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Convective Thermal Ignition of an Individual
Polymethylmethacrylate Particle

Gwo-Guang Wang* and Jing-Tang Yangt
National Tsing Hua University, Hsinchu, Taiwan 30043, Republic of China

The ignition process of a polymethylmethacrylate (PMMA) particle in a convective environment is studied
theoretically and experimentally. The main parameters in this study are Reynolds number, gas temperature,
initial particle size, and oxygen mass fraction. The effects of these parameters on the ignition delay time, first
ignition position, ignition surface temperature, and ignition mechanism have been studied. The radiative effect
is included in the theoretical model. For some test conditions, experiments were conducted to verify the model.
The first ignition position and ignition delay time have been recorded experimentally. The theoretical results
agree well with the experimental data qualitatively.

Nomenclature
A = pre-exponential factor
CP = specific heat of gas mixture
D = mass diffusivity
d = fuel particle diameter
E = activation energy
F = view factor
k = thermal conductivity
L = heat of gasification
m " - pyrolysis rate
m'" = volumetric chemical reaction rate
n = stoichiometric ratio
Pr = Prandtl number
Q = heat of combustion
tfcond.gs = gas-solid conduction heat flux

= solid phase conduction heat flux
= gasification heat flux
= furnace wall-solid radiation heat flux
= fuel particle radius

R2 = distance from symmetric axis to surface
Re = Reynolds number,
Red = Reynolds number,
r = radial coordinate
T = temperature
t = time
u = tangential velocity
v = radial velocity
x = peripheral coordinate
Y = mass fraction
y - = normal coordinate

Greek Symbols
a = thermal diffusivity
e = total emissivity
v\ = nondimensional position
/LI = dynamic viscosity
v = kinematic viscosity
p = density
a = azimuthal angle, x/R\
asb = Stefan-Boltzmann constant, 1.356 x 10 ~12 cal/

cm2 - s • K4
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Subscripts
e = edge of boundary layer
F = fuel
g =gas
ga = gasification
/ = solid phase initial value
O = oxygen
P = pyrolysis
R = reaction
s = solid phase
w = fuel surface
wa = furnace wall
oo = freestream

Introduction

IGNITION has long been a subject of fundamental impor-
tance due to its close relation to the phenomena of flame

spreading, flame stabilization, and flammability of fuels. Pre-
vious research laid great emphasis on radiative ignition for
solid propellants,1'2 or for polymer materials.3 There is much
research on steady-state convective burning for condensed
fuel.4'5 Studies concerning the transient ignition of solid fuel
or condensed fuel are rare. Only a few theoretical6'9 and
experimental10*11 studies have been done.

There exist three modes of ignition for solid fuels: gas phase
ignition, solid phase ignition, and heterogeneous ignition,
with the gas phase ignition being the main mode for most solid
fuel ignition under convective heating. Amos and Fernandez-
Pello8 studied the ignition and flame development on a vapor-
izing combustible surface due to the absorption of radiation
energy by the gas phase fuel vapor. The study treated the solid
phase as steady-state and assumed the solid phase to be at the
vaporization temperature.

Niioka et al.10'11 studied experimentally the ignition of
polymers and propellants under a convective hot flow. The
results revealed the existence of a critical velocity, where the
ignition delay is a minimum. Niioka's theoretical work12 also
proposed a dimensionless number of the stretch rate of flow
which could reasonably interpret the phenomena. However,
they assumed that ignition always initiated at the stagnation
point. In addition, their results were limited to the high veloc-
ity region due to experimental apparatus limitations.

The problem of ignition position has been studied theoreti-
cally by Rangel et al.13 for premixed combustible flows over a
catalytic or noncatalytic surface. Kashiwagi and Summer-
field14 found that the first ignition position of the solid poly-
meric fuel plate could be shifted when the oxygen concentra-
tion of the flowfield was changed. They also pointed out that
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the nonsimilar calculation was better than local similarity
calculation for analyzing the ignition behavior of the solid
fuels. Yang et al.6 studied the ignition process of polymer
ignition under convective environment and discussed the ef-
fect of oxygen mass fraction on the ignition position.

