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Abstract—In this study the ignition model of a PMMA (polymethyl-methacrylate) wall has been proposed
in a two-dimensional rectangular enclosure when it is initially exposed to a high-temperature source. The
effect of surface radiation has been taken into account. It was found that the transient development of
thermo-fluid fields was strongly governed by wall heating due to surface radiation. In particular, the rapid
heating of the adiabatic floor made the flow very unstable, creating complex secondary recirculating flows.
Depending on the hot source temperature, the ignition process was controlled either by mixing and
transport of fuel vapor and oxidizer in the vicinity of the hot wall, or by infiltration of hot air into the
region near the PMMA wall. Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

Ignition of organic solids exposed to a high tem-
perature heat source is one of many interesting topics
in the fire safety area. Due to the severe financial and
environmental damage incurred by a fire hazard, it
would be very beneficial to determine how to diminish
the potential danger of ignition.

When an organic solid is heated, it starts to be
pyrolysed while ejecting volatile gases. The volatile
gases are then diffused and/or convected to mix with
the oxidizer in the surrounding air. As this mixture is
chemically or thermally provoked, the onset of
ignition takes place. Therefore, the ignition process of
pyrolysing organic solid fuel is considered to be a very
complex phenomenon comprised of heat and mass
transfer as well as chemical reaction.

During the past decades many studies have reported
on the ignitability of various materials and their
ignition mechanisms. Simms [1] empirically explored
the radiative ignition of cellulosic materials such as
wood and paper. It was shown that ignition was first
observed in the gas phase and that the external con-
vective drafts and exhaustion of volatile gases are
important factors to determine whether or not ignition
can occur. Martin [2] carried out an experimental
study with cellulosic materials and showed the import-
ance of gas phase ignition. The effect of free con-
vection on the ignition of a vertical cellulosic panel by
thermal radiation has been studied by Alvares ez al. [3].

A great deal of work was performed with PMMA
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(polymethyl-methacrylate) or other plastic materials
in diverse fire related research studies. Kashiwagi [4]
investigated radiation-induced ignition by considering
the detailed radiation effects of the solid fuel and dis-
cussed the ignitable domain as a function of several
different parameters. An experimental study of radi-
ative ignition was also carried out for two types of
orientation [5]. The ignition delay times were found
to be shorter for a horizontal sample than for a vertical
one at the same external radiant flux. Gas phase
ignition in a boundary layer along a vertical plate was
examined by Gandhi and Kanury [6] while con-
sidering the effect of natural convection. A one-dimen-
sional transient ignition model including gas phase
radiation as well as in-depth radiation of a solid fuel
was also proposed by Park and Tien [7]. Because
gas phase radiation was included, a different type of
ignitable domain was obtained in comparison with
the work by Kashiwagi [4]. Baek and Kim [8] dis-
cussed the gas phase ignition of pyrolysing PMMA
exposed to a radiative source in a one-dimensional
slab geometry. The emissivity of the hot radiation
source was observed to play a significant role in the
ignition process.

Whereas all of the aforementioned studies were per-
formed in open environments, many practical prob-
lems related to fire research are taking place in con-
fined geometries. In principle, the ignition problem
has a very close link with the natural convection prob-
lem. Unsteady natural convection in a rectangular
enclosure is a long-standing topic in the area of fluid
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NOMENCLATURE

Greek symbols
%p thermal diffusivity of PMMA

B volumetric coefficient of thermal
expansion
e emissivity
A thermal conductivity
u dynamic viscosity
p density
(0] viscous dissipation function
[ stress tensor
w reaction rate.
Superscripts
C conduction
P pyrolysis
R radiation
T net.
Subscripts
F fuel
h hot wall
O oxidizer
$ interface of PMMA
w wall.

mechanics and heat transfer. An oscillatory mode of
solution converging to a final steady state condition
was found to exist for certain flow regimes by Ivey [9].
It was argued that this oscillatory behavior is due to
the inertia of the flow entering the interior of the cavity
from the side wall boundary layers, which may lead
to a form of hydraulic jump if the Rayleigh number
(Ra = gBATH’jva) is sufficiently large.

When surface radiation takes part in heat exchange
among the walls, the basic nature of the flow becomes
totally different from the case in which no radiation
is involved. The rapid heating of the walls due to
absorption of radiation would make the flow locally
unstable, so that a very complicated fluid motion
would be incurred during the initial period. This
would enhance the development of thermo-fluid fields.
By the same reasoning, the radiation would reduce the
heating time required for a solid fuel to be pyrolysed in
an ignition process within a confined geometry.

