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Abstract: Understanding the steady mechanism of biomass smoldering plays a great role in the utilization of

smoldering technology. In this study numerical analysis of steady smoldering of biomass rods was performed. A

two-dimensional (2D) steady model taking into account both char oxidation and pyrolysis was developed on the

basis of a calculated propagation velocity according to empirical correlation. The model was validated against the

smoldering experiment of biomass rods under natural conditions, and the maximum error was smaller than 31%.

Parameter sensitivity analysis found that propagation velocity decreases significantly while oxidation area and pyro-

lysis zone increase significantly with the increasing diameter of rod fuel.
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Smoldering is a slow, low-temperature, and com-

1151 sustained by the heat

plex combustion phenomenon
evolved when oxygen directly attacks the surface of a
condensed-phase fuel'”. Smoldering is emerging as a
viable waste-to-energy approach™ and has been used in
the investigations of the energy-efficient utilization

technique for organic solid wastes, such as bio-solid
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sewage sludge[m] s bio-waste!® , oil sludge[lo] , food

[11]

waste etc.

Transient smoldering[l2'l(’]

ing!"""® are normally two typical cases. Most smolder-

19-20] [21-22]

and steady smolder-

ing in fire! , batch experiments , and heating

facilities'! is transient. Conversely, the smoldering of

4] [25]

. ) . .
mosquito coils®* and incense!® is very close to steady
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smoldering, which can be used for insect repellent[26],

(28-29] , etc. In

sterilization!*” , and treatment of disease
addition, as to larger-scale application, steady smolder-
ing is more suitable for smoke treatment and meets the
heating needs of different heat loads. Therefore, seeking
the ways to realize steady smoldering is of extreme im-
portance for the application of smoldering.

Steady smoldering has been investigated both ex-
perimentally and theoretically, mostly focused on rod

materials*>"

. The influence of some parameters on
smoldering, such as airflow rate, ash content, oxygen
content, and oxygen partial pressure was emphasized in
most experimental investigations. Mukunda et al®¥ in-
vestigated the effects of different air flow rates (0—7
m/s)and oxygen content (23% — 44%)on incense
smoldering. It was found that the propagation velocity
increases with the increase of airflow rate and oxygen
content in the concurrent smoldering, and there is a
peak value in the opposed smoldering. Yan et al®’! re-
corded the char cone shape in smoldering of char rods
with different ash content, and found that the char cone
height is proportional to the mass flow rate of carbon.
Lin et al'"™ found that smoldering is oxygen controlled,
thermal controlled, and chemical controlled with in-
creasing air flow rate. Yamazaki et al® found that the
flame does not occur in smoldering of incense when the
oxygen partial pressure is lower than 0.3.

Over the past few decades, some sophisticated
theoretical studies help the mechanism understanding of
steady smoldering. For example, Yamazaki et al®” ap-
plied a simplified oxidative model to reproduce the
temperature in oxidation region of incense stick. It was
found that the temperature gradient decreased with de-
creasing pressure. Kadowaki et al®” established a 1D
model for steady smoldering of rod fuel and explained
the extinction due to the limitation of char oxidation

1P developed a 2D transient model

rate. Rostami et a
based on the first principles of natural smoldering of
cigarette. The computation described the transient proc-
ess from ignition to steady stage.

Nowadays, there are few theoretical studies on
steady smoldering, and those previous theoretical stud-
ies mainly focused on the 1D steady or 2D transient
model of steady smoldering of biomass rods, which
have made indelible contributions to understanding the

mechanism of steady smoldering. However, 1D steady
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model dose not reproduce multiple physical fields, and
2D transient model is very complex and will cost a lot
of computer resources. Due to the fact that the steady
stage occupies most time of the whole smoldering proc-
ess for rod fuel, the key to better understanding the
mechanism of steady smoldering is to find a novel way
to simplify the theoretical description and reproduce the
multiple physical fields in the steady stage of steady
smoldering.

