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Numerical Study For Downward Flame Spread Over A Finite-Length PMMA

With Radiation Effect

Student : Wen-Kuei Chang Advisor : Chiun-Hsun Chen
Department of Mechanical Engineering

National Chiao Tung University

Abstract

This study utilizes an unsteady combustion model to investigate the ignition
delay and subsequent downward flame spread-over a finite-length PMMA slab
under an opposed flow with the effect of radiation included in a two-dimensional
wind tunnel. This study consists of three parts. In the first part, the variable
parameters studied are the opposed. flow temperature and velocity and the solid
fuel thickness, respectively. The major simulated results include the ignition
delay time and the flame spread rate. The influences of the variable parameters
on the ignition delay time and the flame spread rate are discussed in detail in this
section. Additionally, the predictions of the present model are compared with
the corresponding experimental measurement of Pan (1999) and the simulation of
Wu etal. (2003). The comparison shows that the simulated results of the present
model are more similar to the experimental values because the several factors,
such as enclosure, finite-length fuel plate and both gas and solid phase radiations
are considered in the present combustion model.

In the second part, the opposed flow velocity is used as a parameter to study

the flame spread behavior. The opposed flow velocities simulated herein are



varied from 0 to 100cm/s, whereas the ones used by Pan (1999), Wu et al. (2003)
and the first part of present dissertation are varied from 40 to 100cm/s. The gas
and solid phase temperatures, preheat length and heat flux are considered in order
to examine the flame ignition and spread characteristics. The numerical results
reveal that the ignition delay time increases with the opposed flow velocity.
However, the flame spread rate varies with the opposed flow velocity in a
non-monotonic manner that can be identified as two distinct regimes with a peak
value in between. The flame spread rate reaches a maximum at o, =32cm/s,
and then falls, regardless of whether the flow velocity is increasing or decreasing.
For U, <32cm/s, the flame behaviors are dominated by oxygen transport. For
u, >32cm/s, the flame stretch effect controls the flame behavior. Additionally,

this work demonstrates that the effect.of radiation delays the flame ignition and
reduces both the flame strength-and the/corresponding spread rate. The effects
of the opposed flow temperature and thickness of the solid fuel are also
investigated. The predicted- resultsrindicate: that a higher opposed flow
temperature or a thinner solid fuel facilitates the ignition and accelerates flame
spread. The effect of opposed flow velocity eventually overcomes that of
opposed flow temperature as the flow speed is further increased.

In the third part, the three-dimensional unsteady combustion model is
utilized to investigate the downward flame spread over a finite-length PMMA
slab under an opposed flow in the wind tunnel. The aim of this section is to
examine the 3D effect on the flame spread over the solid fuel surface. The
opposed flow velocity is used as parameter and the ambient oxygen concentration
Isat 0.233. The entire process from ignition to subsequent flame spread over the
solid fuel surface is demonstrated in detail. The ignition delay time increases
with an increase of opposed flow velocity. However, the ignition delay times of

3D problem are greater than ones of 2D problem and the discrepancies of ignition



delay time between the 2D and 3D problems are decrease with an increase of
opposed flow velocity. The simulated results indicate that the flame spread rate
decreases with an increase of opposed flow velocity and the flame intensity
becomes weaker due to the heat loss from the flame to the lateral walls of wind
tunnel. Additionally, the simulated results of the present model are compared
with the corresponding experimental measurement of Pan (1999) and the
predictions of Wu et al. (2003) and the first part of present dissertation. The
comparison shows that the simulated flame spread rates of the present model are

similar to the experimental values, especially in the lower speed flow regime.
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Chapter 1

Introduction

1.1 Background

This work investigates flame ignition and the characteristics of the
subsequent flame spread over a finite-length PMMA slab in an opposed
convection environment in a wind tunnel, using an unsteady combustion
model that incorporates both gas and solid phase radiations. The
corresponding experimental test channel is 70 cm long with a rectangular
cross section of 10*10 cm?. The specimens are mounted on the groove of
the test section and the sides of the groove are covered with asbestos plates.
Thermocouples and a laser holographic interferometer are used to measure
the temperatures of the solid fuel surface and the gas, respectively. This
study is motivated by an earlier study of Wu et al. (2003), which only
considered the ignition and the subsequent flame spread over a fuel plate of
infinite-length in an open atmosphere‘without both gas and solid phase
radiations. In that investigation, the differences between the predicted
flame spread rates and the corresponding experimental measurements were
attributed to the effects such as the enclosure, the fuel length, the gas and
solid phase radiations and the 3D effect. Hence, this work makes an
intensive modification according to the aspects mentioned above. The
serial parameters studies are performed to investigate the influences of
these effects on ignition and flame spread behavior and attempt to mitigate
the discrepancies between results of the numerical predictions and the

experimental measurements.



1.2 Literature survey

Pan (1999) and Chen (1999) investigated the steady flame spread
characteristics over PMMA in an opposed forced convection environment
in a wind tunnel. The variable parameters were the velocity and the
temperature of the opposed flow and the thickness of solid fuel. They
found that the flame spread rate increases with an increase flow
temperature, a drop in the flow velocity or the fuel thickness. Their image
results further showed that the thermal boundary layer becomes thicker as
the opposed flow temperature increases at a fixed flow velocity or the
opposed flow velocity declines at a constant flow temperature. Wau et al.
(2003) developed an unsteady combustion model with mixed convection
to explore the flame spread behaviors of a thick PMMA slab of infinite
length in an environment with oppesed flow. The simulated flame spread
rates were compared with the measurements made by Pan (1999). The
results were highly consistent except-in the low-speed flow regime. The
discrepancies can be attributed to theiradiation, fuel size and the three
dimensional effect are not under the consideration in the model. Fujita et
al. (2000) experimentally studied the radiative ignition on paper sheet in
microgravity. The results showed that the gas phase temperature becomes
higher than that of the solid surface before ignition, and the main
mechanism of radiative solid ignition here is due to the gas phase reaction.
Furthermore, the ignition delay time strongly depends on the oxygen
concentration and ambient pressure. It decreases with a higher oxygen
concentration or ambient pressure. Fujita et al. (2002) experimentally
investigated the effect of external flow on flame spread over polyethylene
wires in microgravity. The results revealed that the flame spread rate is
controlled mainly by preheat length, standoff distance and flame
temperature. The flame spread phenomenon can be divided into three
regimes based on flow velocity. These are an oxygen transport control

2



regime, a geometrical effect regime and a chemical-kinetics controlled
regime.

Wichman (1983) developed a theoretical model to estimate the rate of
flame spread under conditions of heat transfer control with account taken
of the fact that the gas velocity was not uniform. The results indicated that
the functional dependence of the spread rate on the external gas velocity is
modified from the one obtained in the classical study of DeRis (1968).
Thereafter, Wichman (1992) explained two mechanisms for the
extinguishment of spreading flames. In the first, the particle residence
time in the reaction zone is reduced by the increased flow velocity, giving a
blow off extinction. In the second, flow velocity decreases toward flame
spread rate and extinction again occurs eventually. Takahashi et al. (2002)
analytically and experimentally, studied flame spread over a thin PMMA
sheet in microgravity. They concluded, that reducing the relative flow
velocity enlarges the size of preheat zone, increasing radiant loss, and that
radiant heat loss reduces ‘the .flame Spread rate and may also cause
extinction. Olson et al. (2001) experimentally investigated the radiative
ignition and subsequent three dimensional flame spread over thin cellulose
fuels. They found that gas phase residence time over the heated spot is a
critical parameter in ignition delay. After ignition, the flame in a fan
shaped pattern spreads from the central ignition spot and is toward
upstream. The flame spread angle increases with increasing external air
flow and oxygen concentration. They also found that due to the oxygen
shadow effect, the upstream and downstream flame spread over the fuel
plate is not observed simultaneously. The downstream flame only starts
to spread after upstream flame spread is complete and extinguished. Ito et
al. (2005) experimentally investigated the propagation and extinction
mechanisms of opposed-flow flame spread along a thick slab of PMMA.
They showed that as the opposed-flow rate increases or the ambient

3



oxygen concentration decreases, the Damkohler number decreases.
When the Da falls below a critical value, extinction or no flame spreading
may occur. The radiative heat loss has very little effect on the extinction
because it is small compared with the other heat transfer rates. The results
also demonstrated that the steady flame spread rate is proportional to the
net total heat transfer rate to the preheat zone. However, no matter what
the enough heat feedback to the preheat zone or not, the flame spread rate
decreases rapidly when nearing the extinction limit.

West et al. (1994) studied the surface radiation effects on flame
spread over thermally thick fuels in an opposed flow. They concluded
that the fuel surface radiation is important for thermally thick fuel at all
flow levels, however, and it is important for thermally thin fuel only at low
velocity level.  Bhattacharjeg,rand:-Altenkirch (1991) developed a
numerical model to study the effect of surface radiation on flame spread in
a quiescent microgravity environment by using the oxygen concentration
and solid surface emittance as:parameters. . They found that the flame
spread rate and temperature decrease-as solid surface emittance increases
in any oxygen level, and the flame shrinks in size while moving closer to
the surface. In the other hand, the rate of decrease in flame spread rate
being more severe at higher values of solid surface emittance and lower
oxygen levels. Bhattachariee et al. (2000) experimentally,
computationally, and analytically investigated the downward flame spread
over a polymethylmethacrylate plate in an oxygen/nitrogen environment at
normal gravity. They presented that the flame spread rates in the thermal
regime as the fuel thickness was changed from the thin- to the thick-limit.
A simple formula for the transition thickness between the thin and thick
fuel regimes was proposed, and it seemed to agree well with experimental
measurements. From the computational results, they also concluded that
the radiative effects seem not to influence the flame spread rate except at

4



very high ambient pressures. Rhatigan et al. (1998) examined the effects
of gas phase radiation on the burning and extinction of a solid fuel. They
plotted the heat fluxes, flame temperature and burning rate as functions of
the flow stretch rate. The computed results demonstrated that the gas
phase radiative effects are stronger at lower stretch rates.
Fernandez-Pello and Hirano (1982) experimentally studied the controlling
mechanism of flame spread over the surface of combustible solids. The
heat transfer and gas phase chemical kinetic aspects of the flame spread
process were addressed respectively for the flame spread in oxidizing flow.
They indicated that chemical kinetics of gas phase plays a critical role and
it must be considered when flame spread in opposed gas flow occurs at
near extinction or non-propagating conditions. Son and Ronney (2002)
experimentally studied flame spreadover thermally thick fuels. They
found that the radiative preheating and reabsorption effect are less
important in normal gravity, because a substantial flow velocity is caused
by buoyancy, reducing the thickness of the flame and thereby reducing the
volume of radiating gas. Takahashi-et:al. (2000) and Ayani et al. (2006)
examined flame spread rates over PMMA sheets in normal gravity and in
microgravity. They found that the flame spread rate over a thermally thin
fuel is inversely proportional to the thickness of the fuel, whereas that over
a thermally thick fuel is proportional to the opposed flow velocity, in
complete agreement with analyzed research by DiRis (1969). Other
investigations, such as Wichman and Williams (1983a), Wichman and
Williams (1983b) and Delichatsios (1986), have developed formulas that
show identical proportionalities. Tizon et al. (1999) analyzed the
wind-aided flame spread process along a solid fuel rod under oblique
forced flow. Their results indicated that the effects of gas-phase chemical
Kinetics were important for large strain rates and the spread rate depended
strongly on the strain rate. They also found that the effects of radiation
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from the gas phase are negligible because the heat transfer by convection
typically dominates at large Reynolds numbers of the transverse velocity.
Zhu and Gore (2005) studied the opposed-flow laminar methane/air
diffusion flames by the numerical simulations. They indicated that the
peak flame temperature and the soot volume fraction increase with
increasing pressure or decreasing injection velocity for all radiation
conditions. The soot and gas radiation effects are stronger at the higher
pressures or lower velocities. The simulated results also showed that the
peak soot volume fraction and soot emission index decrease by 85 and 97%
with an increase in injection velocity from 10 to 100 and 200 cm/s,
separately.

Kumar et al. (2003a) used a two dimensional flame spread model with
flame radiation to compare the.extinction limits and spreading rates in
opposed and concurrent spreading flames over thin solids. The varying
parameters were oxygen -percentage, free stream velocity, and flow
entrance length. Numerical results-showed that at low free stream
velocities with shorter entrance length; the flame spread rates are higher
and have a lower oxygen extinction limit, whereas in high free stream
velocities, the flame spread rates are lower and have a higher oxygen
extinction limit. The flame spread rate in opposed flow varies with free
stream velocity in a non-monotonic manner, with a peak rate at an
intermediate free stream velocity. The flame spread rate in concurrent
flow increases linearly with free stream velocity. Kumar et al. (2003b)
also presented a numerical study on flame-surface radiation interaction in
flame spread over thin solid fuels in quiescent microgravity and in normal
gravity environments. It was observed that the flame in microgravity is
very sensitive to the surface radiation properties. The fuel with high solid
absorptivity can absorb substantial flame radiation and flame spreads faster
than the corresponding adiabatic case irrespective of value of solid
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emissivity. Linand Chen (1999) investigated how the gas-phase radiation,
whose model included both the cross-stream and stream-wise gas phase
radiation coupled with solid phase one, affected the spreading flame. By
comparing the results with the predicted ones of Chen and Cheng (1994),
which only considered the radiation effect in cross-stream direction.
They concluded that the stream-wise radiation contributes to reinforce the
forward heat transfer rate subsequently increasing the flame spread rate.
Di Blasi (1995a) examined, by numerical simulation, the effects of
the thickness on the concurrent spread of flames over thin and thick fuels
under forced convection. Three main flame spread regimes were
identified. In the kinetic region, the flame spread rate increases with the
solid fuel thickness below 0.008 cm. In the thermally thin region, the
flame spread rate falls as the solid fuel. thickness increases in the range
from 0.008 cmto 0.5 cm. Finally;inthe.thermally thick region, the flame
spread rate becomes almost constant when the“solid fuel thickness exceeds
0.5cm. Di Blasi (1995b) also investigated the opposed flame spread over
cellulosic fuels in a microgravity:environment, using the forced gas flow
and the solid thickness as the varied parameters. For very thin fuels,
flame spread rate increases with the solid thickness and the solid radiative
heat loss controls the flame spread rate. As the fuel thickness becomes
thicker, the flame spread rate decreases with the solid thickness and the
flame radiative heat transfer playas role of increasing importance. For the
thick fuels, flame radiation is reduced whereas surface radiative heat loss is
again at a high level. Suzuki et al. (1994) studied the downward flame
spread over paper sheets of thickness between 0.4 and 10mm to investigate
the mechanisms by which flames spread. They identified four flame
spreading behaviors under the conditions in the four regions. The flame
spread is stable at the limiting thickness of the paper sheets. They also
derived an energy equation for the heat flux through the pyrolytic region
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and the solid surface in front of the leading edge.

