tant between center and steel pipe (at 37.5 mm from the center), see Fig. —right.
In addition, one thermocouple was placed in the center, 330 mm above the heater.
. The thermocouples were attached to a small stainless-steel structure shaped like
a ladder, to maintain their designated location throughout the experiments. The
structure was rigid in the vertical direction, but the horizontal position could vary
(£ 10 mm) due to the thin steel bands it consisted of.

Experiments were performed with and without cooling of the fuel bed, see de-
tails in section [2.5] For the experiments without cooling, the equipment described
above was the complete experimental set-up. For experiments with cooling of the
fuel bed, a cooling unit was used.

The cooling unit consisted of a 4.76 mm outer diameter copper pipe, bent into
a U-shape (see Fig. and ) with inner separation between the two tube branches
of about 15 mm and outer distance about 24 mm (Fig. ) The U-shaped pipe
was inserted into the cylinder, near the center, in such a way that it was not in
contact with the thermocouple ladder. The lower tip of the pipe was positioned 10
mm above the heater, to avoid conductive heat transfer between the two (Fig.).
The total volume of the cooling unit located within the sample was 4.5-10~¢ m?
(0.0045 liters), corresponding to 0.3 vol% of the sample volume of 0.0018 m?® (1.8
liters). The inlet and outlet of the copper pipe were supported by a rack. The water
outlet was connected to tubes leading to a drain. The water inlet was connected
to the municipal water supply, with some variations in the water pressure and
temperature. The water temperature was 16 & 2 °C. The water temperatures
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Figure 3 Detail photos of set-up. (a) Top view of set-up, with central location of the cooling
unit, the position of the thermocouple ladder and the relative size of the cooling unit compared
with the fuel bed diameter. (b) Cooling unit without surrounding steel cylinder. (c¢) Cross
section of cooling pipe, thermocouples measuring water temperatures (T and TouT) were
located near its center. (d) Separation between cooling unit and aluminum plate. (¢) Separation
between the two tube branches of the cooling unit.

were measured at the inlet and at the outlet of the cooling unit, near the top of
the cylinder, as shown in Fig. P}right. Water temperatures were measured by 1.5
mm encapsulated type K thermocouples near the center of the cooling pipe (Fig.

Br)-

The inlet water pressure was regulated to 0.57 bar, giving a water flow rate dur-
ing experiments around 0.63 L/min (see Table [2| for scenario specific details). Wa-
ter pressure of the water inlet was measured using a 0-25 bar Keller piezoresistive
pressure transmitter PA-23SY, positioned about 2 meters from the experimental
set-up.

Data was recorded at intervals of 5 seconds. The experimental set-up was placed
inside a ventilation hood, with a constant low air extraction. The experimental
period was June 2016 - May 2017. The ambient temperature in the room was 21.7
+ 1.0 °C.
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2.3 Experimental procedure

The experimental set-up was assembled as described in section [2:2] The defrosted
pellets (1.25 kg, 1.8 liters) were poured into the cylinder using a small cup. This
amount of pellets gives a sample height of approximately 100 mm, which was
chosen based on previous experiments [19]: Lower sample heights were not used
to optimize reproducibility and limit susceptibility to sampling. Higher sample
heights were not used to limit the total time from start till burn-out to a few days.

For the experiments with cooling, the water flow through the cooling unit was
started at a specific time for each scenario. Details on cooling scenarios are given
in section [2.5] and Table [Il

The heating procedure was based on preliminary experiments. Data logging was
started 2 minutes prior to the external heater was switched on. External heating
was started by setting the power of the electrical heating unit to its maximum
value of 2000 W. Temperatures increased until a set-point temperature of 370 °C
was obtained between the electric heating unit and the aluminum plate, which took
about 1 h. After this, a regulator was used to maintain the set-point temperature
by switching the electrical heating unit on and off, giving an average power input
of approximately 860 W. The temperature at the top of the aluminum plate was
lower than the set-point temperature due to heat loss through the aluminum plate.
After the initial temperature increase period, and through the remaining external
heating period, the temperature at the top of the aluminum plate, which was in
contact with the fuel, was 348 £ 7 °C. The heat loss through the aluminum plate
could have been reduced through the use of thermal insulation. However, this
would not have allowed rapid cooling of the aluminum plate after the electrical
heating unit was switched off. With thermal insulation, the aluminum plate would
have functioned as a thermal reservoir, which could have affected the smoldering.
The duration of the external heating period was chosen based on preliminary
experiments to ensure that a self-sustained smoldering was obtained, see Table
Self-sustained smoldering is defined here as increasing temperatures within the
sample after the external heating was switched off.

After the external heating was switched off, the system was left undisturbed
until the end of the experiment. The experiment was considered finished when all
sample temperatures had decreased below 30 °C, with a decreasing trend. Data
was recorded for at least 1 h after this.

