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Nomenclature

Latin Letters
A

Re

Reac

Pre-exponential factor, s
Surface area, m?

Cross-section area, m?

Specific heat capacity, J kg* K
Particle diameter, mm

Gas diffusion coefficient, m? s
Activation energy, kJ mol*?

Energy rate, J s

Interfacial heat transfer coefficient, W m2 K1

Thermal conductivity, W m?* K-
Equilibrium time constant, s
Intrinsic permeability, m?
Contaminated bed height, m
Mass, kg

Mass flow, kg s*
Evaporation rate, kg m3s?
Molar weight, g mol*
Nusselt number

Pressure, Pa

Prandtl number

Heat Flux, W m™

Column radius, m

Ideal gas constant, J Kt mol*
Reynolds number

Reaction rate, s

Saturation

Temperature, K

Velocity, m s
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Greek Symbols
AHevap

AHgac

)

p
¢
o

(SRS
~<

Global heat loss coefficient, W m? K1

Volume, m?

Oxygen stoichiometric coefficient, kg.O, kg.fuel™*

Molar fraction

Mass fraction

Heat of evaporation, J kg™

Heat of oxidation, MJ kg

Thickness, cm

Density, kg m™

Porosity

Stefan—Boltzmann constant, W m2 K*
Dynamic viscosity, Pa.s

Empirical constant

Subscripts/Superscript

a
avg
b

Cl
cond
conv
eff
evap

exp

Air
Average
Bulk
Cylinder
Conduction
Convection
Effective
Evaporation
Experiment
Final

Gas

Heater

Inlet
Normalized
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num

Out

pre

rad

Sp
stab

Numerical
Ambient/Initial
Outlet

Peak
Pre-heating
Residual
Radiation
Solid/sand/smoldering
Sphere

Stable

Vapor

Water
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1 Introduction

Smoldering is a part of terrestrial ecosystems, naturally occurring in porous solid fuels, e.g., peat
and coal [1]. It has been recently engineered as an effective thermal system for environmentally-
beneficial and waste-to-energy purposes, including remediating contaminated sites and addressing
waste challenges. To date, applied smoldering has undergone numerous successful laboratory and
pilot tests for treating organic wastes, such as sewage sludge [2-6], feces [7-10], anaerobic
digestate [11], food waste [12] and oil sludge [13-14]. Most of the above wastes had moisture
content (MC) above 50 wt.%, which suggests the potential of applied smoldering to efficiently

destruct high moisture content wastes (HMWSs).

Smoldering is driven by an oxidation reaction occurring on the surface of the condensed-phase
fuel. It involves heterogeneous reactions and the multi-phase transport of mass, momentum, and
energy [15]. The transport of energy has been successfully simulated in many studies aiming to
predict the smoldering performance as a treatment technology [16-25]. Once the exothermic
oxidation generates sufficient energy to overcome heat losses (i.e., a positive energy balance),

smoldering has the potential to be self-sustained and can propagate without external energy input.

In the applied smoldering of HMWs, MC acts as an energy sink, in which a high MC can
significantly impact reaction propagation and lead toward extinction. A limiting initial MC,
preventing smoldering from being self-sustained, is often discussed for treating HMWs and the
suppression of peat fires. Sewage sludge and feces can be successfully smoldered with a MC up
to 75-80 wt.% [2, 7, 26], whereas raw food waste and organic substrate can be disposed via
smoldering with 40 wt.% [12] and 82 wt.% [11] MC, respectively. Additionally, Rein et al. [27]

and Prat-Guitart et al. [28] showed that the smoldering of peat can be self-sustained up to 55-60
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wt.% MC. Although a specified initial MC is defined as the limiting condition, both smoldering
front and MC will evolve in space and time. In the above studies, the dynamic MC changes, and

their interaction with the evolving smoldering front are not well understood.

Yerman et al. [7] observed an increase in MC along the upward forward smoldering reactor,
suggesting that the water vapor condenses ahead of the smoldering reaction due to low
temperatures. This liquid re-condensation is significant in long reactors [29] and continuous
operations, which might lead to a higher MC (i.e., critical MC) than the initial condition, causing
weak smoldering or extinction [15]. Therefore, smoldering in the presence of water (wet
smoldering) is complex and involves coupled mechanisms such as water phase change, heat and
mass transfer in porous media and smoldering reactions [30]. An accurate numerical investigation
is required for the fundamental understanding of wet smoldering and the development of full-scale

applied smoldering systems for treating HMWs.

Few studies have developed numerical models to predict wet smoldering processes. Most of them
investigated in the context of peat fire, which typically treats water evaporation as a heat sink
governed by an Arrhenius chemical reaction [31-39]. This approach is valuable in understanding
the impact of endothermic evaporation on limiting the smoldering process; and it is practical for
the natural open system (e.g., lateral spread of peat fire) and reactive porous media (e.g., peat), in
which water is evaporating to the atmosphere rapidly. Nevertheless, under most practical
applications of smoldering, the conditions are not favorable for this modelling approach. The
chemical reaction treatment simplifies water movement, ignoring water phase changes and mass
transfer between phases in the smoldering system, which results in an incomplete consideration of
the global energy balance [1]. Furthermore, water condensation has not been explored in such

models; consequently, it may not be appropriate in evaluating the fate of wet smoldering in a closed
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system or inert porous media (e.g., sand), i.e., applied smoldering where vapor re-condensation

exists [7]. In particular, when the reaction is close to extinction.

Accurately resolving the energy balance is critical to smoldering applications as it affects peak
temperatures and front velocities required for the contaminant destruction [2, 40-43], resource
recovery [44] and energy efficiency [17-19, 21-23, 45-46]. Therefore, to simulate the smoldering
of HMWs, water evaporation and condensation must be integrated as a phase-change process in
the porous system. To the author’s knowledge, only a theoretical study with no experimental
validation explored water evaporation and condensation in filtration combustion, where water
evaporation and condensation fronts were travelling with a constant velocity ahead of smoldering

front [47].