Since the completed governing equations of ignition of a
solid fuel particle are too complicated to solve, in this paper a
simplified theoretical model based on the nonsimilar bound-
ary-layer theory is developed for the preliminary study of the
ignition delay time, ignition position, and surface temperature
at ignition of a single polymethylmethacrylate (PMMA) parti-
cle in a convective environment. Analyzed were the effects of
the Reynolds number, oxygen mass fraction, gas temperature,
and initial particle size on the ignition delay time, ignition
surface temperature, and first ignition position. The model
deals with only the preignition stage, and the phenomena of
flame development and spreading are not included. The igni-
tion process of PMMA particles in a high temperature furnace
was observed experimentally using a video camera. The igni-
tion delay time was recorded and compared with the theoreti-
cal predictions to verify the validity of the model.

Theoretical Model
The physical problem of the theoretical model is shown in

Fig. 1 schematically. Hot air flows over a spherical PMMA
particle and forms the momentum and the thermal boundary
layers. The PMMA particle is heated by the hot convective air
as well as the radiative heat emitted from the furnace wall and
then pyrolyzes. The pyrolyzed vapor diffuses into the bound-
ary layer and reacts with the hot oxidizing gas. The heat
released from the reaction feeds back to the particle surface
and enhances both the pyrolysis rate and the chemical reaction
rate. When the thermal runaway occurs at a certain position,
ignition takes place, and the flame starts to spread over the
whole particle surface.

Since the ignition process is a complicated phenomenon,
and the mathematical model is highly nonlinear and extremely
complex, the following assumptions are made for simplicity:

1) The characteristic time for the gaseous phase process is
much shorter than that of the solid phase, so the boundary-
layer equations for the gas phase are regarded as quasisteady.

2) The boundary layer is laminar before the separation
point.

3) The pyrolysis rate mp of the fuel is expressed by an
Arrhenius pyrolysis law and depends only upon the surface
temperature,

4) The volumetric pyrolysis inside the solid fuel is negligi-
ble, and the specific heat, the conductivity, and the density are
constants.

5) The chemical reaction is described by a one-step, second-
order Arrhenius kinetics. The volumetric chemical reaction
rate mR is expressed as

Edge of thermal
boundary layer >

= ARp2Y0YFexv(-ER/RT) (2)
6) The gas mixture obeys the ideal gas law.
7) The gases are transparent with respect to radiation, and

only the radiative heat transfer between the furnace wall and
the particle surface is considered.

The origin of the coordinate system of the gas phase equa-
tions is at the front stagnation point of the particle. The x axis
is along the fuel surface, and the y axis is perpendicular to the
x axis. The origin of the solid phase equation is at the center
of the fuel, as depicted in Fig. 1.

Gas Phase Governing Equations
Continuity:

dx
d(R2pv)

dy (3)

Edge of momentum
boundary layer

Fig. 1 Physical configuration of the model.

Momentum:

du dupu— + pv— = /dx dy

where ue is the velocity of air external to the momentum
boundary layer and can be calculated from the potential flow
theory as

3 . xue=-u00 sin—
2 KI

(5)

Energy:

dT drpuCp— + pvCp— - . .. _dx dy dy\ dy

Oxidizer species:

PUK + PV& = ̂ ( pD- } -n^W*

(6)

dy dy

Equation of state:

dy

pT =

exp(-ER/RT)
(8)

(9)

where it is assumed that the pressure change is small across the
y direction.

The boundary conditions for the above governing equations
are as follows.

u=0

— =0

if =C

(lOa)

(lOb)

(10c)
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The following dimensionless variables are introduced

At.y=0

dx

w = 0

v = vw = —— = —AP exp( - Ep/RTw)
Pw Pw

T — T1 5 — •* W

Q = ^rad.wos + 0cond,$s = tfga + tfcond, s

BY° +PwvwY0 = 0

dy

where

+ Osb^w £ efw-i(Tf —
/=!

ar

At 7 = oo

.«=-«.sm-

Solid Phase Equation
Energy:

(10d)

(Ha)

(lib)