After the end of each experiment, the sample residue was removed from the
experimental set-up and sorted based on physical appearance: original pellets,
semi-brown pellets, brown pellets, black pellets, wood dusts (< 4 mm x 4 mm)
and ash (< 4 mm x 4 mm). Ash and wood dusts were not observed in the same
residue for any of the experiments. In addition to the expected discoloration due
to combustion, some of the pellets in direct contact with the copper cooling pipe
were partially green in color, indicating oxidation of the copper. However, there
was no visible deterioration of the copper cooling unit, the same unit was used
for all cooling experiments. After each experiment, the stainless-steel cylinder,
aluminum plate and cooling pipe were cleaned, removing tar and other residue
sticking to the equipment. This procedure also included draining the cooling pipe
of water before the next experiment.

The height of the sample was measured with a ruler before and after each
experiment (precision around +10 mm). These start- and end-heights are given
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Figure 4 Example of sample height estimation: Temperatures as a function of time are given
for two thermocouple locations. At time a, the temperature recording located at 60 mm height
displays increased fluctuations. At this time, the estimated minimum sample height is reduced
by 20 mm, from 60 mm to 40 mm, see details in main text. The same applies for b at 40 mm.
Data every 5 seconds is shown. The full experiment is given under scenario C in Fig. @

by lines in Fig. [6}bottom. After an experiment, the top surface was uneven, and
the end-height is therefore given by three lines, representing the measured min-
imum, average and maximum heights. In the time span between these manual
measurements, temperature readings were used to estimate sample height. Thin
thermocouples are sensitive to convection [20]. The thin 0.5 mm thermocouples
used in this study therefore displayed higher fluctuation for thermocouples located
near, or in free air, compared with thermocouples located within the sample. Each
thermocouple thereby provides a time estimate for when the top of the sample
had reached or passed that thermocouple position (see Fig. . Each such time
estimate is shown by a cross in Fig. @bottom. There were three thermocouples
at each level, with 37.5 mm horizontal spacing. The spread in the three time es-
timates at each vertical level reflects the uneven top surface of the sample during
combustion. Height decrease occurred continuously during the main combustion
period, but the 20 mm vertical spacing between the thermocouples gives a stepwise
resolution of the height estimations. The height estimation method was verified
by manual measurements with a ruler during selected experiments, showing an
overall estimated accuracy of the method to be +10-20 mm.

2.4 Statistical method

In each scenario there were relatively few repetitions of experiments. Shapiro-
Wilk W test for normality [2I] showed that the results in each group were rarely
normally distributed. To quantify possible differences between groups for non-
normally distributed groups, a two-tailed Mann-Whitney U test was used [22]. The
tested null-hypothesis is that the continuous cumulative distribution functions of
the two groups are equal, the alternative hypothesis is that a randomly selected
value of one group is likely to be smaller than a randomly selected value of the other
group. A significant difference between groups is determined by a significance level
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of p < 0.05. The statistical analysis was carried out using the Statistica software,
version 13 [23].

2.5 Cooling scenarios
Four scenarios were studied. The Background scenario was a point of reference

without fuel bed cooling. In scenarios A, B and C, heat was extracted from the
fuel bed, with an increasing cooling level from A to B to C.

Background: No cooling unit in fuel bed

Scenario A (minimum cooling): Cooling unit in fuel bed, no water in unit
Scenario B (medium cooling): Cooling unit in fuel bed, water flow started
halfway through the external heating period (at t = 6.5 h)

Scenario C (maximum cooling): Cooling unit in fuel bed, water flow started at
the beginning of the experiment (at t = 0 h)

3 Results

In this section, the reader will be introduced to a typical experimental data set.
Temperature and mass loss rates for non-extinguished and extinguished experi-
ments will be presented in section [3.1] Total mass loss and discoloration of the
fuel will be presented in section [3.2} followed by water temperature and water flow
data in section [3.3

3.1 Temperature and mass loss rate

The first 18 hours of an experiment are shown in Fig. [5| The heater was switched
on from 0 h to 13 h, gray shading indicates the external heating period. The sam-
ple was slowly heated from below by the aluminum plate (heater, at height 0 mm).
As a consequence, the temperature increase in the lower part of the sample (20,
40 mm) was more rapid than in the upper part (60, 80, 100 mm). The tempera-
ture stagnation at 70-100 °C and the high mass loss rate during the early phase
of the external heating are due to drying of the material. The total mass loss at
13 h was around 35 wt%, which is higher than the 6.3 wt% moisture content of
the sample. This indicates that the sample was not only dried, but also under-
went other mass consuming processes, such as pyrolysis and partial combustion.
The asymmetrical temperature build-up (the three temperature curves for each
height level differ systematically) reveals both heat generation in the fuel, and
complex air flow patterns within the fuel bed. The center temperatures were lower
than those located at the sides due to the proximity of the cooling unit. After
the external heating was switched off at 13 h, the heater temperature decreased
towards ambient temperature. The sample temperatures also decreased, but more
slowly. After 2-3 h, sample temperatures started increasing. This shows initiation
of self-sustained smoldering, with heat production in the fuel bed larger than heat
losses to the surroundings. Negative mass loss rates were occasionally recorded, as
a consequence of condensation of moisture onto the steel pipe, insulation or other
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Figure 5 Temperature (top) and mass loss rate (bottom) as a function of time, for the first 18
h of an experiment. Mass loss rate is given as 5 min averages. External heating is indicated by
gray shading. Temperature measurement positions are given by the legend below the bottom
graph as vertical distance above the heater (20-100 mm). Horizontal positions are given by
line type: center is dotted line, left side is full line, right side is dashed line (see Fig. [2).
Heater temperature is also given. Center temperatures deviated from side temperatures due
to proximity to the cooling unit. Asymmetrical temperature build-up for left vs right side
indicate uneven heat generation and complex air flow patterns in the fuel bed. First indication
of self-sustained smoldering after the external heating was switched off is indicated by an arrow
in the top plot. The full experiment is given under scenario A in Fig. [6]

parts of the experimental set-up and fluctuations in the water flow through the
cooling unit.

