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Abstract

This paper presents underground coal fires (UCF) induced natural ventilation through a U-shaped porous
channel. Height of the U-shaped channel (the fire depth) is one of key elements determining the accessibility
of air supply to UCF. Conventionally, we acknowledge that under the external wind driving force, air supply
to underground space should decay with increasing the fire depth. However, under the thermal buoyancy force
induced by UCF, responses of air supply and UCF to the fire depth are uncertain. Herein we propose a 1/20-
scale experimental framework to measure air velocity, and to quantify the burning rate, the fire spread rate and
the burning temperature of UCF at different fire depths (H=1.6 - 4.6 m) with variable aperture sizes (®=1 - 4
cm). A one-dimensional model correlating the air velocity with the fire depth is validated and then extrapolates
laboratory-scale free channels into field-scale (H=100 m) percolation channels. We find the ‘chimney effect’
— air supply driven by the buoyant smoke of UCF is unexpectedly enhanced with increasing the fire depth; the
enhanced air supply due to the chimney effect facilitates burning of coal. The chimney effect, serving as a self-
sustaining mechanism of air supply to UCEF, is a significant governing mechanism for persistent UCF burning
for hundreds or even thousands of years.
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1. Introduction

Underground coal fires (UCF, see Fig. 1), referring to sites of slow combustion (smoldering) of subsurface
coal, are an intractable hazard threatening the safety of coal mining industries and polluting the atmosphere
and the lithosphere environments (Lu et al., 2018; Tang et al., 2019; Wang et al., 2018; Wang et al., 2016; Zhuo
et al., 2019). UCF produce toxic products (CO (O'Keefe et al., 2010), tar (Engle et al., 2012), Polycyclic
Aromatic Hydrocarbons (PAHs) (Liu et al., 2012), volatile organic compounds (VOCs) (Yan et al., 2015), Hg
(Hower et al., 2009; O'Keefe et al., 2010), etc.), resulting in heavy air pollution and soil contamination. UCF
release massive thermal energy, which is transferred to the ground surface (Wessling et al., 2008b) and results
in severe vegetation degradation (Kuenzer et al., 2012; Kuenzer et al., 2007). UCF can also lead to geo-hazards
such as collapse, subsidence, and landslides (Ide et al., 2010; Jiang et al., 2011; Kuenzer and Stracher, 2012).
Additionally, UCF are a significant source of ancient carbon release from coal seams to the atmosphere.
Understanding the role of greenhouse gas emissions (GHGs) emitted from UCF in the global climate change
is still an emerging research topic (Engle et al., 2011; O'Keefe et al., 2010; Song et al., 2019a; van Dijk et al.,
2011).
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Nomenclatures
a stoichiometric coefficient of CO; production formula of coal
A area, m’ Y mass fraction, %
b stoichiometric coefficient of CO production z oxygen atom number in molecular formula of
C discharge coefficient coal
g gravitational acceleration, m s
H fire depth, m Greek symbols
K permeability, m? u dynamic viscosity, kg m™ 5!
L height of coal bed, m p density, kg m?
AL height difference, m K permeability, m?
m mass, g D aperture diameter, cm
m burning rate, g s m>
y Subscripts
m burning rate, kg s™ a air, aperture area
Am mass flow rates, kg s™! am ambient
M molar mass, g mol™! b burning area
M average molar mass, g mol™! co coal, coal seam
AP pressure drop, Pa ch percolation channel
¢ time, h CO carbon monoxide
T temperature, °C CO, carbon dioxide
U fire spread rate, cm h’! ex exhaust gas
v gas flow velocity, m s™! F fuel
Vv average air velocity, m s’! k therrr}ocouple index
x carbon atom number in molecular formula of max maximum
coal 0. oxygen
X gases volume concentrations, vol.% p peak
y hydrogen atom number in molecular 12 smoke
S fire spread

UCEF can be ignited by the self-heating of coal oxidation (Liu et al., 2019; Song and Kuenzer, 2014; Yang
and Qiu, 2019; Zhuo et al., 2019), wildland fires (Rein, 2013), lightning strike (Prakash et al., 2011), and
mining activities (Kuenzer et al., 2012). They continue to burn underneath the Earth’s surface with divers air
supply through narrow channels (e.g., cracks, fractures, and fissures, see Fig. 1). UCF is one of the most
persistent fires on the Earth, and can burn and smolder for hundreds or even thousands of years (Ellyett and
Fleming, 1974). However, the mechanism of such persistence is still mysterious.