(lid)

(He)

(110

(12a)

(12b)

(12c)

(12d)

(13a)

(13b)

(13c)

(13d)

(14)

The initial condition for the solid phase energy equation is,
when t = 0,

= - (15)

The boundary conditions for the solid phase energy equa-
tion are, at r = 0,

dr-=0

Atr

(16b)

= ̂ i sin

(17)

(18)

(19)

where the Howarth transformation is used to transform the
(He) compressible equation into an incompressible form. In addi-

tion, a stream function ^ is defined as

Ripu dy

R2pv = -/AO,

(20)

(21)

With the defined variables and the assumptions, Eq. (4) and
Eqs. (6-8) can be transformed into

A I %2 I /Ht \ O2 / /*5 \
Oy 0 W I OY \ (*y I J ' \ Poo— ^ ~ 1 — -i- \l/ cot a I -— SB I - Re I — sin <
oij ooorj \dff / oi\ \2 / p

cos a

(22)

(23)

Pr~
ftf*

(24)

(25)

Since the profiles of variables are axisymmetric, the stream
function, temperature, and concentration profiles are further
expanded with respect to the azimuthal angle a as follows

-IteYs2*V
(26)

(27)

(28)

(29)
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The above expressions are substituted into Eqs. (22-25) and
expanded in terms of the azimuthal angle a. By comparing the
coefficients of a, a set of ordinary differential equations can
be obtained. The boundary conditions are also transformed in
a similar manner. All of the details of the derivations are
reported in Ref. 6.

The governing equations of the gas and the solid phases are
coupled and nonlinear. A value of surface temperature is first
assumed to decouple the gas phase equations from the solid
phase equation. The second-order nonlinear ordinary differ-
ential equations are transformed into initial value problems
through the process of quasilinearization.15 These equations
can then be easily solved by using the Runge-Kutta method.
Finally, the gas phase solutions and the solid phase solutions
are matched on the fuel surface; that is, Eq. (lid) must be
satisfied. The fuel properties and the related parameters
adopted are shown in Table 1. Since the trigonometric terms
are well-approximated by the leading two terms up to the
azimuthal angle of 100 deg in Eqs. (26-29), the following
discussion is based on the solution of the first leading two
terms of the expansions.

The zero heat flux, dq/dt = 0, at the solid surface is chosen
as the ignition criterion of the model.6 Although the ignition
criterion is adopted at the particle surface, it truly indicates the
gas phase reaction in the boundary layer as well as its effect on
the particle surface. When the PMMA particle is being heated
in the hot convective flow, the temperature difference between
the freestream and the PMM A particle surface becomes
smaller as time goes on. As a result, the diffusive heat flux rate
from the gas phase to the particle surface keeps decreasing. In
the meantime, the chemical reaction rate of the gasified re-
active vapor in the boundary layer is getting stronger, and so
is the chemical heat released rate. At the time it overcomes the
effect of thermal diffusion, the heat flux to the particle surface
begins to increase with time, and then the temperature of the
gas phase in the boundary layer runs up abruptly and ignition
occurs. Therefore, the criterion adopted in this model should
properly reveal the situation of gas phase ignition. Yang et al.6
also showed that a strong temperature peak appeared in the
boundary layer as the criterion of dq/dt = 0 is fulfilled.

Experiments
A schematic diagram illustrating the experimental appara-

tus is shown in Fig. 2. Air, heated by two 5-kW ceramic
heaters, flows upward through several regulating screens and
enters a 6-cm-diam, 30-cm-long Pyrex cylindrical test section
to ignite the PMM A particle. The PMM A particle is sus-

Table 1 PMMA properties and the related parameters
adopted in the theoretical model16-18

Exhaust

PMMA
ps = 1.19g/cm3

0:5 = 0.00082 cm2/s
ks = 0.0005 cal/cm-s-K
L =380cal/g
Q = 6300cal/g
n =6

AR = 30,000,000 cmVg-s
ER = 7100 cal/mol
AP = 100 cm/s
EP = 12,800 cal/mol
Tt = 298.2 K

ew = 0.9, ewa = 0.95,
Fw-wa = 0.9764, Twa
Fw_i = 0.0211, Ti = roo
Fw_ 2 = 0.0025, J2 = 300K