Background scenario experiments consistently obtained self-sustained smolder-
ing after an external heating duration of 6 hours. For the experiments in scenarios
A-C, the same external heating duration did not lead to self-sustained smoldering,
due to the introduction of the cooling unit into the fuel bed. This was the case
even for scenario A, without water in the cooling unit. To study the feasibility of
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Table 1 Experimental parameters and results. Cooling unit denotes whether the cooling unit
was present in the fuel bed or not. Heating duration gives the duration of the external heating.
t(water start) is given as the time after t = 0 when the water flow through the cooling unit
was started. Three result categories are used: Non-extinguished, Extinguished and No smolder.
Obs/Rep gives the number of observed cases in each category, out of the total number of
repetitions in that scenario.

Cooling Heating  t(water Result

Scenario unit duration  start) category Obs/Rep
Background No 6 h No water  Non-ext 10/10

A (min cooling) Yes 13 h No water  Non-ext 6/6

B (medium cooling)  Yes 13 h 6.5h Non-ext 6/6

C (max cooling) Yes 13 h 0h Non-ext ! 7/15

Extinguished  7/15
No smolder 1/15
1) Transition from smoldering to flaming (approximately 5 min flame duration) was observed
in one of these experiments.

Table 2 Characteristic quantities for each scenario, given as averages with standard deviations
for all experiments in that scenario. For scenario C, results are given for each category. Tmaz
denotes maximum temperature reached inside the sample during experiments , t7,,4, the time
to reach that maximum, 75 avg and 1 peqr gives the average and maximum mass loss rate.
iy gives the water flow rate through the cooling unit, and AT, gives the water temperature
difference. The water data is given for the time period relevant for extinguishment, from the
water flow was started until t = 20 h.

: Tmax tTmax Ihs,avg Ihs,peak Ty ATy
Scenario °C] [h] [g/h] _ [g/h] [L/min] Ke
Background 574 £29 29 4+ 2 18+ 1 227 4+ 39 n.a. n.a.

A: Non-ext 580 £ 36 244+ 10 20+£2 281 + 42 n.a. n.a.

B: Non-ext 575 £37 23+ 4 21 +1 243+ 79 0.63 £0.04 0.5+0.2

C:
Non-ext 599 £33 34+ 6 2041 437 +£2941 0.654+0.03 0.44+0.2
Extinguished 397 +£44 18 + 2 16 £1 74+ 13 0.65 £0.03 0.4 +0.2
No smolder n.a. n.a. 17 69 0.66 0.3

1) Including flaming experiment with mass loss rate peaking at 845 g/h. Excluding the
experiment with flaming, g peak = 302 £ 139 g/h.

using water cooling as an active suppression method, initiation of self-sustained
smoldering was necessary. Preliminary experiments showed that a minimum of 13
hours external heating was needed to obtain self-sustained smoldering with the
cooling unit in the fuel bed. Still, there was one case in scenario C where even this
extended heating period did not lead to self-sustained smoldering. Table[]gives an
overview of the results for the four scenarios studied. Table [2] gives characteristic
quantities for each scenario.
The experiments were categorized as follows:

— Non-extinguished (Non-ext): Self-sustained smoldering was initiated and con-
tinued till most of the fuel had been consumed (burn-out).

— Extinguished: Self-sustained smoldering was initiated, but extinguished due to
the cooling of the fuel bed.

— No smolder: The sample was heated, but no self-sustained smoldering was
observed after the external heating was switched off.

Non-extinguished experiments: Typical temperature profiles, mass loss rates
and sample heights for non-extinguished experiments for the four studied scenar-
ios are given in Fig.[6] After the heater was switched off, self-sustained smoldering
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was observed. Fuel bed temperatures remained around 200-400 °C for 10-30 h,
with occasional variations and peaks. In some cases synchronized pulsating tem-
peratures were observed (Scenario A and C in Fig. @ Details on pulsations are
presented in [241[25].

After the period of moderate temperatures within the non-extinguished sam-
ples, followed the most intense combustion of the experiments. The time to reach
the most intense combustion and maximum temperatures are given in Table
for each scenario. Maximum temperatures were registered in the upper parts of
the sample (80-100 mm), near the free surface as shown in Fig. @»top. The sample
height (Fig. @-bottom) decreased during the period of the most intense combus-
tion, as the wood pellets were consumed in the combustion. Trends in mass loss
rates (Fig. @middle) followed the temperature profiles, peak mass loss rate co-
incided with temperature peaks. Mass loss rate peaks were around 200-400 g/h
(Table , or 3-6 g/m?s when averaged over the horizontal cross section-area of
the sample. This is similar to mass loss rate peaks found for cotton smoldering in
a similar vertical set-up with uninsulated side walls, around 240-270 g/h, or 3-3.3
g/m?s when averaged over their cubic sample cross-section of 150 mm [26].