For the persistence of UCF, abundant fuel in a coal reservoir is a precondition; slow burning (propagation)
rate of smoldering fire provides a beneficial condition (Rein, 2013). Once underground deposited coal is
ignited, the persistence of UCF is determined by certain extinct conditions of smoldering fires, which are
mainly associated with the heat and mass (air) transfer processes (Rein, 2013). Underground rocks/sediments
perform fine thermal insulation conditions for UCF, but air in underground fractured or porous zones is very
depleted. Thus, air supply is a crucial process governing the persistent UCF.

The natural driving forces of air supply to subsurface porous zones include wind, atmospheric pressure
fluctuation (Song et al., 2015b), topographic effect (Song et al., 2014), and thermal buoyancy (Krevor et al.,
2011; Li et al., 2018; Song et al., 2019b). Recently, it has demonstrated that thermal buoyancy is a significant
force for air supply to UCF (Krevor et al., 2011; Li et al., 2018; Song et al., 2019b). For subsurface fires, the
fire depth (H) is an important element determining the accessibility of air supply to UCF. Under different
driving forces, the responses of the air flow to increasing the fire depth may behave differently. We
acknowledge that under natural forces such as wind, topographic effect, and atmospheric pressure fluctuations,
air supply to underground space should decay with increasing the depth. However, with thermal buoyancy
generated by UCF itself (Krevor et al., 2011; Li et al., 2018; Song et al., 2019b), responses of the air supply
and UCF to the fire depth are still uncertain.
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Fig. 1. Schematic chart of UCF and their environmental impacts (Song et al., 2019b).

Thermal buoyancy driven natural convection is widely applied to improve air conditions in buildings (Lei
et al., 2016) and to generate green energy, e.g., the solar chimney (Zamora and Kaiser, 2009; Zhou et al., 2009)
and the channel-chimney system (Auletta et al., 2003; Nasri et al., 2015); on the other hand, it has destructive
influences on, for instance, fire protection of buildings (Gao et al., 2017; Ji et al., 2017), the gas-cooled reactors
(Chen et al., 2017), and underground coal reservoirs (Krevor et al., 2011; Li et al., 2018; Song et al., 2019b).
It has demonstrated that geometrical configurations (Auletta et al., 2003; Nasri et al., 2015; Zamora and Kaiser,
2009; Zhou et al., 2009) and free/porous (Li et al., 2018; Sharma et al., 2018; Song et al., 2019b) media of the
channel have crucial effects on the behaviors of the natural convection. For thermal buoyancy driven natural
ventilation in a vertical free channel, the chimney effect (the stack effect) has been well recognized; gas flow
induced by the chimney effect increases with increasing the height of the channel. Recently, we reported the
characteristic behavior of thermal buoyancy driven air flow through thin porous media in a U-shaped channel
(Song et al., 2019b). The chimney effect of such U-shaped configuration with porous media widely occurs in
the fields of underground thermal engineering (Liu et al., 2018) as well as in the nature like underground coal
fires (UCF) (Krevor et al., 2011; Li et al., 2018; Song et al., 2019b). But investigation on this topic has been
paid rare attention (Sharma et al., 2018; Song et al., 2019b) and our understanding on its thermo- and fluid-
dynamics is still poor. In this paper, we aim to characterize the dependences of the gas flow and the smoldering
fire in a U-shaped porous channel on the channel’s height, and then attempt to reveal the governing mechanism
of persistent UCF.

Herein we develop a 1/20-scale laboratory experimental framework (see Fig. 2) to mimic buoyancy-driven
UCEF in the field (Song et al., 2019b) and unravel the relationship between UCF and the fire depth. In Section
2, the experimental setup and procedures are illustrated; approaches to quantify the burning rate and the fire
spread rate are also detailed. Section 3 presents the dependences of the air supply, the burning rate, the fire
spread rate and the maximum burning temperature on the fire depth. A one-dimensional model correlating the
air supply and the fire depth, uncertain analyses on permeability and spatial scale, as well as the governing
mechanism of persistent UCF are discussed in Section 4.
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Fig. 2. Schematic diagram of the experimental setup and data collection system (Song et al., 2019b).

2. Experimental method
2.1. Experimental setup

In-situ UCF (see Fig. 1) is covered by complex geological rocks and propagates along multiple directions
(three dimensions), which results in poor repeatability and controllability for experimental research. This work
focuses on the chimney effect induced by UCF, in which the vertical direction is the most important. For the
sake of simplicity, one-dimensional laboratory experiment framework was established (Song et al., 2019b).