Radiation properties
= €2 = 1
To, - (520 - at/oo), a = 0.8 K-s/cm

Gas phase
Pr = 0.7

properties of air at T =

Air in

Fig. 2 Schematic diagram of the experimental apparatus.
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Fig. 3 Variation of the ignition delay time with Reynolds number for
different gas temperatures (d = 10 mm, YO^ = 0.23).

pended on a piece of 0.3-mm-diam stainless wire, which is
attached to a 2-cm-diam stainless rod, and placed in the test
section for ignition test.

The whole ignition process is recorded using a color video
camera, with time resolution of 0.033 s. The ignition delay
time is chosen as the time duration between the introduction
of the particle into the hot air and the first appearance of
flame around the particle surface. The properties of the
PMMA specimen used in this experiment are shown in Table 1.

Results and Discussion
The comparisons of the ignition delay times between the

experimental data and the theoretical results are shown in
Figs. 3 and 4. Although it is very difficult to compare precisely
the experimental results with the theoretical ignition criterion
without the detailed transient temperature distribution, the
ignition delay time observed in this experiment should be
suitable for the verification of the model. The comparisons
reveal that the model predictions agree reasonably well with
the experimental results both qualitatively and quantitatively.



WANG AND YANG: IGNITION OF AN INDIVIDUAL PARTICLE 337

18

I

I

15-

12-

9-

3-

Too 1023 K 1123K
Theory ———— ———

Experiment o A

0.2 O.U 0.16 0.18 0.20 0.23

Oxygen mass tract ion, Yo^

Fig. 4 Variation of the ignition delay time with oxygen mass fraction
for different gas temperatures (d = 10 mm, Red = 45).
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Fig. 5 Variation of the ignition delay time and ignition surface tem-
perature with Reynolds number for different gas temperatures (Yo
= 0.23, d = 10 mm).

Ignition Delay Time and Ignition Mechanism
The experimental data and the theoretical results in Fig. 3

show a similar trend. As the Reynolds number increases, the
ignition delay time first decreases and then increases/This
pattern agrees with the results of Refs. 6, 10, and 11 and is
attributed to the shift of the dominant controlling mechanisms
from pyrolysis to chemical kinetics as the Reynolds number
increases.

The pyrolyzing rate of fuel increases as the Reynolds num-
ber increases due to higher heating rate. The stretch rate,
which is equal to 3ue cos a/2R\ in this study, increases with
increasing Reynolds number or decreasing particle size and
decreases with increasing azimuthal angle. The pyrolysis char-
acteristic time is larger than the chemical reaction characteris-
tic time at lower Reynolds nmbers; hence, the ignition process
is pyrolysis-controlled, and the ignition delay time decreases
with increasing Reynolds number. At higher Reynolds num-
bers, where the stretch rate is high, the dominant controlling
mechanism is chemical kinetics, and the ignition delay time
increases with increasing Reynolds number.

Figure 5 shows the theoretical ignition delay time as a func-
tion of the Reynolds number at three different gas tempera-
tures. The ignition delay time for fuel particles at low temper-

ature, e.g., 1023 K, is strongly affected by the Reynolds
number since it is located in the chemical kinetics control
regime for Reynolds numbers greater than 30.

Figure 6 shows the dependence of the ignition delay time on
the oxygen mass fraction for different Reynolds numbers.
Lowering the oxygen mass fraction decreases the chemical
reaction rate and increases the ignition delay time. The igni-
tion process for low oxygen mass fraction tends to be kinetics-
controlled. The ignition delay time increases abruptly with
Reynolds number for lower oxygen mass, fraction as shown in
Fig. 6. ;

The dependence of the ignition delay time on the Reynolds
number for different initial particle sizes is shown in Fig. 7.
The ignition delay time for large particles, e.g., 15 mm, de-
creases with increasing Reynolds number, hence, the ignition
process for large particles is controlled by pyrolysis for Rey-
nolds numbers less than 140. On the other hand, for smaller
particles, e.g., 5 mm, the stretch rate is relatively higher than
that of larger particles, and the ignition delay time increases as
the Reynolds number increases. Hence, the ignition process
for smaller particles is kinetics^controiled. There exists a tran-
sition particle size, e.g., 10 mm, and the ignition delay time
decreases at first and then increases as the Reynolds number
increases.

