
 1

��������	
��������� 

����������� !"�#$%&'()!� 

Ignition and Transition to Flame Spread Over a Thermally-Thick Solid Fuel in a 

Gravitational Field 

��*+ NSC88-2212-E009-017 

,�-./012/3456/0/2137045 

89:;<=>?@       ABC�DEF?@ 

GH 

 
��������	
�������
������������� !"#$
%&'()*+,�-./0�12$
� !"#$%&'()345��67
89:�;<89:=>?9:�;@8
9:=&'AB9:�C9:DEFGH
#$I4%<8IJKI4,L>?9
:�MN$�KOPQRST>?UVW
>XYZ�[\YZ]^_`aKbc�
dDE=efL>?9:gh�MN$�
ijklmnopqr6,L&'AB9
:K#$I4�stL>?9:uvKw
x5$yzA{|}op�~����K
?�sC�L#$I4y�QRSL�U
V���YZ,�U&'K�N�L#$
I4�ewx&'�]K��t��&'
�&'�����,LIJKI4��&
'�U��#$�%?�K�����>
]MN$�Kmn����&'K�L,
C���-.�/0 ¡>?UV5¢
��£<¤N#$��6�¥¦K#$,
§�¨�©RK����-.A*�ª
©Raf «¬®® U�#$ ¯UVST©
RW>XW>�[ª©R�f «¬®® U�
#$ ¯UV°MN$�K±�²³�>
?�K>?]^X´�ª>?]^afM
N$��µK?��]^U�#$ ¯U
VST©RW>XW>,o"�²©R�
|�#$ ¯UVr6K¶·¸¹a,º
 

Abstract 

 
This project numerically investigates the 
ignition behaviors of vertically oriented 
cellulosic materials subjected to a radiant 
heat flux in a normal gravitational field.  
The entire process is delineated into two 
distinct stages.  In the heating up stage, the 
maximum temperature increases with time 
but at a decreasing rate because of the 
pyrolysis reaction.  The flame development 
stage consists of ignition and transition 
processes.  In the ignition process, the 
maximum temperature in gas phase increases 

dramatically within a short period of time 
because a large amount of heat is generated 
from chemical reaction of the accumulative, 
flammable mixture.  The flame is in a 
transition from a premixed flame to a 
diffusion one, except for the small region 
around the flame front.  For the effect of 
varying the heating duration on ignition 
behavior, prolonging the imposed radiative 
heat time leads the ignition from a transition 
one to a persisting ignition.  The effect of 
varying the solid fuel thickness indicates that 
the ignition delay time increases with an 
increase of solid fuel thickness while 

s
δ ≤2.5mm.  For 

s
δ ≥ 2.5mm, the relationship 

between ignition delay time and solid fuel 
thickness depends on external heating rate.  
If the external heating rate is the same order 
as the heat diffuse rate in the solid fuel, the 
ignition delay time increases with an increase 
in solid fuel thickness.  If the external 
heating rate is greater than the heat diffuse 
rate, the ignition delay time remains nearly a 
constant. 
 
Introduction 
 
  This work investigates the ignition 
behaviors of a vertically oriented solid fuel 
subjected to a radiant heat flux under a 
natural convective environment in a normal 
gravitational field.  Although such process 
plays an important role in natural fire growth, 
previous modeling studies of solid fuel 
ignition phenomena only considered the 
following topics: simple flow fields, such as 
stagnation point flow [1] and potential flow 
in microgravity environment [2] [3]; solid 
fuel energy conservation [4]; and 
one-dimensional assumptions [5].  There 
are no sophisticated models to describe the 
detailed interaction between the gas phase 
transport/chemical process and the solid fuel 
heating/pyrolysis process. 
  In light of above developments, this study 
develops a time-dependent combustion 
model to simulate and study the process of 
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radiative autoignition and subsequent 
transition to flame spread over a vertically 
oriented solid fuel.  The parametric studies 
change the solid fuel thickness ranging from 
the thermally-thin to thermally-thick fuels, 
the peak values of externally imposed flux 
values, and the heating periods.  This study 
concentrates mainly on providing further 
insight into the detailed ignition processes 
and their respective controlling mechanisms. 
 
Mathematical Model 
 
  Figure 1 illustrates the physical 
configuration of two-dimensional ignition 
over a vertically oriented solid fuel.  At time 
t<0, the system is quiescent.  When t ≥ 0, an 
external heat flux in Gaussian distribution is 
imposed on the solid surface.  The 
mathematical model for gas phase includes a 
set of time-dependent, fully elliptic 
conservation equations for continuity, 
momentum, energy, and species, an equation 
of state, and an expression of viscosity 
variation with temperature.  They are 
coupled with the solid phase energy and mass 
conservation equations at the interface.  The 
study adopts an Arrhenius-type expression 
describing the fuel consumption rate for the 
chemical reaction in gas phase, and the 
process that decomposes solid fuel into 
volatiles and char. 
The boundary conditions are: 

Gas Phase 

At 
min

xx = : 

0~u =  , 0~v =  , 1T =  , 0Y
F

=  , 

∞=
OO

YY             

At 
max

xx = : 

0
x

Y

x

Y

x

T

x

v

x

u
OF =

∂
∂=

∂
∂=

∂
∂=

∂
∂=

∂
∂

                      

At 
max

yy = : 

0
y

u =
∂
∂

, 0
y

v =
∂
∂

, 1T =  , 0Y
F

=  , 

∞=
OO

YY          

Solid phase 

At 
min

xx = : 

1T
s

=              

At 
max

xx = : 

0
x

T
s =

∂
∂

             