A schematic diagram of experimental setup was shown in Fig. 2. The top surface of the ‘U-shaped’ structure
was considered as the pseudo land surface. Then, space below the top surface was considered to be an
underground (see Fig. 2). A vertical pipe with a diameter of 12 cm and length of 60 cm was employed as the
combustion reactor to mimic the UCF. A vertical exhaust pipe and a ‘L-shaped’ inlet pipe were fitted at the top
and bottom of the reactor, respectively. The diameter of both pipes was 6 cm. The vertical lengths of pipes
were variable, which provides the first laboratory-scale experiment to simulate UCF and study its dependence
on the fire depth. Hollow plugs with variable aperture sizes were inserted into the top ‘L-shape’ pipe to
investigate the influence of the ventilation channel (e.g. crack) size. In the field, the fire depth is approximately
100 m (Shi et al., 2017) and the channel width ranges from several centimeters to hundreds of centimeters
(Kuenzer and Stracher, 2012). The experimental framework allowed to vary fire depth (H=-1.6 m - 4.6 m) via
adjusting the vertical lengths of transport pipes and aperture size (@=1 and 4 cm) via a hollow plug. Previous

scale analysis demonstrated that the laboratory scale was representative for a 1/20 scale of UCF in the field
(Song et al., 2019a; Song et al., 2019b). Alumina silicate wools with a thickness of 2 cm were attached inside
the reactor and outside the exhaust pipe to mimic the thermally insulated environment of underground rock
layers. A metal mesh (1.5 mm x 1.5 mm) was placed at the bottom of the reactor to hold coalbed and solid
residuals. The coalbed was ignited by an electrical heater.

The airflow velocity (V.) was measured at a fixed point in the centerline of the vertical pipe by the
anemometer (FMA900R, OMEGA, USA; range: 0-1.02 m s!, accuracy: £2% FS). A small portion of the
exhaust gas flow (1 mL min™") was drawn by a pump from the exhaust pipe to the gas analyzer (TESTO 350,
TESTO, Germany). Before entering the gas analyzer, the exhaust-gas sample was cooled through a water bath,
and the contaminative products, such as tar-containing vapor and particle materials, were removed by filters.
Gas volume fractions of O, (0-25%, £0.2%), CO, (0-50%, +£0.3%), and CO (0-40%, +4%) were measured.
Multiple thermocouples (TCs) (inconel sheath Type K, OMEGA, USA) were inserted into the reactor with 2-
cm vertical intervals and recorded the temperatures of coal and smoke.

Two sets of experiments with different heights of coalbed were conducted. Due to smaller flow resistance

4


https://doi.org/10.1016/j.psep.2020.01.029

Z. Song, X. Huang, C. Kuenzer, H. Zhu, J. Jiang, X. Pan, X. Zhong (2020) Chimney effect induced by smoldering fire in a
U-shaped porous channel: A governing mechanism of the persistent underground coal fires, Process Safety and
Environmental Protection, 136, 136—147. https://doi.org/10.1016/j.psep.2020.01.029

through porous media, a thinner coalbed was considered as the first set of experiments in order to quantify the
air velocity and the burning rate. However, the results showed that fire spread cannot be observed from the
thin-coalbed experiments (see the temperature data published in the previous work (Song et al., 2019a; Song
et al., 2019b)). Hence, thicker coalbed, i.e. the second set of experiments had to be taken into account for
examining the dependence of fire spread on the fire depth and the aperture size.

(@ A thin coalbed with a height of 14 cm and mass (71.,) of 595.70 +£1.10 g was filled into the reactor to

study the responses of the air supply (V.) and the burning rate (M) to an increasing the fire depth.

Six TCs (TC,;-TCe) were inserted into the coalbed. The TC; and TC, measured the lower and upper
boundaries of the burning zone, respectively. Herein, we chose the measurement of TC, as the
characteristic burning temperature (72), considering TC, could be affected by the igniter. On the other
hand, TC; was put closely above the top surface of the coalbed to monitor the smoke temperature
(T7).

(b) A thick coalbed with a height of 28 cm (m.=1156.80+£37.60 g) was piled up to investigate the
response of the fire spread rate (Us) and the maximum burning temperature (7max) to the rise of the
fire depth. Thirteen TCs (TCi.13) were inserted into the coalbed. Us and Trax were obtained from the
temperature history data (see Fig. 5).

2.2. Experimental procedure

Step I: preparing of the sample. High-volatile bituminous coal that is highly susceptible to spontaneous
combustion (Song et al., 2017a; Song et al., 2017b) was chosen in the experiments. Chunks of fresh coal
samples were collected from the Chang Cun Coal Mine in Henan Province, P.R. China. Sampling procedures
were referred to the Chinese standard GB/T19494.1-2004. They were immediately stored into air-proof plastic
buckets. Before the experiment, large coal samples were crushed in the ambient and sieved manually into small
coal particles with a diameter of 7 + 2 mm. The proximate and ultimate analyses were conducted (Song et al.,
2017a; Song et al., 2017b) according to GB/T212-2008 (moisture, ash, and volatile contents), GB/T476-2008
(carbon (C) and hydrogen (H)), GB/T214-2007 (sulfur (S)), and GB/T19227-2008 (nitrogen (N)). Bulk density,
porosity and permeability of coalbed were measured. Properties of the sample were shown in Table 1.