Recently, Zanoni et al. [48] developed a one-dimensional (1-D) multiphase model of water
evaporation and condensation in a high-temperature (500 °C) inert porous medium. The model
revealed that Local Thermal Non-Equilibrium (LTNE) needs to be assumed in high-temperature
drying processes, and the thermal properties of the porous media were significantly affected by
MC and temperature. Heat conduction primarily occurs through particle contact in dry porous
media whereas air obstructs the heat conduction. However, the replacement of air with a more
conductive medium (e.g., water) provides a significant improvement of heat conduction between
sand particles in wet porous media [49], leading to a non-linear relationship between MC and
thermal conductivity [50]. Besides, the relationship between heat capacity and temperature is also
non-linear in the presence of water, which is affected by the water evaporation [51-52]. As both
thermal conductivity and heat capacity are crucial for the global energy balance, a careful

interpretation is required in simulating water evaporation in porous systems.
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This work takes [48]’s approach to water evaporation and introduces an upward forward
smoldering front propagation, thus delivering a tool for the characterization of wet smoldering.
The wet smoldering model was calibrated to a series of smoldering experiments varying the initial
water saturation of the porous medium. The model was then employed to quantify the dynamic
phenomena resulting from the presence of water in the smoldering system, including global energy
and mass balance, the structure of wet smoldering front, and the interaction between smoldering
and evaporation front. Finally, the model was extrapolated for sensitivity analysis of the impact of
key parameters on wet smoldering. Overall, this study provides novel and important insights into
wet smoldering applications, allowing better management of treating HMWs as well as other

related systems that involve similar processes, e.g., peat fires and enhanced oil recovery.
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2 Methodology

2.1 Modelling

A 1-D wet smoldering model was developed in COMSOL with a 0.5 mm mesh size and a varied
time-step to meet stability criteria. The computation domain represents the centerline of the packed
bed (H = 0.88 m) as shown in the experimental setup in Fig. 1. The treatment layer was composed
of water, sand, and granular activated carbon (GAC). GAC is a by-product of coal pyrolysis [53-
54] and it was used as the surrogate fuel in previous smoldering studies. A proximate analysis
revealed that GAC is composed mostly of fixed carbon (91.4%) with low volatile content (3.2%)
[55]. Moreover, TGA/DSC experiments [23] showed no significant mass loss under nitrogen
atmosphere. Therefore, pyrolysis reactions can be neglected and GAC smoldering can be modelled

with a 1-step oxidation reaction [20, 22].

A set of smoldering scenarios was simulated to investigate the impact of initial water saturation
(Sw,0, the ratio of water volume/pore volume), GAC concentration (Cy, the ratio of GAC mass/sand
mass) and injected airflow (ug;,) on wet smoldering (Table 1), where Cases #1, 4, 7-9 were
compared to experimental tests. All cases were set up as an upward forward smoldering system as
it is energy efficient, easy to be implemented and has been widely applied for environmentally-
beneficial and waste-to-energy processes. Among these cases, a base case experiment (Exp. #4)
was conducted in quadruplicate and another four experiments (Exp. #1, 7-9) varied S, 4. The
model considers the conservation of mass, momentum and energy, along with GAC smoldering
reaction and water phase change, in which the treatment of smoldering is based on Zanoni et al.
[20] and the moisture follows Zanoni et al. [48]. Table 1 summarizes the key operational

parameters for all cases, including the time when airflow was injected (tg) and heater was turned
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off (tn), calibrated numerical constants (6, k.,qp, ¥), and the difference between experimental and

numerical temperatures for Cases #1, 4, 7-9, which are detailed in Section 2.1.1.
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Table 1: Summary of all cases

Case Exp. Num.? S,0° C; ugm tg th kf:ap y Error sse
() ) Q) (%) (%) (cmis) (s) (s) (s1) (%0)
1 1 N 5.0 3 5.0 3770 4440 6/0.5 1.000 6.19 SS
2 - v 10.0 2 5.0 3815 4483  6/0.5 0.850 - SS
3 - Vv 10.0 3 3.3 3815 4483  6/0.5 0.850 - SS
4 4 v 100 3 50 321?? 4;?;’? 6/0.5 0850 589  SS
5 - Vv 10.0 3 6.7 3815 4483  6/0.5 0.850 - SS
6 - Vv 10.0 4 5.0 3815 4483  6/0.5 0.850 - SS
7 1 Vv 12.5 3 5.0 4010 4835 6/0.5 0.829 851 SS
8 1 Vv 15.0 3 5.0 4740 5520 6/0.5 0.800 8.58 SS
9 1 Vv 20.0 3 5.0 6000 6480 6/0.5 0.780 17.31 SS
10 - Vv 30.0 2 5.0 60009 64809 6/0.5 0.700 - SS
11 - Vv 30.0 3 3.3 6000 6480 6/0.5 0.700 - SS
12 - N 30.0 3 5.0 6000 6480 6/0.5 0.700 - SS
13 - N 30.0 3 6.7 6000 6480 6/0.5 0.700 - SS
14 - N 30.0 4 5.0 6000 6480 6/0.5 0.700 - SS
15 - v 40.0 3 5.0 6000 6480 6/0.5 0.667 - SS
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16 -

17 -

18 -

19 -

20 -

21 -

22 -

23 -

< < < < <

Vv

50.0

60.0

60.0

60.0

60.0

60.0

70.0

80.0

5.0

5.0

3.3

5.0

6.7

5.0

5.0

5.0

6000

6000

6000

6000

6000

6000

6000

6000

6480

6480

6480

6480

6480

6480

6480

6480

6/0.5

6/0.5

6/0.5

6/0.5

6/0.5

6/0.5

6/0.5

6/0.5

0.639

0.617

0.617

0.617

0.617

0.617

0.599

0.584

BSS

NSS

NSS

BSS

SS

SS

NSS

NSS

acheck mark stands for simulation performed

b@ =041

€ 95% confidence interval
d Cases #10-23: ty and t,, follow Case #9

€ SS: self-sustained; NSS: non-self-sustained; BSS: borderline-self-sustained
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2.1.1 Governing Equations

The kinetics for GAC smoldering assumes a first-order Arrhenius reaction without pyrolysis [23]:

R

GAC + vy, =% Gas @
— __Egac

Rgac = Agacexp RT, (YGAC)(YOZ) )

The conservation of mass for solid is:

0(Ygac) _

at - _RGAC (3)
where YGAC is defined as YGAC = mGAc/mGAC’O.

The conservation of mass for liquid is:

a(S'W) < I’
bpw ot =—-my (4)

Water is assumed to be immobile, chemically inert and only becomes vapor with the evaporation

rate (m,,’) described by Eq. 24 [47-48]. The porosity (¢) of porous media is defined as the volume

fraction of total pore space, which is occupied by gas (¢, = ¢S,), liquid (¢, = ¢S,,) and GAC

(Peac = PScac)- Poac = (PcacpYeac)/Pcac- Therefore, ¢, + ¢y, + Pgac = ¢ and Sy, + S, +

SGAC = 1
The conservation of mass for total gas, vapor included is:

3(#Sgpg) | 9(pgug) :
5+ == = peacpReac + ®)

where p, is determined by Eq. 10, and water vapor and air have the same velocity, u, [56-58]:

_kp 9P

ug = lg Ix (6)
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P, follows Dalton’s law, P, = P, + P, [59] and p, is defined by the weighted average:
py = p,(L=Yy) +p,(V,) (7)
where Y, is the mass fraction of water vapor:

6(¢Sgngv) a(pgung) 6 aYv s 11!