There were four deviating cases where the most intense combustion occurred
directly after the external heating was switched off, instead of after a slow and
steady or pulsating period. These cases were 3 of 6 experiments in scenario A and
1 of 6 experiments in scenario B, explaining their larger spread in t1,q. in Table
An example may be found in [27]. Another deviating incident was transition
to flaming, observed during the most intense combustion of an experiment in sce-
nario C. The flaming lasted for approximately 5 minutes, with mass loss at 845
g/h. While the maximum temperature in the sample was 611 °C, the maximum
temperature in the gas above the sample reached 786 °C. This demonstrates flam-
ing combustion, since experiments with no flaming normally had maximum gas
temperatures above the sample around 100-150 °C.

The most intense combustion in the non-extinguished experiments was followed
by a period of slow and steady combustion in the lower parts of the sample (20 - 60
mm), which at this time were closer to the free surface. In most experiments there
were shorter periods towards the end with increased temperature and mass loss
rates (see examples in Fig. |§| at 50-52 h for Background, or at 42-45 h for Scenario
B). These secondary peaks had higher ratio of temperature to mass loss rate. This
is most likely due to a higher char content in the fuel bed, with more intense
combustion compared to the first intense combustion peak. The average mass loss
rate during the entire experiments was around 20 g/h (Table [2) or 0.31 g/m?s
when averaged over the horizontal cross section-area of the sample. Eventually,
the entire fuel bed cooled down to ambient temperature. After the experiments
the samples consisted of ash and charred pellets. Brittle bridges above voids were
observed in the residue piles.

The influence of the cooling unit can be seen by comparing the Background
scenario with scenario A, B and C in Fig. [] During the external heating period,
the sample temperatures in the uncooled Background experiments increased faster
than in scenario A-C. Also, the mass loss rate was high (> 50 g/h) during most
of the external heating period for the Background experiments, while for scenario
A-C, the mass loss rate peaked (> 50 g/h) at the beginning of the external heating
period, followed by lower mass loss rates (~10-30 g/h).
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Figure 6 Non-extinguished: Temperature profiles (top), mass loss rate (center) and sample
height (bottom) as a function of time, for representative Background and scenario A-C exper-
iments (columns). Mass loss rate is given as 5 min averages. External heating is indicated by
gray shading. The heater temperature is indicated. For temperatures, the legend gives vertical
height of measurement points as distance above the heater (20-100 mm). For clarity, only one
measurement at each vertical height is displayed (the leftmost ones in Fig. . Sample heights
are approximate, average may overlap with minimum. Details on sample height measurements
are given in section See the main text for details on temperature and mass loss rate peaks.

Not only the presence of the cooling unit, but also the water flow through the
cooling unit clearly affected the net heating of the sample. This can be seen by
comparing the temperature build-up at 80 mm height during the external heating
period, which was distinctly lower for scenario C compared with scenario A. The
mass loss rate during the external heating period was also lowest for scenario C.
The influence of the water flow on the temperature profiles and mass loss rates
is also evident at 6.5 h in scenario B, the time when the water flow was started,
giving abrupt changes in some of the temperatures and a drop in the mass loss
rate (due to the added weight of the water in the cooling unit).

Ezxtinguished experiments: Typical temperature profiles and mass loss rates for
extinguished experiments are given in Fig. [7] All experiments are from scenario
C, as this was the only scenario where extinguishment was obtained. The external
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Figure 7 Extinguished: Temperature profiles (top) and mass loss rate (bottom) as a function
of time, for representative extinguished experiments, all scenario C. Mass loss rate is given
as 5 min averages. External heating is indicated by gray shading. The heater temperature is
indicated. For temperatures, the legend gives vertical height of measurement points as distance
above the heater (20-100 mm). For clarity, only one measurement at each vertical height is
displayed (the leftmost ones in Fig. . The y-axis for the mass loss rate is rescaled compared
with Fig. @ The variation in mass loss rate (center graph) around 17 h is discussed in more
detail in section The sample height did not decrease during the experiment.

heating duration was 13 h, after which the sample cooled down, followed by a tem-
perature increase caused by self-sustained smoldering. This is of importance, as one
of the goals of this study was to obtain extinguishment of an ongoing self-sustained
smoldering fire. Temperature profiles resembled the first pulsating temperatures
of the non-extinguished experiments (Fig. E[) with average peak temperatures of
400 °C (Table [2)). In four of the seven extinguished experiments there was one
pulsation before extinguishment (Fig. 1eft) with mass loss rate peak during pul-
sation of 10 g/h. In the three remaining experiments, there were two pulses (Fig.
center and right), with mass loss rate peak of 20 g/h. The higher mass loss rate
indicates more intense combustion in the second pulse before extinguishment. The
highest mass loss rate during the extinguished experiments was measured during
the external heating period (around 77 g/h), while the the average mass loss rate
during the entire experiments was around 16 g/h (see Table , or 0.25 g/m?s
when averaged over the horizontal cross section-area of the sample.