In order to elucidate these concepts in this work,
the radiative and convective ignition of a vertical wall
composed of solid fuel is numerically analysed in a
confined rectangular enclosure. Convective and radi-
ative wall heating, evolution of volatile gases from the
solid fuel, their mixing with ambient air by diffusion
and convection, and the eventual ignition process
(where an appropriate thermal condition is met) are
all addressed. To the authors’ best knowledge, this

work represents the first approach in modeling tran-
sient radiative and natural convection ignition in a
confined geometry.

2. ANALYSIS

In order to investigate the ignition phenomenon by
convection and radiation in a rectangular enclosure,
consider a schematic diagram of the physical domain,
depicted in Fig. 1. Initially the enclosed air and all of
the wall boundaries are assumed to be held at ambient
temperature and the air is stagnant. At time 7 > 0, the
temperature of the left-hand side wall is increased to
T\. Both the upper wall (ceiling) and the lower wall
(floor) are considered adiabatic and the right-hand
side wall is a combustible solid composed of PMMA.
The involved gas would begin to be naturally con-
vected near the very high temperature wall. But
instead of adopting the Boussinesq approximation,
as is commonly done in solving natural convection
problems, the ideal gas equation is utilized. The trans-
port properties of air are allowed to vary depending
on temperature, as given in Table 1. As the PMMA
wall is heated by convection and surface radiation
from the other walls, the ejected fuel vapor is con-
tinuously supplied to the surrounding air, thereby
increasing the pressure. Therefore, the pressure and
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Fig. 1. Schematic diagram of the physical and geometrical domain.

Table 1. Transport properties of air

Property of gas (air) Symbol Value
Density p(at 300 K) 1.177 [kg m~ 7
Heat of formation for fuel Ao 26x10"[J kg™
Pre-exponential factor for A 1.6x 10" [kg K*’m™s7!]
gaseous reaction
Activation energy E, 1.8 x 10°[J kg ' mole™!)
for gaseous reaction
Universal gas constant R, 8314.4[J kg~' mole™' K1)
Lewis number Le = AjpcpD 1(constant)
Dynamic viscosity _1458x10777 I
M= Tgarr  kemosTl
Thermal conductivity 2.6482x 107 T Wm-'K ]

Specific heat

dissipation terms are not neglected in the energy equa-

T 142454 % 10717

ep=917—0.258T—0.398 x 10~*T> [Jkg~' K

energy equation

tion below.
According to the assumptions mentioned above, dph dpuh 0 (. 0T\ 0p op
. . — 4= ™ + = 4+u—+ud
the governing equations for the gas can be expressed ¢ ox; T ox,\ " ox, ot dx,

as follows:
continuity equation

0 opu;
o dpu o
0x;
momentum equation
dpu;, Opuy;  3Op  Ougy

ot éx, ox;  0Ox;

+'@—(/JDZ o, ) ZAh,kwk

M
species conservation equation
opY, OpuY, 0 oY,
+of, O o Ty @\l )T
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equation of state
p=RpT &)

where the gravity force, f], stress tensor, ¢;, and dis-
sipation finction, ® are written as:

. _[fe=—gsing
5§ 2 o)

(0w Ow\_20u
%i=\ax, T ox,) 3w,

Ou; ou;\* ou 2 2/ou\?
®= 0,5 = 25,,(5_) + [(1 —5,,.)5;1} _ 5(0){,) ‘
(6)

The multi-component diffusion coefficient, D, was
assumed to be equal for fuel and oxidizer. ¢ is the
inclination angle between gravity direction and coor-
dinate. The exothermic gas phase reaction of the fuel
is modeled by a single step of the form

Ve My +voMg = voM, (7

with a global second-order reaction rate described by
Arrhenius kinetics :

vl

voWo

WE

wo = —A YFYOT‘Zexp(— REa ) 8)

In order to illustrate the thermal decomposition of
the right-hand side PMMA wall, the following two-
dimensional transient form of the energy equation for
the solid fuel is solved

T,
+ —i) ©)

Ty <02 Ty
A, = Op ~ s
oy*

ot ox?

Corresponding initial conditions for the gas and
solid fuel are

u=p=0ms"',

h=0JTkg~' (from T =300K)
p=1177kgm™? Y =0
Yo =0232 Tp=300K. (10)

The boundary conditions for the gas phase governing
equations are given as follows:
at x = 0 m (wall with heat source)

u=v=0ms""

h=h,Jkg=" (from T = T, K)
ey 2oy _yg
ox Ox
at x = L m (PMMA wall)
#=—rvpms~' v=0ms"

h=hJTkg™'
oT R aTp
<from _AE;L_C]S —pvpLly, — Ap ox | =0
Yy
—pve = —prpYe,—pD ox
Y,
0= —pvao‘s—pD—a—xO- )

at y = 0 m and y = H m (adiabatic walls)

u=v=0ms"!

h=h, kg™ (from q) = g5+ g% = 0; adiabatic con-
dition)
2y,
Jy

Yo
i Rk

w

(I

The boundary conditions for the solid fuel energy
equation are

T=Tp,K (atx =0m)

——an =0 (atx =0m)
ax W
T,
6_6? =0 (aty =0, Hm) (12)

where § is the thickness of the solid fuel.