The conservation of mass for the bulk transport of oxygen is:

8(pgSg¥a¥o,) . d(pgug¥a¥o,) aYo
¢ g gta 0> + g gxa 02 = ¢ (pgs Y Dg 02 9x ) pGAC.bUOZRGAC (9)

The total gas density (p,) follows the ideal gas law:

PgMg

Pg =’ (10)

where:

My =X, M, + (1 - X;,)(M,) (11)
v = m 12)

P, = X,P, (13)

Fo=(1-X,)F (14)

The model solved the transient energy equation for solid and gas phases. Liquid and solid are
assumed to be in Local Thermal Equilibrium (LTE) forming the “stationary” phase. This
assumption is reasonable since MC is relatively low so that most of the water molecules are getting
adsorbed to the sand particles, behaving as an immobile film coating the sand. However, Local

Thermal Non-Equilibrium (LTNE) is applied between stationary and gas phases [60]:
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(Pcp)eff % - % (keff %) -U (?,Sccll) (Ts = To) + hsy (A‘Z;p) (Ty = Ts) = PeacyAHcacReac =

XAH g0y (15)

S5 (PgCy ) 52+ PgCoyttg 22 = Sy = (kg 52) + hsg (A””) (Ts = T,) + 1}y Cp (Ts — T,) —

(1 - X)AHevapm\,AI/,

(16)

The energy equations assume that both the volumetric energies of GAC oxidation
(Peac,pAHgacRGac) and water evaporation (AH,,q,my,) originally act on the stationary phase,
except when T is below 20 °C, the water evaporation term is switched into the gas phase during

nr

the evaporation (m,, > 0) by setting y from 1 to 0. Switching the evaporation source term
between phases is to avoid numerical instability during high saturation conditions. Heat transfer
between solid and gas phases is via an interfacial heat transfer term (hsg) and an additional vapor
mass transfer term, my,'C,, (Ts — T, ). Besides, a global heat loss coefficient (U), using the surface

area per unit volume ratio (As;/V., = 2/r), is included in Eq. 15 to calculate the system energy

loss to the surrounding environment.
The heat of evaporation (AH,,q,) is temperature-dependent, defined by [61]:

647.3-T, >0.3298
643.3-273.15

AH . = 2501.05 x10% (17)
p

Egs. 15-16 assume that the porous medium was homogeneous and sand particles were taken as
spheres (A s, /Vsp = 6(1 — ¢)/d,). The interfacial heat transfer coefficient (hsy) uses Eq.18 for

smoldering conditions [60]:

Nu =2 = 0,001 (Re*7Pr'/3) (18)
g
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However, Eq. 18 requires forced air conditions (Re > 0). In the case of Re = 0, temperatures are
relatively low, and energy transfer between solid and gas phases can be assumed to occur
instantaneously, i.e., LTE exists [31, 34, 47-48]. Therefore, Eqgs. 15-16 were set as LTE for 0 <t
<tq, represented by a large hsg (500 W m2 K1), and then set as LTNE for t; <t < t; following Eq.

18.

The effective “eff” in Eqs. 15-16 refers to the properties of the sand-liquid-GAC mixture in the
stationary system. Zanoni et al. [48] found that additional empirical coefficients (&, y) needed to

be included in the linear average determination of k.. and (pcp)eﬁ to account for high thermal
diffusivity in the presence of water [62]. It is due to the fact that water phase change occurs in a
low-temperature range (< 100 °C), therefore energy balance is sensitive to any heat transfer in the
system. Consequently, the empirical coefficients § and y are applied to offset possible unknown

heat transfer phenomena in the experiments that were not captured by the model, such as 2-D

impact of the metal column wall, which are detailed in Section 3.1.

0 [(X = @p)(ks + krqa) + (PSWky, + dgackcac]l (0=t <tg,)

Kerf = (1= @) (ke + kraa) + (@S + Boackoac  (tg <t < t7) 19)
(pCp), ;= Y11 = $)PsCps + ($Sw)PwCpw + Beac)PiacCpsacl (20)
Cpg = (1= Y,)Cpa + Yy Cpp 1)
ky = (1 — Y,)kq + Yok 22)

Radiation heat transfer (“rad”) followed the Rosseland approximation and was expressed as a

radiative conductivity, k,qq = 160d,T;} /3 [60].
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Empirical coefficients &, y and k.4, were calibrated to smoldering experiments for Cases #1, 4,
8-9 and then validated with Case #7 without any additional calibration. The model calibration
involved minimizing the error between the numerical (num) and experimental temperature
evolution (exp), giving equal weight to three aspects of the fit: average peak temperature (Tr), plots
of temperature versus time when air is off (conductive heat transfer dominated, T(t)avg cond), and

when air is on (convective heat transfer dominated, T(t)avg_conv):

Tp exp— Tpnum

ETT‘OT (%) = (NRMSDT(t)an_Cond/g + NRMSDT(t)aUg_Conv/3 +

/3) «100  (23)

Pnum

where the average Normalized Root-Mean-Square Deviation (NRMSD) follows the approach

modified from Miry et al. [23] and Zanoni et al. [60].

The model parameters not described in the text are presented in Table 2 and the initial and

boundary conditions are defined in Table 3. Note that the inlet boundary condition specifies a time-
dependent heat flux q{n,t until the cone heater reaches the stable temperature at tswan, after which a
constant flux (g,,,,) is applied. Then a constant airflow (u ) is initiated at the inlet boundary at

tg, and the cone heater is turned off at th.