After one or two pulses, and without any additional extinguishing efforts other
than the continuous water flow through the cooling unit, the fuel bed cooled down
to ambient temperature and the smoldering was extinguished. Self-sustained smol-
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dering was interrupted before intense smoldering occurred. This is evident by the
short period of elevated, but relatively low temperatures compared with the non-
extinguished cases in Fig.[6] The low total mass loss also shows that extinguishment
was obtained long before burn-out. The sample height did not decrease from the
starting height of 100 mm, but often rather increased 10-20 mm by swelling. A
large share of the fuel was not burnt (details in section .

3.2 Total mass loss and discoloration

The total mass loss of the non-extinguished experiments (around 86 wt%) repre-
sents a statistically significant higher fuel consumption compared with the extin-
guished experiments (around 30 wt%), see Fig. . The moisture content in the
sample was 6.3 wt%. Thus, even in the extinguished experiments, some fuel was
consumed through self-sustained smoldering.

The composition of the residue after the experiments, is given in Fig. [Bp.
The residue combined with the total mass loss corresponds to the initial mass of
the experiment. For the non-extinguished experiments, the residue consisted of
black pellets and ash. There were only small differences in the residue composition
between the scenarios. For the extinguished experiments, around 27 wt% of the
original sample was visually unaffected or negligibly affected by the combustion (9
+ 2 wt% of the residue was original pellets, 4 & 0.3 wt% wood dusts and 14 £+ 1
wt% semi-brown pellets). There were 13 + 1 wt% brown pellets and 30 £+ 2 wt%
black pellets, in total around 43 wt% visibly affected by the combustion. There
was no visually detectable ash, though any ash residue could have mixed with the
wood dusts.

Compared with previous experiments using the same set-up but without the
cooling unit[I8], the residue after the extinguished experiments resembles the
residue after experiments with a smaller sample size (60 mm height) where self-
sustained smoldering was not observed. Both residues have a high content of black
or charred pellets (about 30 wt%). In the previous study, it was probably the
high free surface to volume ratio that gave heat losses too high to obtain self-
sustained smoldering. In this study, the larger fuel bed is more insulated, enabling
self-sustained smoldering, where the cooling unit represents the additional heat
loss leading to extinguishment.

3.3 Water temperature and water flow

The water temperature difference (ATy) over the cooling unit is given in Fig. @
for scenarios with water flow (B and C). The time period (0-30 h) covers the entire
duration of the extinguished experiments. The graphs in Fig. [Oh represent average
values as functions of time. Averages were taken over extinguished experiments in
scenario C, over non-extinguished experiments in scenario B, and non-extinguished
experiments in scenario C, respectively.

Averaged water temperature difference is given for the time period relevant
for studying the cause of extinguishment in Fig. [p. Tabulated averages are given
in Table 2] The time period presented is the first 20 and 25 h of experiments,
which is the time period with elevated sample temperatures in the extinguished
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Figure 8 The total mass loss during the experiments (a) and composition of the residue (b)
for both non-extinguished and extinguished experiments. Averages for all experiments within
each scenario. The sum of the total mass loss during the experiment (a) and the residue after
the experiment (b) corresponds to the mass at the start of the experiment. Background scenario
is included with unfilled marker in (a) to emphasize the shorter external heating duration (6
h vs 13 h), possibly affecting the total mass loss.

experiments (see Fig. [7)). Average water temperature difference was higher for
scenario B, but not significantly.

For scenario C in Fig. Pk, notice the similarities between non-extinguished
and extinguished experiments during the first 16-18 h. After this, the gradually
more intense combustion in the non-extinguished experiments (see Fig. @ was also
reflected in the water temperatures, while the experiments resulting in extinguish-
ment gradually cooled down (see Fig. . In scenario B, the ATy, was higher from
the time the water flow was started at 6.5 h and remained higher. This reflects
the elevated temperatures in the fuel at the time of water flow start.

The flow rate through the cooling unit varied slightly during an experiment, but
there was no difference between the average flow rate of the non-extinguished and
the extinguished experiments in scenario C, as given in Table 2 The average flow
in scenario B was slightly lower. Sudden flow rate variations from the municipal
water supply could give a recoil impact on the mass loss data due to the added
weight of the water, as seen in the mass loss rate around 17 h in Fig. [fjcenter.
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Figure 9 Water temperature difference between inlet to and outlet from the cooling unit
(ATw), data given as (a) ATy for 5 min moving averages as a function of time and as (b)
overall ATy, averages and standard deviations. The time period included is from the time
when water flow was started (see t(waterstart) in Table to t = 20 h (filled markers) and t =
25 h (unfilled markers). Each graph (a) and point (b) represent averages over all experiments
in the category.

4 Discussion

The successful extinguishment of self-sustained smoldering in biomass demon-
strated in this study is innovative. The heat extraction from the fuel bed was in
some cases sufficient to quench self-sustained smoldering. Furthermore, the cool-
ing affected the combustion when complete extinguishment was not obtained. The
results should be of interest for large-scale applications. In this section, the effect
of the water cooling on the combustion will be discussed. Also, the scalability and
application of the results will be explored.

