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Abstract

This study numerically investigates a smoldering-driven pyrolysis reactor. The reactor consists
of two chambers: the smoldering chamber for the contaminated sand remediation and the
pyrolysis chamber for the waste valorization. This study aims to develop a numerical model to
verify the feasibility of the reactor and evaluate its thermal performance. The findings reveal
that the contaminant (char) in the sand can be destroyed via smoldering and that the process
can be self-sustaining after ignition. It is noteworthy that the ignition requires external energy
input. Smoldering can produce a heatwave with a stable peak temperature and propagation
velocity. The heatwave generated in the smoldering chamber can heat the pyrolysis chamber
through the boundary. The results highlight that the reactor’s pivotal operating characteristics
(peak temperature, ignition time, and reaction duration) can be regulated by the critical

parameters (char concentration, air inlet velocity, and oxygen concentration).
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24  Nomenclature

Latin letters

A Pre-exponential factor, s
Ay Surface area, m?
C Concentration, %

C, Specific heat capacity, J-(kg'K)™!

d Thickness, m

D Diffusion coefficient, m>s!

dy Particle diameter, m

E Activation energy, kJ-mol!

hsg Interfacial heat transfer coefficient, W-m2K"!

k Thermal conductivity, W-m™-K'!
ky Permeability, m?

m Mass, kg

M Molecular weight, g-mol™!

n Axial vector

Nu Nusselt number

p Pressure, Pa

Pr Prandtl number

q Heat flux, W-m™

R Reaction rate, s™!

Re Reynolds number

R, Ideal gas constant, J-mol!-K"!
t Time (duration), s

tg Time to start air supply, s

th Time to turn off the heater, s
T Temperature, °C

u Velocity, m-s™

v Stoichiometric coefficient

Y Mass fraction

Greek symbols

AH Enthalpy of reaction, MJ-kg™!
p Density, kg'm™

Ep Porosity

o Stefan—Boltzmann constant, W-m2-K*
U Dynamic viscosity, Pa-s

Subscripts/superscript
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bed Bed material in pyrolysis chamber
eff Effective

f Fluid in pyrolysis chamber

g Gases in smoldering chamber
in Inlet

ins Insulation

0 Initial

0: Oxygen

p Peak value

py Pyrolysis

rad Radiation

s Solid in smoldering chamber
SMo Smoldering

sp Sphere

s Stainless steel

0 Ambient

1. Introduction

Smoldering is flameless combustion that occurs in a porous medium, allowing sufficient

oxygen diffusion [1-2]. Smoldering can self-sustain when the heat production rate exceeds the

heat loss rate [3]. Self-sustaining smoldering is increasingly popular for treating contaminated

soils/sands [4], disposing of wastes [5-6], and realizing waste valorization [7-10]. The

contaminants (fuels) (e.g., char [11], bitumen [12], peat moss [13], oil [14]) in the soils/sands

can be destroyed by reacting with oxygen, which is a process that releases intensive heat. The

smoldering heat can be used for waste disposal and valorization [15].

The smoldering reactor for waste treatment can be classified as in-situ and ex-situ types.

The in-situ reactor refers to the smoldering and waste treatment occurring in the same chamber.

In many cases, the waste can be combusted with oxygen to provide sufficient heat for self-

sustaining smoldering [16-19]. However, it is necessary to add fuel to the reactor to increase
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the heat generated by smoldering to avoid quenching if the waste solely combustion does not

generate enough heat [20-21]. On the other hand, the ex-situ reactor refers to the smoldering

and waste treatment occurring in two chambers [5,15]. The smoldering heat is transferred to the

waste treatment chamber through the boundary between the two chambers.

The fuel concentration or contaminant saturation is regarded as one of the most critical

parameters in the self-sustaining smoldering process [12]. Higher fuel concentrations in the

presence of sufficient oxygen supply increase the oxidation rate, thereby releasing more

intensive heat and enhancing the local (smoldering front) energy out rate, leading to an increase

in the peak temperature and propagation velocity [12]. The air flow is another critical parameter

regulating the smoldering characteristics. Generally, increasing the air flow rate can make it

more facilitative for smoldering to propagate [20]. Moreover, the oxygen concentration can also

regulate the smoldering combustion by controlling the local reaction rate [22].