The objective of this study is to numerically ana-
lyze the steady smoldering of biomass rods. A steady
2D model was developed based on the calculated
propagation velocity, and validated against the experi-
ments. Then sensitivity analyses were performed to un-
derstand the effects of parameters on smoldering char-

acteristics.

1 Model and numerical method

1.1 Simplified physical model and assumptions
1.1.1  Smoldering process

Schematic diagram and control volume of the 2D
model for steady smoldering are shown in Fig.1. There
are five zones from top to bottom in solid computational
domain: ash rod, char oxidation surface, char cone,
pyrolysis zone, and original fuel.

The smoldering propagates downwards at a con-
stant velocity. Residual ash rod above the char oxidation
surface works as insulation, and it will collapse after
accumulating to a certain length. Oxidation reaction
occurs on the surface of char cone (char oxidation sur-
face) and heat generated is partially used for the pyroly-
sis of original fuel below, forming the pyrolysis zone.
The fume produced by char oxidation and pyrolysis es-
capes to the surrounding of the biomass rod to form the
fume layer, and the fume flows upwards.

1.1.2  Physical model

Reaction: In solid, there are two main reactions:
char oxidation and pyrolysis. The char oxidation occurs
on the surface of char cone, generating CO and CO,.
The pyrolysis occurs below the char cone, and the fuel
is pyrolyzed into gases and char.

Mass transfer: The fume generated by the char
oxidation and pyrolysis volatiles leave the reaction area
via pressure driven flow and diffusion. Oxygen goes to
the oxidation area (surface area of char cone) from the
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surrounding via diffusion. The solid phase enters the

control volume at smoldering propagation velocity ugy,.

\
Ashrod
\

Char oxidation\
surface

Char cone

Pyrolysis zone

7 NN
i Heat convection| l -
i and radiation

—
Mass transfer

|
| Char cone|
| dz surface |
|
|

Relationship of dz and
drin control volume
of char oxidation

Adiabatic

Fig.1 Schematic diagram and control volumes of the 2D steady smoldering

Heat transfer: The smoldering of the whole bio-
mass rod is sustained by the heat released from char
oxidation. The heat generated is transferred in the radial
and axial directions through heat conduction. There is
heat sink in pyrolysis zone. It should be noted that part
of heat is entrained out due to the outflow of generated
fume. Heat is transferred via convection and radiation at
the top and on the cylindrical surface.

1.1.3  Coordinate system and control volume

A moving cylindrical coordinate system attached to
the moving reaction front is chosen for analysis. Its
moving velocity (u;) was equal to the smoldering propa-
gation velocity. According to different reactions and the
mass / heat transfer characteristic, the interior of physi-
cal model is divided into four kinds of cylindrical ring
control volumes: char oxidation, pyrolysis, ash outside
char cone, and other control volumes.

The cylindrical ring control volume of physical
model is shown in Fig.1. In the control volume of char
oxidation, there is a special relationship of dz and dr to
make sure that the boundary of the control volumes is
the intersection of the char cone and cylindrical ring
control volume.

1.1.4  Assumptions

The simplified mathematical description of the
process in the following section is based on the follow-
ing assumptions: (DNo shrinkage of rods. (@Local heat
equilibrium. (3Steady smoldering along the z-axis. @
Fume goes out from solid along the r-axis. (3Char oxi-
dation occurs on the surface. (®©Char cone is composed
of ash and carbon. (DThe convective heat transfer coef-

ficient and emissivity of the top and cylindrical surface
are constant. (8 The bottom surface is adiabatic.
1.2 Mathematical model
1.2.1 Governing equations

Mass conservation: The mass of solid and gas
phase in the moving control volume is kept constant in a
steady state. Consequently, the rate of change is equal
to the net inlet flux as shown in Egs. (1)and (2).

Solid: %Py =g (1)
oz
Gas: a (pfumeufume ) — d)fume (2)
or

where ps and pgne are the density of solid and fume
(kg/m’) , respectively; @ and @, are the mass
source of solid and fume (kg/(m’ + s)) , respectively;
Usume 18 the velocity of fume (m/s) .

