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ABSTRACT
NUMERICAL MODELING OF FLAME DEVELOPMENT OVER POLYMERIC

MATERIALS

By
Guanyu Zheng
Transient flame development over plastic polymeric materials comprises of preheating,
ignition, transition and steady state flame spread and is of both fundamental and practical
importance to fire safety issues. The flame behavior is determined by various physical
and chemical mechanisms including (1) in the gas phase, combustion reaction, channel
cross flow, reaction-induced thermal expansion, and interface injection flow; (2) in the
condensed phase, melting, pyrolysis reaction, bubble nucleation, growth, and movement;
(3) at interface, radiation heat loss and fuel and oxidizer transport. A numerical model is
established to describe such transient flame spread process over a polymer with emphasis
on the complex condensed behavior including melting, pyrolysis, and bubble generation.
The models utilized are in the gas phase, a Navier-Stokes laminar flow model and
combustion model; in the condensed phase, an enthalpy-based phase change model, a
one-step global pyrolysis reaction model and a volume averaged bubble model. The
bubble model includes a macro-scale transport model and a micro-scale bubble transport
model by using volume averaging method. The investigation is carried out by modeling
the flame development process with increasing complexities. It includes: (1) flame spread
over an anisotropic solid polymers by using assumed flow pattern in the gas phase (Oseen

approximation); (2) flame spread over melting polymers by using the Oseen
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approximation; (3) flame spread over melting polymers with realistic flow pattern by
solving the Navier Stokes equations; (4) ignition analysis for melting polymers with both
flow patterns by using energy balance principle; (5) revisit of flame spread over an
anisotropic melting polymer with realistic flow pattern by solving the Navier Stokes
equations; (6) the mathematical model that describes the bubble forming, melting, and
pyrolysis by using volume averaging approaches. Various parameters are obtained for
flame structure, ignition delay, interface phenomena, and flame spread rate. These
numerical results are favorably compared to experimental and analytical formulas.
Furthermore, energy balance approaches are applied to ignition and flame spread. A
simple ignition theory is derived for ignition delay;, flame spread mechanism is

interpreted in terms of weights of heat transfer mechanisms.
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NOMENCLATURE

pre-exponential factor of pyrolysis reaction in condensed material, s™

pre-exponential factor of combustion reaction in gas phase, m*/(kg:s)
gas phase concentration in liquid, --

specific heat, J/(kg-K)

non-dimensional liquid thermal capacity, Cp; / Cpq

diffusion coefficient, m%/s

activation energy of pyrolysis reaction in solid phase, J/mol
activation energy of combustion reaction in gas phase, J/mol
gravitational acceleration, m/s?

reference length for non-dimensionalization, m

enthalpy of condensed material, J/kg

bubble nucleation rate, (number of bubble/m’.s)
thermal conductivity, W/(m-K)

ratio of liquid and gas viscosity X' = /g !y, -
Boltzman constant, 5.67*10° W/m>K*

constant for Henry’s law

volume averaged thermal conductivity, W/(m-K)
non-dimension liquid conductivity, k; / k
permeability factor of pyrolysis products, --

streamwise length of computational domain, m

transverse length of condensed material in computational domain (the

thickness of the polymer), m

transverse length of gas phase in computational domain, m

Lewis number, ¢, /D

xvi
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hh -~

3.

unit vector normal to the boundary of the condensed material,--
latent heat of melting, J/kg

fuel mass flow rate through gas-condensed interface, kg/(m*-s)
mass of liquid in the condensed material, kg

species molecular weight, g/mol
the number of molecules per unit volume, 1/m’

number density of the bubble, --

unit vector normal to moving solid-liquid interface in condensed phase, --
pressure of the gas phase, Pa

pressure in polymer liquid, N/m?

heat of combustion reaction in gas phase, J/kg

external radiant heat flux for ignition, W/(m?)