Table 2: Model input parameters

Parameter Value Unit Reference
log(Agac)  3.79 log(s™) [23]
Cpeac 1100 JkgtK? [63]
Cps 2.49(Ts)+39.06 Jkgt K? [58]
Cra -3x10°%(T4?)+0.2261(T4)+940.35 JkgtK? [64]
Cpv 7x10°%((T4-273.15)%)+ Tkgt K [64]

0.5583(T,-273.15)+1835.8
5.47x10°((Ts-273.15)%)+ o
Cpu 9.086x10° (Ts-273.15)+4.176 Jkg™ K [65]

dp 1.775 mm Measured
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Dg,wv 8x10° m2s? [48]
Dy.0, 4.53x10° m?s™ [66]
Ecac 72.92 kJ mol* [23]
AHcac -24.9 MJ kg‘l [23]
H 0.88 m Measured
Keac 0.25 W m? K? [63]
Ks 0.000541(Ts)+0.1044 W mtK? [60]
Ka -1x10t;8(ng)+8x10'§(Tg)+4.3x10'3 W mtK? [64]
4x10°((T¢-273.15)9)+ -
ke 8x10-5%g?273.15)1())é0152 Wm K [64]
6.7x107>((Ts-273.15)7)+ -
K 1.76 x10(‘g('i's-273.1£)3))+0.571 Wm K [65]
Ko 5.0x1010 m? Measured
L 0.73 m This work
Ma 28.97 g kgt [59]
M, 18.01 g kgt [59]
¢ 0.41 - Measured
PGAC 1311 kg m3 [23]
PGACH 42.89 kgm? Measured
Ps 2650 kg m3 [60]
pu 995.74 kg m? [65]
= 1.0156 kPa [48]
0, 9x10°8(t3)- 2x10°4(t2)+0.1263(t)-2.1887 W 2 Measured
Grtab 22.028 kw m? [23]
r 0.054 m Measured
R 8.314 J K1 molt [59]
tstab 450 S Measured
tf 24000 S This work
To 293.15 K This work
U 5.225 W m2K1 [23]
Ua -9x10712(T42)+4x1078 (T4)+6x10° Pas [64]
Lt 7x1012(T2)+4x10°8 (T4)+9x10° Pas [64]
Vo, 2.304 kg Oz kg fuel™? [23]
Y0 0.00143 - [48]
Yo,0 0.23 - [23]




O©CoO~NOUAWNE

Table 3: Initial and boundary conditions

Eq. Initial conditions Boundary conditions
3 t = O =4 YGAC = 1 -
4 t = 0 - SW = w,0 -
u,(t) =0 - 0<t<t,
x:0=>pgug(t)=>{g _
5.6 t=0=P,=P,, Ug(t) =ugim -ty <t=<ty
X = H = Pg == 9,0
x=0=Y,=Y,
8 t=0=Y,=Y,, a(y,)
v
x=H = _¢Sgpng,va = pgug(yv,o o YU)
x=0= YOZ = YOZ,O
9 tZO:}YOZZYOZ,O a(y )
03

x =H = —=¢Sypg¥aDg0, —5 == = Pgtig¥a(Yo,0 = Yo,)

( oTs ..
_(keff)a_; =int —to St < Csean

aT.
_(keff)a_xs = qstap > tstap ST =ty

x=0 =« aT
S
Tg:TS —>tOStStg
\ T,=T, Sty <t<t
oT.
—(kepr)5-=0
x=H = 0x

aT,
—(kg) 5, =0
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2.1.2 Water Phase Change

Water evaporation rate (m,,’) uses a non-equilibrium phase change formulation applied in many
drying applications [48, 56-58], which are defined in terms of how far vapor concentrations are

from the equilibrium condition [48]:
11! M‘U
my, = kevap (_g) (Psat — B,) (24)

where k,q,, is the evaporation constant (sh) that is material and process-dependent, which is given
by the reciprocal of the time to reach equilibrium mass transfer [58]. Zanoni et al. [48] observed
that the overall impact of k.4, On the temperature evolution is small and equilibrium mass
transfer is reached for kg, > 5 s, Eq. 24 shows that evaporation occurs when Py, > P,, while

condensation dominates when Py, < P,.

P, 1s the saturation vapor pressure presented by [67]:

Pgqr = 610.78 exp (M)

Tg—273.15+237.3

(25)
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2.1.3 Energy and Mass Balance

A 1-D global energy balance is applied:
Enet = Ein + Eevap + onid + Eloss + Eout (26)

where E,, is the net energy rate stored in porous media, which is the sum of the energy rate from
the heater, evaporation, oxidation, system energy loss and energy leaving from the outlet. Each

term has been defined in Zanoni et al. [17-19, 23, 48] and is shown in Table SM-1.

Egs. 27-29 quantify the transient changes of GAC and water mass in the system, which were

compared with the experimental measurements to provide confidence in the model:

. H

Mgac = fo PeacpYeacAcsdx (27)
. H

Myater = fo @pWSWACde (28)
Meotal = Meac + Mwater (29)
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2.2 Experiment

Eight wet smoldering experiments were carried out in a stainless-steel column (Fig. 1) to calibrate
the numerical model following the published methodology [55]. Base case (#4) was conducted in
quadruplicate along with another four experiments (Cases #1, 7-9) varying the initial water
saturations (S,,,0), Table 1. The smoldering reactor was 0.90 m tall with a 0.108 m inside diameter
(Fig. 1), allowing the continuous measurement of axial temperatures and mass loss. The fixed bed
contained a 0.73 m wet treatment layer, topped by 0.15 m of the dry clean layer. Both layers used
sieved coarse sand (1.19-2.36 mm), while water and oven-dried GAC were mixed with sand to
create the wet treatment layer. The GAC and sand properties are detailed in [55]. The wet
smoldering experiments started by applying radiative heating at the bottom of the reactor. Then,
airflow (ug,n) was introduced at tg to initiate the smoldering when the second TC (TC>) reached
300 °C The airflow was uniformly injected at the bottom of reactor via a set of pipe spargers and
the volumetric flow rate (27 L/min) was controlled by a mass flow controller, resulting ina 5 cm/s
Darcy velocity. The heater was turned off at tn (TCs peaked) while the air flux was maintained to
support the self-sustained smoldering propagation. Table 1 summarizes key experimental
conditions and results that were used in the analyses below, and additional details of these

experiments are available in Fig. SM-1.
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Figure 1: Schematic of the smoldering apparatus.
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3 Results and Discussion

3.1 Model Calibration

The model was calibrated to Cases #1, 4, 8-9 by optimizing three empirical coefficients (6, v,
kevap) via “Pattern Search Algorithm” in MATLAB according to the ranges: § = 1-10, y = 0.5-1,
and keygp = 0.5-5 s’ until Eq. 23 converged to a minimum value for each case. The optimized
parameter values are summarized in Table 1, in which § and y have a greater impact on the overall

simulation results than k.4, as discussed in [48].

Fig. 2 shows the comparison of the temperature evolution between experiments and numerical
predictions with different § and y, indicating that the calibration process can result in an excellent
agreement for the temperature histories with small optimization errors (Table 1). The smoldering
time (t) was normalized to compare different S,, , conditions and it is referred to as Dimensionless

Time (DT) based on [29]:
DT = (t — tg) (2 (30)

where DT = 1 represents that the smoldering front approaches the end of contaminated pack (0.73

m).
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average of the numerical solid (T) and gas (T ;) temperatures (T 4,g = TS;—T*’) with different

calibration constants: a-d (uncalibrated), e-h (calibrated &), i-I (calibrated § and y).
Experimental DT=1 represents the time when smoldering was complete in the experiment,
numerical smoldering front beyond DT=1 means predicted smoldering velocity is slower
than the experiments.