On the other hand, pyrolysis or thermal decomposition in an inert atmosphere is a promising

technology for waste treatment since it can convert waste into value-added fuels [23-26]. Since

smoldering needs oxygen consumption whereas pyrolysis demands oxygen-free, the

smoldering-driven pyrolysis reactor should be of the ex-situ type [15]. However, most

smoldering studies are performed in-situ, and only a few focus on the ex-situ applications

[5,15,27]. Moreover, the numerical study for the smoldering-driven pyrolysis reactor remains

vacant to the best of our knowledge.

Due to the lack of applications of ex-situ smoldering for waste pyrolysis, this study develops

a robust numerical model for the smoldering-driven pyrolysis reactor. The reactor consists of a
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smoldering chamber for contaminated sand remediation and a pyrolysis chamber for waste

valorization. This study highlights the feasibility and thermal performance of the smoldering-

driven pyrolysis reactor. Firstly, the two-dimensional smoldering model is verified according

to the experimental results. Then, the reactor’s crucial thermal characteristics (e.g., ignition time,

smoldering duration, and peak temperature) are evaluated under the critical operating

parameters (e.g., fuel concentration, air inlet velocity, and oxygen concentration). The model

presented in this study aims to provide a general tool to evaluate the thermal performance of

the smoldering-driven pyrolysis reactor, which is used for contaminated sand/soil remediation

and waste pyrolysis.

2. Methodology

2.1.Reactor description

Fig. 1 demonstrates the schematic of the smoldering-driven pyrolysis reactor. The reactor

consists of a smoldering chamber and a pyrolysis chamber. The smoldering chamber is filled

with a mixture of sand and char, with a 2.0-2.8% char concentration. The mixture in the

smoldering chamber can be regarded as contaminated sand. The bottom of the reaction chamber

is equipped with quartz glass, which enables the cone heater to heat the mixture and ignite the

char. The cone heater is turned off when the char is ignited. The char ignition indicates that the

smoldering can self-sustainingly propagate without the external energy input. The ignition is

manifested in the appearance of solid temperature hot spots. Therefore, the ignition temperature

is defined as the temperature of hot spots in this study. Air is introduced into the smoldering
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chamber by the air pump after heating for 1020s. Heat loss is reduced by an insulation layer
(ceramic fiber [28]) with a thickness of 0.01m on the outside of the smoldering chamber.

The smoldering chamber is made of stainless steel with a thickness of 2mm. Its interior is a
porous medium with high thermal conductivity, enabling a uniform radial temperature
distribution. The pyrolysis chamber is heated by the internal boundary heat flux of the

smoldering chamber.
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Fig. 1. llustration of smoldering-driven pyrolysis reactor.
Table 1 shows the designed scenarios for the thermal performance evaluation of the

smoldering-driven pyrolysis reactor in this study.

Table 1. Designed scenarios for thermal performance evaluation of smoldering-driven pyrolysis reactor.

Case Char concentration (%)  Air inlet velocity (m/s)  Oxygen concentration (%)

12 2.0 0.03 20.4
2° 22 0.03 20.4
3® 24 0.03 20.4
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4° 2.6 0.03 20.4

5 2.8 0.03 20.4
6° 2.0 0.04 20.4
¢ 2.0 0.05 20.4
8¢ 2.0 0.06 20.4
9¢ 2.0 0.07 20.4
104 2.0 0.03 10
11d 2.0 0.03 15
124 2.0 0.03 25
134 2.0 0.03 30
#Base case.

®Study on the effect of char concentration.
¢ Study on the effect of air inlet velocity.

4Study on the effect of oxygen concentration.

2.2.Governing equations
The governing equations for the mass conservations of char and air in the smoldering
chamber are given by:
2 (Yenar) = —Renar (1)
2 (EpsmoPg) + ¥ (PgUg) = PenarRenar o)
where the char oxidation rate is determined by the Arrhenius expression Ripgr =
AchareXP(—Echar/(RgTs))YcnarYo, » the porosity of smoldering chamber is & gmo =
€p,smo0,0(1 = YcnarCenar) » and the air velocity follows the Darcy’s Law ug = —(kpsmo/
Hg)VDg -
The oxygen transport equation in the smoldering chamber can be expressed as follows.
2 (EpsmoPg¥o,) + V- (0gUgY0,) = V- (EpsmoPgDgVY0,) = PcharVo,Renar ()
The governing equations for the energy conservations of char and air in the smoldering

chamber are given by the following equations.