At the mid-plane of the solid fuel bed: 

0
y

T

0y

s =
∂
∂

=

           

Interface conditions: 

Ti=TSi  

( )44

sext

y

i

y

si
s TT.q

y

T

y

T
K

ss

∞
δ=δ=

−εσ++
∂
∂µ=

∂
∂

  

u=0, ms
"= ρivi 

s
y

F
Fi

"

iFs

"

i
y

Y

LeGrPr
YmYm 

δ=∂
∂

⋅µ−=  

s
y

O
Oi

"

iOs

"

i
y

Y

LeGrPr
YmYm 

δ=∂
∂

⋅µ−=
   

 where YFs = 1 , YOs = 0       
  The numerical scheme adopts the SIMPLE 
algorithm [6] and was thoroughly described 
by Lin [7].  The selected non-dimensional 
computational domain and grids are 444.5 x 
133.5 and 230 x 89, respectively.  An SGI 
INDIGO2 workstation, located at National 
Chiao Tung University, performed the 
computations using a minimum time step 
value of ∆t=10, corresponding to 0.0548 sec. 
dimensionally. 
 
Results and discussion 

 

The selected solid fuel is a cellulosic 
material.  The ignition and transition to 
flame spread process over the solid fuel can 
be divided into two stages according to the 
relationship between maximum temperature 
and time as shown in Fig. 2: (I) heating up 
stage, during which the maximum 
temperature, occurred nearly at interface, is 
increased with time, but with a decreasing 
rate, because pyrolysis reaction becomes 
active in the later stage.  In the heating 
process, the heated region is enlarged and 
the flammable mixture preparing for the 
following ignition is generated.  Also, the 
maximum induced flow velocity is increased 
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with time because the increasing temperature 
gradient.  (II) flame development stage, 
which includes ignition and transition 
processes.  The ignition process is 
characterized by a sharp increase in 
maximum temperature.  Such an increase is 
attributed to that a large amount of heat is 
generated from chemical reaction of the 
accumulative, flammable mixture.  
Meanwhile, the flame is in a transition from 
a premixed flame to a diffusion flame, 
except in a small region just around the 
flame front.  The induced flow ahead of the 
flame's leading edge is retarded by the local 
high-pressure plateau, as generated by the 
thermal expansion attributable to active 
combustion.  Thereafter, this high-pressure 
plateau accelerates the flow towards 
downstream.  In the transition process, the 
maximum temperature decreases from the 
highest value since the large amount of 
flammable mixture is almost consumed.  
The flame is fully developed into a diffusion 
flame except in a small upstream region.  In 
addition to the externally imposed heat, the 
flame serves as the heat source to pyrolyze 
the solid fuel further to sustain itself.  The 
observation reveals that the upward flame 
front travels faster than the downward flame 
front (Fig.3), because the heat transfer from 
the flame to the unburnt fuel is rendered 
more difficult by the gas flow moving 
against the propagating flame. 

Figure 4 displays the histories of 
maximum temperature for various heating 
periods under the same incident heat flux 
distribution.  In Case 1, the externally 
radiative heat is imposed and maintained for 
the entire computational time.  For Case 2, 
the incident heat flux is terminated at t=770 
and it is at t=1030 for Case 3.  This finding 
indicates that if the incident heat flux does 
not keep heating the solid fuel after ignition 
initiation occurs (t=770); no persisting 
ignition existed.  Such an ignition is simply 
a transient phenomenon because the 
resultant flame cannot provide sufficient 
energy to overcome the heat loss and sustain 
itself into the later stage.  On the other hand, 
if the radiative heat is imposed until the 
transition process starts, such as Case 1 and 
Case 3, the flame can sustain itself for 
persisting ignition.  This trend corresponds 
to the observation in the experimental works 
of Kashiwagi [8]. 

This work also explores the 
dependency of ignition delay time on solid 
fuel thickness, varying from δs=0.360(0.5 

mm) to 3.605(5mm).  Three peak heat flux 
values (3.5W/cm

2
, 5W/cm

2
, and 6.5W/cm

2
) 

with the same half width of 1 cm are 
selected to further explore the effects of 
solid fuel thickness and external heat flux on 
solid fuel ignition behaviors.  According to 
the prediction(Figure 5), the ignition delay 
time increases with an increase of solid fuel 
thickness when δs< 1.802 (2.5 mm) for all 
three peak heat flux values.  This 
occurrence is attributed to that the larger 
volumetric heat absorption retards the 
temperature rise in solid fuel, which, in turn, 
slows down the solid fuel pyrolysis reaction, 
further delaying ignition.  For 1.802(2.5mm) 
≤ δs ≤ 3.244(4.5mm), the ignition delay time 
remains constant for the high and medium 
peak flux values.  In this domain, if the 
external heating rate is greater than that of 
the heat diffusion rate inside the solid, then 
the temperature distributions are similar and 
the pyrolysis regions are nearly the same.  
Consequently, the ignition delay times are 
more or less the same.  For the peak flux 
equal to 3.5W/cm

2
, the ignition delay time 

increases with an increase of solid fuel 
thickness since the external heating rate is 
the same order as the heat diffusion rate. 
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Figure 1. Configuration of radiative ignition of a 

vertically-oriented solid fuel 
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Figure 2 Time history for maximum temperature(Tmax) 
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Figure 3 Upward and downward flame front and 

pyrolysis front positions 
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Figure 4 Effect of changing externally radiative heat 

imposed time on ignition behaviors 
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Figure 5 Relation between solid fuel thickness and 

ignition delay time at various heating rate 
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