Without the calibration of § and y (Figs. 2a-d), there is a discrepancy between experimental and
predicted temperature profiles in the entire time and space domain, with the increase of initial
water saturation (S, o). This observation is in accordance with [48], suggesting that the traditional
weighted averaged method of thermal conductivity and specific heat capacity (assuming &, y=1in
Egs. 19-20) cannot accurately simulate heat transfer mechanisms in wet porous media, requiring

additional correction constants.

As shown in Figs. 2e-h, optimizing & could improve the water boiling behavior (i.e., plateau of
100 °C) at DT < 0. It is hypothesized that a high & is a result of the 2-D impact of the stainless-
steel column wall. Stainless-steel has a much higher thermal conductivity (at 25 °C) than sand (14.7
W m?t K? versus 0.28 W m K at 25 °C), thus the column wall might be heated faster by the
bottom heater than the sand mixture. It provides an extra conductive heat transfer to accelerate the
water evaporation, which is represented by the improvement of the temperature plateau at 100 °C
when water is boiling at DT < 0 (e.g., Figs 2b, f). However, as § is mostly related to the
conductive heating, its impact on the forward smoldering propagation could be neglected when
the convective heating takes place at DT > 0 (i.e., air on) as defined in Eq. 19. Besides, the
optimized § was found to be insensitive to the initial water saturation S, , and had a limit to
improve boiling behaviors with the further increase of S, , (Figs. 2g-h). This behavior is expected

as & is mainly related to the extra heating of the column wall, in which the column material and
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heat flux from the heater were fixed in all cases. Note that the 2-D impact might be more obvious
in wet smoldering than dry smoldering as water phase change is occurring within a low

temperature range (< 100 °C), which is more sensitive to the potential heat transfer in the system.

After optimizing & and y together, the ignition stage (DT < 0) and smoldering propagation (DT >
0) were both satisfactorily predicted in each case (Figs. 2i-1) with small errors (Table 1). This
improvement is hypothesized to be related to introducing a low y, which effectively corrects the
LTNE between water and sand particles during the water evaporation. As water is assumed to
behave as a film coating the sand particles, water film might receive most of the heat first and
evaporate into vapor before the sand particles are heated completely. Under this condition, massive
water vapor can be produced within a short time, which moves upwards under buoyancy forces
(DT < 0) and forced airflow (DT > 0). The vapor will then condense in the cold wet mixture
ahead of the smoldering front, releasing a large amount of latent heat and significantly enhancing
convective heat transfer. Consequently, y is empirically acting as the average extent that sand
particles are heated uniformly during the overall evaporation process, which decreases with S,,,
because the film coating the sand particle is thicker and the heat penetration into the sand particles

is slower (see Section 3.2 for more details).

As shown in Fig. 2 (e.g., Figs. 2b, f, j), y could be used to fix the underestimated heat transfer for
both ignition stage and smoldering propagation. Base case (#4), for example, had an average
smoldering velocity (ug) of 0.636 + 0.005 cm/min (experimental), and 0.619 cm/min (numerical);
the average peak temperature (T,) were 794 + 12 °C (experimental) and 761 °C (numerical). Refer
to Table SM-2 for details of all cases. In contrast to high-temperature peaks in the smoldering front,
the 100 °C boiling plateau during “air off” was replaced by a lower temperature plateau after “air

on” both experimentally and numerically at 50 °C, which the same behavior has been seen in many
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wet smoldering studies [e.g., 2, 6, 10, 12]. The low-temperature plateau during “air on” was due
to the water condensation ahead of the smoldering front under the forced airflow, named

evaporative cooling [48], which was discussed in Section 3.3.2.

It is worth noting the underestimation of the boiling rate observed in Case #9 (Fig. 2I) even after
the optimization. It was hypothesized that S, , = 20% might be beyond the specific retention of
the porous mixture and thus liquid water might drain under the force of gravity and accumulate in
the bottom, which was not considered in the model. Liquid mobility was supported by the
temperature profile at x = 0.10 m, where the moisture was evaporated slower in the experiment
than the prediction (> 100 °C, Fig. 2I), suggesting a higher water saturation in the bottom of the
experimental reactor. Consequently, more water content was close to the heater, absorbing more
energy and accelerating the water boiling in the experiment of Case #9. However, both smoldering
propagation and evaporation cooling behaviors were predicted well in Case #9, which suggests
that liquid mobility might not significantly affect the wet smoldering since airflow on (DT = 0),
providing the confidence to apply the current model to investigate air forced wet smoldering at
high S,, o conditions. As liquid mobility is beyond the scope of this model, it will not be simulated

in this work.
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3.2 Model Extrapolation

The empirical coefficient, y, related to the thickness of water film, is a function of the initial water
saturation, S,, o. Fig. 3 shows a y-S,, o relationship based on the optimized y and S,,, , of Cases #1,
4, 8-9 presented in Table 1. When S, , is low (< 5%), the porous system is relatively dry and water
film is thin so that the impact of water on sand heat transfer is negligible and temperature is uniform
inside the sand particles during evaporation (i.e., y = 1), similar to the dry smoldering [17, 10-23].
When S,, o is higher (> 5%), y decreases with S,, , because the heat transfer starts to be affected
by the thick water film and rapid water evaporation, resulting in non-uniform heating of sand
particles during water evaporation. Nevertheless, the thickness of the water film and evaporation
rate might be restricted by the porous system (e.g., grain size) under high S,, o conditions [68],
which suggests that y is limited with further S,, , increases, leading to a power law relationship

between y and S,,, o:

Y = 0.56 (Sw,0) ~°* (Sw,o = 5%) (31)
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Figure 3: y-S,, o correlation, developed from optimized Cases #1, 4, 8-9 (four solid orange
circles). y = 1 in the dry smoldering system (hollow orange square) [23]. The correlation
predicts y (0.829) for Case #7 (hollow orange circle) and y (0.700) for drying wet porous
media at S,, o = 30% in [48] (hollow orange diamond). Extrapolation of y-S,, o correlation
for Cases #10-23 (hollow blue triangles).