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

0(pCp)e smoTls
% =V (keff,smOVTs) + hsg (As,sp/Vsp)(Tg —Ts) — PcharQHcharRehar  (4)

0&p,smo(PgCp,g)T,
2 (atg mally + Vg CpgugTy = V- (&p,6mokgVTy) + hsg(Assp/Vep)(Ts = Tg)  (5)
where the interfacial heat transfer coefficient hgg is determined by Nu = hgyd)p sana/ky

0.001(Re™®7Pr1/3) [11], the surficial area per unit volume Agg,/Vep = 6(1 — &psmo)/

dp sana [12], and the solid (sand and char) effective volumetric heat capacity (0Cp)efs.smo

and effective thermal conductivity Kerfemo are defined as:

(pCp)eff,smo = (1 - Sp,smo,o)pSand Cp,Sand + YCharpChar Cp,Char (6)
keff,smo = (1 - Ep,smo,O)(kSand + krad,smo) + YCharCChargp,smo,OkChar (7)

where the radiation heat transfer is expressed as a radiative conductivity and follows the
Rosseland approximation (kyqq smo = 160dp sanaTs’/3) [29-30].
The mass, momentum and energy conservations in the pyrolysis chamber are given by the

following equations.

)
T (eppypr) + V- (prup) =0 (8)
Uy = — =22 Vp, ©
9(pCp)e T,
: a];fpy 2+ V- ((pCp)erspyUsTpy) = V- (Kef sy VTpy) (10)

where the effective (pCp)efrpy and kegrpy, in the pyrolysis chamber are given by:

(PCp)efrpy = (1 Sp.py)pbedcp.bed + €ppyPrCpr (11)

Kefrpy = (1 Sp.py)(kbed + Kraapy) T Eppyks (12)

where the radiation heat transfer coefficient Krqqpy = 16adp,bedpr3 /3.

2.3.Boundary and initial conditions
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Fig. 2 shows the boundary conditions of the numerical model. It is noteworthy that there is
only heat transfer between the smoldering and pyrolysis chambers, which exchanges through
the boundary. The two chambers are separated by stainless steel with a thickness of 2mm. The

heat transfer between the two chambers follows the thermally thick approximation [31]:

_ 1 0Ts Tpy—Ts
Ngmo " Qsmo = — Edsspsscp,ss E - dss/Kss (13)
__1 0Tpy  Ts—Tpy
Ny " Qpy = — 7 dssPss PSS T3t dos/kes (14)
Thpy  py = 0
u = 0.01m/s ‘ v = 101375Pa
. ]»Nz inlet==== N2 outlet
T,y = 20°C = ~KerrpyVTpy =0
l"
,I
,,' Thermally thick approximation
4
// a. Two chambers' boundary
}' b — -
£ ) —h -q
Outlet of smoldering g -g e AT, Tyy —Ts
chamber 5 % =7 dsspsscp,ss ot deo/kss
—&p,smoDgV * (ngoz) :%D 2 emmd
St
= Pgly (YOZ,O - YOZ) '8 "E —Nyy cQpy
°|& 1 aT, T—'T;
- - 'y S Py
_keff,smOVTs =0 E% A~ =75 dsspsscp,ss at dgs/kss
b. Insulation of smoldering chamber
Nemo * Qsmo
PP 1 d . T, T,—T;
2 insPinslp,ins 3t dins/Kins

Uy = Uy, — t=(0,tp): —k VT, = 25k W/m?
L HO’-” }Air inlet Heat ﬂux{ (0, 2) i i /
T, =20°0 t = (ty,300005): —Keff smoVTs = 0

Fig. 2. Boundary conditions of the numerical model.
The thermally thick approximation can address the role of insulation thickness in the
boundary heat loss assessment [32]. Additional initial and boundary conditions are tabulated in

Table 2. The model inputs and materials’ physical parameters are listed in Table 3.

Table 2. Initial and boundary conditions.