4.1 Increased cooling: increased predictability

Even when the cooling was insufficient to obtain extinguishment, variations in the
combustion pattern between scenarios were observed. The most intense smolder-
ing period during an experiment is given by peaks in sample temperatures and
mass loss rate, see Fig. @ The temperature maximum during this period was not
statistically significant different between the scenarios, see Table [2l The time to
reach that temperature maximum (¢7max), on the other hand, provides informa-
tion on the activity in the fuel bed. For scenario A, there was a large spread in the
tTmax data, as some experiments had the most intense combustion period directly
after the external heating was switched off, others much later. This large varia-
tion for the same starting parameters reflects the inherent stochastic behavior of
smoldering fires.



O©CoO~NOOOITA~AWNPE

18 First Author, Second Author

Introducing water flow in the cooling pipe (scenarios B and C) gave a more
steady and predictable combustion, with a smaller variations in tTmax compared
to scenario A. There were also indications (although not statistically significant)
that increased cooling gave increased tTmax. The increase in trmax Was observed
as the water flow duration was increased from scenario B (water flow from 6.5 h)
to scenario C (water flow from the start of the experiment). Notice that there was
no statistically significant difference when comparing scenario A vs B, or scenario
A vs C, due to the large spread in the data for scenario A.

These results indicate that increased cooling could both give higher predictabil-
ity and increased time to reach the most intense combustion period. This can be
of importance from a risk perspective, as it would allow more time for alternative
suppression methods to be implemented. However, the consequence of delaying the
intense combustion period could be a fuel bed with more char, prone to transition
to flaming, as demonstrated by one experiment in scenario C.

4.2 Cooling was not limited by water flow

The cause of extinguishment will now be explored. The water temperature differ-
ence through the cooling unit, given in Table 2] and detailed in Fig. [0} indicate
that cooling was not limited by the water flow rate or the temperature of the wa-
ter. The water temperatures closely followed the temperatures within the sample,
thus the heat transfer from the fuel bed to the cooling unit was larger when the
sample was warm, with more heat extracted from the sample, as expected. The
water temperature difference (typically around 0.4-0.5 °C) was low in comparison
to the combustion temperatures within the sample. This shows that the water had
capacity to remove more heat.

Since cooling was not limited by the water flow, the limitation must mainly
lie in the transportation of the heat from combustion sites to the centrally lo-
cated cooling unit. In these experiments, it was essential for extinguishment that
a temperature gradient was established in the sample at an early stage. This was
demonstrated in Fig. [0} in that when the water flow was started simultaneously
with the external heating (in scenario C), the water cooling subdued the combus-
tion, and extinguishment was obtained in 7 of 15 cases. This was the only scenario
that resulted in extinguishment. When the water flow was started at a later stage
(at 6.5 h in scenario B), there was higher heat extraction per time (higher ATy,),
but the water cooling was not sufficient to build up the necessary temperature
gradient. Consequently, the combustion was not quenched.

4.3 Analysis of cooling

The cooling must be key to understand the cause of extinguishment, in particular
why 7 experiments did not extinguish and 7 experiments resulted in extinguish-
ment within the same scenario C.

In this section, the heat production (gproq) from the smoldering combustion,

Qprod = M Hc (1)
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is therefore compared with the cooling, that is, the heat loss (decool) to the
cooling unit,

q.cool = Tw ATW Cp,w . (2)

Here, mg is the mass loss rate of the sample, Hc is the effective heat of com-
bustion of the sample (set to 6 MJ/kg, see discussion below), my, is the water flow
rate, ATy, is the temperature difference between water entering and leaving the
cooling unit, Cp,w is the specific heat capacity of water (4.18 J/gK [28]). The heat
production (Eq.[l)) and heat loss to the cooling unit (Eq.|2)) are here given for rep-
resentative extinguished (Fig. ) and non-extinguished (Fig. ) experiments
in scenario C, based on measured experimental data. These calculations are ap-
proximations for heat production and heat loss. The time period given corresponds
to the entire duration of the extinguished experiments, and the same time span
is presented for the non-extinguished, although these experiments lasted longer.
Negative heat production is due to occasional negative mass loss rates, as the
recorded mass data includes the entire set-up including condensation of moisture,
as described in section 311

During the external heating period (0-13 h) the imposed heating on the sam-
ple gave high mass loss, and thereby an excess in the calculated heating (Eq.
compared with cooling (Eq. , for both extinguished and non-extinguished cases.
This is explained by evaporation of water, which leads to mass loss that is not
connected to heat production. After the external heating was switched off (at 13
h), all heat generation occurred in the sample. During this period, the cooling
was estimated to be in the range 5-20 W while the heat production was in the
range 0-60 W, see Fig. The cooling and heat production of the extinguished
vs the non-extinguished cases were similar at the beginning of the experiments.
Starting from 20 h into the experiments, a difference appeared. The heat produc-
tion became increasingly prominent for the non-extinguished experiments, shown
by asterisks (*) marking large heat excess in Fig. The difference was most
distinct when comparing the non-extinguished (Fig. e-h) with the extinguished
experiments with only one temperature pulse before extinguishment (Fig. -d).
The experiments with two temperature pulses before extinguishment (Fi—
b) were more similar to the non-extinguished cases. Eventually, the extinguished
cases cooled down to ambient temperature. The non-extinguished cases, on the
other hand, continued to alternate between periods with high and low heat excess,
reflecting the pulsating temperatures and mass loss rates in the fuel bed (shown
in Fig. @ further details on the pulsating phenomenon is presented in [24]). There
was a gradually more intense combustion, eventually leading to temperature and
mass loss peaks.