540
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c 8-

390
15 90
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Fig. 6 Variation of the ignition delay time and ignition surface tem-
perature with Reynolds number for different oxygen mass fractions
(TV = 1123 K, d = 10 mm).
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Fig. 7 Variation of the ignition delay time and ignition surface tem-
perature with Reynolds number for different initial particle sizes (T&
= 1123K, Fo =0.23).
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3.06 s

Fig. 8 Ignition process of a 10-mm PMMA particle under different controlling mechanisms: a) pyrolysis control, Too = 1123 K, Yo
Red = 0; b) chemical kinetics control, T* = 1173 K, Yo = 0.23, Red = 60. = 0.23,
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Fig. 9 Variation of the ignition delay time with azimuthal angle for
different Reynolds numbers and gas temperatures (d = 10 mm, Fo
= 0.23).

Ignition Surface Temperature
It can be seen from Fig. 5 that the surface temperature at

ignition is insensitive to the gas temperature but is strongly
affected by the Reynolds number. For higher Reynolds num-
bers, the pyrolyzed fuel vapor is much more easily swept away
and, hence, needs a higher surface temperature, which implies
a higher pyrolyzing rate, to achieve ignition. The dependence
of the ignition surface temperature on the Reynolds number is
much more profound than that on oxygen mass fraction, as
depicted in Fig. 6.

The diffusion characteristic times for small particles is
smaller than those of large particles, and so the pyrolyzed fuel
vapor is more likely to be swept away before ignition. Hence,
the ignition surface temperature for the small particles is
higher than that of the large particles as shown in Fig. 7. It is

———I————I—
60 90

Reynolds number . I

120 150

Fig. 10 Variation of the first ignition position with Reynolds number
for different gas temperatures (d = 10 mm, YQ^ = 0.23).

therefore concluded that the ignition surface temperature is
mainly affected by diffusion factors.

First Ignition Position
Many studies in the past on solid fuel ignition assumed that

the first ignition occurred at the stagnation point.10'11 In the
present work, in addition to the stagnation point ignition,
rearside ignition has been observed, as shown in Fig. 8. At low
Reynolds numbers, the pyrolyzed vapor reacts with oxygen
around the stagnation point region and ignition first occurs
there. The flame then propagates downstream over the parti-
cle surface as shown in Fig. 8a. When the Reynolds number
increases, the pyrolyzed vapor is swept downstream of the
boundary layer and accumulates at the rearside of the particle.
Ignition thus initiates there, and the flame propagates up-
stream as shown in Fig. 8b.
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Fig. 11 Variation of the first ignition position with oxygen mass
fraction: a) for different gas temperatures, Red = 40, d = 10 mm; b)
for different Reynolds numbers, Tm = 1123 K, d = 10 mm.

On the theoretical aspect, this study predicts the same qual-
itative trend; the first ignition position shifted downstream at
a higher Reynolds number as the experimental results. Figure
9 shows the ignition delay time as a function of azimuthal
angle at different gas temperatures and Reynolds numbers.
When the Reynolds number is low, the first ignition position
is at the stagnation point, i.e., at an azimuthal angle of 0 deg.
As the Reynolds number increases to 103, ignition position
shifts downstream to an 80-deg azimuthal angle, judged by the
minimum ignition delay time with respect to the azimuthal
angle. This phenomenon is attributed to the assumption that
the ignition may take place at the weaker stretch rate region,
that is, at a larger azimuthal angle, where the chemical reac-
tion is more active. The dependence of the first ignition az-
imuthal angle on the other parameters is determined in a
similar way.