Nakabe et al. (1994) investigated the ignition and transition to flame
spread over a thermally thin fuel in a microgravity environment. A
comparison was made between the axis-symmetric configuration and a
two-dimensional configuration. The results indicated that ignition is
earlier in two-dimensional configuration and the difference between the
two configurations is roughly 25% in the same boundary conditions.
Jiang and Fan (1995) made the predictions of flame spread in slow forced
flow under gravitational acceleration normal to the fuel surface and flame
spread in a quiescent environment in an enclosed chamber under
gravitational acceleration parallel to the fuel surface. The results
indicated that the effect of oxygen transport on flame spread is greater than
that of heat transfer in a microgravity, environment. In addition, the
microgravity level has a significant effect -on the flame spread over a
vertical wall in an enclosed chamber under gravitational acceleration
parallel to the fuel surface.. Mellrand Kashiwagi (2000) numerically
studied the effects of finite sample.width on transition and flame spread in
microgravity. They found that the finite width effects are insignificant
when the ambient wind is relatively large and the influence of thermal
expansion on the net incoming oxygen supply decreased as the ambient
wind speed increased. Thus, the flame spread behavior of the
three-dimensional flame tended to that of the two-dimensional flame with
increasing ambient wind speed.

Nakamura et al. (2002) numerically studied the enclosure effect on
the spread of the flame over solid fuel under microgravity. Because the
confinement of the flow field and the thermal expansion initiated by heat
and mass addition in the chamber, the flame spread rate for the case with
enclosure is faster than the one without any enclosure. The predictions
also showed that the enclosure effect is stronger at lower flow velocity.
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Shih and T’ien (1997) theoretically studied the concurrent flow flame
spread over a thin solid in a low speed flow tunnel. They found that the
flow is accelerated in the downstream as the tunnel height is decreased.
The flame is pressed to the solid fuel and the heat conduction rate to the
solid; the flame length and the spread rate are also increased. However,
the conductive heat loss to the wall becomes great which reversed the trend
and decreases the flame length as the tunnel height becomes too small.
Shih and T’ien (2000) numerically investigated the concurrent spread of
flames over a thin solid in a low-speed flow tunnel in microgravity. The
simulated results demonstrated two distinctive flame behaviors. With a
high oxygen content or fast flow, the flame was long and far from the
quenching limit. With a low oxygen content or slow speed, the flame was
short and in the region near the quenching limit. They also found that the
three dimensional effect on flame spreading was stronger in the low-speed
flow regime. Shih and T1en (2003) numerically studied the concurrent
flame spread over a thin solid in a’low=speed flow tunnel in microgravity
by using three-dimensional combustion:model. Several 3D effects due to
the presence of the tunnel walls are examined. The walls change the
velocity profiles and accelerate the flow in a direction parallel to the fuel.
The cold walls conduct heat away from the flame, which produces heat
loss and a quenched layer. Moreover, the oxygen side diffusion enhances
the combustion reaction at the base region and pushes the flame base closer
to the solid surface, increasing the flame spread rate. They also concluded
that 3D effects are dominated by the heat loss to the side walls in the
downstream portion of the flame and the flame spread rate increases with

fuel width in higher speed flows.

1.3 Scope of the present study
The structure of this study is illustrated in the Figure 1.1. This work
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investigates the flame ignition and subsequent flame spread characteristics
over a finite-length PMMA slab under mixed convection conditions using
an unsteady combustion model that incorporates both gas and solid phase
radiations in a wind tunnel. This study consists of three topics. The first
topic modifies several aspects of the original combustion model of Wu et al.
(2003), such as the enclosure, the finite-length fuel plate and the gas and
solid phase radiations. The varying parameters, such as opposed flow
velocity and temperature and the solid fuel thickness, are in the same
ranges as those used in the Pan’s experiment (1999). The entire process,
from ignition to subsequent flame spread, is examined in detail.
Additionally, the influences of the opposed velocity and temperature, the
solid fuel thickness and length and the gas and solid phase radiations on the
flame spread behavior are studied ‘as:well. The simulated results are
compared with the corresponding experimental measurement of Pan (1999)
and the prediction of Wu etal. (2003).

The second topic studies the flame spread in the lower flow velocity
regime to investigate the influence of ‘radiation on the flame spread
behavior. The aforementioned series of studies, such as those of Pan
(1999), Wu et al. (2003) and the part 1 of present dissertation, concluded
that the influence of opposed flow velocity on the flame spread behavior
exceeds that of opposed flow temperature as flow velocity is increased
further, and that the discrepancies between the predicted and measured
results, especially in the low flow speed regime are due to the radiation
effect. Moreover, numerous investigations, such as those of West et al.
(1994), Rhatigan et al. (1998), Tizon et al. (1999) and Zhu and Gore (2005),
demonstrated that the radiation effect becomes stronger as the flow speed
declines. Therefore, this work systematically investigates the effect of
opposed flow velocity on the flame spread characteristics considering the
radiation effect over a finite-length PMMA slab in a two-dimensional wind
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tunnel. The opposed flow velocities simulated herein are varied from 0 to
100cm/s, whereas the ones used by Pan (1999), Wu et al. (2003) and the
part 1 of present dissertation are varied from 40 to 100cm/s. The effects
of opposed flow temperature, solid fuel thickness and radiation heat loss at
various flow velocities are also discussed.

In the third topic, the three-dimensional unsteady combustion model
Is basically developed from the original two-dimensional one of part 1 of
present work to investigate the influences of 3D effect on the flame spread
behavior over a finite-length PMMA slab. The earlier investigations
demonstrated that the effect of opposed flow velocity on the flame spread
behavior is greater than one of opposed flow temperature. Furthermore,
numerous studies, such as those of Mell and Kashiwagi (2000), Nakamura
et al. (2002) and Shih and T’ien:(2003), indicated that the 3D effect is
dominated by the flow velocity. -Therefore; the parametric study in this
part utilizes the opposed flow velocity as parameter to investigate the
influence of 3D effect on ignition and-subsequence flame spread behavior.
The opposed flow temperature and-the solid fuel thickness are fixed at
313K and 0.82cm, respectively. The entire process from ignition to
subsequent flame spread is examined in detail and the simulated results are
also compared with the corresponding experimental data of Pan (1999) and
the predictions of Wu et al. (2003) and the part 1 of present dissertation.
Finally, possible extensions of this work are suggested.

The writing sequence of present dissertation is: the mathematical
model as well as the corresponding governing equations, initial and
boundary conditions and solution methodology are presented in the chapter
2. A detailed discussion in simulated results is given in the chapter 3.

Finally the conclusions are presented in the chapter 4.
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Chapter 2

Mathematical model

2.1 Description

Figure 2.1 presents the physical configuration of two-dimensional
ignition over a vertically oriented PMMA slab in a mixed convective
environment. The test section of the wind tunnel is 70 cm long and 10 cm
high. The solid fuel plates used in the simulation are 30 cm long and 0.82
cm and 1.74 cm thick. The solid fuel is assumed to be homogeneous,
meaning that its composition is uniform. At t<0, a steady flow in the
wind tunnel builds up over the entire test section. In the channel flow the

surface velocity gradient isgiven by ta=4v /H , where v, is the

centerline flow velocity and H_is the height of the wind tunnel. At t>0,
an external heat flux with a Gausstan distribution with a width of 0.5 cm
and a peak value of 5 W/cm?,.is imposed-on the solid fuel surface and
centered at x=0, where the top end of the solid fuel is connected to an
adiabatic plate. Restated, only half of the incident radiation energy is used
to heat the PMMA fuel. The solid fuel absorbs the external heat flux to
raise its temperature gradually. Then, the solid fuel begins to pyrolyze
and generate fuel vapors, which mix with air to form the flammable
mixture adjacent to the surface of the fuel. Ignition occurs when the gas
phase temperature is high enough to promote the chemical reaction.
Subsequently, the flame begins to propagate, eventually reaching a steady

rate of flame spread.

2.2 Governing equations in dimensional form

The unsteady combustion model and radiation model are basically
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modified from those developed by Lin and Chen (2000) and Wu and Chen

(2004). However, Wu and Chen (2004) applied the P1 radiation model, in

which the semi-gray scheme is adopted to define the effective absorption

coefficient. Since the gas phase radiative properties depend strongly on

the temperature and mixture concentrations, the simple assumptions used

in these prior simulations are unrealistic and unsuitable for determining the

radiative properties. Therefore, this work modifies the model of Wu and

Chen (2004) by using the narrow band model instead of the P1 model to

calculate the gas phase absorption coefficient and the radiation intensity.

In this problem, the mathematical model consists of both gas and solid

phase equations, which are coupled at the interface. This study makes the

following assumptions for gas and solid phase.

In the gas phase, the following assumptions are made.

1. The flow field is two-dimensional.

2. The average molecular-weight is constant:

3. The mixture is assumed to beranideal gas with a constant and equal
specific heat, equal binary diffusion coefficient, constant Prandtl and

Lewis numbers and a constant value of pu.

4. Viscous dissipation and compressive work are neglected.

5. The Soret and Duffour effects as well as the pressure gradient
diffusion are neglected.

6. The gas phase chemistry is described using a one-step overall
chemical reaction.

7. The reaction rate is described by a second-order Arrhenius law
Kinetics.

In the solid phase, the assumptions are made.

1. The solid fuel is assumed to be homogeneous that its compositions are
uniform.

2. The specific heat and thermal conductivity are assumed constant.
13



3. An Arrhenius-typed pyrolysis law is used to describe the fuel
gasification.

4. The solid thickness is remained constant by assuming the flame
spreads relatively fast enough that the fuel surface near the flame base
remains approximately flat.

5. A burnout is defined when the solid fuel density becomes 7 percent of
its virginal value and the char is removed simultaneously.

The assumptions regarding radiation in gas and solid phases are as follows:

1. Gas phase radiation is 2D. The narrow band model is employed to
determine the radiation heat flux.

2. The gas is optically thin and the scattering effect is neglected because
the production of soot is not considered in the gas phase chemical
reaction.

3. The participating media-are CO3 and.H,0.

4. Soot radiation and surface reflectivity areneglected.

5. The fuel surface is opaque and diffuse.

The gas and solid phases governing-equations in dimensional form are

listed as follows:

Gas phase governing equations:

Continuity equation:

op o) ol (2.1)
ot oX oy

X-momentum equation:

—du —o6u —aou P O |.—0u 2u|ldu  ov
p—FtpU——=+pN—==-""=+——= 2/,[—_—— — +— ||+
ot 0X oy ox 0X ox 3 |0x 0y

e

ay| Loy ox

(2.2)

Y-momentum equation:
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+ pu—+ =— 2 + +

P TP TPy T ey Tay| My 8 |ax ay
X X
) y y y y y 2.3)
0 ou ov
—+
ax[ {8y axﬂ
Energy equation:
»C, @T_+chﬁI+;c—‘5T R 2T | orvg (24)
ot oX oy 8x oX ay oy
. oq, oq, . -
where V.q =—=2+—2 isthe gas phase radiation term.
ox oy
Fuel species equation:
5N ou e e _ 055 e | 95 |, 5o (2.5)
ot OX dy  Ox X oy oy
Other species equation:
—oY;, —adY, —adY, 0|20V, 0 oY,
—+ pu—+ pv—==—| pD D— |+, 2.6
pat P oX P oy ax[p ax} Gy{p 6y} (2.6)

where i=0,,CO,,H,0

The gas phase chemistry is“described by the one-step overall chemical
reaction, which is1[ fuel]+ f,[0,]— f.[CO,]+ f,[H,0]+q

where

f, : stoichiometric O,/ fuel mass ratio

f. : stoichiometric CO,/fuel mass ratio

f,, . stoichiometric H,0O/fuel mass ratio

q: heat of combustion per unit mass of fuel

The corresponding reaction rate is described by a second-order
Arrhenius-typed chemical Kinetics, &r =-Bp Y., exp(- E/RT), and the
relationship among these reaction rates is expressed as follow.
@ =0y =—ac/fs =—an /1,

Equation of state:
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P=pRT (2.7)
The viscosity variation with temperature is assumed to be:

u=CT' (2.8)
where C; is a determined constant and the index r, usually ranged from
0.75 to 1.25 (Turns, 1996), is adopted as 1.0. Since the incoming flow
velocity around the flame is much slower than the speed of sound, the ratio
of the pressure difference to the absolute pressure throughout the region of
interest is much less than one, implying that the dependence of density on
pressure can be ignored. Therefore, the relationship between gas phase

density and temperature can be rewritten as:

— 1
Pz (2.9)

Solid phase governing equation;

Conservation of mass equation:

an=_5€5=Z;’%_p“ am-—fi_ (2.10)
oy ot L Py RT,
Psso

Conservation of energy equation:

AT A2T AT A, -
5L i 0 O e T me, e (241)
ot dx ay. 0y dy

oT

S

These two equations provide a system of coupled partial differential

equations to be solved for p, and T, under the given boundary and

initial conditions and the heat transfer by conduction from gas phase to
solid phase is obtained as soon as the gas phase equations are solved. The
governing equations are subjected to the following initial and boundary
conditions.

Initial conditions:

Gas phase:
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aza(y)_F Y-¥)v=0Y =Y. =Y, =0,Ys =Y, T =T,
Solid phase:
At t<0
Py =pPu T =T
Boundary conditions:
Gas phase:
At X = Xmin
— — 4U — —
u=u(y)=—;(Hy-y*),v=0
_ 2 — —
Ye=Ye =Y, =0Y,=Y,,,T=T, (1——_ _jlo =0T,
3a

At izimax
ou ov_aT al, oYy @ [ aYe oYy
Ox Ox Ox Ox Ox 9X. Ox - ox
At y=7, —L<x<0
u=0T=T,m}=p,v,
MuYes = MYe, _/f_JDaY—F

oy |--

y=r
m'Y, =m’Y,, — pD—4 ,wherei=0,,C0O,,H,0, Y. =1Y, =0
y=r

G_Q_a__aﬁ_aYF_aYo_aYC_aYH_0
oy oy oy oy oy oy
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(2.21)



GG T Ol O My e My 2.22)
oy oy oy oy oy 0y

Solid phase:
At x=-L

po=po, T.=T, (2.23)

At ; = ;min and ; = ;max

T _g (2.24)
oX

At y=y . and Xmn < X< Xmax

T g (2.25)

ks :ﬁi+@—£(‘l'_4 —'I'_4)+qTy (2.26)
oy T 7

where —gﬁ(T_f—T:“) and = are heat-lost-by radiation from solid to
T g

ambient gas and radiation feedback:from gas to solid, respectively.

At y=7, Xmn <x<-Land 0< X< Xmax
T g (2.27)
oy

2.3 Radiation model

The transfer of energy from and within a burning environment is
controlled by diffusive, convective and radiative processes. Because the
temperatures associated with combustion are high, a proper physical
description needs to account for radiation unless the characteristic
radiation-to-convection ratio of the system is small. Bhattacharjee and
Grosshandler (1989) define the following radiation/convection parameter,

v, in terms of the flame, surrounding wall and inlet temperatures, the mass
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flux of material brought into the flame times its heat capacity, pu.c,, and

the optical thickness of the system based upon the absorption coefficient, a,
and a stream-wise dimension. The highly absorbing fires in large
volumes can be strongly influenced by radiation; conversely, a large
thermal input can diminish the importance of radiation if the absorption
properties, temperature and volume of interest remain about constant.
However, the absorption coefficient of the cool gases surrounding a fire
can influence the transfer of energy from a burning object to a distant
object.