There is a large uncertainty in the value for the effective heat of combustion
(Hc) used for calculation of the heat production (Eq. . Firstly, for any given
fuel the effective heat of combustion for smoldering processes is poorly known.
Secondly, the exact composition of the fuel is not known, as this changes as the
experiments proceed. The total heat of combustion with unlimited oxygen access,
may be measured (upper and lower calorific values, see section [2.1). However, the
effective heat of combustion for smoldering, with incomplete combustion and pos-
sibly also limited oxygen supply, is very uncertain. Only a limited number of values
regarding the effective heat of combustion for smoldering has been published. The
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Figure 10 Calculated heat production from the smoldering combustion (Eq. |1} red lines) and
heat loss to the cooling unit (Eq. |2} blue lines), for 4 representative extinguished cases (a-d)
and 4 representative non-extinguished cases (e-h), all for scenario C with maximum cooling.
External heating is indicated by gray shading, during this period, evaporation of water leads
to mass loss not connected to heat production. Large heat excess after the external heating
period (from 13 h) is marked with asterisks (*). Corresponding temperature and mass loss rate
profiles for (a-c) are given in Fig.[7]and for (e) in Fig. [f] under Scenario C.

reported values vary significantly and this variability has not been accounted fOIﬂ
The reported effective heat of combustion for smoldering varies from extremely low
values of 1.05 MJ/kg for PUR foams [29], 1.7 MJ/kg for newspaper [30], and 2.1
MJ/kg for cotton [29], to 6.7 MJ/kg for cotton lamp wick [30] and a range of 6-12
MJ /kg for solid woods [3l[31]. Differences in experimental geometries and air flows
affect the measured values: increased forced air flow gives higher effective heat
of combustion. In this study, there is no forced air flow, and the lowest reported
value of 6 MJ/kg [3l[3T] for solid wood is therefore chosen as most representative.
The second concern is that the fuel changes properties as it dries, decompose and
is combusted. Despite the changes in the fuel, the effective heat of combustion is
kept constant, as the exact composition in the fuel bed at various stages during
an experiment is not known.

2 According to personal e-mail correspondence with Dr. Vytenis Babrauskas, and his not
yet published report ”Engineering guidance for smoldering fires”.
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The consequence of an estimated effective heat of combustion is that the heat
production presented in Fig. is over- or underestimated compared to the true
values. If the chosen effective heat of combustion is too large, then the heat excess
(marked by asterisks (*) in Fig. is overestimated, and the cooling unit is
actually able to extract a larger amount of the produced heat. If, on the other
hand, the chosen value for effective heat of combustion is too small, then the
smoldering fuel actually produces more heat than what is apparent in Fig. [I0} the
heat production should be stretched, meaning that it would be easier to distinguish
the non-extinguished cases from the extinguished. The effective heat of combustion
for smoldering fires in biomass would benefit from further studies, which should
include parameters such as fuel composition and moisture content. It would be
beneficial if the fuel could be produced to order, enabling a systematic variation
of wood composition and moisture content.

Regardless of the exact choice of effective heat of combustion for the fuel, these
calculations show that within the same scenario, there are only minor differences
between heat production and cooling. Still, within the same scenario C, half the
cases resulted in extinguishment and the other half did not. It could therefore be
speculated that the combustion process in scenario C is at a balance point between
an active combustion and an extinguished system, with small random variations
in the combustion or in the water flow determining the outcome. These marginal
differences emphasize the susceptibility of smoldering fires to variations in external
and local conditions.

4.4 Scalability and application

If cooling is to be used to extinguish or control smoldering fires in full-scale in-
dustrial settings such as silos, feasible upscaling options from laboratory scale to
industrial must be evaluated. One upscaling option using a cooling unit in a silo
is presented in this section.

A silo with similar dimensions as the silo involved in a serious fire in Esbjerg,
Denmark in 1998-99 [2] will be used as an example. Silo height of 85 meter, silo cell
diameter of 3 meter will be used in calculations, see Fig. An example cooling
unit consisting of a 0.2 m diameter cylinder is considered. The cooling (deool)
needed for the cylindrical cooling unit is given by Fourier’s law,

Tfuel — T'water (3)
In(ri/ra)

where « is the thermal conductivity of the wood pellets, h is the height of the
silo, Tyer is the fuel bed temperature, Twater is the water temperature, ri is the
cooling unit radius and rg is half the silo radius, see Fig. The lowest measured
thermal conductivity for the ground wood pellets is chosen (0.15 W/mK), as this is
closest to the values found for similar, whole wood pellets by Guo et al (0.146-0.192
W/mK) [32].