Table 1. Properties of coal sample.

Basic properties Value
Proximate analysis (dry base, Moisture 2.86
wt.%) Volatile 34.75
Ash 14.84
Fixed carbon 47.55
Ultimate analysis (%, Dry ash- Carbon 71.104
free basis) Hydrogen 5.438
Oxygen 21.880
Nitrogen 1.313
Sulfur 0.265
Density (kg m™) 1589.6 +9.420
Bulk density (kg m™) 667.04 £ 28.85
Porosity (%) 54.98 £ 1.95
Permeability (m?) 4.23x107

Step 11: apparatus installation. The metal mesh and the igniter were placed at the bottom of the reactor.
The thermal insulation was attached to the inner wall of the reactor. Coal particles were slowly filled into the
reactor to ensure the homogeneity. Gas transport pipes were connected to the reactor. Under an air-tight
condition, TCs, air velocity sensor, and the exhaust gas sampling tube were inserted into the reactor, air-
transport pipe, and exhaust pipe, respectively. The TCs and the anemometer were linked to the data logger.
The sampling tube of exhaust gas was successively connected to the water bath, the filter, and the gas analyzer.
Both the data logger and the gas analyzer were connected to a computer to record data.
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Step 111: initializing UCE The igniter was turned on to heat the coal sample and initiate a warm smoke. The
igniter was automatically turned off when the ignition temperature was reached. To ensure a successful ignition,
the ignition temperature was set to the peak temperature (7;) of the self-sustaining coal fire (see Fig. 5). Once
ignited, the air infiltration driven by the buoyant smoke was sufficient for feeding coal smoldering combustion.

Step IV: measuring parameters. Since ignition, V,, T, and X (species i=0,, CO,, and CO) were
simultaneously recorded every 2 s and saved on the computer. The experiment was terminated when V,=0 cm
st and Xex,co2=0.

Each experiment was repeated by two times. All experiments were conducted inside a large-space laboratory
hall to eliminate external wind.

2.3. Estimating burning rate
The burning rate (M ) is defined as the burnt coal mass per unit time and unit burning area. Strictly speaking,

gaseous products of UCF include H>O, CO,, CO, and unburnt hydrocarbons (CnH,). In the exhaust gas, mass
fractions of CO» (Yco2) and CO (Yco) are far larger than CnHn (Yemnn). Hence, we assume that C,H, in exhaust
gas is ignorable. Coal combustion of UCF is simplified into a global one-step oxidation reaction:

cXHon+(1+a+9-Ej02 5 aC0, +bCO+2H,0 (1)
4 22 2

According to the ultimate analysis in Table 1, x, y and z in Eq. (1) are equal to 4.33, 3.98, and 1, respectively.
According to the mass conservation, we have

a+b=x
2
Besides,
a_ Xe
Z= .CO, 3)
b xex,CO
Then, a and b can be written as
a= X =Xy
14 Keco (4)
Xex,CO2
X
b= —
1+ ex,CO, (5)
Xex,CO
where 7 is the combustion efficiency (Yokelson et al., 1996) that is defined as
;7 — Xex,CO2
Xex,COZ + Xex,CO (6)
According to Eq. (1), we have
. b z 32 Lt
Am, =(l+a+—-—j—mF (7
2 4 2 2)(12x+y+16z)
A, =a ha M (8)
“: T (12x+y+16z)
They can also be expressed as:
o Mo, ©)
Amo2 = ma,o2 - mex,O2 = (paVaAa)Ya,oz - (pexvex A\sx )M_ Xex,oz
ex
Ay = (Vo Ao o = (Vo A, ) cer
mCO2 - (pex eanx) ex,Co, — (pex eanx )— ex,CO, (10)

M ex


https://doi.org/10.1016/j.psep.2020.01.029

Z. Song, X. Huang, C. Kuenzer, H. Zhu, J. Jiang, X. Pan, X. Zhong (2020) Chimney effect induced by smoldering fire in a
U-shaped porous channel: A governing mechanism of the persistent underground coal fires, Process Safety and
Environmental Protection, 136, 136—147. https://doi.org/10.1016/j.psep.2020.01.029

Combining Eq. (2), Egs. (7) - (10), we have
= 1000m," _ 2090p,AV,

F
X
A A,(10.64 +8.661 +17.325p ) (11)

ex, CO,
In Eq. (11), we have p,=1.29 kg m, 4./ A, =D*/64. Note that @ is the aperture diameter in cm. Finally, the
burning rate is expressed as

. 42,1307V,
me =

X
10.64 +8.667 +17.32p — == (12)

ex, CO,

2.4. Estimating fire spread rate

The local fire spread rate (Us, «) can be estimated from the time lapse (At, =t,,, -t, ) of the fire front arrival
(i.e., temperature peaks, 7,) at two consecutive TCs (TCy and TCy+1) and the distance (AL ) between them
(Pironmi et al., 2011):

AL
VoS (13)

In this study, A] equals to 2 cm. The average fire spread rate (Us) crossing the whole coal column was

calculated based on Uk .

