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SUMMARY

A numerical model of radiative ignition of pyrolysing solid fuels is developed. The model is one-dimensional
and transient. The following mechanisms are simultaneously accounted for: (i) the surface heat and mass
transport, (ii) the surface oxidation chemical reaction, (iti) the in-depth pyrolysis, (iv) the gas-phase heating
by absorption of the radiation and by heat conduction/convection from the solid surface, and (v) the
gas-phase chemical reaction. The solutions are obtained numerically with the method of lines. Using lignite
and bituminous coal for the simulations, the results confirm that the pyrolysis products absorb a significant
amount of the external radiation. Predictions of the ignition times show that both the surface ignition time
and the gas-phase ignition time decrease rapidly with increasing radiation intensities. A good agreement
between predictions and experiments is obtained.

A sensitivity analysis is also carried out with the key kinetic parameters. This analysis establishes an upper
limit for surface and pyrolysis activation energies and a lower limit for gas-phase activation energy. Within
these limits, the radiative ignition of coals appears as an integration of two consecutive ignition modes: the
surface ignition occurs first, which is then followed by the gas-phase ignition. Beyond these limits, the single
gas-phase ignition mode is the only ignition mode to prevail.
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1. INTRODUCTION

Radiative ignition of a pyrolysing solid fuel has been studied extensively in the past. This subject
is of interest in many practical situations such as fire safety, power generation, solid waste
treatment, etc. It has been shown experimentally that when a pyrolysing solid fuel is exposed to
a radiative heat source, a significant amount of the external radiation flux is absorbed by the
pyrolysis products during the early stages of the ignition period.!~* This important feature is
believed to lead to a series of non-linear phenomena that dictate complex interactions among
simultaneous but different processes such as heat transfer, mass transfer and chemical reactions.

Some theoretical investigations are also available.*"*! Some of these studies,>”” are limited
only to the case of the effect of the absorption of radiation on the gas-phase ignition. Other
studies,® 1! extend the analysis to include the contribution of the surface ignition reaction during
the ignition event. For some solids, such as coal, such a contribution is important as it results in
surface ignition at high oxygen concentration and/or small particle size.'2
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The main objective of the present work is to develop a numerical model, based on the method of
lines, to calculate the ignition of a pyrolysing solid material suddenly exposed to a radiative
heating source. The model is one-dimensional, transient, and incorporates the following: the
surface ignition reaction, the in-depth pyrolysis, the gas-phase absorption of the radiation by the
pyrolysis products, and the gas-phase chemical reaction. A sensitivity analysis is also performed
to determine the dependence of the ignition phenomena on the kinetic parameters.

2. THE NUMERICAL MODEL

A sketch of various steps in developing the present model are shown in Figure 1. A one-
dimensional pyrolysing solid fuel, initially at ambient temperature, is heated by a radiative heat
source. As the temperature of the solid fuel increases, both the surface oxidation chemical reaction
and the in-depth volatile production ensue. The volatile gases escape from the fuel surface and
mix with oxidant in the gas phase. Simultaneously, the volatile gases also absorb some of the
radiation which in turn heat the gas phase rapidly. Under appropriate conditions, these processes
are followed by ignition. Depending on the competition among these processes, the ignition may
appear as a single gas-phase ignition mode or as an integration of two consecutive ignition
modes. The former results if the surface ignition reaction does not have enough time to develop
before the devolatilization temperature is reached, and the latter is obtained if the surface ignition
reaction has enough time to develop before a strong production of volatile gases is achieved. The
numerical model, therefore, takes into account simultaneously the processes mentioned above.
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Figure 1. The physical model of radiative ignition of a pyrolysing solid fuel
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3. FORMULATION

3.1. Assumptions
The governing equations are simplified subject to the following assumptions:

(i) The process is one-dimensional and transient; the flow in the gas phase is laminar; the
external pressure is constant and the gas mixture behaves like a perfect gas. Molecular
weights of all species are constant and equal; the Lewis number is unity.