A case with constant temperatures in the fuel bed is studied, with maximum
temperature midway between the cooling unit and outer wall (dotted line in Fig.
. A stationary situation with linear temperature decrease is assumed, as is heat
transfer dominated by conduction (i.e. radiation and convection is not considered
in this estimation).

Geool = 2T K h
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Figure 11 Top view of a silo with a water-cooled pipe in the center (top) and the tempera-
ture as a function of radial distance (bottom). The dotted line represents the position of the
maximum fuel bed temperature in this example.

With typical bulk self-heating temperature for wood pellets Tty = 50 °C [16],
32], water temperature Twater = 16 °C as in this study, the heat transported to
the cooling pipe is around 1300 W, using Eq. [3} To obtain this cooling level, the
necessary water flow rate would be around 0.8 kg/s, or 50 L/min, from Eq.[2] using
a water temperature difference as measured in this study (around 0.4 °C). On the
other hand, with a typical fuel bed temperature during self-sustained smoldering
of 400 °C, as observed in this study, the necessary water flow rate is around 9
kg/s, or 550 L /min.

Especially for prevention of escalation of low fuel bed temperatures, the es-
timated water flow rate values are well within what can be an expected water
supply capacity at an industrial site. Still, the total water consumption would be
high compared to for instance water consumption in a domestic household. Hence,
water cooling could be feasible but not necessarily practical as a preventive large-
scale measure. A temperature gradient in the fuel bed must be established suffi-
ciently early to prevent escalation, as discussed in section Cooling as an active
suppression method is therefore less feasible. This also limits possible benefits of
using more efficient cooling units with larger surface to volume ratios, for instance
by using fins. Other cooling unit geometries could be considered, such as cooling
of the container walls, or spirals as cooling units, or multiple U-shaped loops. For
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practical applications, a cooling unit positioned within a storage unit, would have
to sustain severe mechanical loads without breaking.

In these small-scale experiments, the imposed external heating to this sample
was strong and fast, compared with self-heating temperatures in bulk biomass.
If ignition were caused by an external ignition source, for instance by a glowing
ember carried into the silo via a fuel supply band, the temperature could have
been in a similar range as the heater, or higher, but the size of the hot object
much smaller. Thus, this study is a small-scale proof of concept of the method,
and further studies are needed to evaluate the feasibility of using similar systems
as active or passive extinguishing methods.

Lastly, the residue from the extinguished experiments consisted of a large share
of charred pellets, see section [3.2] If required, these charred pellets could be reused
as fuel with a higher calorific value than the original pellets. The charred pellets
resemble torrefied biomass, which is charred through thermal treatment [33]. The
heat extraction system demonstrated here could potentially inspire applications
outside fire prevention, for instance as a supplement to torrefaction.

5 Conclusion

An experimental study using a laboratory-scale set-up has been performed, to
investigate the feasibility of using water cooling as an extinguishing system for
smoldering fires. Wood pellets were used as fuel, sample size was 1.25 kg, 1.8
liters. The set-up consisted of a side-insulated steel cylinder heated from below
with natural convection at the top. A cooling unit was used, consisting of a 4.76
mm diameter U-shaped copper pipe centrally located in the sample. Cooling was
obtained without direct contact between water and fuel, thus avoiding challenges
with swelling of the pellets, water channeling and water run-off. The study demon-
strates that water cooling, without direct contact between water and fuel, can be
used as an extinguishing system at laboratory-scale.

The study shows that the cooling unit, even without water flow, significantly
affected the heating processes in the sample. To obtain self-sustained smoldering in
the fuel bed, the duration of the external heating had to be significantly increased.
This demonstrates that even moderate cooling could affect initiation of smoldering.

Extinguishment was obtained in half the cases in which the water flow was
started at the same time as the external heating. For the experiments with no
water flow, or where the water flow was started at a later stage, extinguishment
was not obtained. This indicates that, water cooling should be activated before any
temperature escalation in the fuel bed, and that water cooling is not well-suited
for late-stage suppression.

Extinguishment was obtained at an early stage in the smoldering process, as
demonstrated both by the temperature profiles in the sample and by the signifi-
cant reduction in the fuel consumed during the process. For the non-extinguished
cases, increased cooling led to a more steady and predictable combustion, the most
intense combustion period could be delayed. If applicable to large-scale, a delay in
escalation of temperatures by heat removal would provide firefighters with more
time to implement alternative extinguishing measures.

The heat loss to the cooling unit during the period before extinguishment was
in the range 5-20 W, while the heat production in the sample was in the range
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0-60 W. At this balance point between intense combustion and extinguishment,
apparently only marginal differences distinguished between extinguished and non-
extinguished cases. Slight variations in the combustion could cause the reaction to
tip one way or the other.

Upscaling the heat extraction to an industrial-scale silo could be feasible, and
this should be investigated further. Furthermore, it would be useful to explore
other cooling unit geometries. Alternative application areas could be considered,
such as well-controlled production of charred pellets.

This is the first experimental study to demonstrate that extinguishment of
smoldering fires in biomass can be obtained by the use of heat extraction (cooling)
from the fuel.
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