average net heat flux into the condensed material before ignition, J/s

heat of pyrolysis reaction in condensed material, J/kg

Longitudinal heat conduction in the gas phase, W

heat of combustion reaction in the gas phase, W

longitudinal heat conduction in the condensed phase, W

heat convection in the gas phase, W

latent enthalpy increase (associated with phase change) of condensed phase, J

pyrolysis heat in the condensed phase, W

sensible enthalpy increase (associated with temperature increase) of the

condensed material at ignition, J

total heat in the condensed control volume, W

transverse gas heat conduction at interface, W
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QWS

Qtol

transverse condensed heat conduction at interface, W
bubble radius, m

total heat input to the condensed phase, J

universal gas constant, 8314 J/(mol-K)

Stefan number, Cp (7, —T..)/ L,

time, s

temperature, K

flame temperature, K

glass-transition temperature of polymer, K
temperature of the gas-condensed interface, K
melting temperature of condensed phase, K

velocity in the longitudinal direction, m/s

diffusion velocity of species i in the liquid phase, m/s, i = m, p
flame spread rate, m/s

velocity of uniform longitudinal inlet flow, m/s
velocity in transverse direction, m/s

bubble velocity, m/s

volume averaged gas velocity in polymer liquid, m/s
velocity of species i in the liquid phase, m/s, i =m, p
mass averaged velocity in the liquid phase, m/s

velocity of moving phase interface, m/s (in Appendix IV)

energy source term from decomposition, J/(kg.s)

velocity of moving solid-liquid interface, m/s

mass consumption rate of fuel in combustion reaction of gas phase, kg/(m-s)

mass production rate of monomer in pyrolysis reaction of polymer, kg/(m’-s)

streamwise distance downstream from origin, m
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transverse distance normal to the interface between the gas phase and the

y
condensed material, m
Y mass fraction of species in gas phase, --
Greek

o thermal diffusivity o= k/ pCp, m/s

£ volume fraction (porosity), --

£, surface emissivity, --

U dynamic viscosity, kg/(m-s)

p density, kg/m’

o surface tension, N/m

T reference time for non-dimensionalization, s

4 temperature coefficient of surface tension
Tig ignition delay time, s

z solid-liquid interface in condensed material

Q coefficient for non-dimensionalization Q=0 /a, , --
= stoichiometric coefficient, =; = M,v; /vaf, i=f,0

Subscript
b bubble
P condensed material

f fuel in gas phase

g gas phase

ig ignition

i liquid in condensed material
m monomer

p polymer or product

0 oxidizer in gas phase

XiX
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solid in condensed material
solid (in Appendix IV)
liquid (in Appendix IV)

initial condition
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CHAPTER 1

INTRODUCTION

Flame spread over polymeric materials is of importance because for fire-safety
considerations in a living environment and for fundamental questions arising in
combustion science. Flame spread basically results from the complex interaction of
transport and chemical processes that occur in both gas and condensed phases. The
dependence of flame behavior on polymer properties is of particular interest in this
research since the transport phenomena inside polymers receive comparatively less
attentions than the gas phenomena. The layout of this chapter is composed of: (1)
Background information on the polymers and their related fire hazard; (2) Description of
fundamental phenomena during flame spread; (3) A review of previous modeling efforts;
(4) The motivation and scope of the research. The introduction is oriented toward
describing physics rather than listing research facts because some excellent reviews [1-7]
already cover the flame spread problem from a wide range of perspectives.

1.  Polymers and Fire Hazards
1.1. Brief Description of Polymeric Materials

Polymeric materials are composed mainly of macromolecules and other types of
compounds such as mineral fillers or dyes. The essential characteristic of the
macromolecules is that they consist of a relatively large number of repeating structural
units. When macromolecular weights are greater than 1500 g/mol, the material is called a
polymer. Polymers are normally solids and are bounded by a surface. Some thermoplastic

polymers that are of interest to fire research are listed below [6].
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e Polyethylene (PE) is the most important synthetic polymer and has low crystallinity
and low softening and melting points. PE is used primarily in the packaging and
construction industries.

e PMMA (methylmethacrylate) is used as “organic glass”, for example in airplane
windows. Other applications include contact lenses in medical systems and costume
jewelry.

¢ Polyprolefin is highly crystalline and has a low density. It is used widely in fiber, film
and moldings, which require high tensile strength.