The radiation model used in the study of Wu and Chen (2004) is the
P1 model, which the semi-gray scheme is adopted to define the effective
absorption coefficient. Because the gas phase radiative properties are
highly dependent on the temperature’and mixture concentrations, the
simple assumptions are unrealistic -and ‘unsuitable to determine the
radiative properties. Therefore, thisswork madifies the original model of
Wu and Chen (2004) by using ‘the narrow. band model instead of the P1
model.  The present radiationiimodel incorporates the subroutine
RADCAL developed by Grosshandler (1993) to determine the gas
absorption coefficient. The absorption coefficient of the combined gases
is calculated from a narrow band model and a combination a tabulated
spectral ~ properties and theoretical approximations to the
vibration-rotational molecular bands.
For the forced convection channel flow, the radiation terms aaq;; andﬁaq—_yy

in Eq. (2.4) can be expressed as (Siegel and Howell, 1992):

—r —4
o, _4ﬂa[i_|‘J (2.28)
OX Vs
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- -
aC‘__ng{i_r] (2.29)

Substitute Egs. (2.28) and (2.29) into the energy equation (2.4) and the

radiation term can be expressed as

. oq. oq (T4 -
v.g =%, q_y_s;za[iq} (2.30)
ox 0y T

—4

in which 2 represents the blackbody intensity, 1,, and 1 is the
T

radiation intensity. 1 can be obtained from the solution of the radiation

transfer equation, which is listed as below (Grosshandler,1980):
o0 U e o u ,
| = L}:OJ'O k, %exp(— _[O k,du )duda) (2.31)

where k, and e, respectively irepresent the spectral absorption

coefficient and Planck’s blackbody distribution function. The spectral
absorption coefficient and-the spectral optical depth of the combustion
products, including carbon dioxide~and ‘water vapor, are calculated
according to the narrow band‘model;;/RADCAL (Grosshandler, 1993).
RADCAL utilizes the optical depth to determine the spectral transmittance
and intensity as each new spatial element is added to the radiating path.
Radiation from the far wall is counted after being attenuated by the
calculated transmittance along the total length of the path. Then, the
spectral intensity is integrated across the spectrum to obtain the total
radiated energy flux.

The radiation transfer equation (2.31) can be represented by the

spectral transmittance, z,, and the expression can be rewritten as

o, e, (T, )
| :_J.(u:OJ.l deTw (232)

where z, is defined as

7, (1) =e %0 (2.33)
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and X_ represents the optical depth, defined as
X, )= k,(0)2-dr (2.34)
0 Po

for the mixture of carbon dioxide and water vapor. The combined optical
depth along a non-homogeneous path can be obtained by adding together
the contributions to optical depth from each species, therefore, Eq. (2.34)
can be rewritten in the form as (Grosshandler,1980):

T

X ) = [} [k 10RO + K (R T

dr’ (2.35)

where the subscripts ¢ and w refer to the carbon dioxide and water vapor,
respectively.

The radiation properties of carbon dioxide and water vapor are highly
non-gray and the steep gradients of the temperature and composition
concentrations in the .combustion -system cause significant
non-homogeneity for the .radiation properties. Therefore, the

determination of proper values.of k_used in Eg. (2.35) is an important

issue. The Curtis-Godson approximation (1964) presented the absorption
coefficient in a non-homogeneous gas of path length, I, and the expression
IS

0 ) 55y
(jopodl] (S/dcs)

4 P TIIHSTA() 1)yl

k(u,CG (I) = %CG 1+ (236)

where the S/d is the mean line-strength to spacing parameter and can be
found by summing up the contributions to line strength, S, from each
rotational line divided by the distance, d, between adjacent lines. The
other important parameter in the equation is 1/d, which represents the
mean inverse line spacing.

The two narrow band parameters, S/d and 1/d, are both functions of
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temperature and wave number. For the carbon dioxide, they are
determined from the modified anharmonic oscillator/rotator model
developed by Malkmus (1963). For the water vapor, they are tabulated
based upon the experimental measurements by Ludwig et al. (1973). The
narrow band model, RADCAL (Grosshandler, 1993), utilizes these data of
carbon dioxide and water vapor to calculate the absorption coefficient for
the primary infrared bands. Finally, the spectral optical depths of each
individual species can be determined and the radiation intensity of

combustion gases will be obtained by the radiation transfer equation.

2.4 Governing equations in non-dimensional form

This combustion model solves the system of governing equations
non-dimensionally. This procedure can avoid too large or too small
values appearing in computation/ < :Now a nondimensionalization
procedure is presented as follows. The choice for the reference velocity
(V,), temperature (T*) and the characteristic length (5 ) are specified first.
The opposed flow velocity is selected as reference velocity in this study.
The reference temperature is defined as the average temperature of the

ambient temperature (T, ) and adiabatic flame temperature (T, ). The
thermal diffusion length is chosen as the characteristic length, defined as

5 =a IV, , which is based on the balance between the convection and

conduction terms in the energy equation. According to the selected
reference velocity, temperature and characteristic length, the

dimensionless quantities are defined as follows.

S

X=X/ y=y/6 t=1V Ja

u=u/Vv, v=V/V m'=m"/p

r

T=T/T, y=T"IT, p=plp
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g=7/g, =gl g P=(P-P)/ PV,

E=E/RT, q=q/C,T, Pr=via
— ==, —— —\ 8 /=2

Le=a /D Da=Bp oV, Gr=9g(p, —p;)0 /pv
c-G,/c, L-L/ET, s
Py =Ps/ Py T,=T/T, a,=a,la’

- — % /2 — 2
E, =E,/RT, A=Ad N, Qo =0 179, C,T.V,
m =ma [p, N, T t=7C.p,V, /K Ko =Kp -6
Re=p'a /i l,=1,/0T," a=as

J— — 33—

N, =kV, /6T, a

The notation appeared above can bereferred in nomenclature and the
quantities with superscript: * lare -evaluated at reference temperature.
Consequently, the non-dimensional equations can be obtained by
substituting above definitions ™ intothe .dimensional equations. The
resultant non-dimensional governing equations for both the gas and solid
phases are expressed as follows.

Gas phase:
Continuity equation:

P Ipu) () _ 4
a & & (2.37)

X-momentum equation:

a,a,a @ olwa wla al,

Pa ™ a3 XA & Rex 3Re|X &

ol ulan &l or

@[Re{éy ﬂﬂ Re? V- 77 (2.38)

Y-momentum equation:
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& A& & P Olowa 2ula &
P—FpU—F N—=———f—| ——— —— | —+— | |+
a "ax T & J|Red 3BRe|lx &

g\Hx\a &

X|Rel &y &

Energy equation:

AR S z{ ﬂ}i all
Pa TP AT Terel Y & 3|

. a
qaox _N_oo(T4 - Io)

where @, =-Dap?Y.Y, exp(-E/T)
Fuel species equation:

N, N, N, 1 o o] o] or, .
Pma TR :PrReLe{g[ﬂ&}_g{ﬂéyﬂerF
Other species equation:

N i, O 1o Lot feoNe )L
P72 TP A TP Thrrelel &l ey ||

wherei=0,,C0O,,H,0
Equation of state:

4
T

In

Yo,

The equation for viscosity variation with temperature

Solid phase:

Conservation of mass:

5,05 Ps — Ps ES
a (As)(l—psf J p( TSJ

Conservation of energy:

" 2
A _ d; 7[L+@Q-C)T, -1)]+a, o

s 4 é’ZTs
(24
Ps A

ar
_ C n S
2 S @2 ( msz-) @/
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(2.40)

(2.41)

(2.42)

(2.43)

(2.44)
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The non-dimensional gas and solid governing equations are listed in Table
1. Finally, the initial and boundary conditions in dimensionless form are
presented as follows.

Gas phase initial condition:

At t<0
4u, 2
u=u(y)= 2 (hy—y"),v=0Ye =Y. =Y, =0,Y, =Y,,,T =1 (2.47)
Solid phase initial condition:
At t<0
p, =T =1 (2.48)
Gas phase boundary conditions:
At x=x,.
4u )
u=u(y)= 2 (hy—y*)v=0Yr =¥ =Y, =0Y, =Yo, (2.49)
T =1,(1—£ijl0 =1
3a Ox (2.50)
At X = Xy
u_ov_oT _dYe @Yo _ e _ 0¥y _ 0l _,
OX OX OX 0OX OX OX OX  OX (2.51)
At y=7r, —L<x<0
u=0, T=T,, m,=pV, (2.52)
. ; u o oYe
m,Ye, =m, Y, — —£ 2.53
w ' Fs w ' Fw PrReLe ay - ( )
my, =m.y, ——* % \where i=0,C,H Y,, =1Y, =0 (2.54)
PrRele oy | .
1- 29 l, =T
At y=17, x,,, <x<-L and 0<x<x,,
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COT Y. Y, oY, oY, dl,

Y Ty Ty (2.56)
Al Y = Yiax

Ly 0T e Yo e _ Yy _ 0l

a oy oy oy oy oy (2.57)

Solid phase boundary conditions:
At x=-L
p, =T, =1 (2.58)
At X=X, and x=x,
T o (2.59)

ox
At y=y_ . and x, <x<x

max

T,
s (2.60)
oy
At y=r, —L<x<0
2 =l L BN )

Ny Oy, N, 320y o (2.61)
At y=7, X, <x<-L and 0<x<x,,
aT
Y% o 2.62
5 (2.62)

2.5 Solution methodology

This numerical study is conducted using the opposed flow velocity
and temperature and the solid fuel thickness as parameters to investigate
flame ignition and the subsequent downward flame spread behavior.
Notably, in the present simulation, a finite-length fuel slab is used, the
ignition/combustion is in a two-dimensional wind tunnel, and both gas and
solid phase radiations are considered. The ambient oxygen concentration
in this model is fixed at 0.233.
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The numerical calculation is initiated from a prescribed external

radiant heat flux, g, , input on the solid fuel surface at time t=0. The

profile of the incident radiation flux is a Gaussian distribution and its
non-dimensional form can be expressed as
Uoe = Qo exp(— axz) (2.63)

where Q, ., IS the non-dimensional peak value of the external radiant heat

max

flux, « 1is a Gaussian distribution shape factor and the x is the
non-dimensional distance along the solid fuel surface. The solid fuel
absorbs the external heat to raise its temperature gradually and pyrolyze
the fuel vapor mixing the air to form the flammable mixture. The ignition
occurs as soon as the gas phase temperature raises high enough to enhance
the chemical reaction and the flame stars to propagate downward
subsequently.

The finite difference~equation:for.each variable is obtained by
integrating the differential:equation over the relative computational cell,
associating with specified interpolation applied on the interface between
the variable of two adjacent grid points. The detailed derivation of finite
difference equations is carried out in Appendix A. The resulting finite
difference equations are:
continuity equation:

Ceup, —Cyu, +Cy v, —C.v, =0 (2.64)
momentum equations:

apUp, = Y apU, +S¢ + AL (Pp — Pe) (2.65)
apVp = D anVo, +S¢ + AL (Pp — Py) (2.66)
The energy, fuel and oxidizer species equations can be expressed as

following general form of
ag¢P = Zanb¢nb + Sg (267)
where ¢ represents temperature, fuel and oxidizer mass fractions. The
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summations are applied over E, W, N and S points, the values of dependent
variables u, v, ¢ and p are evaluated at (n+1) iteration and the expressions
of coefficients such as A’s, a’s, S’s and C’s are also given in Appendix A.
The appearance of Equs. (2.64)-(2.67) seems to be linear, but it is not
because the coefficients are also the function of dependent variable itself.
The numerical scheme utilizes the SIMPLE (Semi-Implicit Method
for Pressure-Linked Equations) algorithm developed by Patankar (1980).
Since the momentum equations can be solved only when the pressure field
IS given or somehow estimated. An equation for pressure is needed to
resolve the problem. The thinking of SIMPLE procedure is that unless the
correct pressure field is employed, the resulting velocity will not satisfy the
continuity equation. Therefore, a pressure correction equation is derived
by linking the continuity equation.”‘sThe derivation is outlined next.

Because the pressure field is:unknown in the beginning, a P js guessed in
momentum equation. An:imperfect velocity: field based on guessed P’

will be denoted by u” and“V..“This crossed velocity field is resulted

from the following equations.

alur =Y anu  +S¢+(ps— poAL (2.68)

ayvy = apv. +S¢+(ps — py)AY (2.69)

The continuity equation generally will not be satisfied by employing u”

and V' into it, instead a net non-zero mass source m, will be generated

where

m, =C.u; —C,uf +C Vi —Cove (2.70)
Since the mass source is originated from P~ the next step is to fine a

way of improving the guessed P~ such that the resulting crossed velocity

will progressively get closer to satisfy the continuity equation. First, a

correct pressure is proposed that

28



p=p"+p (2.71)
where p’ is called the pressure correction. Suppose that the true velocity
components u and v respond to this pressure change in the following ways:
Up =Up +(Pp — Pe)(As, /ap) (2.72)
Ve =Vp +(Pp — Py )(A/ay) (2.73)
Then, substitute the velocity components into the continuity equation using

the above velocity-correction formulas (Egs. (2.72) and (2.73)), we can

obtain, after rearrangement, the following difference equation for p':

ap Pp = ¢ Pe +8y Py +ay Py +a Ps +S¢ (2.74)
where

ag =Cc (A, /ay).

a, =Cy (A /a}),

ar\PI :CN (Ar\lls /a\;/;)N'

ag =Cs (A /ay),
a; =af +a;, +aj +af
S¢ =-m,
Once p is obtained from Eq. (2.74), the velocities and pressure will
be updated by p  through Egs. (2.71)-(2.73). In the computation, as soon
as the numerical results meet the criteria of convergence, the value of m,
will come out to be practically zero for all control volumes. Therefore,
p =0 at all grid points will be acceptable solutions of Eq. (2.74) and the
crossed velocities and pressure will be the correct velocities and pressure.
The present radiation model incorporates the subroutine RADCAL
developed by Grosshandler (1993) to determine the gas absorption
coefficient. Since the radiation subroutine is complicated and consumes
much computing time, it is executed once after ten iterations in each time
step. The model is solved with a marching time step. At each time step,
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the gas and solid phase equations are solved separately. The solid phase
equations are coupled with the gas phase equations through a mass and
energy balance linkage. An iteration procedure is performed until all
variables in the gas and solid phases converge to their respective
acceptable criteria. For each grid point a residual R can be calculated as
R=>a,d,+S. —a,0, (2.75)
Obviously, when the discretization equation is completely satisfied, R
should be zero. In practice, this is impossible to satisfy. Because of this,
the suitable convergence criterion should be selected that the largest value

of |R| inthe computational domain is less than a convergence criterion, «.