(i) The thermophysical properties, p>D, and p,4, are constant.

(iii) The solid oxidation reaction occurs only at the surface and is described by a first-order finite
rate Arrhenius equation; the pyrolysis process occurs volumetrically and is described by
a zero-order finite rate Arrhenius equation; the gas-phase reaction is described by a sec-
ond-order finite rate Arrhenius equation.

(iv) The absorption of the radiation by the solid occurs at the solid surface; Beer’s law is used for
the absorption of the radiation by the gas phase and the absorption coefficient is propor-
tional to the sum of mass fraction of the pyrolysis gases and the combustion product gases.

(v) The effects of natural convection are neglected.

3.2. Conservation equations
For the model under consideration, the derived conservation equations are

gas phase mass

Opg | 0(pgh)

e 1
ot + O0x 0 M
species

aY; Y, 0 2Y;
il e w4+ —p. D 2
Pea +pel ox + ox"e" ox @

where i is for volatile gas, v, oxygen, O and inert gas, N,

product gas

Y,=1—(Y, + Yo + Yn) 3)
gas phase energy
aT, oT, 0, 0T, dI
pgcp,g<a—tg+uag>= ——w‘,AHg+5)—c ga—xg+a @
where
dal — [ By(Ys + Y,)dx
a'_"ﬂgIO(Yv+ Yp)e * (5)
X
equation of state
Pe.cToe = peTy (6)

solid phase energy
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The conservation equations must be solved subject to
Boundary and initial conditions

For t <0, all x: T.=T,=T. Y,.=0

g
Y,=Y,=0, Y;,=Y;,. withi=0O,N
For ¢ = 0, and at the back of the solid; x = 0:

oT,
Tc,O:Te; ( C> =0
5x 0

For t = 0, and the gas—solid interface; x = x,:

oT, oT
- c P . =
ic<ax)s+ﬁcls+ g(ax)sufs 0

where H, is the heat transfer rate at the interface and is given by
H,= 0 AH, — myc, o(Tes — Ty) — Bo TS

0T, 0T,
e (1) =(12),
msYO,s_ ( )
msYN,s* < >
Y.,.—1)=p,D Y
m(Y, s —1) = p, <ax )

Xs
mg = pcf w,dx
0

and

Fort >0, x = x,:
= e’ Ie I
=0, Y;=Y;,. withi=O,N

PRI -

t)
©®

(10)

(20)

The reaction rates in the conservation equations are established through the Arrhenious

constitutive equations. Thus for the gas-phase reaction of the volatile gas

o, = — A M, Y, Yople ERTe
the consumption rate of oxygen
Wo = TyWy
where
voMo
g =

v, M,

(21

(22)

(23)



the inert gas

the surface reaction rate

and the pyrolysis rate

3.3. Transformations

Define

PYROLYSING SOLID FUELS

CON=0

— —E¢/RT
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(29)

(30)

(1)

(32)

(33)

In the gas phase, the governing equations and boundary conditions are written in the physical
co-ordinate x which is highly compressed in the mixing zone. In order to maintain a uniform grid
in the computational domain, the x-co-ordinate is replaced by the gas-phase stream function. The

gas-phase stream function is defined to account for variables gas density, and

£ 1) = prg(x,t)dx

*s

For the solid, the following relations are used

o( )e _ o( )edn
ot on dt

2()e _0( )edn
Ox on dx

(34)

(35)

(36)
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For the gas phase, the following relations are used
0( ) _ 9()gdg

ot o0& dt
0(), _ (), d¢
Ox 0& dx
where
dg _ _ndx, dy _ 1
dt ~  x,dt’ dx  x,
dE_ [fdpdr  dx de

dt = J ot p, Prrdr dx e

The transformed conservation equations are
gas phase mass

¢ Oop, dé
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and

Boundary and initial conditions
Fort < O:

Fort>=0,n=0:

(39)

(40)
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Fort>=0,y=1and ¢ =¢;:

os = (1) (49)
o0 00
Opp=1=0,:5 | = =| =2
e (), -(3)..
_<%> +n1<6—9§> F0i+0.—0,~0,=0 (s1)
M Jy=1 0¢ Je=z,
Y,
Yo . = o2 z’o _
ms O,s pgD< aé >€=§s [O1 (52)
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2
pgD<6Yv>
Yoe=1+ 54
' ms s =< ( )
Fort >0 and at { = &,
Yv,e = 0, Yi = Yi,e WIth i= O’N (55)
Ogc = ¢ =10 (56)
00, 0Y; do A
(65>e_(66 )e_<d—€>e_0 with i = v,O,N (57

3.4. Ignition condition

For the solid, the ignition condition is satisfied when the rate of change of the surface
temperature due to the surface oxidation reaction is equal to the rate of change of the surface
temperature due to the laser heating. Mathematically it is

- (a()c, n= 1/at)chem >
* (aec n= l/at)laser ~

For the gas phase, a similar definition is made for every point in the calculation domain, and

_ (agg,é/at)chcm >
gs =
(aeg, C/at)laser

(58)

(59)

4. NUMERICAL CALCULATIONS

The present numerical procedures used follow the method of lines. The spatial co-ordinates of the
governing equations and the corresponding boundary conditions are discretized employing the
usual central difference approximation.

aeg,i — 9g,i+1 - eg,i—l
ot 2AE
aeci Gci+1-00i—l
i e : 61
on 2An 1)

(60)
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00, ; By =205+ 004
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» — > 3 k) 63
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These discretized equations are then used to transform the governing equations into a system
of ordinary differential equations in temporal co-ordinates for

species
Y 2 Yiien —2Y0— Y4 Yiivi— Yoy S
it LS B pl 2ii Js Js _ Js Js —
o II; i +p < N My A with j = v,O,N
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gas phase energy
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- Bl O (e 67)
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solid energy
00 o[ Oiv1— 200+ 0y
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where i = O to k; k is equal to 1/Ax for the solid layer and k is equal to £ /A for the gas phase.
These equations are solved with the following conditions:
Fort <O

Y,i=0 Y;;=Y;, withj=O,N (69)
O,;i=0.=Y,.=0 (70)
For t 20, n = 0 (i = 0 for the solid):
0., o1=0.; 0.0=1 (71)
Fort=0,n=1, & =¢ (i = k for the solid and i = 0 for the gas phase):
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2AE(m Yo, 0 + @)
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2Alm Yy o
Yn-o1=Yn1— | ———
N, -1 N, 1 [ 02D (76)
Fort =0, { = &, (i = k for the gas phase):
Ogi+1 =0gk—15 Yips1 =Yy withi=v,ON (77
Opu=¢=1 Y. =0 Y, =Y, withi=ON (78)

The present numerical procedures use the flow quantities (V; ,, i represents temperature, species
etc.), which are known at a time level t and everywhere in the calculation domain, to advance the
solution to a new level time t + At(V; ,+4,). The computer time is no longer a primary constraint
with the present computer technology, consequently, one can use a very small time step At and
Vi .+as can be explicitly approximated as

Vivas = Vi + 2210 19
ot

The major problem in solving these equations is the stiffness, due to the presence of widely
separated fast and slow kinetic rate equations. This requires a variable time step for the
time-dependent solutions. The time step satisfying the following conditions is found to be
sufficient to smooth out the solutions

ov; av;
V; / MIE-32 At = [V; “E —
[ ) at] t=1 ,,/ 81?] 8 (80)