The effects of the Reynolds number and the gas temperature
on the first ignition position are shown in Fig. 10. When the
Reynolds number increases, the gasified fuel vapor is swept
downstream and the ignition position shifts to larger az-
imuthal angles, where the reaction is more active. Varying gas
temperature makes no distinct difference to the first ignition
position.

Figure lla illustrates the effect of oxygen mass fraction on
the first ignition position at three different gas temperatures.
Lowering the oxygen mass fraction reduces the reaction rate;
hence the dominant ignition mechanism changes from pyroly-
sis to chemical kinetics. The first ignition position shifts down-
stream as oxygen mass fraction decreases. Figure lib shows

the dependence of first ignition position on the oxygen mass
fraction at three different Reynolds numbers. Lowering oxy-
gen mass fraction and increasing the Reynolds number make
the first ignition position shift downstream.

Figures 12a and 12b demonstrate the effects of initial parti-
cle size, gas temperature, and Reynolds number on the first
ignition position. The characteristic diffusion time for small
particles is shorter. This makes the chemical kinetics the dom-
inant controlling mechanism, and, therefore, the first ignition
position shifts downstream for small size particles.

The first ignition position is determined by the competition
between the chemical reaction rate and the diffusion rate, and
the pyrolysis rate and the chemical reaction rate, respectively.
If the diffusion rate is higher than the reaction rate, the
ignition position shifts downstream. In general, increasing
Reynolds number and decreasing initial particle size, gas tem-
perature, and oxygen mass fraction make the first ignition
position shift downstream.

In order to isolate the effects of the pyrolysis rate and the
chemical reaction rate on the ignition position, the prefactors
of the reaction rate and the pyrolysis rate are varied in this
study. The results are shown in Fig. 13. When the pyrolyzing
rate increases, the pyrolyzed fuel vapor cannot be consumed
by chemical reactions immediately, and, hence, the ignition
position shifts downstream. On the other hand, with an in-
crease in chemical reaction rate, the pyrolyzed fuel vapor can
be consumed rapidly, and, hence, the ignition position shifts
upstream. In general, the role of pyrolysis is more influential
on the first ignition position than that of the chemical kinetics.

o-
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6 7 8 9

Initial particle diameter, d , mm

100-

80-
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I
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« 20H
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b) Initial particle diameter, d , mm

Fig. 12 Variation of the first ignition position with initial particle
size: a) for different gas temperatures, Red = 40, YO^ - 0.23; b) for
different Reynolds numbers, J«> = 1123 K, FOoc = 0.23.
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Fig. 13 Effect of changing pyrolyzing rate and chemical reaction
rate on the first ignition position (Joo = 1123 K, Red = 87, d = 10
mm, Y0oo = 0.23).

Conclusions
A theoretical model dealing with the ignition process of

PMMA particles is developed. The validation of this model is
verified by comparison with the experimental data. Some con-
clusions can be made as follows:

1) There exists a critical velocity for PMMA particle igni-
tion in a convective environment. Below this velocity, the
ignition controlling mechanism is pyrolysis, and the ignition
delay time decreases as the Reynolds number increases. Above
this velocity, the controlling mechanism is chemical kinetics,
and the ignition delay time increases as the Reynolds number
increases.

2) The ignition process for small size particles, low gas
temperature, low oxygen mass fraction, and high Reynolds
number tends to be controlled by chemical-kinetics. The igni-
tion delay time at this regime is strongly affected by the
Reynolds number and increases with the increasing Reynolds
number.

3) Within the range of this study, the ignition process for
large particles (15 mm) is controlled by pyrolysis and is con-
trolled by chemical kinetics for small particles (5 mm).

4) The surface temperature at ignition is greatly affected by
the Reynolds number and the initial particle size. Some minor
influences come from the gas temperature and oxygen mass
fraction.

5) The first ignition position is determined by the competi-
tions among the diffusion rate, the pyrolysis rate, and the
chemical reaction rate. The increasing diffusion rate and py-
rolysis rate or the decreasing chemical reaction rate make the
first ignition position shift downstream. In other words, the
increasing Reynolds number and the decreasing gas tempera-
ture, oxygen mass fraction, and initial particle size make the
first ignition point shift downstream over the fuel particle
surface.
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