The value of ¢ is set to be 0.01 in this work. When the conditions of

IR <& satisfied simultaneously for each dependent variable, the

iteration procedure is stopped.  Thereafter, the procedure moves to the
next time step. Computations are carried- out using a non-uniform mesh
distribution as shown in the figure 2:2." The calculation performed with a

non-uniform mesh according'to.the formula-listed as below:

Dx(1) = Dx(I -1)x1.042 if Dx(1)>25, Dx(l1)=25 for x<0 (2.76)
Dx(1) = Dx(1 -1)x1.1 if Dx(1)>25, Dx(1)=25 for x>0 (2.77)
Dy(J)=Dy(J -1)x1.1 if Dy(J)>25, Dy(J)=25 (2.78)

The smallest grid is 0.01 cm wide. Most of the grid points are
clustered in an external radiative heating region to capture drastic
variations in the flame; the grids then expand upstream and downstream.
The tests of the independence of the grid-size were conducted in advance
and the results are shown in Table 2. According to the grid-independence
test, a non-dimensional time step of At = 10 (equivalent to a real time of
0.02 s) and non-uniform grid dimensions of 290x95 were found to
optimize the balance among resolution, computational time and memory

space requirements. The time step that was selected in this work is much
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smaller than those used in previous studies, such as 0.0548 s in Lin and
Chen (2000) and 0.05 s in Wu and Chen (2004). Hence, the present

computation is expected to be more accurate and suitable for examining

gas phase ignition. In sum, the computational procedure is shown in

figure 2.3 and the whole produce is expressed briefly as follows.

©w ©° N o O~ w DR

Read initial conditions for both gas and solid phase.

Solve solid phase conservation equations.

Combine interface conditions.

Guess the pressure field P’

Solve the momentum equations to obtain u”, v".

Solve pressure correction equation to obtain P'.

Calculate P by adding P' to P’

Calculate u, v from the velogity:correction formulas

Solve the discretization equations for.other variables (temperature and
concentration), return to step 2, and repeat the whole procedures until

a converged solution is-obtained:

10. Update initial conditions for:all-variables and march next time step.

The computational time associated with each case was approximately

two days on a 2.8GHz Intel Pentium 4 PC at National Chiao Tung

University.

31



Chapter 3

Results and discussion

As mentioned previously, this dissertation consists of three parts. In
this chapter, the computation results as well as the detailed discussion for
each part are given in the following sections. These results are also
compared with corresponding experimental measurements and numerical
predictions.

The method and apparatus used to conduct the experiment are briefly
described as follows. The wind tunnel used in the experiment is 70 cm
long and has 10*10 cm? rectangular cross section. The test specimens are
PMMA slabs, which are 30 cm long, 3'¢m wide and have thicknesses of
0.82 cm and 1.74 cm, respectively. - [Each specimen is mounted on the
groove in the test section, whose sides are covered with asbestos plates to
minimize side effects. Remind that the solid fuel is assumed to be
homogeneous that its compositions ‘are uniform and its thickness is
remained constant by assuming the flame spreads relatively fast enough
that the fuel surface near the flame base remains approximately flat. The
air, heated by the heater, is drawn into the entire test section and then flows
over the specimen. The specimen is ignited using an electrically heated
Ni-Cr wire, which is placed above the PMMA surface. A 15V A.C.
current is passed through the Ni-Cr wire. The current is cut off when the
flame is ignited. The laser holographic interferometry and K- type
thermocouples are utilized to measure the local gas temperature in the test
section and the PMMA surface temperature, separately. The
thermocouples are separated by 5 cm. A thermocouple signal is recorded

using a multi-channel Yokogawa DA-2500 analyzing recorder and the
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flame spread rate is determined by dividing 5 cm by the time recorded to

have elapsed between the peaks on each of the two temperature traces.

3.1 Numerical study for downward flame spread over a finite-length
PMMA slab with radiation effect in a two-dimensional wind tunnel

In this topic, several aspects of the original combustion model of Wu
et al. (2003) are modified to investigate the downward flame spread over a
finite-length PMMA slab with radiation effect in a two-dimensional wind
tunnel. Parametric studies were conducted by changing the opposed flow
velocity and temperature and the solid fuel thickness, in the same ranges as
in the experiment of Pan (1999), to enable the results to be compared fairly
with those of Pan (1999) and Wu et al. (2003). Notably, in the simulation
of Wu et al. (2003), the fuel slab extends. infinitely in both directions, the
ignition/combustion is in an open-atmesphere and both gas and solid
radiations are neglected.- The discrepancies between the previous
combustion models of Wu et al. (2003)-and present work are listed in the
Table 3. The ambient oxygen‘concentration in the present model is fixed
at 0.233. Table 4 present the physical data used in this study and the
non-dimensional parameters are in Table 5.

In the initial state, the solid fuel of 298K is heated by the hotter
opposed flow of 313K, 333K and 353K, respectively, and its temperature
raises gradually. As soon as the solid fuel temperature reaches a steady
one, an external heat flux stars to heat the solid fuel surface. Figure 3.1.1
shows the steady state temperature distributions along the PMMA surface
before the external radiative heat flux is incident on the fuel under three
opposed flow velocities u.. =40cm/s,70cm/sand 100cm/sand opposed
flow temperatures from 313K to 353K. The solid and dashed lines
represent the Pan’s experimental (1999) and present numerical results,

respectively. The experimental error in the temperature measurement is
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+5.2K . The predictions are quite consistent with the measurements.
From this figure, it can be found that the differences decline as the flow
velocity increases at fixed flow temperature, but increases with the flow
temperature at a fixed flow velocity. The former result follows for the
fact that the upstream boundary layer may not have been fully developed in
the experimental test section, especially in the low velocity regime.
However, the flow in the numerical simulation is assumed to be fully
developed and the boundary layer thickness is fixed. For the latter result,
the temperature distribution in the experimental tunnel is expected to be
less uniform as opposed flow temperature increases at fixed flow velocity.
In addition, the errors of the instruments used to measure temperature such
as the thermocouple and data recorder, also increase with the opposed flow
temperature.

Figure 3.1.2 displays the time  history-of the flame profiles from

ignition to subsequent flame spread for u, =40cm/s, T, =313K and

r=0.82cm. The right half-of the figure is the fuel and oxidizer mass
fraction distributions whereas the left half of the figure shows the
temperature contours and flow velocity vector distributions. At t=0, the
incident radiation flux of the Gaussian distribution starts to heat the solid
fuel. The solid fuel absorbs the heat and raises its temperature gradually.
While the solid fuel reaches the pyrolysis temperature, the solid fuel
pyrolyzes the fuel vapor mixing with the air to form the flammable mixture,
as demonstrated in figure 3.1.2(a). However, the flame is not ignited due
to a small amount of fuel vapor and the low gas phase temperature.
Thereafter, the concentration of the flammable mixture increases
continuity and the gas phase temperature raises high enough to enhance the
chemical reaction as well. In this interval, the fuel vapor and air are now

well premixed by the convection and diffusion. According to Nakabe et
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al. (1994) and Ferkul and T’ien (1994), the gas phase ignition as occurring
as soon as the dimensional reaction rate (o, ) reaches 10 g/cm®s. The
starting point of gas phase ignition occurs at t =14.12s, as shown in figure
3.1.2(b). The thermal plume downstream is longer because of the high
opposed flow. An extra source for the gas phase temperature rise is from
the chemical reaction in addition to the solid conduction.

After that, the chemical reaction rate increases sharply and releases
much heat, resulting in the flame grows quickly within a very short period
and the flame size reaches a maximum value at t=14.14s, as illustrated in
figure 3.1.2(c). As following, the flame size and temperature reduce
simultaneously, as displayed in figure 3.1.2(d). The flame gradually
transfers from a premixed flame to a diffusion one. From the fuel and
oxidizer mass fraction distributions in‘the figure 3.1.2(d), it can be seen
that the fuel vapor and oxidizer is premixed in the flame front, whereas the
fuel vapor and oxidizer is mixed by the diffusion in the flame downstream
region. In order to sustain the_flame-itself, the flame front begins to
extend upstream (downward direction) to pyrolyze the solid fuel to
generate more fuel vapor to form the flammable mixture for support itself,
as depicted from figure 3.1.2(e) to figure 3.1.2(g). After that, the steady
flame spreads downward with the flame front.

Figure 3.1.3 plots the ignition delay time versus the opposed flow
temperature at three opposed flow velocities u_ =40 cm/s, 70cm/s and
100cm/s and solid fuel thicknesses of 0.82 cm and 1.74 cm. Notably, the
solid fuel length herein is finite. The values expressed by solid symbols
are ignition delays for r=0.82cm, whereas those represented by hollow
symbols are for z=1.74cm. This figure reveals that the ignition delay
time increases with the opposed flow velocity, because the thermal

boundary layer is thinner in regime of higher opposed flow velocity, in
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which more produced fuel vapors are carried downstream, hindering the
accumulation of fuel vapor near the solid fuel surface, increasing the
formation time of the flammable mixture, delaying the ignition. However,
at a fixed opposed flow velocity, the ignition delay falls as the opposed
flow temperature increases, because a flow at higher temperature can heat
the solid fuel more effectively, generating more fuel vapor, and forming
the flammable mixture sooner, shortening the ignition delay time.
Moreover, the ignition delay for r=1.74 cm is longer than that for
7 =0.82cm at a fixed flow velocity and temperature. A thicker solid fuel
has a greater thermal inertia (the ability of a material to conduct and store
heat) and requires more energy to reach the ignition temperature,
increasing the ignition delay. The experimental observations of Pan
(1999) and Chen (1999) and the:predictions of Wu et al. (2003) and Wu
and Chen (2003) have confirmed these findings.

Figure 3.1.4 plots the ignition delay time as a function of the opposed
flow temperature with and without the-radiation effects and the solid fuel
lengths are finite and infinite, respectively. The ignition delay times with
radiation (cases a,b,e) are longer than that without radiation (cases c,d,f),
which fact can be explained as follows. Figure 3.1.5 displays the
distributions of heat fluxes along the solid fuel surface at the instant just

before ignition (f =13.72s). q, and g, are the external input radiant heat

flux with a Gaussian distribution and the conductive heat flux from the gas,

respectively. q, and g, represent the gas phase radiation feedback to

the solid fuel and the radiation heat loss from the solid fuel to the ambient.
The sum of total heat fluxes is the net heat flux on the surface of the solid

fuel, q,.. A positive value means that the solid fuel gains energy from the

gas phase and a negative value represents the loss of heat from the surface

of the solid fuel. It shows that the magnitude of gas phase radiation
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changes insignificantly and can be negligible because the flame ignites in a
high speed flow regime. Furthermore, this figure demonstrates that the

net heat flux, g, near the origin is lower when the radiation effect is

considered. The solid fuel must receive more energy for pyrolysis to
produce fuel vapor, spending more time to form the flammable mixture.
Hence, the ignition occurs more slowly with radiation. The inset in figure
3.1.5 plots the distributions of solid fuel temperature and the density
contours just before ignition. It reveals that the solid fuel temperature is
lower with radiation, reducing the magnitude of fuel vapor. Furthermore,
the differences between the ignition delay time in the figure 3.1.4 increase
with the opposed flow temperature (cases a,c or cases b,d) and decrease
with the opposed flow velocity (cases e,f). The former result follows for

the fact that g, is proportional to’T*.““The solid fuel surface temperature

is higher when it is immersed in a hotter flow; so the heat lost by radiation
from the solid fuel surface to the surroundings is increased. The later
result is because that the convection effect is'more effective at higher flow
velocity. In other words, the ‘radiation is less important in the high
velocity regime. Additionally, whether the solid fuel length is finite or
infinite does not significantly influence the ignition delay (cases a,b or
cases c,d). This is because the ignition delay time is dominated by the
opposed flow velocity and temperature and the solid fuel thickness, but not
the solid fuel length.

Figure 3.1.6 plots the pyrolysis front positions as a function of time at

7=0.82cm, T,=333K and u, =70cm/s. The pyrolysis front position is
defined as the first upstream position of p, =0.99. The steady flame

spread rate can be obtained from the slope of a best fit line that passes
through the pyrolysis front positions. Computations are carried out by

using a non-uniform mesh distribution. Most of the grid points are
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clustered around the external radiative heating region (x=0) and then they
are expanded upstream and downstream. Hence, the flame displacement
shows the stair-step pattern when the flame spreads far away from the
origin.  However, it does not alter the expected constant flame spread
rate, indicated by that the straight line passes through these stair-step points.
The steady flame spread rate at various opposed flow velocities and
temperatures can also be determined by this way, and they are presented in
the next figures.

Figures 3.1.7 and 3.1.8 present the flame spread rate versus the
opposed flow temperature at three opposed flow velocities for solid fuel
thicknesses of 0.82 cm and 1.74 cm, respectively. The symbols represent
the data measured by Pan (1999), whereas the solid and dashed lines
indicate the results simulated hereiniand the prediction of Wu et al. (2003),
respectively. There are three computed -results in each line. The
conditions, such as the opposed flow velocity and temperature, used in the
computations are all the same as those used in experiments. These two
figures indicate that the flame spread-rate increases with the opposed flow
temperature at a fixed opposed flow velocity. The flame spread rate falls
as the opposed flow velocity increases at a fixed opposed flow temperature.
Furthermore, the flame spread rate of a thicker solid fuel is lower at a given
opposed flow velocity and temperature. The phenomena described above
can be explained in detail as follows.

Figure 3.1.9 depicts the temperature contours of the gas and solid
phases and the velocity vector distributions at a fixed opposed flow
velocity of T, =40cm/s and opposed flow temperatures of 313K, 333K
and 353K. As expected, a hotter opposed flow leads to a stronger flame.
For example, the non-dimensional maximum flame temperatures are 5.286,
5.343 and 5.44 at opposed flow temperatures of 313K, 333K and 353K,

respectively. The solid fuel receives more energy from the stronger flame,
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increasing the upstream pyrolysis length (and the preheat length) and
increasing the intensity that shortens the formation time of flammable
mixture ahead of the flame front. Therefore, the flame spread rate
increases with the opposed flow temperature. Figure 3.1.10 display the
heat flux distributions along the solid fuel surface at t =25s under a fixed

opposed flow velocity u, =40cm/s and the insets (a), (b) and (c) of this

figure show the peak values of q,,, the sum of g, , q, and q,, for the

opposed flow temperature of 313K, 333K and 353K, respectively. The
heat flux distributions are all similar for various opposed flow temperature

but a comparison among the insets reveals that the magnitude of g,

increases with the opposed flow temperature. This result demonstrates
that the solid phase absorbs more energy from the flame to pyrolyze the
fuel into gaseous vapor, reducing the time:to form flammable mixture and
accelerating the flame spread. ' The predictions of Kumar et al. (2003a)
and Wu and Chen (2004) cenfirm this result. -Moreover, this figure shows
that the magnitude of gas phase radiation changes insignificantly and can
be negligible because the flame spreads in a high speed flow regime.