Energy conservation: The heat energy in the con-
trol volume is also kept constant in a steady state. It
means that the sum of convection heat flux of solid in
the z direction, the convection heat flux of fume in the r
direction, the effective heat conduction flux in the z and
r directions, and the heat source rate is zero.

a(psusmcsT ) " a(pfumeufumecfumeT )

+
0z or
2
ks 19(kyrdT10r) )
- r or

where ¢s and cgme are the specific heat capacity of solid
and fume (J/(kg + K)) , respectively; 7T is the tempera-
ture (K) ; ke is the effective conductivity of solid
(W/(m * K)) ; O is the heat source rate (kJ/(m’ - s))

and has different expressions in various control vol-
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umes.
1.2.2 Items in governing equation
Effective conductivity: Effective heat conduction
includes heat conduction and radiation. As the result,
effective heat conduction is expressed as Eq. (4).
kg =k, +4pecT’l 4)
where kr is the conductivity of solid (W/(m + K)) , and
its value is linear with temperature (k = ko +sT) ™75 ¢ is
the porosity; ¢ is the emissivity; o is the Stephen-
Boltzmann constant (W/(m?* « K*)) ; L, is the radial and
axial length of control volume (m).
Propagation velocity: The smoldering propagation

velocity is calculated according to literature!"®.

Y. Y,
:pa Ozu :pa 0, Nug (5)

Z/lsll’l a
yo we d

where pr and p, are the density of biomass rod and air
(kg/m’) , respectively; Yo, is the oxygen mass fraction;;
y is the stoichiometric coefficient of oxygen; u, is the
velocity of internal airflow inside the conical porous
char (m/s) ; o is the thermal diffusivity (m%s) ; d is the
diameter (m).
Nusselt number®* is calculated using Eq. (6).
Nu=0.59(Gr-Pr)""

(1.43x10* < Gr <3.00x10°) (6
where Gr is calculated using Eq. (7).
Gr=£8ATC 7
v

where g is the gravitational acceleration (m/s”) ;a, is
the expansion coefficient (K™') ; AT is the temperature
difference between solid and air (K) ; /; is the character-
istic length (m) ; v is the kinematic viscosity (m?/s).

Thus the propagation velocity can be determined as
Eq. (8).

Y 3 1/4
U, = Peo, ><0.59(gavA2Tl° ~Pr] % (8)
Pr

1.2.3 Source terms and fume flow inside control vol-
ume
Control volume of char oxidation: Char oxidation
occurs on an internal surface™” in the control volume of
char oxidation as Eq. (9). It should be noted that at a
certain z, there is only one control volume of char oxi-
dation.
C+7y0, - 2(1-y)CO+(2y-1)CO, 9)

The molar reaction rate of carbon equals the molar
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production rate of fume, as shown in Eq.(10). It de-
pends on the diffusion molar flux of oxygen (7, ) ,as
shown in Eq. (11).

. . .M
d)s — a)fumeMC — noz C (10)
M, /4
C,
o, = > (n

: MOZ(R +R,, )dr

tra

where Mc and M, are the molar mass of carbon and
oxygen (kg/mol) , respectively; co, is the oxy-gen con-
centration (kg/ms) ; Rya and Ry, are the trans-port and
kinetics resistance (s/m) , respectively.
In the control volume of char oxidation, the heat
source rate Q is
O=aAH, (12)

where AH_ is the reaction heat of char oxidation
(kJ/kg) .

Control volume of pyrolysis: For simplification,
pyrolysis in the control volume of pyrolysis is expressed
as Eq. (13)P"!, and volatiles mainly include CO, CO,,
CH4, and H,.

Biomass + AH, — 0.64volatiles +0.36char  (13)
where AH, is the reaction heat of pyrolysis (kJ/kg).