3. Experimental results
3.1. Chimney effect

Dragged by the buoyant smoke in the exhaust pipe, fresh air flows downward to the coalbed (Krevor et al.,
2011; Song et al., 2019b). The evolution of air velocity (V,) with the smoke temperature (77) and the fire depth
(H=1.6-4.6 m) is presented in Fig. 3. The air velocity increases with increasing either the smoke temperature
or the fire depth. Such enhancement of the air supply results from the stronger buoyancy, that is, the chimney
effect of UCF.

Air flow through a thermally decomposed thin porous media is controlled by the thermosolutal buoyancy
and the porous structure of coalbed (Song et al., 2019b). Fig. 3a illustrates two distinct stages of the air velocity
against the smoke temperature. At the Stage I, the thermal buoyancy is weak but the porous coalbed is stable
and thick (Song et al., 2019b). In this case, the air velocity is small and has a weak dependence on the smoke
temperature and the fire depth. At the Stage II, the porous coalbed is decomposed due to smoldering
combustion, facilitating natural ventilation (Song et al., 2019b). Thus, an abrupt increase of air velocity takes
place. At this stage, air supply is more sensitive to the rise of the burning temperature and the fire depth.

The phenomenon that air velocity induced by smoldering coal fires with 1.6 m depth starts to increase
when smoke temperature reaches to 450°C (see Fig. 3(a)) is mainly attributed to (a) the ‘weaker chimney effect’
and (b) the decomposition (pyrolysis) of porous media.

(@) With the same thermal buoyancy (smoke temperature), the air velocity induced by smoldering coal fire
at a shallower depth is expected to be smaller. While the fire depth is 1.6 m and the smoke temperature
is less than ~450°C, air velocity is so small that it is not measurable by the anemometer.

(b) Thermogravimetric (TG) analysis of pyrolysis (N, atmosphere) at slow heating rates (similar to the heat
transfer scenario of smoldering combustion) for single large coal particle (7 = 2 mm) was conducted.
DTG data (not presented in paper) shows that the pyrolysis of coal focuses on ~450°C. The previous
work (Song et al., 2019b) revealed that the permeability is improved and the flow resistance is decreased
due to the shrunk coalbed, resulting from the fact that hot smoke (~450°C) transported upward benefits
the pyrolysis of upper coal layers. At this circumstance, air velocity must be enhanced. Therefore, with
the fire depth of 1.6 m, the air velocity starts to abruptly increase at ~450°C shown in Fig. 3(a). The
mechanism in terms of couplings of thermal buoyancy and solid decomposition is detailed in the
previous work (Song et al., 2019b).
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Fig. 3. Chimney effect of UCF. Plots of (a) the air velocity (V.) with smoke temperature, and (b) average air
velocity (\7a) with fire depth (H) for UCF experiments with @= 4 cm. Error bars are standard deviations of

replicated results.

3.2. Burning rate
In UCF experiments, the burning of coal is dominated by smoldering combustion ( 77 =0.6, see Fig. 7). For

the first time, the transient burning rate is estimated, as shown in Fig. 4. Generally, the burning rate slowly
increases with increasing the burning temperature at the Stage I (7><~1100 °C). It is followed by a rapid
increase in the burning rate (7><~1100 °C), resulting from the significant improvement of air supply at the
Stage I1.

Fundamentally, the burning rate of UCF is controlled by the air supply (discussed in Section 4.2). It is
usually expected that a deeper UCF should burn at a slower rate or even be suppressed naturally. However, the
experimental results indicate that with UCF generated the thermal buoyancy, the burning rate accelerates with
increasing the fire depth due to the enhanced air supply. This result indicates that deeper UCF may burn faster
in the field (see Discussion section).
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Fig. 4. Dependence of the burning rate on the fire depth. Plots of (a) the burning rate (M. ) with the burning
temperature, and (b) the average burning rate (M. ) with the fire depth (H) for UCF experiments with @=4

cm. Error bars are standard deviations of repeated results.