With At determined from equation (80), Ay = 0-2 for the solid and A¢ = 10~ *g/cm? and the
initial computational £, = 107 g/cm? for the gas phase, the above ordinary differential equa-
tions in temporal co-ordinates, with the described conditions, are integrated. The integral
equations for the absorption of the external radiation, equation (45) and for the gas-phase mass
flux, equation (41) and the mass flux at the solid surface, equation (46), are solved using the
Simpson 1/3 or combination of 1/3 and 3/8 rules. For each time step, the numerical procedures
are summarized as follows:

(1) With known values of Y,, Y, and 0, everywhere in the calculation domain (from ¢ = 0 to
& = ¢&,), calculate Q, for i = 0 to k. Value of the absorption of the external radiation at every
point, (d¢/d¢);, is calculated by integrating equation (45) from i to k. The gas phase mass
flux, on the other hand, is calculated by integrating equation (41) from i = 0 to i. Values of
Y, -1, Yo, -1, and Yy —, are calculated using equations (74)—(76). With values of 6. from
i =0to i =k, equation (26) is used to calculate the devolatilization rate everywhere in the
solid and the surface mass flux, m;, is calculated by integrating equation (46) from i = 0 to
i=k

(2) Using known values of d¢/d¢, ¢ and Q, at i=0; 6, at i=0and i =1; 6. at i = k and
i = k — 1 calculate Q.,Q,,Q,,Q,. Values of 0. ,..; and 6, _, are calculated using conditions
given in equations (72) and (73).

(3) Using values obtained from step (1) and (2), equations (65), (66) and (68) are calculated from
i = 0 to i = k. The corresponding calculation domain, &,, is determined by repeating step
(3) until conditions (77) and (78) are satisfied.

5. RESULTS AND DISCUSSIONS

The numerical model described above is used to simulate radiative ignition of a coal pellet. The
following data are used in the simulations!!!%: p, = 1 g/em?®, . = 6:5x 10~ *cm?/s, f. = 08,
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x, = 0-3cm, 4, = 2:06 x 10° 1/s, E¥ = 2966, AH,, = 1550 J/g, A, = 5075 x 10*cm/s, E¥ = 33-52,
AH,=30000J/g for bituminous and A,=4614x10*1/s, E}=1860, AH,=1550J/g,
A, = 4614 x 10* cm/s, E* = 28-87 for lignite coal. For the gas phase: p, . = 1176 x 1073 g/cm?,
pgD = 67x10"*g/cms, 4,v,M, = T6x10'2cm’/gs, E} = 63-68, AH, = 50072 J/g and r, = 4.

Figure 2 shows the transmittance of the radiation through the gas phase, in the presence of
gases generated from the Pittsburgh bituminous coal. The data reported in Reference 1 are
included for easy comparison. Data presented in Figure 2 are the ratio of the radiative flux at the
coal surface to the initial radiative flux, (I,/I,), versus time. As shown, I/, remained at unity
during the inert-heating period which is about 0-25-1-75 ms, depending on the intensity of the
radiation. As the pyrolysis process started, I;/I, dropped drastically to 0-3—0-4 within a period of
about 0-5 ms and then leveled off for the rest of the heating period. The results suggest that the
pyrolysed gases from the coal sample can absorb a significant amount of the external radiation
which can be predicted by the present numerical model.

Figure 3 shows the time histories of the surface dimensionless temperature, 6., with and
without the gas-phase absorption, for five different levels of the initial radiative fluxes. The curves
showed a significant effect of the absorption of the external radiation by the devolatilization gases
on both the surface heating and the gas-phase heating. When the absorption in the gas phase was
excluded, the surface temperature increased rapidly with time during the initial heating period.
After the pyrolysis became active, the surface temperature continued to increase slowly and then
leveled off for the rest of the heating period. When the absorption of the radiation in the gas phase
was included, the same rates of the surface temperature rise during the initial heating period was
obtained. However, after the pyrolysis became active, the surface temperature started to decline.