The mass reaction rate of original fuel (Eq. (1))is
equal to the mass production rate of volatiles(Eq.
(2)) , as shown in Eq. (14). It depends on the pyrolysis
reaction rate, as shown in Eq. (15).

d)p,fume = d)p,s (14)
) X p.A [ = ] (15)
[4) s pf exXp| —

P T RT,

where X, is the mass fraction of volatile matter in con-
trol volume; py is the density of fuel (kg/m’) ; 4y, E, and
T, are the pre-exponential factor (s™'), activation en-
ergy (J/mol) , and temperature (K)of pyrolysis ,
respectively ; R is the constant
(J/ (mol - K).
In the control volume of pyrolysis, the heat source
rate Q is
O=w, AH, (16)

Control volume of ash outside char cone: The part

universal gas

of heat is entrained out due to the outflow of fume in

this control volume. The prmettfume in Eq. (3) is
Conc

7M02(R +Rkin)

tra

(17)

p fumeufume =
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In the control volume of ash outside char cone, the
heat source rate Q is zero.
1.2.4 Boundary condition

On the top surface (z=0), the heat loss is com-
posed of convection and radiation heat transfer (Eq.
(18)). For the cylindrical surface (r=d/2) , the bound-
ary condition is the same as that on the top surface, as
shown in Eq.(19). On the bottom surface (z=0), the
adiabatic boundary condition is applied, as shown in
Eq.(20) . For the symmetrical plane (»=0) , the bound-
ary condition is the same as that on the bottom surface
(Eq.(21)).

oT

w—| =h(T-T,)+eo(T*-T}) (18)
aZ z=0

I nr-T)res(rionl) a9
V' \r=dr2

oT

—| =0

= (20)

oT

— =0

= (21)

where T, is the ambient temperature, K; 4 is the con-
vective heat transfer coefficient between air and dried
biomass rod (W/(m” - K)).
1.3 Parameters

The parameters and values involved in the calcula-

tion are given in Tab.1.

Tab.l1 Parameters involved in the calculation

Parameter Value
Ad(m - s 6 655 14
EJ/(J + mol™) 91.5 x 10* 1
A/ (m - s™) 2x10°5)
Ey/(J + mol™) 120 x 10° B
R/I(J - kg' - K" 8.314
AH/ (k] + kg™) 2.1x10*[Eq. 6]
AHy/ (kJ - kg™ -570 %
pi/ (kg + m™) 471.3
e/(J - kg! - K" 1200
ko 0.28
s 0.002 [Estimated]
W (W +m?- K" 8.4 141
£ 0.95%
o/(W-m?- K" 5.67x10%
Yo. 0.2314
y 0.7%!

1.4 Numerical method
1.4.1 Cells
The finite volume approach is applied in this work.

The simulation domain is divided into cells, including
top cells, ash cells, oxidation cells, char cells, pyrolysis
cells, bottom cells, central cells, and cylindrical surface
cells, as shown in Fig.2(a). The radius of the whole
computational domain is evenly divided into nr cells,
and the rod length is divided into nz cells. The radial
cells are numbered from 1 to »nr from the center out-
wards and expressed by i. Similarly, the axial cells are
numbered from 1 to nz from top to bottom and ex-
pressed by j. It should be noted that the relationship be-
tween dz and dr in oxidation cells is shown in Eq. (22).
In other cells, the value of dz and dr is equal.

dz _ g, (R, +Ryn)

dr Mc,

(22)

where p, is the density of carbon, kg/m”.
1.4.2  Solution procedure

The 2D steady model of smoldering is solved by
self-written program using MATLAB software. The
solution procedure of model is shown in Fig.2 (b). The
properties, constants and operation condition parame
ters are input firstly. Then the temperature and density
of biomass rod are initialized. The Gr and Nu numbers
are calculated by the given qualitative temperature and
characteristic length, and the propagation velocity is
calculated by Eq. (8). The char cone shape is calculated
by Eq. (22). Then the mass and energy equations are
iteratively solved by semi-implicit method. When the
iterative errors of temperature filed, density filed, and
char cone length meet the requirements, the inner itera-
tion is ended. Then it is judged whether the qualitative
temperature iteration error meets the requirements. If
not, temperature and density initialization is returned,
otherwise the outer iteration ends and the data is re-
corded.
1.4.3 Independence analysis of model grid

The value of nr affects the number of model grid.
The different smoldering characteristics of biomass rod
with the diameter of 4.8 mm changing with different nr
is shown in Fig.3. It can be seen that the results have
little difference (maximum error<<1% ) when nr is 30,
40 and 50. Thus nr is taken as 30 to reduce the calcula-

tion cost.