3.3. Fire spread rate

Thirteen TCs’ temperature history data from the second set (thick coalbed) of experiments is presented in
Fig. 5. The successive peaks (Tpeak.i) of TCs indicate that fire spreads upward (Huang and Rein, 2017; Pironi
et al., 2011; Pironi et al., 2009). Those non-successive peaks suggest that the top surface of the coalbed is
sinking under the gravity (Yang and Chen, 2018). If H increases from 1.6 m to 4.6 m, the burning time deceases
from 13 h to 4 h for =4 cm, and from 22 h to 12 h for #=1 cm. The temperature history data indicates that
the fire spread (U;) and the released thermal energy (7max) are enhanced with increasing either H or @.
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Fire spread rates (Us) estimated by Eq. (13) are presented in Fig. 6a. In this work, the spread rate of UCF
ranges between 0.4 and 2.5 cm h'', in accordance with ground smoldering coal fires (0.66+1.80 cm h')

(Hadden and Rein, 2011) and peat fires (0.50-2.00 cm h') (Huang and Rein, 2017).
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Aperture size, acting as the opening area of the ventilation channel, significantly impacts the fire spread rate.
As shown in Fig. 6a, the fire spread rate is reduced by ~0.45 cm h! if the aperture size decreases from 4 c¢m to
1 cm. As can be seen in Fig. 6a, U increases with increasing the fire depth, even at the harsh condition of
ventilation with a tiny aperture (=1 cm). This result agrees well with the dependence of the burning rate on
the fire depth (see Fig. 6b), because, fundamentally, the propagation of UCF is a result of the burning
consumption of coal (U, =mp; ).
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o

Aperture diameter 4 cm
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Fig. 6. Dependence of the fire spread rate and the maximum burning temperature on the fire depth. Plots of
(a) the fire spread rate (Us), and (b) the maximum burning temperature (7max) against the fire depth (H). Error
bars are standard deviations of repeated results.

3.4. Maximum burning temperature

Several temperature peaks (7}) are observed in Fig. 5, which can be representative for the intensity of local
coal burning effect. Herein, the maximum burning temperatures ( Tmax=max(7})) are considered to characterize
the thermal response of UCF to the rising of the fire depth. T of UCF at different depths are plotted in Fig.
6b. Tmax ranges between 900 °C and 1,400 °C, which is consistent with the measurements in the field (Song et
al., 2015a; Zhang and Kuenzer, 2007) and the observations based on paralava and clinker (Grapes et al., 2009;
Simmons et al., 1989).

Under air deplete condition, enhanced air supply is beneficial for char oxidation and increasing the burning
temperature. Thus, it is expected that Thmax increases with an increase of aperture size. As shown in Fig. 6b, Tmax
of UCF with @=4 c¢m is almost 200 °C higher than that with @=1 cm. Importantly, because of the enhanced
air supply to deeper UCF induced by the chimney effect, Timax increases with increasing the fire depth (R*=0.94).
This result indicates that it is possible for deep UCF to release considerable thermal energy.

4. Discussion

4.1 Comparisons of chimney effects induced by smoldering fire in a U-shaped channel and by flaming fire
in a vertical channel

The above results indicate that an increase of the fire depth can unexpectedly facilitate UCF (see Figs. 3 and
4). Such an unusual behavior is attributed to the chimney effect induced by smoldering fire in a U-shaped
porous channel (see Fig. 3). The correlations of air velocity with the smoke temperature and the fire depth have
been presented in the previous work (Song et al., 2019b). For the conventional chimney effect of vertical free

channel e.g., building fires, a strong dependence on the building height (%) (V, oc h1/3) exists (Gao et al.,
2017; Shi et al., 2014). Comparatively, for the chimney effect of UCF, its dependence on the fire depth (H) is
relatively weaker (V, oc H0018-03%0 "go0 Ref. (Song et al., 2019b)). This weaker dependence is mainly

attributed to large airflow resistance caused by porous coalbed. It implies that low permeability of percolation
channels (Huang et al., 2001; Wessling et al., 2008a; Wolf and Bruining, 2007) in the field could be an uncertain
factor limiting enhancement of air supply due to the chimney effect. Thus, a one-dimensional model is
developed in the following 4.3 section to extrapolate the chimney effect of UCF from the laboratory-scale free
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channels (‘U-shaped’ pipes, H=1.6-4.6 m) to field-scale percolation channels (H=0.1-100 m (Shi et al., 2017)).
4.2 Burning rate controlled by air supply

Eq. (12) indicates that the burning rate (M) of UCF is associated with the air supply (Va), the Graham’s

ratio ( X, co, / Xex 0, ) (Singh et al., 2007) and the combustion efficiency (7). As can be seen in Fig. 7¢, 7 is

approximately 0.6, and almost independent on @ and H. Then, we can consider 7 as a constant in this work.

According to Eq. (12), then we have

mF OCVa’ Xex,COZ/Xex,OZ (14)
1.0 _ Depth36m:| range average
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Fig.7. Dependence of the combustion efficiency and the Graham’s ratio on the fire depth and the aperture
size. (a)-(c) the combustion efficiency (#), and (d)-(f) the Graham’s ratio. (a) and (d), @=4 cm. (b) and (e):
@=1 cm. Error bars are standard derivations of replicate results.