Initial Condition Boundary Condition

Smoldering chamber

1=0s: Yepor =1 -
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t=0s: py = 101375Pa

1=0s: Y,, = 0.204

1=0s: Ty = 20°C

1=0s: T, = 20°C

Pyrolysis chamber
t=0s: py = 101375Pa

1=0s: T,y = 20°C

t=(0,t5)u; =0

t = (t;,30000s):u; = uy
7=0.80m: p, = 101375Pa
z=0.00m: Yy, = 0.204
z=0.80m: —&p smoDyV - (pgYo,) = pguy(Yo,0 — Yo,)
t = (0,tp): —kepf smoVTs = 25kW/m?

t = (tp,30000s): —keff5moVTs = 0
7=0.80m: —keffomoVTs =0
z=0.00m: T, = 20°C
7=0.80m: —k,VT, =0

z=0.00m: {

z=0.00m: {

1 6T5 Too_TS
r=0.10m: —Ngpp " Qsmo = — Edinspinscp'ins Fr dins/kins

Inlet: uy = 0.01m/s
Outlet: py = 101375Pa
Inlet: T, = 20°C

Outlet: _keff,pyVpr =0

Remaining boundaries: —ny,, - g, = 0

Table 3. Model inputs and materials’ physical parameters.

Par.

Smoldering chamber

Vo2
Achar
Echar
AH char
dp, Sand
Dy

Hg
kChar
kSand
ke
MChar
MSand
Cchar
P Char
PSand
Cp,Char

Cp, Sand

Kp.smo

Value Unit
1.15 -

707.9 1/s

68 kJ/mol
-30.82x10° kJ/kg
0.88x1073 m
4.53x107 m?/s
Ox10712(T2)+4x108(T)+6x10° Pa-s
0.25 W/m/K
0.000541(T5)+0.1044 W/m/K
-IX103(TH)+8%107(Ty)+4.3x1073 W/m/K
0.207 kg
10.34 kg
McharMsana=2.0 %
31.80 kg/m?
2650 kg/m?
1100 J/kg/K
2.49(T\)+39.06 J/kg/K
3x1073(T,»)+0.2261 (T,)+940.35 J/kg/K
2.54x10710 m?

10
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M, 28.97 g/mol

epsmoo 0.4 -

o 5.67x108 W/m?/K*
Gin 25000 W/m?
Ug in 0.05 m/s

te 1020 S

th 4320 S

T 293.15 K
Pyrolysis chamber

dp,bgd 0.001 m

ur 3.0x107 Pa-s

kr 0.02557 W/m/K
kbea 10 W/m/K
Ep,bed 0.4 -

Cpr 1100 J/kg/K
Cp bed 800 J/kg/K
Boundary

dins 0.01 m

dss 0.002 m

Kins 0.12 W/m/K
ks 30 W/m/K
Dins 150 kg/m?
Pss 7640 kg/m?
Cpins 1000 J/kg/K
Cp,ss 530 J/kg/K

3. Results and discussion
3.1.Model verification

Fig. 3 shows the comparison between the experimental [11] and numerical temperature
profiles. The experiments were conducted to investigate the smoldering of char and sand
mixture. A cone heater heated the reactor for 4320s. The numerical average peak temperature
and front velocity were 676°C and 3.00mm/s under Ccra=2.0%, and 894°C and 4.79mm/s
under Ccra=4.0%. Table 4 shows that the numerical results in this study agreed well with the

values obtained by Zanoni et al. [11] under Ccn=2.0% and Ccpa=4.0%, with errors equal to

11
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7.74% and 4.14%, respectively. Fig. 3 also demonstrates that the smoldering could self-
sustainingly propagate with a stable peak temperature and front velocity. The high temperature

generated by smoldering is suitable for the pyrolysis of wastes, e.g., plastics, biomass, and

sludge [1].
1000 — T T 1200 — T T 1
- (a) Numerical 1 NOR T;umer.lcal1 -
~ I : Y e ST anoni et al.
8 800 _ Experimental § 900 | : |
= - £ 600 - §
(0] N E..)
& 400 b ] 2
o N\
= I g 300 .
200 ) & ] &
ecetog A res 0 : : 2 S e
0 6000 12000 18000 24000 30000 0 6000 12000 18000 24000 30000
Time (s) Time (s)

Fig. 3. Experimental and numerical temperature profiles at 7=0Om and z=0.22-0.67m with 0.09m intervals

under u,,,,=0.05m/s, Y02=20.4%, (a) Ccha=2.0%, and (b) Ccnar=4.0%.

Table 4. Average peak temperature and front velocity.