Figure 4 shows the dimensionless temperature profiles, 0,, in the gas-phase region. For the
non-absorption case (the solid lines) the temperature profiles, obtained with and without the
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Figure 2. Calculated and measured I, normalized by I, as function of time for three levels I, (bituminous coal,
Ap =206 % 10 1/s, E¥ = 2966, B, = 1-:01/cm; (------ ) measured,(——} calculated)
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Figure 3. Calculated 0., as function of time with and without the gas-phase absorption (bituminous coal,
A, =206x10°1/s, E¥ = 2966, f, = 1-01/cm)
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Figure 4. Gas-phase dimensionless temperature profiles as a function of space and time (bituminous coal, {------ ) with
absorption, f; = 11/cm, and chemical reaction, ( ~——) with absorption #, = 11/cm, and no chemical reaction, (——)
without absorption and with/without chemical reaction)
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gas-phase chemical reactions, are the same. The highest temperature was always at the surface
and decreased monotonically toward the edge of the calculation domain. This indicates that
chemical reactions in the gas phase are not active enough so as to contribute significantly to the
gas-phase heating leading to ignition.

For the absorption case (the dashed and dash-dotted lines), however, there was a sudden rise in
the gas-phase temperature just after the onset of the devolatilization. The gas-phase ignition was
observed at time ¢ = 3-14 ms, where the curve, obtained without the gas-phase reactions (dash-
dotted line), reached its maximum temperature of about 1200K (6, = 4-0) while the curve,
obtained with the gas-phase reactions (dashed line), had the maximum temperature of about
1380 K (0, = 4-6).

The surface ignition time and the gas-phase ignition time are shown in Figures 5 and 6,
respectively. For radiative fluxes ranging from 2500 to 7000 W/cm?, the ignition of lignite and
subbituminous coals was seen as an integration of two consecutive ignition modes: The surface
ignition occurred first and it was then followed by the ignition of the volatile gases in the
gas-phase region. However, only a single gas-phase ignition mode was observed for Pittsburgh
bituminous coal. Included in these figures are the measured ignition times reported in
Reference 1. A good agreement between the measured and the calculated ignition times was
obtained. The ability of the numerical model to predict the ignition modes and the magnitude of
the ignition times for the coals seems to be due to the inclusion of all processes, associated with
the radiative ignition of coals.

The eflects of the surface ignition reaction activation energy and the devolatilization activation
energy on the gas-phase and the surface ignition times are shown in Figure 7. It is clear that for

5.0
* NDL
= \WYSB
— Predicted
3.0 —
w
£
1.0 — .
0.0 L | |

1 4.0 7.0
I, x 107 ¢W/cm?)

Figure 5. Measured and calculated surface ignition times as a function of I, (Ef =28, E¥ =12; B, = 1-01/cm; NDL:
North Dakota lignite; WYSB: Wyoming subbituminous; INL: Indiana lignite)
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Figure 6. Measured and calculated gas-phase ignition times as a function of 1, (8, = 1-0 1/cm; (----- ) predicted lignite;
Ej = 28; E¥ = 12; (——) predicted, bituminous; NDL: North Dakota lignite; WYSB: Wyoming subbituminous; INL:
Indiana lignite; PITB: Pittsburgh bituminous)
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Figure 7. Effect of the surface ignition reaction activation energy, E¥*, on ignition times (I, = 3632 W/cm?; E¥ = 63-68;
B = 10 1/cm)
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Figure 8. Effect of the gas-phase reaction activation emergy, E¥, on ignition times (I, = 3632 W/cm?; EX =28,
Bs = 1:01/cm)

each value of the devolatilization activation energy there exists an upper limit of the surface
ignition reaction activation energy, below which, two ignition modes are present. However, when
the surface ignition reaction activation energy is above this limit, the surface ignition is not
obtainable and only the gas-phase ignition is possible.