— 511 —
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Fig.3 Independence analysis of model grid based on propagation velocity, char cone height and maximum temperature

temperature field are measured in Fig.4"**. It should be
2 Experiments noted that the emissivity of biomass rod is 0.9 in infra-

red image analysis.
2.1 Samples preparation

Biomass rods extruded from the wet mixture of

ey
, o u,= Ax/At

pine powder and elm bark powder were prepared at the T('Amt‘;r Propagation velocity
planned diameter of 3 mm, 5 mm, 8 mm. The detailed |1 B8 [~ |_ _____________
-

[44

preparing process is seen in literature!*. The diameter

14— A

of the experimental rods is 2.9 mm, 4.8 mm and 7.6 :
/ Microscope Char cone shape

mm, respectively. The ash, volatile, fixed carbon con- | {[B 7~~~ "7 Tm oo T
tent, and density of biomass rods are 10.55% , 67.23% ,
22.22% , and 471.3 kg/m’, respectively.

2.2 Procedure of the experiments

The propagation velocity, char cone shape, and Fig.4 Schematic diagram of the experiments

Infrared camera  Temperature field

FTETE T TEE NI TR ENT T BN Tl

[44]
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3 Results and discussion

3.1 Calculated results
The comparisons of smoldering characteristics be-

tween calculation and experiments are shown in Fig.5.

4

— ® Experiment
2 * o Simulation
5 K el
ST
3
E -
8. 2 1
s E e
% g
o~ [
e Ir
~
Error<20.7%
0 1 1 1 1 1
3 4 5 6 7 8
Diameter/mm
(a) Propagation velocity
8
® Experiment
g O Simulation
g 6t =
= r
=
=
o
= 4 = L
=
S [ ]
o
z 2 X
O
Error=30.4%
0 L L L L L
2 3 4 5 6 7 8
Diameter/mm
(b) Char cone height
800

® Experiment

O Simulation
750

A
.

T
650 | T

Maximum temperature/C
~
(=}
(=}

600

2 3 4 5 6 7 8
Diameter/mm
(¢ ) Maximum temperature
Fig.5 Comparison of numerically calculated and ex-

perimentally measured propagation velocity char
cone height and maximum temperature

3.1.1 Propagation velocity

As displayed in Fig.5(a) , the error between the
calculated and experimental results is the smallest when
the diameter is 4.8 mm, and the maximum error is about
20.7% when the diameter is 7.6 mm. The propagation
velocity of both is in the same order of magnitude as
that of incense (3.2—6.5 mm/min)in literature!'®>%,
and both are lower than 4 mm/min. It should be noted

that the selected characteristic length in Eq. (7)is the
sum of the lengths of ash rod and char cone. The value
of characteristic length could affect propagation
velocity,, which will be further studied in the future
work.

3.1.2 Char cone height

From Fig.5 (b) , it is seen that the error between the
calculated and experimental results increases with in-
creasing diameter, and the maximum error is about
30.4% as the diameter is 7.6 mm. During the experi-
mental measurement, it is difficult to clearly distinguish
the boundary between the char cone and pyrolysis
zone, resulting in a larger error in the experimental
value of char cone height.

3.1.3 Maximum temperature

The calculated and experimental values of maxi-
mum temperature are shown in Fig.5(c). It should be
noted that the calculated and experimental temperature
is the internal temperature and surface temperature of
biomass rod, respectively. Therefore, the values of both
calculation and experiment are only used for compari-
son and not for the verification of the reasonability of
model. The maximum temperature range of experiment
is between 630—730 ‘C, which is close to the value in

literature**>*

], and the maximum calculated tempera-
ture is about 50 °C higher than the experimental value.