As the PMMA wall is heated, it is thermally decom-
posed. The volatile gases formed are then mixed with
the enclosed air. The rate of pyrolysis is assumed to
be governed by a first-order Arrhenius type expression

as follows :
Ep
Ru Ps ’

The thermo-physical properties of PMMA are
listed in Table 2 [10, 11]. In order to keep the flow
laminar, the height and length of the rectangular
enclosure are assigned values of 0.1 m, respectively.
The thickness of PMMA is considered to be 0.01 m.

In this work, since the direct exchange of radiative
energy is assumed among the gray walls involved, it
is necessary to account for the radiative heat flux at
each wall. The radiative heat flux ¢® at the jth gray
wall with an arbitrary temperature distribution can be
written as

PUp = Zexp(— (13)

gr(s) = Ji(s) —GAs)

where G and J represent the irradiation and radiosity,
respectively. There is the following relation between
irradiation and radiosity :

(14)

J(s) =0T} (s)+ (1 —¢)G(s) (15)

4

d4,G (s) = ZJ J(s)d4,dF,_,

i=1

(16)
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Table 2. Thermo-physical properties of polymethylmethacrylate (PMMA)

Property of PMMA Symbol Value
Density Pp 1.17x 10° [kg m™?]
Specific heat ¢ 1.22x 10T kg ' K]
Thermal diffusivity op = Jp/ppc 1.296 % 107¢[m? 5]
Latent heat of pyrolysis L, 1.007 x 10°[J kg™ "]

Pre-exponential factor for pyrolysis z 3.6x 102 [kgm=?s"]

Activation energy for pyrolysis E.» 1.8 x 10*[J kg~' mol ]
Surface emissivity Eup 0.92

Stefan-Boltzmann constant a 56699 x 1078 [Wm 2K

where ¢, d4; and dF;_; are the wall emissivity, the
differential area of the jth wall and the geometric
configuration factor defined as a fraction of energy
leaving the elemental surface area dA; that arrives at
the surface element d 4;, respectively. Whereas a black
body is assumed for the hot left-hand side wall with
an emissivity of unity, the emissivities of the adiabatic
ceiling and floor are both set to 0.8. The PMMA
wall emissivity is 0.92. There is a reciprocity relation

governing the geometric configuration factors
dA;dF,_; =dA4;dF;_,. (17)

From equations (14)-(17), the following relations
can be obtained

Ji(s)dF;_;

i

10 =eeTiw+0-0) 1 | (18)

A

6]
I—eg;

7 (s) = |:0T7(S)—J,(S)} (19)
According to the geometric coordinates in Fig. 1,
the geometric configuration factors can be deduced as

the following:

dF,vz_sz_, _1 1?

d4, dd, 2L+ (y,—y))"?

dF\_; dF;_, _l Y1X3

ddy  dd, 2/ 0 \®
(x3 +y1>

dFf,_, _dF4_1 _1 (H—y1)x4

dd, —d4, 27 | P
|:—\'Z+(H-}’|) }

dr;_; __sz-z_l YL —x3)

d4, — dd4, 2 .
[(L_x3)h+)"§}

dF,_, ___dF4fz :l (H=y)(L—x,)

ddy — ddy " 2[(H—p,)* +(L—x)"

dF;_, _dF4,3 _l H?

dA4 dA3 2[H2+(x4_x3)2]3/2

dF,_;=0. (20)

The gas phase governing equations are numerically
solved by the well-known SIMPLER algorithm [12]
using the QUICK scheme [13] for the convective term.
The algebraic equations for the radiative heat flux are
solved by direct inversion of the full matrix. A 61 x 61
nonuniform grid is adopted for the gas phase calcu-
lation, with computational cells clustered near the wall
region, whereas a 15 x 61 uniform grid is used for the
solid fuel region.

3. RESULTS AND DISCUSSION

The onset of ignition of the thermally decomposed
volatile gases would be strongly affected by the evol-
ution of the thermo-fluid field due to the hot wall
source. In the following discussion, therefore, the
ignition mechanism is investigated for various tem-
peratures of the heat source.