Figure 7d-f shows that the Graham’s ratio increases with either H (R*=0.87 - 0.99) or @. In fact, with
increasing the air supply, UCF will consume more oxygen (O2) (lower Xex 02 in exhaust gas) and produce higher
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Xex,coz, resulting in larger X, co, / Xex o, - Thus,

Xex,COZ/Xex,OZ OCVa (15)
Combining Egs. (14) and (15), we can obtain
M, ocV, (16)

Overall, the burning rate is fundamentally controlled by the air supply.

4.3 Extrapolating to the chimney effect induced by field-scale UCF in a U-shaped percolation channel

Laboratory experiments are limited to the small scale and the free channel (except for thin coalbed). Herein,
a one-dimensional steady-state model is developed to extrapolate from the laboratory scale (H=1.6 - 4.6 m) to
the field scale (up to 100 m), and more importantly from the free channels to the percolation channels (extreme
harsh condition of ventilation). As discussed above, the burning rate of UCF is controlled by the air supply.
Thus, in this model, the dependence of the air supply on the fire depth is emphasized and chemical kinetics of
coal smoldering combustion is neglected. Previous work (Song et al., 2019b) suggested that the thermal
buoyancy plays a leading role in the natural ventilation for UCF and the relationship between the fire depth
and the solutal buoyancy is hardly quantified. Hence, the solutal buoyancy is excluded in this model. Besides,
the air flow in the channel is laminar flow. For the sake of simplification, we ignore the flow resistance along
the channel wall.

According to the Darcy’s law and the Boussinesq approximation, in the vertical direction, we have

0 T 2H yV
AP = | pg(1-2™)dH + | -—2dH (17)
»'I[—I Tpl ::‘)- K

In Eq. (17), the first term at the right-hand side denotes the pressure drop induced by the thermal buoyancy.
The second term represents the pressure drop due to the Darcy’s flow in porous media. As for percolation
channels, gas flow along the whole ventilation pathway (2H) obeys the Darcy’s law. Note that the fire depth H
is defined as the sum of the length of percolation channel and the height (L) of coal seam. Herein, we assume
that porosity of percolation channels and coal seam is isotropic and then their permeability is K. However, as
for free channel, Darcy’s flow is confined to the coal seam. Its permeability is K. Eq. (17) can be further
developed to the following correlations:

For free channel:

T uV, L
AP = pg(l—2m)H — 2= 18
pY( T, ) ra (18)

For percolation channel:

2uV,H

K, >

AP = pg(1—1em)H
To
Driven by the pressure drop AP, the velocity of air through an aperture can be expressed as (Linden, 2003):

V,=C /2A—P (20)
p

Substitute Eq. (18) and Eq. (19) into Eq. (20), we can obtain that
for free channel:

2 22 2
V,=C [2gH@- Ty 2LACT LiC 1)
Tpl P Kco cho
for percolation channel:
2 22 2
V, =C, [2gH (- imy ¢ ST 2 @
Tpl P Kch chh

Based on Egs. (21) and (22) with C=0.035, 7;,=600 °C, and T.n=27 °C, dependence of the air supply (V)
on the fire depth (H) within a range of permeability (K:o=103-10%m?, K;,=107-10° m?) (Wessling et al., 2008a;
Wolf and Bruining, 2007) is presented in Fig. 8. Sensitivity analyses of K, C, Ty, and Tam are shown in Fig. 9.
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Fig. 8. Response of the air supply to increasing the fire depth: (a) free channels, and (b) percolation channels.

Figure 8a shows that analytical results of shallow UCF in free channels agree well with experimental results.
It is expected that, as can be seen in Fig. 8, the chimney effect of UCF with percolation channels is weaker
than with free channel. Importantly, the model confirms that the air supply is enhanced with increasing the fire
depth up to >100 m even though air transports through percolation channel. However, the chimney effect of
UCF in percolation channel is very sensitive to the permeability. The chimney effect almost disappears if the
permeability of percolation channel is less than 10”7 m? (see Fig. 8b), which is in accordance with numerical
simulations of UCF (Wolf and Bruining, 2007) and laboratory experiments of thermal convective venting in
soils (Ganot et al., 2014). This result provides a valuable reference information for the fire-fighting engineering
to control the critical permeability of loess covered at ground surface and injected inside ventilation channel
(Song and Kuenzer, 2014).
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Fig. 9. Sensitive analyses of parameters in the extrapolating model. (a) the permeability (H=40 m, C=0.035,
Ty=600 C, and T.m=27 °C), (b) the discharge coefficient (H=40 m, K¢, (Ken)=10° m?, T,=600 °C, and
Tum=27 C), (c) the smoke temperature (H=40 m, Ko (Ken)=10% m?, C=0.035, and T,n=27 C), and (d) the
ambient temperature (H=40 m, K¢, (Kev)=10 m?, C=0.035, and 7,=600 C).
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A wide range sensitivity analyses of the permeability, the discharge coefficient, the smoke temperature, and
the ambient temperature are illustrated in Fig. 9. For free channel, the air velocity is very sensitive to the
discharge coefficient and the smoke temperature; for percolation channel, it is sensitive to the permeability and
the smoke temperature. The ambient temperature varying from -10 °C to 30 °C has limited influence on the
air velocity for both free channels and percolation channels. The sensitivity analyses also indicate that for free
channels the air velocity could be overestimated if K;c<~10"® m? (see Fig. 8a), and underestimated if C>0.25.