Eq. 31 was then applied to simulate Case #7 (S,,,0 = 12.5%, Table 1), while § and k., were kept
constant, without any additional fitting. The predicted temperature evolution shows a good
agreement with experimental data with an overall error of 8.51% (Fig. SM-2). In addition, Eq. 31
predicts the same optimized y found for an air-heated drying process of wet porous media at
Sw,o = 30% [48], in which sand used was the same as in this work, although there was no
smoldering and the reactor was different. Therefore, this reveals that if the properties of porous
media are similar to this study, the developed y-S,, o correction should be valid for air-heated
drying porous media under a range of S, ,s. As for Cases #10-23, y was determined by
extrapolation of Eq. 31 (Table 1), which offered an effective mean to perform the sensitivity

analysis of wet smoldering under high S, o conditions.
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3.3 Dynamics: Base case

3.3.1 Mass Balance

The mass loss of GAC and water during wet smoldering can be calculated for Base case (#4) from
Egs. 27-29. A good match was observed between the measured and estimated total mass loss in
the system (Fig. 4a), which confirmed that the global mass balance was correctly solved in the
model. Fig. 4b shows the predicted temporal GAC and water mass changing with DT, while Fig.
4c plots the corresponding mass loss rate. As expected, the slight mass loss during the ignition
stage (DT < 0) was mainly attributed by water evaporation. Since the upper part of the column
was cold, most of water vapor condensed in that area, resulting in a minor amount of vapor leaving
the system. When airflow was injected (DT = 0), an immediate increase in mass loss rate was
observed in both GAC and water. The sufficient oxygen flow supported the self-sustained
smoldering propagation, oxidizing and removing GAC at a constant velocity (Fig. 4c). However,
similar to the ignition stage, the majority of the reactor was still cold in the beginning, thus, most
of the vapor could only condense and accumulate in the porous medium (see discussion in Section
3.3.2). This could be observed via a small increase in water mass loss rate at DT = 0 (Fig. 4c)
when vapor was slowly leaving the system. As the reaction progressed in time, smoldering front
was reaching and heating the upper cold regions; more water accumulated was evaporating and
started to leave the system from the top outlet (i.e., gradually increased water mass loss rate in Fig.
4c). Finally, the mass loss rate of water peaked right before smoldering front approached the end
of treatment layer. The mass balance proves that the presence of water resulted in a dynamic wet

smoldering system that needs to be carefully studied.
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3.3.2 Evaporation, Condensation and Smoldering

Fig. 5 shows the model-predicted variables for Base case (#4). During the ignition stage (DT < 0),
water evaporation was rapidly initiated near the heater. The produced vapor moved to the upper
regions (increasing Y, at x = 0.10 m in Fig. 5b) due to the pressure-driven convection (slight u, in
Fig. 5d). High Y,, led to the relative humidity (RH) above 100% (Fig. 5f), and thus vapor condensed
at x = 0.10 m (negative my,q, in Fig. 5e), increasing local water saturation above 20% (Fig. 5c).

The significant increase of S, due to condensation reveals the importance of considering
condensation in wet smoldering processes. In addition, the energy released by condensation along
with heat transfer mechanisms increased the temperature at x = 0.10 m up to approximately 98.5
°C simulating the boiling plateau (Fig. 5a). Once the area near the heater was dried (x =0 m), vapor
condensation at x = 0.10 m was terminated and evaporation occurred, resulting in a positive
evaporation rate me,q, (Fig. 5€). When water is eliminated and evaporation is terminated, heat
transfer mechanisms increased the temperature above 100 °C. Although the region near the heater
was effectively evaporating water, the upper regions were relatively cold and vapor could only
reach up to 0.22 m and then condensed there (Fig. 5b), confirming only a slight mass loss in the

ignition stage (Fig. 4). Further explanation can be found in [48].

When DT = 0, airflow injection triggered two important processes: GAC smoldering and
convective drying (evaporative cooling). The introduction of the air flux (DT = 0) enhanced the
water evaporation near the heater until complete water removal, and then the increased temperature
initiated the self-sustained smoldering in dry and hot regions (e.g., X = 0.10 m in Fig. 5a,
temperature > 100 °C). The successive temperature peaks indicated the self-sustained smoldering
propagation was advancing with a constant velocity [50]. In addition, the condensation of water

vapor occurred in the upper regions, resulting in negative m,,,, values above x = 0.22 m and a
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temperature plateau around 50 °C (Figs. 5a, ). This observation proves that the temperature plateau
during evaporative cooling is a result of condensation rather than evaporation, which is different
from the hypothesis stated by [10]. A lower temperature plateau during evaporative cooling than
the boiling stage was due to the forced air flux, which carried the vapor forwards, reducing the
high vapor accumulation. This led to less condensation and less energy released to the system [48],
therefore, only increasing the temperature up to 50 °C. Although vapor condensation was relatively
small during the evaporative cooling, it cannot be ignored in large reactors or continuous systems
since water can easily accumulate (e.g., S,, was increased by 50% at x = 0.70 m in Fig. 5c), which
might reach a critical water saturation and lead to extinction [30]. This observation is important as
it explains how water dynamically affects the smoldering system (see Video SM-1). At DT =1,
when smoldering reached the end of the treatment layer, water and GAC were eliminated without

any mass change (Fig. 4).
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Figure 5: Predicted variables versus DT from 0.10 to 0.70 m with 0.06 m intervals for Base

case (#4).
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3.3.3  Wet Smoldering Front

Fig. 6 shows the wet smoldering front of Base case (#4) divided into five regions at DT = 0.5,
plotted as a function of column height. The mass fraction of oxygen was normalized as
Yo, n (Yo,/Yo,,0) to compare with Y. Region I is the cooling zone, where GAC and water were
completely removed (Y;4c = 0 & S,, = 0), leaving only hot clean sand behind; therefore, oxygen
remained at ambient condition. Region Il is the smoldering front, where GAC and oxygen were
immediately consumed (0 < Yg4¢c &Yy, v < 1), and temperature reached the peak. This region
was limited to a narrow area, whose thickness (8¢,,0;) Was 0.52 cm as shown in Fig. 6. Ahead of
smoldering front was the pre-heating front (Region Ill), where the moisture was completely
removed (Y;, = 1 & S,, = 0), and temperature started to increase above 100 °C after passing the
evaporation stage. The pre-heating front served as an important dry buffer between smoldering
front and wet regions, protecting smoldering reaction from quenching. Therefore, the thickness of
pre-heating front (6,,,. = 4.09 cm) is vital for the self-sustained wet smoldering, and is affected
by experimental conditions, e.g., S,, o, inject airflow and fuel concentration (See discussion in
Section 3.4). Region IV is the evaporation front (8, = 4.82 cm) where RH was below 100%
and liquid water was evaporating (S,, > 0 & RH < 100%). However, as shown in Fig. 6,
evaporation front had the highest S, after passing the condensation stage, beyond S,, , (10%),
which might cause high hydraulic pressures, suppressing the pre-heating front and affecting
smoldering zone. Region V is the condensation front and had RH above 100% (evaporative cooling
stage in Fig. 5a, ~ 50 °C temperature plateau), resulting in a higher S, than S, ,. In addition,
smoldering, evaporation and condensation fronts propagated at a same velocity (~0.619 cm/min
in Case #4) after a short period of stabilization time when the system was switched from “air off”