Figure 2 illustrates the temporal development of
velocity vectors, isotherms, mass fraction and reaction
rate (with stoichiometric line) for a hot wall tem-
perature of 1000 K. It must be noted that surface
radiation is taken into account in this study. Initially
a very steep temperature gradient is formed along the
hot wall surface. Simultaneously the thermal bound-
ary layer is also developing at the adiabatic ceiling
and floor, since the surface radiation instantly heats
the other inner surfaces. The velocity boundary layer
is also evolving near the hot wall due to the buoyancy
effects. The location where the maximum velocity
occurs is represented by the circle in the figure. The
uprising flow in this layer drives the stratified tem-
perature field in the upper zone of the enclosure. This
upward flow then turns in a downward direction due
to blockage by the ceiling wall. The right-hand side
PMMA wall surface is also exposed to incident radi-
ation from the other walls. While one part is trans-
mitted into the solid fuel by conduction, the remaining
part is delivered to the air. The PMMA fuel is thus
continuously heated to reach its pyrolysing tempera-
ture. The heat supplied to the air induces another free
convective boundary layer at f = 0.6 s. As the bottom
wall continues to be heated, a rising current of air
develops. This rising motion from the floor provokes
a very complex recirculating flow pattern, starting
from 1= 0.6 s. As the upward gas flow is getting
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stronger near the hot wall, it provides momentum,
which induces the downward gas motion along the
right-hand side PMMA wall, as shown in the figure
att =40s.

At 1t =52 s, the PMMA wall is being pyrolysed
along the surface. The pyrolysed fuel vapor is con-
vected towards the hot wall, along with the main con-
vective currents, while being mixed with air. A sig-
nificant amount of reaction is observed at the upper-
left corner in the reaction rate plot at 7.35 s. Although
the stoichiometric line is already in contact with the
lower part of the hot wall before ¢t = 6.6 s, as shown
in the reaction rate plot, an appreciable amount of
reaction (ignition) is taking place when the stoi-
chiometric line reaches the upper part of the hot wall.
At t = 5.2 s, the plots shows that ignition cannot be
incurred even though there exists a stoichiometric
mixture, since the local temperature is lower than 800
K near the PMMA wall. This is consistent with the
results shown by Kim [14], that no exothermic reac-
tion takes place throughout the developing period
when the hot wall temperature is lower than 900 K.
Once the stoichiometric mixture reaches the area near
the hot wall, it is promptly displaced in the upward
direction due to a relatively high local velocity, as seen
in the figures for + = 6.6 and 7.35 s. As the stoi-
chiometric line is convected along the hot wall, more
stoichiometric mixture is established and sim-
ultaneously heated in the vicinity of the hot wall. In
the region below the stoichiometric line, a fuel rich
mixture exists. Ignition is therefore taking place only
after enough of the stoichiometric mixture is produced
by mixing. The ignition process is thus considered to
be primarily controlied by mixing and transport of
fuel and oxidizer.

When the hot wall temperature is increased to 1100
K, a more complicated variation of thermo-fluid vari-
ables is observed, as shown in Fig. 3. The rising fluid
motion from the bottom wall and the resulting sec-
ondary recirculation flows are seen to be more vivid
and stronger, which would enhance the mixing of fuel
and oxidizer. The rate of evolution of fuel vapor is
also faster. Thus the stoichiometric mixture is more
widely distributed in the enclosure. A considerable
amount of reaction is beginning to occur at 1 = 4.0 s,
as there exists a small amount of fuel vapor at the hot
wall. However, at this time, the stoichiometric line is
not yet in contact with the hot wall. As time passes,
more fuel vapor is convected into the hot wall region
and the reaction proceeds all along the hot wall, When
the stoichiometric line comes in contact with the hot
wall, the flame would develop and exist along the
stoichiometric mixture.

When the hot wall temperature is further increased
past 1100 K, a different type of ignition mechanism is
observed. This is shown in Fig. 4, for the case in which
the hot wall temperature is 1300 K. Due to the effect of
strong surface radiation, the thermal boundary layer is
seen to be developing at all of the walls. A strong
upward fluid motion is induced at the PMMA wall,

which starts to be pyrolysed at an early time. The
evolved fuel vapor is mixed with oxidizer by con-
vection and diffusion. However, in this case, the upris-
ing fluid motion from the bottom wall does not con-
tribute to the mixing phenomenon mentioned above.