Comparison Average peak temperature (°C) Average front velocity (mm/s)
Cchar Zanonietal. This study Error Zanonietal. Thisstudy  Error
2.0% 643 676 5.08% 3.35 3.00 10.4%
4.0% 893 894 0.20% 5.21 4.79 8.09%

3.2.Reactor thermal assessment

Fig. 4a illustrates that radial temperature distribution in the smoldering chamber is relatively
uneven, with a temperature difference (height of light shaded area) of ~274°C. The radial
temperature represents the temperature distribution at the same z-axis coordinate. The non-

uniform radial temperature distribution is attributed to the low thermal conductivity of sand
12
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(0.26-0.63W/m/K [33]) and the smoldering radial propagation direction (from center to

boundary). However, the radial temperature uniformly distributes in the pyrolysis chamber,

with a temperature difference (height of dark shaded area) of ~34°C, due to the high

conductivity of the porous medium (10W/m/K [34]).

Fig. 4a also shows that the radial-mean peak Ts increases from 612°C to 631°C with time,

which can be ascribed to the smoldering heat accumulation in the smoldering chamber [35].

Consequently, the radial-mean peak 7, is significantly increased by 98°C (432-530°C) because

of the increasing boundary heat flux (Fig. 4b). Fig. 4b indicates that the smoldering occurs in a

thin region (~0.05m), resulting in a sharp peak in 75 (Fig. 4a). While the boundary heat flux

from the smoldering chamber into the pyrolysis chamber occurs within a wide area (~0.3m),

contributing to a flat peak in 7),.

As depicted in Fig. 4c, Ts decreases from the smoldering chamber’s center to the outer wall

(r: 0 = 0.1m) due to the boundary heat loss [22]. The cone heater heats the sand and char at

z=0m, raising the solid temperature 7s. The solid heat propagates forward via conduction,

radiation, and convection. The cold air (7,=20°C) is heated by the solid via convection when

introduced into the smoldering chamber. In other words, the solid is cooled by the gas during

this stage. The gas will heat the solid by convection when Ty is higher than Ts (preheating zone,

Fig. A.1). Fig. 4c indicates that the convective heat transfer plays a critical role in igniting.

There are two ignition points at t=2520s due to the change in the velocity field, caused by the

structural change of the smoldering chamber (Fig. 1). The heat can self-sustainingly propagate

after turning off the cone heater at t=2520s (without the external energy input).

13
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Fig. 4. Smoldering-driven pyrolysis reactor thermal assessment: (a) Longitudinal radial-mean 7 (solid line)
and radial-mean 7, (dashed line); (b) Longitudinal radial-mean smoldering heat source (solid line) and

interface heat flux (dashed line); (c) T distributions at =2400-2580s with 60s intervals.

3.3.Effect of char concentration

Fig. 5a shows that increasing the char concentration shortens the ignition time and increases
the ignition temperature. The increment in char concentration leads to an increase in the
smoldering heat [36] power density, which reduces the ignition time due to more heat
accumulation. Shorter ignition times reveal that higher char concentrations require less external
energy input to ignite. It is noteworthy that the ignition indicates that the smoldering can self-
sustainingly propagate in the smoldering chamber (Fig. 4c). The higher char concentration
raises the temperature during propagation, thus enhancing the ignition temperature. Moreover,
there is no significant difference in the ignition locations under different char concentrations,

all at z=0.030-0.035m.
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Fig. 5b demonstrates that the radial-mean peak Ts significantly increases from 626°C to
712°C when the char concentration increases in the studied range. Accordingly, the radial-mean
peak T)y is raised by 116°C because of the higher boundary heat flux received by the pyrolysis
chamber. It is noteworthy that the heat front is a curved surface (Fig. 4c), and the front
temperature is higher than the radial-mean peak Ts. For instance, the radial-mean peak Ts and
front temperature at Ccpa=2.2% are 659°C and 691°C, respectively. The experimental front
temperature is 703°C at Ccnar=2.2% [37], a value very close to the simulated one in this study.
Moreover, the heat fronts have been pushed forward by 0.14m (0.36—0.50m) and 0.07m (0.28—
0.35m) in the smoldering and pyrolysis chambers when char concentration increases from 2.0%
to 2.8% (Fig. 5b), respectively.