Figure 3.1.11 displays the temperature contours of gas and solid
phases and the velocity vector distributions at various opposed flow
velocities from 40 cm/s to 100 cm/s and a flow temperature fixed at 313K.
The flame spread rate falls as the opposed flow velocity increases at a fixed
flow temperature, because the flame stretching increases with the opposed
flow velocity. The heat transferred from the flame front becomes less
able to preheat the solid fuel and most of the fuel vapors generated from the
pyrolysis zone are carried downstream. These factors result in a weaker
flame and the corresponding flame spread rate becomes lower.

Figure 3.1.12 presents the temperature contours of gas and solid

phases for a given opposed flow velocity of 40cm/s and temperature of
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313K for solid fuel thicknesses of 0.82cm and 1.74cm. The flame spread
rate declines as the solid fuel thickness increases at a given opposed flow
velocity and temperature, because a thicker solid fuel has a greater thermal
inertia that requires more energy to be heated to a temperature that supports
pyrolysis, such more time is required to form the flammable mixture and
the flame spread rate is reduced. This figure demonstrates that the flame
and preheated area upstream of solid fuel are both larger when the solid
fuel is thinner, which results were predicted by West et al. (1994) and Wu
etal. (2003). Additionally, the flame spread rate varies with the solid fuel
thickness at a fixed opposed flow velocity and temperature, but the thermal
boundary layer and the maximum flame temperature are not significantly
affected. This phenomenon has been verified by the experiments of Pan
(1999) and Chen (1999), whichi'alse, ,demonstrated that the thermal
boundary layer and the maximum/flame. temperature are independent of
the solid fuel thickness. -Both results of the present work and Pan’s
experiment (1999) show that the maximum reduction in flame spread rate
Is no more than 20% as fuel thickness-increases from 0.82 cm to 1.74 cm.
This indeed demonstrates the features of thermally thick fuel used in these
two studies.

The predicted flame spread rates of the presented work are generally
closer to Pan’s experimental measurements (1999) than the results
simulated by Wu et al. (2003) because several factors such as finite length
solid fuel, enclosure effect and both gas and solid radiations are considered
in the present combustion model. Figure 3.1.13 displays the temperature
contours of gas and solid phases for a given opposed flow velocity of
40cm/s and temperature of 313K with and without radiation effect. It
reveals that the upstream preheated area of the solid fuel is shorter when
the radiation is not neglected; suggesting that the heat loss from the solid
fuel is increased, reducing its pyrolysis intensity. Figure 3.1.14 depicts
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the gas phase temperature contours over the solid fuel surface as
determined by Pan’s experiment (1999) (figure 3.1.14(a)) and as predicted
by present work (figure 3.1.14(b)) and Wu et al. (2003) (figure 3.1.14(c)),
at o, =40cm/s, T, =313K and 7=0.82cm. The black portions represent

solid fuel. The flame tail defined in this work is the area of the flame
temperature contours, where no solid fuel is appeared under the flame.
The solid fuel infinitely expands upstream and downstream and the flame
tail continues to grow over the solid fuel surface as showed in Figure
3.1.14(c), whereas in Figures 3.1.14(a) and 3.1.14(b), the flame tail
contract slightly over the solid fuel surface of finite length. The
downstream solid fuel can not continually supply fuel vapor to form the
flammable mixture when the flame spreads over the finite length solid fuel.
This phenomenon reduces the overall flame temperature, decreasing the
flame spread rate. Furthermore, the -enclosure effect is included in this
study. The enclosure effect confines the flow more parallel to the solid
fuel surface and it influences-onthe-flame spread behavior slightly.
However, the enclosure effect becomes less important in the high speed
flow regime and it is more pronounced for the three-dimensional
configuration than for the two-dimensional one. The numerical study of
Nakamura et al. (2002) also confirmed this result. Accordingly, these
factors as mentioned above results in the predictions herein are similar to
the experimental values. However, the discrepancies of the flame spread
rate between the present model and experiment are still greater at low
opposed flow regime. The reason may be attributed to the present study
does not consider the three-dimensional effect, which may affects the

flame behavior obviously, especially in the low speed flow regime.
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3.2 Effect of opposed flow on flame spread over a finite-length PMMA
slab in a two-dimensional wind tunnel

The aforementioned series of studies, such as those of Pan (1999), Wu
et al. (2003) and the part 1 of present dissertation, concluded that the
influence of opposed flow velocity on the flame spread behavior exceeds
that of opposed flow temperature as flow velocity is increased further, and
that the discrepancies between the predicted and measured results,
especially in the low flow speed regime are due to the radiation effect.
Moreover, numerous investigations, such as those of West et al. (1994),
Rhatigan et al. (1998), Tizon et al. (1999) and Zhu and Gore (2005),
demonstrated that the radiation effect becomes stronger as the flow speed
declines. Therefore, this topic systematically investigates the effects of
opposed flow velocity on the flame spread characteristics considering the
radiation effect over a finite-length PMMA slab in a two-dimensional wind
tunnel. The opposed flow:velocities simulated herein are varied from 0 to
100cm/s, whereas the ones-used by Pan(1999), Wu et al. (2003) and the
part 1 of present dissertation are wvaried from 40 to 100cm/s. The entire
process, from ignition to subsequent flame spread, is examined in detail.
The effects of opposed flow temperature, solid fuel thickness and radiation
heat loss at various flow velocities are also discussed.

Figure 3.2.1 plots the computed ignition delay time as a function of
opposed flow velocity at a fixed opposed flow temperature of 313K with
and without radiation in the gas and solid phases. The ignition delay time
is defined herein as the instant at which the first appearance of the

dimensional reaction rate reaches10 g/cm®s. This figure reveals that the

ignition delay time increases with the opposed flow velocity. This occurs
because the temperature of the solid fuel increases to the pyrolysis
temperature with greater difficulty in the faster flow due to the stronger

convective cooling effect. In addition, most of the generated fuel vapors
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are carried downstream by the fast flow, extending the formation time of a
flammable mixture adjacent to the solid fuel surface. Therefore, for these
two reasons the ignition delay time is longer in the faster flow regime.
Furthermore, in figure 3.2.1 the results with and without the effect of
radiation are compared. The ignition delay with radiation is expected to
be longer than that without radiation. The solid fuel requires longer time
and more energy to reach the pyrolysis temperature in order to produce fuel
vapors as heat is lost by radiation, these increasing the formation time of
the flammable mixture and the ignition delay time as well. In the ignition
stage radiant loss therefore dominates radiant heat absorption by the gas
and the solid.

Figure 3.2.2 plots the flow velocity vector distributions and the
non-dimensional temperature centours .for the gas and solid phases at
several opposed flow velocities at™a fixed epposed flow temperature of
313K. Notably, both gas and solid phase radiations are considered. The
left and right-hand sides of figure 3:2:2"depict the temperature contours for
the gas and solid phases, respectively.” Both fronts of temperature
contours (gas and solid phase) along the solid fuel surface move further
upstream (the upstream defined herein is the direction of inlet opposed
flow) and then shift back to downstream as the opposed flow velocity
continuously increases. Additionally, the flame size is reduced and the
gas temperature contours are pushed toward the solid fuel surface as the
opposed flow velocity increases. Also, the curvature of the apex of the
temperature contours declines as the opposed flow velocity increases. In
this figure, it can be found that some of the flames are further upstream
than others. This is because the flame spread rate varies with the opposed
flow velocity non-monotonically. The faster flame spread rate leads to
the flame further upstream. These aforementioned phenomena will be
discussed in detail later. Figure 3.2.3 plots the fuel and oxidizer mass
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fraction distributions that correspond to figure 3.2.2. The solid and
dashed lines represent the fuel and oxidizer mass fraction distributions,
respectively. Clearly, the fuel and oxidizer are premixed well at the flame
front. The premixed flammable mixture plays the role of a source to
support combustion enabling the flame can therefore sustain itself to
spread upstream. This fact that there is premixing near the flame leading
edge was first noted in the PhD thesis of DeRis (1968) and subsequently a
detailed discussion was given by Wichman (1984). Behind the premixed
region, the flame is a diffusion flame.

Figure 3.2.4 plots the predicted flame spread rate as a function of
opposed flow velocity at a fixed opposed flow temperature of 313K with
and without gas and solid phase radiation. The flame spread rate is
determined by the motion of the pyrolysis front, which is defined as the

first position of p, =0.99. The flame spread rate varies with the opposed

flow velocity non-monotonically and two -flame spread regimes are
separated by the peak value. in between. -The peak occurs at a flow
velocity of approximately 32 cm/syand the maximum change in flame
spread rate is about 13.2%. In the first regime, U, <32cm/s, where the
flame spread rate increases with the opposed flow velocity. In the second
regime, U, >32cm/s, where the flame spread rate decreases as the opposed
flow velocity increases, opposite to the trend in the first regime. In the
first flame spread regime, the controlling mechanism of flame spread is
oxygen transport. The higher speed opposed flow supplies more oxygen
to the flame, to mix with the fuel vapor, shortening the formation time of
the flammable mixture near the solid fuel surface, and thus strengthening
the flame and accelerating the spread. However, as the opposed flow
velocity increases into the second regime, the controlling mechanism of

the flame spread is chemical kinetics. As the opposed flow velocity
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increases, most of the fuel vapors are carried downstream. The gas
residence time decreases and the chemical reaction does not have sufficient
time to proceed to completion, reducing the ratio of the residence time of
the mixture to the chemical time (i.e. the Damkohler number). These
phenomena mentioned above have been confirmed by the prior study of
DeRis (1968). In addition, the increase in the stretch effect reduces the
thickness of the flame, as shown in figure 3.2.2, and it is more difficult for
the forward heat transfer from the flame to preheat the solid fuel.
Consequently, the flame becomes weaker, such that the spread rate is
lower in the regime of high flow velocity.

The opposed flow velocity is used as a parameter to study the flame

spread behavior. The radiation to conduction parameter (1/N_ ) and

Damkdohler number (Da) will be changed.by the variation of opposed flow
velocity. The definitions of 1/N_land Daaré oT. o /k'V.and Bp'5/V,
respectively. Table 6 listsithe values of flame-spread rate (V; ), 1/N_ and

Da variation with opposed flow velocity.. It can be found that the values

of both /N, and Da are reduced with an increase of opposed flow

velocity. The increase in flame spread rate with increased opposed flow
velocity is attributed to greater heat and/or oxygen transport as the flame is
pressed closer to the fuel surface due to thinning boundary layers and
enhanced mixing of fuel and oxidizer. At opposed flow velocity greater
than 32cm/s, the flame spread rate falls gradually toward blow-off
extinction. This decrease in flame spread rate is attributed to Damkdohler
number effects which shorter residence times for chemical reaction to
occur actually limit the flame spread process; further thinning of the
oxygen concentration and thermal boundary layers no longer acts to
enhance the mixing and subsequent chemical reaction rate. In the other

hand, the radiation effect on the flame spread behavior becomes
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insignificant when the opposed flow velocity increases further. In higher
speed flow regime, the conduction and convection are the dominant
mechanisms. Several numerical and experimental studies, such as those
of Lastrina etal. (1971), Fernandez-Pello and Hirano (1983), Olson (1991),
Wichman (1992), Tizon et al. (1999) and Fujita et al. (2002), have found
this qualitative trend of the flame spread rate mentioned above. Figure
3.2.4 reveals that the flame spread rates with radiation are all lower than
those without radiation. The heat loss by radiation weakens the flame and
reduces the spread rate as well. Additionally, the peak value of flame
spread rate occurs at an opposed flow velocity of approximately 32 cm/s.
The parameter used in the present study is the opposed flow velocity and
the opposed flow temperature and solid fuel thickness are fixed at the
constant values. Therefore, the.peakivalue of flame spread rate may be
changed at other value of opposed flow velecity when the opposed flow
temperature or solid fuel thickness are changed.

Figure 3.2.5 plots the heat flux-magnitudes of q, and q, under

various opposed flow velocities atia fixed opposed flow temperature of

313K. The heat fluxes, q, and q,, represent the gas phase radiation

feedback to the solid fuel and the heat loss by radiation from the solid fuel

to the ambient, respectively. ~ The comparison of ¢, and g,

demonstrates that the magnitude of the gas phase radiation is relatively
much smaller, because the heat transfer mechanisms associated with flame
spreading in a fast flow are dominated by conduction and convection. In

other words, the maximum absolute values of q, and g, are 0.0499 and

0.812, respectively.  Hence it can be found that llag|<<1 .

Agr

Accordingly, the apparent radiation heat transfer herein is preferentially

only from the solid fuel to the ambient. Since g, is proportional to T}

and the maximum solid fuel temperature herein is defined as the burnout
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temperature, 668K, the magnitude of q, is almost invariant throughout

the simulated flow speed regime.

A recirculation flow just ahead of the flame front is observed, and its
intensity increases with the opposed flow velocity, as illustrated in figure
3.2.6. This figure displays the temperature contours of the gas phase and
the streamline distributions at a fixed opposed flow temperature of 313K
for the three opposed flow velocities of 7cm/s, 32 cm/s and 100cm/s. The
presence of the recirculation flow enhances the mixing of fuel vapor and
the oxidizer. Additionally, the flow can also carry some heat upstream
from the flame and simultaneously brings some of the cold air from
upstream into the flame. These two mechanisms are competing with each
other. As the flow velocity continues to increase, the latter effect
outweighs the former one, indicating that the cooling effect is prominent.
This phenomenon weakens the flame ‘and: reduces the corresponding
spread rate. The recirculation region has been numerically confirmed by
the prior researches, such as:-Whichman{(1992) and Higuera et al. (1997).

Figure 3.2.7 plots the preheat lengths versus opposed flow velocity at
a fixed opposed flow temperature of 313K with and without radiations.
The preheat length herein is defined as the distance between the
non-dimensional temperature contours of 1.1 and 2.1 along the solid fuel
surface, as shown in the inset of figure 3.2.7. The maximum change in
preheat length is about 15%. The preheat zone becomes narrower as the
opposed flow velocity increases and the dependence on opposed flow
velocity becomes stronger as the velocity declines. A larger preheat
length corresponds to a shorter required time for solid fuel to raise its
temperature to the pyrolysis temperature, thereby increasing pyrolysis
intensity. However, an excessive preheat length causes the dispersion of
heat across a rather wide region, slowing the flame spread, as displayed in

figures 3.2.4 and 3.2.7. These two figures demonstrate that the preheat
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length is larger in the region of lower flow velocity, but the corresponding
flame spread rate is not higher. As the opposed flow velocity increases
further, the convective cooling effect becomes stronger and the forward
heat transfer from the flame to preheat the solid fuel becomes more
difficult, shortening the preheat length. Furthermore, the preheat length
with radiation is smaller than that without radiation because heat is lost by
radiation, reducing the total heat received by the solid fuel.