While the stoichiometric line is diffusing out ver-
tically from the PMMA wall following the fluid
motion, the reaction starts near the right-upper
corner. Here the movement of fuel vapor is quite
different from the previous two cases. It results from
the strong natural convection along the PMMA wall
caused by the strong effect of surface radiation. Conse-
quently the generated fuel vapor does not move in the
clockwise direction to the hot wall region. Rather, the
high temperature thermal region originating from the
hot wall steadily grows to reach the PMMA wall,
where a reasonable amount of fuel and oxidizer exists.
Eventually, the onset of ignition is prompted at this
PMMA wall. Thus, this ignition process is considered
to be thermally controlled, which is different from the
two previous cases.

To investigate the characteristics of heat transfer
and PMMA pyrolysis, the Nusselt number, mean tem-
perature and mean ejecting velocity along the PMMA
surface are defined such as

Nul = Nut 4+ Nul + Nuf

H C
iF .
H|, [ATv—T)f,._,

l H qR
+ — o tw dy
HL {A(Th-TO)LL !

1 (7 —povply
+ = —_— dy 21
HL {M—To) L@y
1 H 1 H
Upm = ﬁJ;) Up d}’, TP,m = EJVO TP dy (22)

where superscripts T, C, R and P denote the net,
conductive, radiative and pyrolysis terms. The first
and second terms on the right-hand side of equation
(21) represent the conductive and radiative heat fluxes
toward the PMMA surface. The last term (with the
negative sign) represents the heat required for PMMA
to be thermally decomposed.

Figure 5 shows a temporal variation of these vari-
ables versus time on a logarithmic scale for various
hot wall temperatures ranging from 900 K to 1350 K.
Initially the positive radiative term is slightly larger
than the net term, as shown in the figure. This means
that the PMMA wall is predominantly heated by radi-
ation from the other walls. The temperature of the
PMMA wall therefore becomes higher than that of
the surrounding gas. Subsequently this results in net
conductive heat transfer from the PMMA wall to gas,
which is represented by the negative value of Nu‘.
In the initial heating period, the fraction of incident
radiant flux, which is provided back to the air is small,
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as shown in the figure. Afterwards, as the hot gas
originating from the hot wall is supplied into the
region near the PMMA wall, the sign of Nu® is
reversed. As the PMMA is heated, it begins to be
pyrolysed, thus increasing the absolute value of Nu’.

The rate of devolatilization is well shown in the
figure of vp. When the mean temperature 7} reaches
470 K, the ejecting velocity of the volatile gas cor-
responds to about 0.001 m s~' and thereafter it
increases.

Figure 6 illustrates a summary of the ignition mech-
anism considered to take place in this geometry for
various hot wall temperatures, T,. For values of T}
lower than 900 K, no ignition is observed. For cases
in which 900 K < T, < 1100 K, the thermally decom-
posed volatile gas migrates toward the hot wall region,
while mixing with the oxidizer. The ignition is thus
mainly controlled by a mixing process of volatile gas
with air, and ignition occurs near the hot wall region.
However, for cases in which 7, > 1100 K, the hot air
originating from the hot wall region migrates to the
PMMA wall region where the volatile gas is about
to diffuse out. Consequently, ignition occurs in the
PMMA region. This ignition is considered to be ther-
mally controiled.

4. CONCLUSIONS

Ignition phenomenon of a devolatilizing solid fuel
in a confined geometry is considered to be a very
important topic in the area of fire safety. However, due
to its inherent formidability in the various physical
processes involved, it has not yet been fully addressed.
In this work, a numerical study has been performed
to analyse the radiative and free convective ignition
of a PMMA wall in a confined rectangular enclosure.
The ignition mechanism has been discussed for vari-
ous hot wall temperatures, 7}, with surface radiation
included.

The unstable nature of fluid motion due to buoy-
ancy has been observed at the floor region, which is
initially heated by surface radiation from the hot wall.
Eventually it induced a very complicated recirculating
flow pattern inside the enclosure, which then affects
the mixing of fuel and oxidizer. No ignition takes
place when the hot wall temperature is lower than 900
K. For the case of 950 K < 7T, < 1100 K, the ther-
mally decomposed volatile gas at the PMMA wall
migrates into the hot wall region, assisted by con-
vective fluid flow. After being mixed with oxidizer, it
ignites there in the hot wall region. This ignition pro-
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Fig. 6. Schematic illustration of ignition mechanism for various hot wall temperatures.

cess is considered to be controlled by the mixing and
transport of fuel and oxidizer. However, for
T, > 1100 K, ignition was controlled by the infil-
tration of hot gas originating from the hot wall into
the fuel vapor region created near the PMMA wall.

From the calculation results, the internal flow pat-
tern and ignition mechanism depend strongly on the
specific configuration thus further geometries such as
containing obstacles and round corners remain to be
studied.
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