As depicted in Fig. 5c, the increment in char concentration increases the peak temperatures
(Ts and T,y) and propagation velocities (vrs and v¢,y). The propagation velocities are determined
by tracking the peak temperatures. Increasing the char concentration can enhance the char
oxidation rate and provide a more intense heat source. Accordingly, the peak Ts increases at
higher char concentrations due to the increased local (smoldering front) net energy rate [12].
Increased local net energy rate results in an increment in the local energy out rate (transferred
via convection, conduction, and radiation), leading to a higher propagation velocity. Moreover,
the consumed oxygen increases from 4.4% to 7.5% at higher char concentrations (Fig. A.2).
The increase in char concentration leads to an increase in the smoldering bed average
temperature (Fig. A.3) and an approximately linear increase in the pyrolysis bed average

temperature (Fig. 5d), indicating that the pyrolysis bed has received more energy. Moreover,

15
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Fig. 5d reveals that the smoldering duration significantly shortens by 77min at higher char

227  concentrations.
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231 (solid line) and radial-mean 7, (dashed line) profiles at 7=10800s, (c) average Ty, and Tpy,p, and (d)
232 smoldering duration and maximum pyrolysis bed average temperature.
233
234 3.4.Effect of air inlet velocity
235 Fig. 6 depicts the effect of air inlet velocity on the temperature distribution at ignition time.
236 It can be concluded that there is no significant difference in the ignition locations under the air
237  inlet velocities of 0.03-0.05m/s, all at z=0.030-0.035m. However, the ignition locations are
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7z=0.044m and z=0.161m under 0.06m/s and 0.07m/s, respectively. Higher air inlet velocities
cause the solid to be excessively cooled by the convective heat transfer. Excessive convective
cooling compels the maximum temperature at the inlet to decrease from 908°C to 842°C at the
ignition time. The char at the lower region of the ignition point has not been completely reacted
under 0.06m/s and 0.07m/s (Fig. A.4). An unburnt char region could be observed along the
outer wall of the smoldering chamber under 0.05-0.07m/s due to the boundary heat loss and

the excessive convective cooling (Fig. A.5) [37].
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Fig. 6. Temperature distributions at ignition time under different air inlet velocities: (a) 0.03m/s; (b)

0.04m/s; (¢) 0.05m/s; (d) 0.06m/s; (e) 0.07m/s.

Fig. 7a shows that increasing the air inlet velocity prolongs the ignition time from 42min
to 169min and decreases the ignition temperature from 573°C to 399°C. The gas carries more
energy out of the smoldering chamber at higher air inlet velocities, resulting in more external
energy input, i.e., longer ignitor heating time for the ignition [12]. Fig. 7b demonstrates that the
radial-mean peak Ts and T)y first increase (in the range of 0.03—0.04m/s) and then decrease (in

the range of 0.05-0.07m/s) at /=10800s with the increasing air inlet velocity. It is noteworthy
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that the peak Ts increases from 660°C at 0.03m/s to 673°C at 0.07m/s when the smoldering
propagates steadily (Fig. A.6), which is attributed to the increased local oxidation rate [38-39].
On the other hand, higher air inlet velocities result in less energy remaining in the solid before
smoldering propagates steadily due to the excessive convective cooling, leading to a decrease
in Ts at +=10800s (Fig. 7b).

Fig. 7c demonstrates that increasing the air inlet velocity decreases the average peak Ts by
140°C (651-512°C) and T,y by 31°C (464-433°C). Higher air inlet velocity can improve the
char oxidation rate due to the more oxygen supplied per unit time in the smoldering chamber
[12]. Accordingly, the consumed oxygen concentration decreases from 4.4% to 3.7% as the air
inlet velocity increases in the studied range (Fig. A.7). The local energy out rate is raised at
higher air inlet velocities, further increasing the front velocities of vss and vypy. Although the
smoldering front velocity vrs has been increased, the higher air inlet velocity also causes the
ignition time to prolong, so the smoldering duration first decreases from 337min at 0.03m/s to
279min at 0.05m/s and then increases to 308min at 0.07m/s (Fig. 7d). The complex interaction
between the excessive convective cooling and the increased local oxidation rate causes the
smoldering bed average temperature to decrease from 336°C at 0.03m/s to 300°C at 0.06m/s
and then increase to 340°C at 0.07m/s (Fig. A.8). Accordingly, the pyrolysis bed average
temperature first reduces from 358°C to 326°C and then enhances to 363°C when the air inlet
velocity increases in the studied range (Fig. 7d). Altogether, it can be concluded that 0.04m/s is

the ideal air inlet velocity in the scenarios studied.
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Fig. 7. Effect of air inlet velocity on (a) ignition time and temperature, (b) longitudinal radial-mean 7

(solid line) and radial-mean 7, (dashed line) profiles at 7=10800s, (c) average T, and Ty, and (d)

smoldering duration and maximum pyrolysis bed average temperature.