4.4 Governing mechanism of the persistent UCF

In practice, free channels may intersect with percolation channels. Air supply to UCF in the field could be
improved by multiple air-transport channels, comparing to the single channel considered in the model. In
addition, the model excludes the heat dissipation and the dynamic couplings of hydraulic and thermal processes:
a deeper UCEF dissipates less heat to the ambient (Huang et al., 2001; Wolf and Bruining, 2007); enhancement
of air supply results in higher burning temperature and stronger thermal buoyancy, which in turn enhances air
supply further. Thus, the chimney effect of UCF in the field is likely more dominant than that presented in Fig.
8b. The experimental observations demonstrate that the enhancement of air supply due to the chimney effect
must facilitate UCF. It indicates that the fire risk and the environmental hazard of deep UCF may be
underestimated by the conventional perception. It suggests that more rigorous fire-fighting techniques such as
covering finer loess should be undertaken to effectively extinguish deep UCF.

UCF are an environmental hazard with complex hydro-thermo-chemical-mechanical (HTCM) processes in
fractured porous media. Airflow that is driven by UCF generated buoyancy in turn feeds UCF itself (Ide and
Orr Jr., 2011; Krevor et al., 2011); subsidence or collapse induced by UCF creates ventilation channels (Ide et
al., 2010; Kuenzer and Stracher, 2012). The current work is restrained to the couplings of hydro-thermo-
chemical (HTC) processes. However, mechanical mechanism controlling permeability of the ventilation
channels plays an important role in the chimney effect of UCF. Unfortunately, the relationship between the
ventilation channels’ permeability and depth is still uncertain. The permeability may decrease with increasing
the fire depth because of the thicker overburden rock strata; on the other hand, previous work reported that it
could be enhanced by thermally induced mechanical failure of overburden rock layers (Buhrow, 2004).

Wind, atmospheric pressure fluctuations (Song et al., 2015b; Wessling, 2007) and topographic effect (Song
et al., 2014; Song et al., 2015b) may drive air convection through ventilation channels to feed UCF. These
natural forces serve as external driving sources of air supply, and their effect usually decays with increasing
depth. It is expected that UCF should cease within a limited burning period while reaching a certain fire depth,
if air supply is driven by these external driving forces. The fundamental cause of persistent UCF burning
hundreds or even thousands of years has still not been fully understood. The present research demonstrates
that the chimney effect of UCF enhances air supply with increasing the fire depth, opposite to external natural
driving forces. In addition, the chimney effect of UCF is a self-sustaining, stable mechanism, unlike temporal-
spatial variations of external natural driving forces. Therefore, the chimney effect is a significant mechanism
for the persistence of UCF.

5. Conclusions

The chimney effect of smoldering fire in a U-shaped porous channel, representing a simple scenario of UCF
in the field, is examined in this paper. With increasing the fire depth, air flow dragged by buoyant smoke
generated by UCF increases, and the burning rate, the fire spread rate, as well as the burning temperature of
UCEF are facilitated. Both air flow and burning status are associated with the permeability of porous media in
the channel. At an extremely harsh condition like percolation channel, the chimney effect may be switched off
when the permeability of the channel is less than the critical level such as 107 m?.

Air supply is a key factor for the persistency of UCF. With the external natural driving forces such as wind,
topographic effect and atmospheric pressure fluctuation, it is expected that air supply to UCF should decay
with increasing the fire depth. At this circumstance, UCF will be extinct within a limited time period when it
reaches a certain fire depth. However, the chimney effect induced by UCF itself may enhance air supply and
facilitate coal burning with increasing fire depth, which allows UCF burning towards deeper coal seam for a
long-term period until coal reservoir is completely consumed. Therefore, the chimney effect induced by
smoldering fire in a U-shaped porous channel is a significant governing mechanism for the persistency of UCF.
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