to “air on”. This suggests that 8¢, Opre and Seyqp Were constant, thus the overlapping between
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smoldering and evaporation fronts is not likely to happen under self-sustained conditions, as

suggested by [47]. Similar behaviors can be seen in other self-sustained cases (not shown).
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Figure 6: Wet smoldering structure divided into five zones versus height at DT = 0.5 for
Base case (#4) based on temperature (solid orange line), normalized mass fraction of
oxygen (purple dash-dotted line), mass fraction of GAC (black dotted line), local water
saturation (dark blue solid line) and relative humidity (blue dashed line). Zone I: cooling,
Zone I1: smoldering (propagation following red arrows), Zone Ill: pre-heating, Zone 1V:

______________

evaporation and Zone V: condensation.
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3.4 Sensitivity Analysis

The impact of three key variables on the applied wet smoldering was investigated via numerical
modelling at DT = 0.5: initial water saturation, injected airflow and fuel concentration (Fig. 7).

Case #17 was not shown in the following comparison as it extinguished near DT = 0 (Fig. SM-2).

Zone thickness, § [cm]
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Figure 7: Sensitivity analysis of the impact of initial water saturation, fuel concentration and
injected air flux (under three S, o conditions: 10%, 30%, 60%) on the wet smoldering
performance: (a) thickness of smoldering, pre-heating and evaporation zones, (b) (c)
thickness of pre-heating zone, (d) (e) (f) smoldering peak temperature and front velocity.
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3.4.1 Initial Water Saturation (S, )

Initial water saturation (S,, o) is the most important parameter controlling the applied wet
smoldering [10]. As shown in Fig. 7a, the thicknesses of the predicted pre-heating zone (dry buffer,
8pre) and evaporation zone (8,,,4,) both decreased linearly with S, , from 5% to 20%, suppressed
by the high water saturation in the evaporation and condensation zones (Fig. 6). When S,,, , was
increased, the heat generated from smoldering cannot evaporate and remove water quickly enough,
reducing the pre-heating zone. Nevertheless, smoldering zone was still away from the evaporation
zone with &,,, above 2 cm (S, o < 20%) so that smoldering was protected by the dry buffer and
was independent on S,, o (Fig. 7d), which is in accordance with the experimental observation for
robust wet smoldering [8-10, 69]. Additionally, the introduction of a small amount of moisture
(e.9., Sw,0 = 5%, 10%) might facilitate the heat transfer in the smoldering system compared to dry
smoldering due to the high thermal conductivity of water, leading to a slightly increased u; and T,
with S,, o (< 15%, Fig. 7d). And a slightly thinner &5,,,; at S,, o = 15% compared to 5% also

suggests a faster smoldering rate of GAC than dry smoldering (Fig. 7a) [70].

At high S, o conditions (> 20%), 6, and &4, gradually reached a plateau where 6,,., was 3.5
mm at S, o of 70%. The 6, plateau close to zero reveals that the dry buffer between smoldering
and evaporation zones was disappearing. Smoldering reaction started to be significantly influenced
by high water saturation in the wet region, represented by the decreasing u, and T;,, and increasing
Osmor With S, o > 20%, until the smoldering reaction could no longer overcome the heat sink of
water and then extinguishes. Failures of self-sustained wet smoldering (decreasing T,) were
achieved at S,,, = 70% (Case #22) and 80% (Case #23). In the latter case, the local water

saturation hit ~97% at 40 cm height and the 6,,,.. reached 2 mm before extinction (Fig. 8). These
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observations are important to the applied wet smoldering because they have proved two hypotheses
in the previous literature: 1) water re-condensation might lead to a critical water saturation
quenching the smoldering, which is higher than the initial water saturation (97% > 80%) [30]; 2)
the pre-heating zone might disappear at high S,, , conditions, which results in a collapse of the
smoldering and evaporation fronts as indicated by Yerman et al. [10], causing weak smoldering
conditions to the point of extinction. Once the wet smoldering was non-self-sustained, the
smoldering front propagation gradually became slower until it stopped when the system
temperature was below the GAC ignition point (300 °C). However, the remaining heat and forced
airflow still sustained the water evaporation and supported the evaporation front moving forward,
resulting in a growing pre-heating zone. Consequently, &,,. increased until the evaporation

stopped when the system was cooled to the ambient temperature (Fig. 8b).
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Fig. 9 summarizes the global energy balance for each case presented at DT = 0.5, where the energy

rate from the heater was not shown as it was off (i.e., E;;, = 0) around DT = 0.1. Fig. 9a

underscores that water is a significant energy sink to the smoldering system, consuming a great

amount of energy for evaporation (Ee,,ap) and decreasing E,,.; while E,,., > 0 is critical for self-

sustained smoldering [17].
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Figure 9: Global energy balance for all cases analyzed DT = 0.5 for (a) initial water
saturation, (b) fuel concentration under three S, o conditions (10%, 30%, 60%) and (c)
injected air flux under three S, o conditions (10%, 30%, 60%0).

During low S, o conditions (< 20%), the smoldering and evaporation fronts were separated by a

dry buffer. Therefore, oxidation was not affected by the presence of water, showing a similar E,,;4.

Besides, as Ej,s and E,,,; are not impacted by the presence of water [17-19, 21-22], E,.; was

solely reduced by Eevap while remaining well above zero (e.g., 260 J/s at S,, = 20%), which



O©CoO~NOUAWNE

explains why the smoldering reaction is independent of S,, ,. When S, is high (> 20%), two
factors were starting to negatively affect the smoldering propagation: 1) disappearing dry buffer
(i.e., 8, = 0) introduced significant endothermic evaporation into the smoldering zone, which
weakened the smoldering reaction, greatly decreasing E, ;4 and T, (Figs. 7d, 9a); 2) increasing
Ee,,ap with S,, o as more water was evaporating driven by the smoldering reaction (Fig. 9a).
Altogether, these led to a low E,; at S, o = 50% (12 J/s), which reached the borderline self-
sustained smoldering (Ep.; ~ 0). S,,o above 50% caused negative E,., values, in which the
global wet smoldering system was losing energy (decreasing T,,) and could no longer sustain itself.