Figure 3.2.8 plots the maximum flame temperature in the gas phase as
a function of opposed flow velocity at a fixed opposed flow temperature of
313K with and without radiation. The flame temperature initially
increases sharply and then declines slightly as the opposed flow velocity
increases, suggesting that the dependence on opposed flow velocity is
stronger at lower velocity. Acceording:to the phenomena of flame spread
mentioned previously, the variation of the flame temperature can also be
divided into two regimes. = In the first regime, prior to the flame spread
rate maximum of figure 3.2.4 where the opposed flow velocity is below
32cm/s, the flame becomes stronger-and- the flame spread rate increases
with the flow velocity, resulting in an increase of the flame temperature.
In the second regime, where the opposed flow velocity exceeds 32 cm/s,
the flame spread rate decreases as the opposed flow velocity increases,
indicating that a weaker flame spreads in this flow velocity regime and,
therefore, the flame temperature is reduced, but its variation is
inconspicuous. This result demonstrates that the effect of opposed flow
velocity on the flame temperature in the high speed flow regime is not very
significant, but it pushes the flame toward the solid fuel surface, allowing it
to be more or less parallel to the surface, as shown in figure 3.2.2. Pan
(1999) and Chen (1999) also experimentally observed this phenomenon.
Comparing the flame temperatures measured in these two experimental
works (not shown here) reveals that the temperatures predicted herein are
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higher. This difference may possibly be attributed to the side heat loss
from the flame to the side walls of the wind tunnel in the experiment. The
wind tunnel utilized in the experimental test is three-dimensional, whereas
the flame spreads in a two-dimensional wind tunnel in the present
simulation. Note from figure 3.2.8 that radiation only slightly affects the
flame temperature because the magnitudes of the gas and solid phase
radiation is small compared with the heat conducted in the gas phase.

Figure 3.2.9 plots the total heat fluxes received by the solid fuel
against the opposed flow velocity at a fixed opposed flow temperature of
313K with and without radiation. The maximum change in heat flux
received by solid fuel is about 12%. From previous figure, the variation
of maximum flame temperature is quite insignificant, indicating that the
solid-phase radiation makes mare.contribution in total heat flux than that
of gas-phase one. The dependence ©of the heat supplied to the solid fuel on
the opposed flow velocity can-also be divided-into two regimes, which are
consistent with the flame-spread predictions described previously in
figures 3.2.4 and 3.2.8. Since the heat supplied to the solid fuel is
controlled mainly by the flame temperature, the heat flux received by the
solid fuel in the first regime increases rapidly due to the rapid rise of the
flame temperature.  However, in the second regime, the flame
temperature is reduced as the flow velocity increases, reducing the heat
supplied to the solid fuel. The change of heat flux in a fast flow is
insignificant because the variation in the flame temperature is slight.

The effects of the opposed flow temperature and solid fuel thickness
on the flame spread characteristics are also investigated in this work.
Figure 3.2.10 plots the ignition delay as a function of the opposed flow
temperature at three opposed flow velocities of 10cm/s, 40cm/s and
100cm/s and two solid fuel thicknesses of 0.82cm and 1.74cm. Notably,
both gas and solid phase radiation is considered. Figure 3.2.10 reveals
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that the ignition delay time decreases as the opposed flow temperature
increases at a fixed opposed flow velocity regardless of whether the solid
fuel thickness is 0.82cm or 1.74cm. This is because that the hotter
opposed flow temperature preheats the solid fuel more effectively,
reducing the quantity of heat needed to raise the solid surface temperature
to its pyrolysis temperature. The time required to pyrolyze the fuel vapors
mixed with air to form the flammable mixture is reduced. Consequently,
the flame can be ignited more quickly. Furthermore, this figure shows
that the variation in the ignition delay becomes negligible as the opposed
flow velocity is increased further, suggesting that the effect of the opposed
flow temperature on flame ignition becomes weaker in the faster flows.
Restated, the effect of the opposed flow velocity is more important than
that of the opposed flow temperature; which fact was confirmed by Pan
(1999), Wu et al. (2003). Additionally;. the, ignition delay times with a
solid fuel thickness of 1.74cm are all expected-to be longer than those with
a solid fuel thickness of 0.82cm.." Atthicker solid fuel has a greater thermal
inertia which is defined as the ability-ef @ material to conduct and store heat
(Di Blasi, 1995); hence the solid fuel requires more time to receive the heat
required for it to reach the pyrolysis temperature, these increasing the
ignition delay time.

Figure 3.2.11 plots the flame spread rate versus the opposed flow
temperature at three opposed flow velocities of 10cm/s, 40cm/s and
100cm/s and two solid fuel thicknesses of 0.82cm and 1.74cm. As
expected, a hotter opposed flow leads to a stronger flame. For example,
the non-dimensional maximum flame temperatures at the opposed flow
temperatures of 313K, 333K and 353K are 5.286, 5.343 and 5.44,
respectively, at a fixed opposed flow velocity of 40cm/s. The enhanced
pyrolysis intensity shortens the formation time of the flammable mixture
ahead of the flame front. Hence, the flame spread rate increases with the
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flow temperature at a fixed opposed flow velocity. Note that the flame
spread rate at an opposed flow velocity of 10cm/s and a temperature of
313K is the lowest among all opposed flow velocities. However, the
variation of the flame spread rate at an opposed flow velocity of 10cm/s is
steepen than those at 40 and 100 cm/s as the opposed flow temperature
increases, revealing that the influence of the upstream gas temperature on
the flame spread rate is stronger at the lower flow speeds. Moreover, a
comparison between two solid fuel thicknesses shows that the flame spread
rates over the thicker solid fuel sample are all slower than those of the
thinner fuel. Di Blasi (1995) and Di Blasi and Wichman (1995) also
obtained this finding. As mentioned previously, this result is attributed to
the fact that a thicker solid fuel has a greater thermal inertia, such that
increasing the temperature of the fuelis.more difficult. Accordingly, the
solid fuel takes longer to form the flammable mixture near the solid fuel

surface, reducing the flame:spread rate.

3.3 The investigation of downward: flame spread over a finite-length
PMMA slab in a wind tunnel by using the unsteady three-dimensional
combustion model

In the previous topics, the greater discrepancies of results between the
simulation and the experiment still exist in low opposed flow regime.
This may be attributed to the 3D effect is not included in the combustion
model. Therefore, this topic utilizes the unsteady three-dimensional
combustion model to study the influence of 3D effect on the flame
behavior over a finite-length PMMA slab. The present three-dimensional
unsteady combustion model is basically developed from the original
two-dimensional one of part 1 of present work. In this problem, the
governing equations and the assumptions are basically the same as these
given in the previous description of chapter 2, except that the model is
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developed from two-dimension to three-dimension. Therefore, the
mathematical model and the assumptions are not represented here for
brevity. The non-dimensional gas and solid governing equations are listed
in Table 7. The discrepancies between the part 1 of present dissertation
and present work are listed in the Table 8.

Figure 3.3.1 presents the configuration of three-dimensional ignition
over a vertically oriented PMMA slab in a mixed convective environment.
The dimensions of wind tunnel and the solid fuel plates used in the present
simulation are all the same as those of Pan’s experiment (1999).
Computations are carried out using a non-uniform mesh distribution as
shown in the figure 3.3.2. The tests of the independence of the grid-size
were conducted in advance and the results are shown in Table 9.
According to the grid-independence'test;:a non-dimensional time step of At
= 10 (equivalent to a real time of 0:02 s) and non-uniform grid dimensions
of 290x95x50 were found to optimize the -balance among resolution,
computational time and memary:space requirements. The prior numerous
studies, such as those of Mell“and-Kashiwagi (2000), Nakamura et al.
(2002) and Shih and T’ien (2003), indicated that the 3D effect is dominated
by the flow velocity. Therefore, the parametric study herein is conducted
by changing the opposed flow velocity and its range is the same as used in
the experiment of Pan (1999), to enable the results to be compared fairly
with the prior predictions of Wu et al. (2003) and the part 1 of present
dissertation. Remind that the solid fuel in present study is assumed to be
homogeneous that its compositions are uniform and its thickness is
remained constant by assuming the flame spreads relatively fast enough
that the fuel surface near the flame base remains approximately flat.
Notably, both the computation domain utilized in these combustion models
mentioned above are two-dimensional, whereas the one utilized in the

present model is three-dimensional. The ambient oxygen concentration in
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the present model is fixed at 0.233.

Figure 3.3.3 displays the three-dimensional flame spread over the
solid fuel surface. The left hand side is the camera image observed by the
Pan’s experiment (1999) and the right hand side demonstrates the
simulated result in the present study. The opposed flow velocity and
temperature are 40cm/s and 313K and the solid fuel thickness is 0.82cm.
The simulated flame profile is highly similar to the one of experiment. It
can be found that both the flame tails of experimental observation and the
simulation contract over the solid fuel surface. This is because the

asbestos plates locates behind the origin (x = y = 2 = 0) and it does not

continuously provide the fuel vapor to form the flammable mixture. This
factor increases the formation time of flammable mixture and decreases the
intensity of chemical reaction as well. Hence, the overall flame
temperature is reduced, declining the:downstream flame size. However,
the flame tail of Wu et al. (2003) still grows (not shown here) because the
solid fuel expends upstream and downstream-infinite and the flame spreads
in an open atmosphere. Furthermore, in this figure, it can be seem that the
opposed flow is confined by the tunnel walls and the flame is pushed by the
flow toward the solid fuel surface slightly.

Figure 3.3.4 displays the time history of the three-dimensional flame
profiles and the flow velocity vector distributions from ignition to
subsequent flame spread for the opposed flow velocity of 40cm/s and
temperature of 313K and the solid fuel thickness of 0.82cm. The time
history of ignition and subsequent flame spread is similar to that mentioned
in the part 1 of present dissertation. The solid fuel receives the external
heat flux to raise its temperature gradually and some part of the heat
received by the solid fuel also heats the gas phase simultaneously, as

shown by figure 3.3.4(a) and figure 3.3.4(b). The flame is ignited as gas
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phase temperature raise high enough, resulting the drastic chemical
reaction and thermal expansion, as demonstrated in figure 3.3.4(c).
Thereafter, the flame starts to spread downward and spreads with steady
rate after several seconds, as shown in figure 3.3.4(d).

Figure 3.3.5 displays the ignition delay time as a function of opposed
flow velocity for 2D and 3D problems, respectively. The opposed flow
temperature and solid fuel thickness are fixed at 313K and 0.82cm. As
mentioned previously, the ignition delay time increases with an increase of
opposed flow velocity. However, in this figure, it can be found that the
ignition delay times of 3D problem are greater than ones of 2D problem
and the discrepancies of ignition delay time between the 2D and 3D
problems are decrease with an increase of opposed flow velocity. The
difference of ignition delay time between 2D and 3D problems for opposed
flow velocity of 40cm/s is 0.64s)|whereas, the one for opposed flow
velocity of 100cm/s is 0.11s." In the lower opposed flow regime of 3D
problem, the fuel vapor is carried downstream by the convection but some
of the fuel vapor is diffused to the lateral sides of wind tunnel, hindering
the accumulation of fuel vapor near the solid fuel surface, increasing the
formation time of the flammable mixture, resulting the greater difference
of ignition delay time between the 2D and 3D problems. However, in the
higher opposed flow regime of 3D problem, the fuel vapor transferred to
the lateral sides of wind tunnel by the diffusion becomes difficult. In
other words, most of produced fuel vapor is carried downstream by
convection.  This phenomenon is similar to that of 2D problem.
Therefore, the influence of 3D effect on ignition delay time is reduced
when the flame is ignited under the high speed flow regime.

Figure 3.3.6 presents the steady flame spread rate versus the opposed
flow velocity at a fixed opposed flow temperature of 313K and a solid fuel
thickness of 0.82 cm. The steady flame spread rate herein is determined
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by the slope of a best fit line that passes through the pyrolysis front position

which is defined as the first upstream position of p, =0.99. The solid,

dash and dash-dot lines in this figure indicate the simulated results of the
present work, the part 1 of present dissertation and Wu et al. (2003),
respectively. There are three results in each line. The circular symbols
separately represent the data measured by Pan (1999). Notably, the
conditions such as the opposed flow velocity and temperature and the solid
fuel thickness used in these computations are all the same as those used in
the experiment. This figure indicates that all the flame spread rates of
experimental measurement and simulated results fall as the opposed flow
velocity increases. Comparing with the results between the experiment
and predictions in the figure 3.3.6, the results of present work are closer to
those of experiment, especially:“in“lower speed flow regime. In the
investigation of part 1 of present dissertation, the enclosure effect and both
gas and solid phase radiations are added to the combustion model. The
enclosure effect confines the flow maore parallel to the solid fuel surface
and enhances the oxygen supply:for.combustion, increasing the flame
spread rate. Additionally, the radiation effect plays a role of heat loss
from the solid fuel and reduces the pyrolysis intensity, decreasing the
flame spread rate. These two effects are competing with each other.
Obviously, the influence of enclosure on the flame spread rate overcomes
the one of radiation in this flow speed regime. Hence, the flame spread
rate of part 1 of present dissertation increases compared with the one of Wu
et al. (2003).

In the present work, the 3D effect is considered in the combustion
model. The 3D effect includes two mechanisms, such as the oxygen
diffusion from the side walls of tunnel to the flame and the heat loss from
the flame to the side walls of tunnel. The former one enhances the

chemical reaction and the flame intensity as well, whereas the latter one
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results in a lower flame temperature and reduces the corresponding spread
rate. Figure 3.3.7 displays the temperature contours of gas phase and flow
velocity vector distributions at a fixed opposed flow velocity of 40cm/s
and temperature of 313K and solid fuel thickness of 0.82cm for 2D and 3D
problems, respectively. In this figure, it can be seem that the flame
profiles are almost the same between the 2D and 3D problems but the
flame front for 3D problem is shift back to downstream slightly due to the
slower flame spread rate, as shown in figure 3.3.6. Figures 3.3.8 illustrate
the flame characteristics on X-Z plane for opposed flow velocity of 40cm/s
and temperature of 313K and solid fuel thickness of 0.82cm at t = 25s.
Figures 3.3.9 and 3.3.10 separately display the flame characteristics on
Y-Z plane for opposed flow velocity of 40cm/s and 100cm/s at t = 25s and
the opposed flow temperature and solid. fuel thickness are fixed at 313K
and 0.82cm. The right half displays the gas phase temperature contours
and flow velocity vector distributions, whereas the left half presents the
fuel and oxidizer mass fractions, respectively. In the figure 3.3.8, it can
be seem that the solid fuel pyrolyze the fuel vapor mixing the air to form
the flammable mixture in the flame front region. The ambient oxygen
concentration is fixed at 0.233 in the present study and the oxygen supply
rate from side to the flame center by diffusion will be decreased with an
increase of flow convective velocity, as shown in figures 3.3.9 and 3.3.10.
Comparing with the magnitude of oxygen supply by convection, the
oxygen side diffusion can be neglected due to the flame spread in high
speed flow regime. Therefore, the influence of oxygen side diffusion on
the flame spread rate is insignificant in the present study. This
phenomenon mentioned above has been confirmed by the prior studies of
Mell and Kashiwagi (2000), and Shih and T’ien (2003). In the other hand,
the cold tunnel walls conduct heat away from the flame which introduces
the heat loss. In these figures, it can be seem that the higher gas phase
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temperature contours are clustered at the flame leading edge and then drop
gradually from the flame center to the side walls. Moreover, it can also be
pointed out that the influences of lateral walls are more significant than that
of the top wall. For example, in the figure 3.3.9, the distance (0.85cm)
from the origin to the joint of the isothermal of 1.17 on the z axis is shorter
than that (1.02cm) on the y axis. It indicates that the heat loss from the
flame to the lateral walls of wind tunnel is greater than that to the top wall
of wind tunnel because the distance (5cm) between the origin and lateral
wall of wind tunnel is shorter than one (10cm) between the origin and top
wall of wind tunnel. Summarized the factors discussed above, the overall
3D effect on the flame spread behavior in this work is to decrease the flame
spread rate and it can be seem that the flame spread rate of present work
compared with the results of part1:0of present dissertation is slightly
reduced from the figure 3.3,6. Hence, the flame spread rates predicted in
the present work are closer:to the ones measured by the experiment of Pan

(1999), especially in lower speed flow regime.
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Chapter 4

Conclusions

This work numerically investigates the flame ignition and subsequent
flame spread characteristics over a finite-length PMMA slab under mixed
convection conditions in a wind tunnel using an unsteady combustion
model. The modified combustion model of present study, included
finite-length solid fuel, enclosure effect, gas and solid phase radiations and
3D effect, is expected to be more completeness and accuracy to predict the
ignition delay time and flame spread rate. The previous studies mostly are
addressed either thermally thick or thin materials, whereas the present
work is emphasized on intermediate-thickness materials.