3.5.Effect of oxygen concentration

Fig. 8a reveals that increasing the oxygen concentration can shorten the ignition time by
18min (56-38min) and decrease the ignition temperature by 22°C (589-567°C). It should be
noted that the oxygen is in excess in all the scenarios studied (Fig. A.9). The consumed oxygen
increases from 3.3% to 5.0% with the increased oxygen concentration, attributed to higher char

oxidation rates. Higher oxygen concentrations enhance the char oxidation rate and local energy

19



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

generation rate, thereby reducing the external energy input, i.e., shortening the time to ignite
[40]. Lower ignition temperatures indicate that smoldering is more likely to occur at higher
oxygen concentrations [41-42]. Moreover, there is no significant difference in the ignition
locations at different oxygen concentrations, all at z=0.03—0.04m.

Fig. 8b shows that the radial-mean peak 7s and 7,, have negligible sensitivities to the
oxygen concentration, which agree with the findings in [12]. However, higher oxygen
concentrations can push the temperature front forward, thus resulting in higher front velocities
of vgs and vg,y due to the increased local energy out rate (Fig. 8c) [22,38,43]. The increased local
energy out rate also reduces the local heat accumulation stored in the sand. On the other hand,
the thickness of the smoldering front decreases when the oxygen concentration increases in the
studied range (Fig. A.10), leading to a slight decrease in the peak temperature (Fig. A.11) [12],
further lowering the average peak 7s and 7, (Fig. 8c). Nonetheless, higher oxygen
concentrations increase the smoldering bed average temperature (Fig. A.12), thus improving
the pyrolysis bed average temperature from 346°C to 366°C and shortening the smoldering

duration from 404min to 301min (Fig. 8d).
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Fig. 8. Effect of oxygen concentration on (a) ignition time and temperature, (b) longitudinal radial-mean T

(solid line) and radial-mean 7, (dashed line) profiles at 7=10800s, (c) average T, and Ty, and (d)

smoldering duration and maximum pyrolysis bed average temperature.

4. Conclusions

This study developed a numerical model for the smoldering-driven pyrolysis reactor. The
reactor consists of a smoldering chamber for contaminated sand remediation and a pyrolysis
chamber for waste valorization. The primary objective of this study is to verify the feasibility
of this reactor and evaluate its thermal performance. It should be noted that no reactants (wastes)
were added to the pyrolysis chamber. The reactor’s thermal performance was evaluated through
four aspects: (i) the ignition time indicating the amount of external energy that needs to be input,
(i1) the average peak temperature indicating the temperature required for the pyrolysis of
different wastes, (iii) the smoldering duration indicating the time it takes for the pyrolysis of
wastes, and (iv) the maximum pyrolysis bed average temperature indicating the amount of
energy received by the pyrolysis bed. This study’s main findings and conclusions can be

outlined as described below.
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The contaminant (char) in the sand could be eliminated via smoldering, which was a self-

sustaining process after ignition. The heatwave generated in the smoldering chamber could heat

the pyrolysis chamber through the boundary heat flux.

Higher char concentrations decreased the ignition time, increased the average peak

temperature, shortened the smoldering duration, and enhanced the maximum pyrolysis bed

average temperature, which were all beneficial to the improvement of the thermal performance

of the reactor.

The increment in air inlet velocity led to a significant increase in ignition time and a

decrease in average peak temperature. The complex interaction between the excessive

convective cooling and the increased local oxidation rate caused the smoldering duration and

pyrolysis bed average temperature to first reduce and then enhance when the air inlet velocity

increased in the studied range. Considering all the above effects, 0.04m/s was the ideal air inlet

velocity in the scenarios studied.

Increased oxygen concentration shortened the ignition time and smoldering duration and

increased the maximum pyrolysis bed average temperature. At the same time, the average peak

temperature decreased when the oxygen concentration increased in the studied range, indicating

that higher oxygen concentrations are not suitable for wastes that require higher temperatures

to pyrolyze.
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