Once the smoldering started to quench, E,,;; decreased immediately while Eevap reduced

gradually supported by the remaining heat and forced airflow.
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3.4.2  Fuel Concentration (Cy)

Fuel concentration is a key concern in applied wet smoldering scenarios, which determines how
much energy is available to handle the wet conditions. € was studied under three S,, , conditions:
10% (low), 30% (medium) and 60% (high). The increase of C; (from 2% to 4%) accelerated the
fuel oxidation, which tripled the GAC oxidation rate (from ~0.45 to 1.25 J/s) and considerably
increased the global net energy rate (Fig. 9b). This led to the substantial improvement of 7, in all
Sw,o conditions as shown in Fig. 7e, representing a linear dependence (R? = 0.999), which is in

accordance with dry smoldering [18].

Nevertheless, u, exhibited a non-linear relationship with ¢, under low and medium S,,, s, which
was due to oxidation starvation at high C;, similar to dry smoldering [18]. Under high S, ,
conditions (60%), smoldering reaction was weak at C of 3% so that the oxygen was rich. Once C
was increased, smoldering was enhanced to overcome the water impact, correspondingly
improving T, and u, (Fig. 7e). Additionally, it was found that Cases #6, 14-21 had a similar T,

and u under an identical condition of C; (4%) and u,;, (5 cm/s). This agrees with Yerman et al.

g,in

[10] that once the smoldering is stable, its performance is dominated by operating parameters (e.g.,

Cr Ug,m) instead of S, .

Fig. 7b shows that &, gradually increased with C, from 2% to 3%, followed by a significant
increase when Cy increased even further under low and medium S,, , conditions. This behavior
might be caused by two factors: 1) enhanced T,, could evaporate water fast and increase &,,; 2)
limited ug at a high C; further increased &, because smoldering might move slower than the

evaporation front during the front stabilization period. The difference in front velocity allowed the

expansion of the pre-heating zone, then the velocity difference disappeared after the stabilization



O©CoO~NOUAWNE

when all the fronts moved forward at the same velocity. Nevertheless, the impact of u; on 6,
was mitigated under high S,, , conditions, in which the evaporation front propagation is strictly

driven by the smoldering front.
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3.4.3  Air Flux (ug,in)

Injected airflow is one of the most practical ways to control applied wet smoldering behaviors. Fig.
7f shows that both T, and uy increased with u, ;,, from 3.3 to 6.7 cm/s due to the enhancement of
the global oxidation rate and net energy rate in all S,, , conditions (Fig. 9c). u, represents a linear
positive relationship with ug ;, (R?=0.999), while a weaker sensitivity of T, to ug i, Was observed,

similar to dry smoldering [18].

Spre Was found to decrease with ug;, at low S, 5 (10%), which was against intuition as Epet
increased and wet smoldering was more stable. This might be related to the increase of u, since
the temperature was not altered much. As discussed in Section 3.4.2, ug has an impact on &,,,..
Increasing u, might result in faster propagation of the smoldering front than evaporation front
during the front stabilization period, reducing &,,... As the impact of u; is negligible with further
Sw,o increases, the decrease of 4,,. due to u,;, did not occur under medium and high S, ,
conditions, where 6, was small and mainly controlled by S,, ,. The above observation suggests
that once 6, is thick enough to separate the smoldering and evaporation fronts (e.g., > 1 cm),

8pre 1S independent of E,.. while is dominated by the operating parameters, Crand ug .
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3.5 Extinction Criterion

Fig. 10 plots the global net energy rate versus its corresponding &, for all cases presented in
Table 1 (except Case #17), which provides a single, graphical summary of many of the points
discussed above. The figure underscores that all smoldering extinction cases (Cases #18, 22, 23)
exhibit a negative E,,,,. Borderline self-sustained smoldering case (Cases #16, 19) shows a E,,.;
close to zero, while self-sustained cases have positive values (refer to Fig. SM-2 for all predicted
temperature profiles). For the latter, the magnitude of E,,, represents the robustness of wet

smoldering [17-18].

Fig. 10 clearly shows the close relationship between the thickness of pre-heating zone and global
net energy rate. When the pre-heating zone was wide (8, > 1 ¢m), the smoldering front was
separated from the evaporation front, therefore the smoldering propagation was independent of
Sw,o- In this situation, &,,, was greatly affected by operating processes (e.g., C¢, ug,,) and not
correlated with E,,.,. Nevertheless, once the pre-heating zone was thin (6pre < 1 cm), smoldering
front started to be suppressed by S,, o. 6, Solely depended on the energy balance and showed a
strong positive correlation with E,,,,. Besides, a minimum 8,re Was necessary to create a positive

E,.. for self-sustained smoldering, which was 4 mm in this work.

Although the global energy balance could predict that extinction will occur, it cannot establish
when and where the wet smoldering reaction would quench nor if all the fuel was consumed for
such cases [18]. For example, Case #22 is categorized as a non-self-sustained smoldering,
exhibiting a negative E,., (-44 J/) and a thin Opre (3.5 mm) at DT = 0.5. In this case, the
smoldering front still can propagate long enough until the end of the contaminated pack with a

high T;, above 550 °C, oxidating all the GAC before the reaction was quenched. This emphasizes
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the high energy efficiency of the applied forward smoldering systems, where the energy stored in
the cooling zone could continue to support the smoldering propagation for a finite period even

though the global net energy rate reached negative [18].
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Figure 10: Global net energy rate versus the thickness of preheating zone at DT = 0.5.
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4 Conclusions
In this work, a numerical model was developed to predict the transient and spatial resolution of

the progression of evaporation, condensation, and smoldering fronts in porous media. The
comparison between the numerical and experimental results indicated that by introducing simple
calibration constants, the model could accurately describe the complex heat and mass transfer
mechanisms controlling wet smoldering propagation. Furthermore, the model uncovered the
characteristic structure of the wet smoldering front, where the water accumulation in the
condensation zone (temperature plateau around 50 °C) might cause a much higher S,, than the
initial condition, posing the risk of smoldering extinction. And wet smoldering could be improved
by increasing the fuel concentration and airflow to avoid extinction, which could substantially
enhance the global net energy rate. Finally, &,,. and E,.. were found to be closely correlated

when the wet smoldering system was affected by high S, 4s and &,,,. is small (< 1 cm), where a

minimum &, is required to achieve a positive E,.;, preventing extinction.

Overall, this work provides unique insights into the important role of water phase change in the
smoldering system, which help engineers better manage the smoldering applications under wet
conditions (e.g., treating HMWs). Further study is required to understand other factors affecting
smoldering such as influence of pyrolysis products reactions, reactive porous media, high

saturation conditions, and liquid movement in porous media.
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