The first part of this study utiizes an unsteady combustion model,
with opposed flow velocity and|temperaturezand solid fuel thickness as
parameters, to investigate the effects of these factors on the ignition delay
and the subsequent downward flame‘'spread over a PMMA slab of finite
length under mixed convection conditions in a two-dimensional wind
tunnel. The results obtained by simulation herein are compared with the
corresponding predictions and experimental measurements. The ignition
delay time increases as the opposed flow velocity or the solid fuel
thickness increases and the flow temperature falls. Additionally, the steady
flame spread rate increases as the opposed flow velocity or the solid fuel
thickness declines and the flow temperature increases. The gas phase
radiation effect can be neglected because the flame spreads in the high
speed flow regime. On the other hand, the solid phase radiation affects
the ignition delay time and flame spread rate significantly. It increases the

ignition delay time and reduces the flame spread rate. Moreover, the
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downstream flame size grows over an infinite length fuel plate, whereas
that herein contracts slightly over a finite length fuel plate, resulting in the
lower flame spread rate. The factors, such as radiation and finite fuel
length mentioned above, reduce the flame spread rate and thus mitigate the
discrepancies between the predicted results of present work and the
corresponding experimental measurements. However, the discrepancies
remained in the low flow velocity regime, because the three-dimensional
effect is neglected in the present two-dimensional model. Also, the
enclosure effect is insignificant in the high flow velocity regime and in the
two-dimensional model.

The second part of this study utilizes an unsteady combustion model
with variable opposed flow velocity as parameters to investigate the flame
ignition and subsequent downward’flame spread over a finite-length
PMMA slab with mixed convection‘conditions in a two-dimensional wind
tunnel. The gas and solid phase temperatures, preheat length of solid fuel
and the heat flux received-by the solid fuel are used to examine flame
ignition and spread characteristics.-—TFhe -numerical results show that the
ignition delay time increases with the opposed flow velocity and it
increases when radiation is considered. Additionally, the flame spread
behaviors can be divided into two regimes based on the opposed flow

velocity: one is the oxygen transport control regime for U, <32cm/s and

the other one is the chemical kinetic control regime T, >32cm/s. The

steady flame spread rate firstly increases and then declines as the opposed
flow velocity is increased continuously.  Furthermore, the results
demonstrate that radiation weakens the flame and always reduces the
corresponding spread rate. When compared with the radiation heat loss
from the solid to the ambient, the gas phase radiation feedback is
insignificant and can be neglected. This work also discusses the

influences of the opposed flow temperature and solid fuel thickness on the
59



flame spread behavior. The predictions indicate that the hotter opposed
flow temperature facilitates ignition and enhances the flame strength as
defined by an increase in the corresponding spread rate. The ignition
delay time becomes longer and the flame spread rate is reduced as the solid
fuel thickness is increased. The comparison of ignition delay time and
flame spread rate between several opposed flow velocities and
temperatures demonstrates that the influence of the opposed flow
temperature on the flame becomes inconspicuous as the opposed flow
velocity is increased further. All of these results should be of assistance
and guidance to the development of the models that seek to incorporate
additional physical processes.

The third part of this study utilizes a three-dimensional unsteady
combustion model with opposed flow:velocity as parameters to investigate
the influences of 3D effect on the ignition.and subsequent downward flame
spread over a finite-length PMMA slab under mixed convection conditions
in the wind tunnel. The: resultsobtained by simulation herein are
compared with the corresponding-experimental measurements of Pan
(1999) and predictions of Wu et al. (2003) and the part 1 of present
dissertation. The simulated flame profile in this part is similar to that
observed by the experiment. The ignition delay time increases with an
increase of opposed flow velocity. However, the ignition delay times of
3D problem are greater than ones of 2D problem and the discrepancies of
ignition delay time between the 2D and 3D problems are decrease with an
increase of opposed flow velocity. This is because the fuel vapor
transferred to the lateral sides of wind tunnel by the diffusion becomes
difficult when the flame is ignited under a high speed flow regime. The
simulated results indicate that the flame spread rate decreases with an
increase of opposed flow velocity. The flame is stretched by the high
speed flow and most of the fuel vapors are carried downstream, reducing
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the intensity of chemical reaction and the strength of flame as well.
Hence, the corresponding flame spread rate is decreased with opposed
flow velocity. A comparison is made between the earlier experiment and
simulations. The results indicate that the predicted values of present work
are similar to the ones of experiment, especially in the lower speed flow
regime. This is because the 3D effect is added in the present combustion
model. The 3D effect has two mechanisms to influence the flame
behaviors. One is the oxygen side diffusion and the other one is the heat
losses to the side walls. The simulated results of present work
demonstrate that the former effect influences the flame spread insignificant
because the flame spreads under a high convective flow, whereas the latter
one reduces the flame temperature slightly as well as the flame spread rate.
Therefore, the overall 3D effect onthe flame behaviors in the present study
Is to reduce the spread rate of flame. Additionally, the simulated results
show that the influence of lateral walls of wind tunnel are greater than that
of top wall of wind tunnel due 1o the'shorter distance between the flame

and lateral walls of wind tunnel.
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Appendix A

Derivation of finite difference equations

A.1 Introduction
The momentum, energy and species equations (Eqgs.(2.37)-(2.42)), with the

continuity equation, can be rewritten in the following general form:

d N o¢

= —T0) +— —T-9)=5§ Al
ax(pu¢ ax)+ay(p\/¢ ay) p (A.1)
where ¢ is the dependent variable, ' and S, represent the conductance and

the source terms relevant to ¢. The finite difference equation for each
dependent variable is derived by integrating Eq. (A.1) over the corresponding
computational cell, the integrations,of. temperature, fuel and oxidizer mass
fractions are performed over the mainscell, the integrations for the velocity
components u and v, are carried out over the u-cell and the v cell respectively.
The integrating procedures for.all-these-equations are the same. Therefore,
a detailed derivation for the variable integrating over the main cell is sufficient to
illustrate the procedure and it is given in the next section. A summation of the

results of integration for all of the variables is presented in section A.3.

A.2 Integration procedure

In the main cell, shown in figure A, attention is focused on the grid point P,
which has the points E, W, N and S as its neighbors. The letters e, w, n and s
denote the faces of control volume which are located at the mid-way between the

grid points.
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Figure A. Main cell

The integration of Eq. (A.1) over the main cell is

n e O o¢ e O o¢ Lo ge
L ng(pw—r&)dxdw jw j a(p\m}—rg)dydx— j jws¢dxdy (A.2)
The first integral on the left-hand side of Eq. (A.2) can be written as
” PP — F—)dxdy j(pu¢ r ¢) dy=1,-1, (A.3)
where

" ugp_12?
| = [ (g -T ). dy

~[[(ug -1,y
s X

Approximately, 1. is given by

e

1, =[(pu), 4, - T, ( ) 1A, (A4)

where A’/ = %(Ayﬁp +Ay?%) is the east or the west fact area of the control volume.
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Eqg. (A.4) consists of convection and conduction/diffusion terms. The most
straight forward way to obtain the expression for both terms is assuming a
piecewise-linear profile between the grid points. However, this kind of
treatment sometimes causes disastrous outcome such that the finite difference
equation may diverge. The power low scheme is applied on the convection term
only, whereas the conduction term is still using the central difference scheme.
Using this, Eq. (A.4) becomes

_1 _FP+FE ¢E_¢P ¢
I —[2(,05 + Pp Upfp 5 AXo 1AL (A5a)
if uc>0

—i _FP+FE Pe — Do po
I _[2(pE + pe Upde 5 AXop 1AL (A5b)
if u. <0
let

¢ 1 [
me :E(pp + P Up A,

1 TI,+I 1

d¢ =5 PAX—?;EIE)AfW+E‘m£‘ (A.6)

With the definitions given by Eg. (A.6), the conditional statements (A.5) can be

written in a more compact form:

o= (02 +5mE)o — (A2 -2 mE e (A7)
Using a similar manipulation for 1, in Eqg. (A.3), we have

L = (5 +omE)y - (& - mi)es (A.8)
where

1
m\f\j/ = E(pw + Pp Uy Afw
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Substituting Egs. (A.7) and (A.8) into Eq. (A.3) we get
[ 12 (oup-r Dy =1, -1,

1 1 1 1
= (A2 +5mE + 0 -2 )g, (@ =S mEdge — (05 + 58 )y (A.9)

Similarly, the second integral on the left-hand side of Eq. (A.2) can be written as

L5 tovo o

1 1 1 1
= (d§ +§mﬁ +d¢ _Emg)¢P —(d§ —Emﬁ)% —(d¢ +§m?)¢s (A.10)
where

1
mﬁ = E(pp + Oy )VPAfs

1
mg = E(ps + Pp Vs Ar?s

1 I+
df = Z(-E)A? + = |m¢
N 2 A gN ‘ N‘
1 I3+
¢ _ P ¢ ¢
dS _2 A ¢ )An ‘ms‘

and A’ = %(Axf,’E +Ax$.) s the north or south face area of the control volume.
The resulting appearance of integration for the source term on the right-hand
side of Eq. (A.2) depends on the actual expression s, itself. However, the

integrating procedure is the same as what has been presented. In order to
achieve a converged solution, the resulting finite difference representation of the

source term is suggested to be in the following form:
[[['s,dxdy =8¢ +Sig, (A.11)

where the quantity SZ must not be positive to make numerical scheme stable.
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Finally, substituting Equ. (A.9), (A.10) and (A.11) into Eg. (A.2), the differential
equation can be transformed into a standard form of fully implicit finite

difference equation:

ag¢P :ag¢E +av¢</¢\N +af1¢N +as¢¢8 +Sg (A12)
where
1
ag =d¢ - 1m:
1
a = di 2
1
aﬁ :dlﬁ —Emﬁ
1
ag —df—Emf

The coefficients, a.,a, ,ay and-a.,are guaranteed to be positive quantities
by the definition themselves. ‘For. convergence, the value of a? should be
positive. A special treatment for the mass source term, (m.-m, +m, —m,),
inside a? is needed. The finite difference equation for continuity equation is
obtained by integrating Eq. (2.37) over the main cell. The result is
Celp, -CyU, +CVp —Cove =0 (A.13)

where

1
Ce =§(pp +IOE)Ae¢W

1
Cw :E(pw "’pp)Afw

1
Cy = E(pp + Oy )Ar?s
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1
Cs :E(ps +pP)Ar?s

If mass balance is achieved in the control volume, from Eqg. (A.13), the term
of (m¢ -m, +m, —m,) vanishes in Eq. (A.12). During the iteration procedure,
however, this term usually is not zero and may lead to computational instability.
The trick used to avoid this condition is to replace a? and S¢ in Eq. (A.12) by
al =a’ +aj +af +al + Max(m? —m{, + m¢ —m?,0)-S, (A.14)
S¢ =S/ + Max(m? —m/, + m¢ —m?,0)¢, (A.15)
where superscript + denotes the quantity resulted from last iteration. This will

ensure that all of the coefficients in Eq. (A.12) are positive to avoid the

divergence due to the existence of negative coefficient in aJ.

A.3. Summation of Finite Difference’Equations

The forms of finite difference equations for T, Yr and Y, are identical
except the expression of some-of the:coefficients. The form of the equation is
given by Eq. (A.12) except the coefficients 'a% and s¢ are replaced using Eqns.
(A.14) and (A.15).
For ¢=u, the finite difference equation is
apU, =agUg +ayU,, +ayuy +asug + (P, —P:)A,, +S¢

where

a'=d/’ —%mi“ fori=EorN
a’ =d! +%miu for=WorS

u
E

du _ /uE -
E ™ u
ReAX;: 2

dqu—_H 2
w u
ReAXy, 2

u
W
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o 1 + pp + uy +
qe :_(,UE Hp N /UNE)+

l‘mkl
4 ReAy,, 2

qv IR R e
d =

1)
)+_‘mw
4 Re Ay, 2

u 1 u
me :Z[(PE +pp)Up + (0 + Pee Ue JA,,, EE=E+1

u 1 u
my =Z[(pE +pp)Up +(0p + py )uw]Aew

u 1 u
my = Z[(pE + Pne Ve + (P + o Ve lAL

u 1 u
LU :Z[(pE + Pse Wee +(Pp + P )Vs 1AL

u 1 u u
Aew = E (AyPN + Aysp)
u 1 u u
Ans = E (AXPE + AXWP)

u u u u u u u u u
ap =ag +a, +a, +ag + Max(mg =m,, +my =mg,0)-S,

S¢ =S, + Max(mg —my, + my —mg;0)uy

1 - u U U M
S, = E Up — (5 + " )u, +—uy, JA,,
' 3Re[AxgE g (AxgE Ax\;'vp) A wlA

1 + pe + + 2
+_[(,UP He T Hye THN £
Re 4 3

2 ﬂp"‘ﬂe"‘ﬂSE""ﬂS)v
SE

_I_ J— J—
(3/UE 4
2 + pe + +
+(_ﬂw_ﬂp He * Hne 'uN)VP
3 4
Mo + Mg + feg + 1t 2
e

For ¢ =v, the finite difference equation is

apVp = agVe +ayVy, +ayVy +avg + (P — Py) Ay + Se
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where

aiv:div_%miv fori=EorN
' \ 1 v —
al =d!+om forI=Wor$S

\ :uN \Y 1
dy = +
" Re Aypy A 2

My

u Hp v Ly
dé=—*r A+ 2Im
S ReAy;P Ans 2 S

v _ 1 Mg+ Hp Uy ey
dE:_( E P N NE)Aew+

E‘mé
4 Re AXpe 2

qv - R L R
w __( Y,
4 Re AXyp

)+ 2|t

\ 1 Vv
me :Z[(PN + Ppe Uy + (0 + e )Up JAG,

v 1 y
my =Z[(pN + Paw W + (26 + oy Uy 1A,

\ 1 A
my :Z[(Pp +ou Ve +(oy + o VN TAG, NN =N+1

\ 1 .
mg ZZ[(pP + o0 Ve + (06 + Ps Vs 1A

\ 1 Vv 2
Aew = E (AyPN + Aysp)
Vv 1 Vv \
Ay = E (AXPE + AXWP)