From the above discussions, considering the com-
plex nature of steady smoldering, the calculation pre-
dictions and experimental data agree reasonably well.
3.2 Sensitivity analysis
3.2.1 Effect of diameter

It is found from our pre-experiment that the diame-
ter of dried biomass rod might affect the smoldering
characteristics. Thus, dried biomass rods with different
diameters of 2 mm, 2.9 mm, 4.8 mm, 7.6 mm, and 10
mm are chosen to study the effect of diameter.

The effects of diameter on the smoldering charac-
teristics are shown in Fig.6. It is seen that the propaga-
tion velocity decreases from 4.73 mm/min to 0.96
mm/min as the diameter increases from 2mm to 10
mm, as shown in Fig.6(a). and the trend is consistent
with the literature"™. Such a trend can also be explained
by Eq. (8), where the propagation velocity is inversely
proportional to diameter. As shown in Fig.6(b) , the

char cone height H, increases from 1.7 mm to 5.1 mm.
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Fig.6 Effects of rod diameter on smoldering propagation

velocity char cone temperature field and density
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On the contrary, the maximum temperature 7. de-
creases from 805.7 'C to 659.7 °C with increasing di-
ameter, but the range of high temperature region in-
creases. At the same time, the pyrolysis zone length L,
(the distance from the bottom of char cone to the area
where the mass of original fuel decreases by 1% ) in-
creases by 0.85 times from 2.0mm to 3.7 mm,
obviously.

3.2.2 Effect of density

The density of biomass rods may change during
laboratory production, and thus affect the smoldering
characteristics. Taking the dried biomass rod with a di-
ameter of 4.8 mm as an example, the smoldering proc-
ess at different density of 450kg/m’, 471.3 kg/m’,
500 kg/m®, 525 kg/m’>, and 550 kg/m’ is studied.

The effects of density on the smoldering character-
istics are summarized in Fig.7. As the density increases
from 450 kg/m3 to 550 kg/m3, the propagation veloc-
ity decreases from 2.04 mm/min to 1.66 mm/min. As ex-
-pected, the result agrees with the theoretical analysis of
Eq. (8) where the propagation velocity is inversely pro-
portional to the density. Such a trend of propagation
velocity is consistent with that in literature!"®). The char
cone height increases slightly at the early stage with
increasing density, but it is unaffected when the density
reaches 471.3 kg/m’. The effect of density on the maxi-
mum temperature and pyrolysis zone length is ignore-
able. The results may be related to the heat balance dur-
ing smoldering.

3.2.3 Effect of oxygen mass fraction
The oxygen supply dominates the smoldering

(18351 'Taking the dried biomass rod

process of rod fuel
with a diameter of 4.8 mm as an example, the smolder-
ing process at different oxygen mass fraction of 0.17,
0.19,0.21 0.23, and 0.25 is studied.

The effects of oxygen mass fraction on the
smoldering characteristics are presented in Fig.8. As
shown in Figs.8 (a)and (b) , both propagation velocity
and char cone height are significantly affected by oxy-
gen mass fraction. As the oxygen mass fraction in-
creases from 0.17 to 0.25, the propagation velocity in-
creases by 0.62 times from 1.34 mm/min to 2.17
mm/min. At the same time, the char cone height in-
creases by 0.32 times from 2.5 mm to 3.3 mm. It is con-
sistent with the smoldering process in literature, a faster
smoldering propagation and longer luminous region for
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30-31,35 .
[ ' The maximum

a lager oxy-gen mass fraction
temperature also increases from 653.2 °C to 743.8°C
with increasing oxygen mass fraction. The trend is in
agreement with that in literature®*). The pyrolysis zone
length increases from 2.6 mm to 3.2 mm as the oxygen

mass fraction increases from 0.17 to 0.25.
3.2.4 Comparison of the sensitivity of factors

The sensitivities of factors are compared using a
mean sensitivity coefficient™™ (SN) , as shown in Eq.
(23).