Figure 8 shows the gas-phase and the solid ignition times as a function of the gas-phase
activation energy. There exists a lower limit of the gas-phase activation energy, above which, the
surface ignition was obtained and this was followed by the gas-phase ignition. The existence of the
lower limit of the gas-phase activation energy is due to the fact that although the gas-phase
reaction is not active at low temperature and low concentration of volatile gases in the initial
stage, the oxidizer is consumed rapidly due to the high value of the stoichiometry ratio and the
low value of the activation energy. As a result, the amount of the oxidizer coming to the coal
surface is reduced. In the later stage, as the devolatilization becomes active, volatile gases act like
a shield preventing the oxidizer from reaching the coal surface. Thus the lack of oxidizer at the
coal surface, due to the low value of the gas-phase activation energy in the initial stage and due to
the present of the volatile gases in the later stages of the ignition event, prevents the surface
ignition from occurring.

6. CONCLUSIONS

A numerical model of the radiative ignition of a pyrolysing solid fuel was presented. The model
included essentially all processes associated with the radiative ignition of a pyrolysing solid fuel
and it was able to predict the two ignition modes and the amount of the external radiation
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absorbed by the volatile gases reported in Reference 1. The absorption of the external radiation
by the volatile gases was found to be a very important process which led to the ignition of the
volatile gases in the gas phase. Such a process also significantly controls processes occurring at
the target surface, in the gas phase in the initial stage, and during the combustion of the residual
gases in the final stage.

A sensitivity analysis, where the kinetic parameters of the reactions involved, was also carried
out. This analysis established an upper limit of the surface activation energy and a lower limit of
the gas-phase activation energy. Within these limits, the radiative ignition of coals was an
integration of two consecutive ignition modes: The surface ignition occurs first when it was
followed by the gas-phase ignition. Beyond these limits, the gas-phase ignition was the only
ignition mode to prevail.

APPENDIX

Nomenclature

A, pre-exponential factor of gas-phase combustion reaction (m3/kg? kmols)
A, pre-exponential factor of volumetric pyrolysis reaction (1/s)
A, pre-exponential factor of surface combustion reaction (m/s)
¢, specific heat (kJ/kgK)
D diffusion coeflicient (m?2/s)
E activation energy (kJ/kmol)
* dimensionless activation energy
I radiative energy flux (kJ/m?s)
I, initial radiative energy flux (kJ/m?2s)
15 the upper limit of the radiative energy flux (kJ/m?s)
M  molecular weight (kg/kmol)
m, pyrolysis mass flux at the solid surface (kg/m?s)
R universal gas constant (kJ/kmol K)
t time (s)
t;, s surface ignition time (s)
t;, gas-phase ignition time (s)
T temperature (K)
T. ambient temperature (K)
u gas velocity (m/s)
x x-co-ordinate (m)
x, initial thickness of the solid (m)
x, initial edge of the gas phase (m)
Y mass fraction
Y#¥. volatile fraction in the solid

Greek symbols
o, solid thermal diffusivity (m?2/s)
fB. absorption coefficient of the solid
B, absorption coeflicient of the gas phase (1/m)
I'y surface ignition condition
I',,: gas-phase ignition condition
AH, heat of pyrolysis of the solid (kJ/kg)
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AH_. heat surface combustion reaction (kJ/kg)
AH, heat of gas-phase combustion reaction (kJ/kg)
n dimensionless distance co-ordinates
6 dimensionless temperature
f; dimensionless ignition temperature
4 thermal conductivity (kJ/m Ks)
v; stoichiometric coefficient of species i
& stream function
p density (kg/m?)
o Stefan-Boltzmann constant (kJ/m2sK?*)
¢ dimensionless intensity of the radiative heat flux
w, gas-phase reaction rate (kg/m?>s)
o, surface reaction rate (kg/m?s)
w, pyrolysis rate (1/s)

Subscripts

solid

ambient condition
gas

species i, ignition

nert gas

oxygen

pyrolysis, product
surface

volatile

«c 0w OZ g 0 &
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