& = AV +ayVy, +aVy +agvs + Max(my —my, +my —my)-S,

S¢ =S) +Max(m! —my, +m, —m¢)v;

v 1wy Hy Hs Hs
S) = [ V — WV +— Vs DA
' 3Re AYpy " AYpy  AYgp " AYgp i

—— iy Uy

1 + U + + 2
+_[(ﬂP lLlE ILINE IllN
Re 4 3
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Table 1 Non-dimensional governing equations

Gas phase governing equation

¢ (p¢)+£(pu¢—r@j+ﬁ(pv¢—r@j _s

at X &) & EY
Equation ¢ r S
Continuity 1 - 0
Y7 P Gr
- — -—+S, + -
X-momentum u . St ogle. - p)
P
- A —-—+S
Y-momentum v Re g
H — o __a T
Energy T Pr Re Q@ N ( o)
Y7 .
Y
Fuel i PrReLe “r
(_)ther species v U o,
1=0,,CO,,H,0 PrRelLe
Solid phase governing equations
0705 Ps =iPs Es
Mass = (As)[ s ] p( TSJ
" 2 2
Energy B R U I R R L
" . 0%, 0%, 2 4
Radiation transport equation : —>+-—>=-3a*(T* - 1,)
OX oy
where
12 i@)+i(iﬂ)_32(iﬂ)
" 33X Re&kx’” & Rex” 3X Redy

34 Red)’ & Redy’ 34 Redk
op =-Dap?Y Y, exp(-E/T)

10 N, O al, 270 al
S, = (Y + () - S (S
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Table 2 Grid and time step test results

Grid Ignition
number Timestep (s)  delay time

X%y (S)
290x125 0.02 14.12
290x 95 0.02 14.12
315x95 0.02 14.12
330x 95 0.02 14.12

290x 95 0.05 14.46
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Table 3 The discrepancies between the combustion models of Wu et al. (2003)
and present work.

.. Gas and
F':;}%'?S(glth Enec‘%:%scl:re solid phase 3D effect
radiations
Wu et al. X X X
(2003)
Present 0 o) 0 X

work
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Table 4 Gas and solid properties values

Symbol Value Unit
Es 1.298x10° J/mol
As 2.282x10° 1/s
L -941.08 Jg
ks 2.675x10° W/ecmK
C. 1.465 JgK
. 1.19 glem®
Tu 668 K

f 1.92 -
Co FT) JIgK
Use variable cm/s
Yoo 0.233 -
P (T ) g/em’
q 2.59x10* g
a F(T) cm?/s
Ta variable K
K £(T) W/emK
0 F(T) glcms
E 8.895x10* J/mol
B 5.928 x10™2 cm®mols
T variable cm

1
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Table 5 Non-dimensional parameters

Symbol Parameter group Value
A, Aa’ IV? Variable
a as Variable
C c,/c, 0.85
D, Bp oIV, Variable
E E/RT, 32.129
E, E./RT, 46.883
Gr 9(p. -p)5 [pv" Variable
K, k. /Ko 2.693
L LB -1.929
L, a/D 1.000
N, KNLTGT, o Variable
P Vi 0.702
q q/C,T, 62.459
R pa i 1.424
T T./T. 2.006
y T°/T, 4.765
Py P | P 0.07
5 a IV, Variable

r 7C,p,,V, [k~ Variable
a a,la 4.293%x10™

n
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Table 6 Effect of changing opposed flow velocity

o v YN, Da
(cm/s) (cm/s)

7 1.05x107 0.076 4.87x10°
10 2x10°° 0.053 3.41x10°
15 3.28x10°° 0.035 1.95x10°
30 4.98x10°° 0.018 1.7 x10°
32 5.21x10°° 0.017 1.56x10°
35 5.07x10° 0.015 1.46x10°
40 4.92x10°° 0.013 7.3x10°
70 3.4x10° 0.007 4.9x10°
100 2.48x10° 0.005 3.4x10°
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Table 7 Non-dimensional governing equations

Gas phase governing equation

a(pciﬁ)+£[ p-T ¢j O,y(pw %j (zqﬁ ra‘éj S

ot & d
Equation 4 r S
Continuity 1 - 0

U P G
- — -—+S, + -
X-momentum u R & SutRg (0. - p)
- i _£+S
Y-momentum v Re & >
Y7, P
- — -—+S
Z-momentum w Re &
) a (r4
—qao, ———(T* =1
Energy T Pr Ro "N ( o)
y7i )
Y
Fuel F PrRelLe Or
cher species v L o
1=0,,CO,,H,0 PrRele
Solid phase governingequations
5,0 Ps — Psf E
> =—(A exp| — ==
Mass . ( s)[ o, J IO( TJ
" 2 2 2
PRI /TGS s S| L L FE L
a & X & oz
Energy T o,
—(Cm!)=— - (Cm.
124 0z
where
5, =32 (LD, LD 2O LD LM I L
% 3X Re X" & Re & 35xR5y Re oz azReax
10 u &, 0O al, 20 a ow, 0 oW
HAD Dy co LA, By, 9 KA

v 30’5/R0‘y a’kRéy

(yéW o

S —)+—

" 351 Rea” a Reﬁz
op =-Dap?Y Y, exp(-E/T)

355/ Re & Re oz az Reay

)___

(yéU MoV

GO

3a Reck Reoy oz Re&z
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Table 8 The discrepancies between the part 1 and part 2 of present dissertation
and the present work.

. Gas and
F':;}%'?S(glth Enec‘%:%scl:re solid phase 3D effect
radiations
part 1 and
part 2 of 0 0 o) X
present
dissertation
Part 3 of
present O O O O

dissertation
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Table 9 Grid and time step test results

Grid Ignition
number Timestep (s)  delay time
xxy (5)
290 % 95x 50 0.02 14.76
290x95x%x 75 0.02 14.76
290x95x100 0.02 14.76
290x95x125 0.02 14.76
290x95%x 50 0.05 14.95
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Flame ignition and spread over a finite-
length PMMA slab under a mixed
convection environment (unsteady)

y

2D problem

]

A

1. Enclosure effect
2. Finite length solid fuel
3. Gas and solid radiation effects

A

3D problem

3D effect

Parametric study (high speed flow)

1. Opposed flow velocity : 40cm~100cm

2. Opposed flow temperature : 313K~353K
3. Solid fuel thickness : 0.82cm,1.74cm

Parametric study (low speed flow)

1. Opposed flow velocity : 0cm~100cm
2. Opposed flow temperature : 313K

3. Solid fuel thickness : 0.82cm

Parametric study

1. Opposed flow velocity : 40cm~100cm
2. Opposed flow temperature : 313K

3. Solid fuel thickness : 0.82cm

Compare with the corresponding results
1. Experiment (Pan, 1999)
2. Simulation (Wu et al., 2003)

Conclusions

Figure 1.1 The structure of present dissertation.
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Figure 2.1 The schematic of flame spread over-a thick PMMA slab in the mixed

air flow in a wind tunnel.
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Figure 2.2 The non-uniform mesh distribution.
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Figure 3.1.1 The steady temperature along PMMA surface under different
opposed flow velocities for (a) U, =40cm/s (b) U, =70cm/s (c) U, =100cm/s,

and the opposed flow temperatures are 313K, 333K and 353K, respectively.

(solid and dashed lines represent the measurements and predictions, separately)
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Figure 3.1.2 Time history of the flame profiles-for u, =40cm/s, T, =313K and

r=0.82cm at (a) t=12.5s , “(b) t'=14.12s , /(c) t=14.14s , (d) t=14.16s ,
(e)t=17.08s, (f)t=21.24s, (g)t=25s. Right half. fuel and oxidizer mass
fraction distributions. Left half: temperature contours and flow velocity vector

distribution.
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Figure 3.1.2 (continue) Time history of the flame profiles for u_ =40cm/s, T, =313K and

r=082cm at (a)t=12.5s, (b)t=14.12s; (C)t=14.14s , (d)t=14.16s, (e)t=17.08s,
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temperature contours and flow velocity vectordistribution.
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Figure 3.1.3 Ignition delay time versus the opposed flow temperature under different

opposed flow velocity for solid fuel thicknesses are 0.82cm and 1.74cm, respectively.
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Figure 3.1.4 Ignition delay time versus the opposed flow temperature
under different opposed flow velocity, the solid fuel lengths are (a) finite (b)

infinite (c) finite (d) infinite (e) finite (f) finite, respectively.
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Figure 3.1.5 The distribution of heat fluxes along the solid fuel surface at

f=13.72s, u, =40cm/s , T,=313K and 7=0.82cm with and without

radiation effects. The inset plots the distributions of the non-dimensional

solid fuel temperature and the solid fuel density, respectively.
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Figure 3.1.6 The pyrolysis front position varies with time at u, =70cm/s,

T, =333K and r=0.82cm.
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Figure 3.1.7 The flame spread rate versus the opposed flow temperature
under different opposed flow velocities for the solid fuel thickness

r=0.82cm.
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Figure 3.1.8 The flame spread rate versus the opposed flow temperature
under different opposed flow velocities for the solid fuel thickness

r=1.74cm.
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Figure 3.1.9 The temperature contours of gas and solid phases and vector

distribution at £=25s, U, =40cm/s and r=0.82cm for (a) T, =313K ,

(b)T, =333K and (C)T, = 353K, respectively.
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Figure 3.1.11 The temperature contours of gas and solid phases and vector

distribution at £=25s, T, =313K and r=0.82cm for (a) o, =40cm/s ,

(b)u, =70cm/s

and (c) T, =100cm/s, respectively.
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Figure 3.1.13 The temperature contours of gas and solid phases and vector
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Figure 3.1.14 The gas phase temperature contour distributions over the
solid fuel surface for (a) Pan’s experiment:(b) present work and (c) Wu’s
model, at f=25s, T, =40cm/s, T, =313K and z=0.82cm. The figure
13(a) displays the flame temperature in Kelvin temperature scale and the

non-dimensional temperature simultaneously.
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Figure 3.2.1 Ignition delay times‘asfunctions of opposed flow velocity at a

fixed opposed flow temperature of 313K with and without radiation.
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Figure 3.2.2 Flow velocity vector distributions and non-dimensional

temperature contours for gas and solid phases at various opposed flow
velocities, (a)7cm/s, (b)15cm/s, (c)32cm/s, (d)40cm/s, (e)70cm/s and
(F)100cm/s, at a fixed opposed flow temperature of 313K. The centerline
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the figure).
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Figure 3.2.3 Fuel and oxidizer mass fraction distributions at various
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Figure 3.2.4 Flame spread rates wversus opposed flow velocity at a fixed

opposed flow temperature of 313K with and without radiation.
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Figure 3.2.5 Heat flux magnitudes-ig;and q, at various opposed flow
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represent the gas phase radiation feedback to solid fuel and the radiation

heat loss from the solid fuel to the ambient.
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Figure 3.2.6 Temperature contour of/gas phase and streamline distribution
at a fixed opposed flow temperature of 313K and opposed flow velocities

of 7cm/s, 32 cm/s and 100cm/s.
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Figure 3.2.7 Preheat lengths versus oppesed flow velocity at a fixed

opposed flow temperature of 313K with and without radiations.
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Figure 3.2.8 Maximum flame.temperatures versus opposed flow velocity

at a fixed opposed flow temperature of 313K with and without radiation.
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Figure 3.2.9 Total heat fluxes gained by solid fuel versus opposed flow

velocity at a fixed opposed flow temperature of 313K with and without

radiations, respectively.

113



20

. S - s bt
18 S
l:aztz—h——__
E __:’::::::::l
o
£ 104
==
[
o
=
[ 5 _
.E S S— Vg=1Dcmfs;t=D.E€2cm
Eﬁ — Vg:1lil|::mfs;t:1.?f1cm
S ‘v’g:fllilcmfs;t:D.BEcm
S Vi =40cmis; 1= 1740
— A — ‘w-“g =100cmss; = =0.82cm
—_———— ‘«.«“g=1l:ll:lc:mfs;1=1.?4|:m
-5 T T T T
310 320 330 340 350 B0

Opposed flow temperature (k)

Figure 3.2.10 Ignition delay times versus-opposed flow temperature under
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1.74cm.
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opposed flow velocity for solid fuel thicknesses of 0.82cm and 1.74cm.
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Figure 3.3.1 The schematic of downward flame spread over a finite-length
PMMA slab in the mixed air flow in a wind tunnel.
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Figure 3.3.3 The flame profiles at £ =30s, U, =40cm/s, T, =313K and

7 =0.82cm. Right half: the simulated result of present work. Left half: the

camera image obtained by Pan’s experiment.
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Figure 3.3.4 The three-dimensional flame profiles and flow velocity vectors for
u,=40cm/s , T,=313K and 7=082cm at (a) t=1s (b) t=14.76s (c)

t=14.78sand (d) t=25s.
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Figure 3.3.5 Ignition delay times as functions of opposed flow velocity at a fixed
opposed flow temperature of 313K and solid fuel thickness of 0.82cm for 2D and

3D problems, separately.
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Figure 3.3.6 The flame spread rate versus the opposed flow temperature
under different opposed flow velocities, 40 cm/s, 70 cm/s and 100 cm/s for
opposed flow temperature of 3131K and the solid fuel thickness of 0.82 cm.

Notably, there are three computed results in each solid and dash line.
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Figure 3.3.7 Flow velocity vector distributions and non-dimensional
temperature contours of gas phase for (a) 2D problem and (b) 3D problem,
respectively, at a fixed opposed flow velocity of 40cm/s and temperature of
313K and solid fuel thickness of 0:82cm.
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Figure 3.3.8 The flame characteristics on X-Z plane for opposed flow
velocity of 40cm/s and temperature'of 313K and solid fuel thickness of
0.82cm at t = 25s.

contours and flow velocity vectors; the left half presents the fuel and

The right half displays the gas phase temperature

oxidizer mass fractions, respectively.
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Figure 3.3.9 The flame characteristics. on-Y=Z plane for opposed flow velocity of
40cm/s and temperature of 313K and solid fuel thickness of 0.82cm at t = 25s.
The right half displays the gas phase temperature contours and flow velocity

vectors; the left half presents the fuel-and.-exidizer mass fractions, respectively.
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Figure 3.3.10 The flame characteristies:on:Y-Z plane for opposed flow velocity of
100cm/s and temperature of 313K and=solid. fuel thickness of 0.82cm at t = 25s.
The right half displays the gas ‘phase temperature contours and flow velocity

vectors; the left half presents the fuel andioxidizer mass fractions, respectively.
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