L&)y,

n—-15(x,—-x)/x

i

SN =

(23)

where x is the value of factor; y is the value of typical
characteristics of process; n is the number of factor.
Taking the absolute value of SN, the sensitivity coeffi-
cient can be divided into three grades'™': |SN|>0.2 is a
strong sensitivity coefficient, 0.1<<|SN|<<0.2 is a me-
dium sensitivity coefficient, and |[SN]<<0.1 is a low sen-
sitivity coefficient. The parameter corresponding to the
three sensitivity coefficients is one with strong ,
medium, and low effect.

The sensitivity of smoldering characteristics to
different parameters is shown in Fig.9. Diameter,
density, and oxygen mass fraction have a strong effect
on propagation velocity. However, only oxygen mass
fraction has a promoting effect. Both diameter and oxy-
gen mass fraction have a strong effect on char cone
height, while density has a medium effect on it. Oxygen
mass fraction has a strong promoting effect on maxi-
mum temperature, while the effect of diameter and den-
sity is ignorable. The pyrolysis zone length is very sen-
sitive to diameter and oxygen mass fraction, but not
sensitive to density. It can be predicted that increasing
the diameter of rod fuel can decrease the propagation

1.5
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g O-Z -ﬁm@ N

-1.0

Z,

Density

Diameter Oxygen mass
fraction

Parameters

Propagation velocity
B Char cone height

Maximum temperature
EEE Pyrolysis zone length

Fig.9 Sensitivity of smoldering characteristics to differ-
ent parameters
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velocity and increase the length of oxidation area and

pyrolysis zone significantly.

4 Conclusion

On the basis of our previous experiments on and
empirical correlation with propagation velocity from
literature, a 2D steady model of smoldering biomass
rods was developed and numerically analyzed. Results
show that the calculation results agree well with the
experimental observation, and the maximum error is
smaller than 31% .

Sensitivity analysis shows that only oxygen mass
fraction significantly promotes propagation velocity.
Diameter, density, and oxygen mass fraction have pro-
moting effect on char cone height. Oxygen mass frac-
tion has a strong promoting effect on maximum tem-
perature, while the effect of diameter and density is ig-
norable. The pyrolysis zone length is very sensitive to
diameter and oxygen mass fraction, but not sensitive to
density. Prediction shows that propagation velocity de-
creases significantly while oxidation area and pyrolysis
zone increase significantly with increasing diameter of
rod fuel.

The model provides a tool for deeper understand-
ing of steady smoldering process, and future work on

more accurate propagation velocity is necessary.
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Nomenclature

Symbols
A— pre-exponential factor of pyrolysis, s';
c— specific heat capacity, J/ (kg * K) ;
d— diameter of dried biomass rod, m;
E— activation energy of pyrolysis, J/mol;
Gr— Grashof number;

h— convective coefficient, W/ (m* - K) ;
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AH— reaction heat, kJ/kg;

k— thermal conductivity, W/(m + K)
Nu— Nusselt number;

Pr— Prandtl number;

O— heat source term, kJ/ (m® - s) ;

R— universal gas constant, J/ (mol * K) ;
r— radius, m;

T— temperature, K;

u— velocity, m/s;

Y— mass fraction.

Greeks

a— thermal diffusivity, m*/s;

ay— expansion coefficient, (K™') ;

y— oxygen stoichiometric coefficient;

£— emissivity;

v— kinematic viscosity, m?/s;

p— density, kg/m’;

o— Stephen-Boltzmann constant, W/ (m? - K% ;
@— porosity;

, 3
— mass source term, kg/(m” * s).

Subscripts

a— air/ash;

c¢— carbon/char;

eff—effective heat conductivity;
f— fuel;

g7 gas;

1— reaction number;

kinv— Kkinetics;

O,— oxygen;
p— pyrolysis;
s— solid;

sm— smoldering;
tra— mass transfer;

v— volatile.
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