From the viewpoint of condensed phase decomposition and combustion, polymeric
materials can be classified as charring and non-charring materials. For charring materials,
the carbonaceous char residue is produced during thermal degradation. Wood, or more
generally cellulosic fuels, is the most representative of the charring materials. PMMA,
which produces almost no char during combustion, is representative of the non-charring
materials. It is generally understood and accepted that charring and non-charring
polymers show different fire performance. Most of the experiments and numerical
simulations of flame spread over solid fuels have been carried out with paper, a charring
material, and PMMA, a non-charring material. PMMA has been chosen as perhaps the
main non-charring material for fire research because of its relatively simple behavior
during heating and decomposition and more literature results.

1.2. Production and Use of Polymeric Materials
The production and use of synthetic polymers is continuously growing. The

production of plastics has increased much more than the production in general over the

past decades. Total polymer production in the USA in 1992 was roughly 26 million tons.
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A healthier global economy and end-use market will help boost world demand for
thermal plastic resins to 122 million metric tons by the year 2000. [8] In addition,
polymeric materials have become increasingly versatile and widely accepted.
1.3. Fire Hazards of Polymers

It is of particular concern that many of these polymeric materials involve the
possibility of exposure to fire. Upon exposure to a sufficient heat source and sufficient
atmospheric oxygen level, it is very possible that these materials may catch fire and burn.
For certain applications, the ability to undergo combustion is a desirable requirement.
However, for a large majority of purposes, polymer combustion is a serious disadvantage.
Indeed, in many industries such as the automotive and construction industries, the use of
synthetic polymeric materials has raised concerns about the flammability issues. Certain
regulatory standards have been published in order to enforce public safety of the material
in terms of burning. The financial cost of fire induced by polymers is enormous to human
society. The combined cost of loss adds up to several times higher than the physical
damage [6]. Since fire is an important practical problem, it is important to understand and
quantify the behavior of polymeric materials in a fire environment to meet certain fire
safety requirements. Fire hazards are defined in terms of two categories, thermal and non-
thermal. Thermal hazards are caused by heat released from the fire. Non-thermal hazards
are caused by the production of toxic gases and smoke [7]. Qualitatively, flame
development can be described as: (1) ignition; (2) transition; (3) flame spread; (4) peak
burning or steady state combustion; (5) generation of heat and undesirable toxic,
corrosive, and odorous chemical compounds including those which obscure light

transmission and cause electric damage. Flame development can be defined in terms of:



Clmmahah med:
oo wmpounds.
zsomas, which
ez, i) flan

Jhrs del]

. raamni Phen,

Lpmen
-~

RS PN i
- -

.. H
SONT TR e

A sehem

Ldy




(1) flammability measurements for ignition, generation rate of heat and generation rate of
chemical compounds, generally under the steady state conditions, (2) flame spread
measurements, which include pyrolysis, flame heights, and flame spread rate
measurements, (3) flame extinction measurements where the effectiveness of an agent to
extinguish a fire is determined [9].

2. Fundamental Phenomena of Polymer Combustion'

Flame development over solid polymers is complicated because it encompasses the
transport processes in the gas phase (momentum, mass, heat, combustion reaction),
transport phenomena in the condensed phase (melting, pyrolysis, bubble generation and
transport) as well as coupling between gas and condensed phases. The overall phenomena
will be described below, and then detailed aspects of the fundamental phenomena will be
explained. A schematic description of the physical phenomena is given in Figures 1 and
2.

2.1. Overall Description

Fundamentally, the cyclic scheme as shown in Figure 1 represents two distinct
processes: one is the fuel generation in the condensed phase; the other is the combustion
in gas phase. Both processes are regulated by volatile and thermal feedback. The gas-
phase reaction is controlled by the relative amount of three types of pyrolysis products,

such as inert gases, combustible gases and carbonaceous char. The volatile shown in

Figure 2 is composed of the former two gas products. Generally an amount of energy (O

is consumed inside the solid phase, and (J, is the heat generation during combustion in

' Combustion of polymers can be divided into three types: flaming combustion, smoldering and glowing
combustion. Here mainly flaming combustion is considered.

4



- 1 e
vz the comt

LI VITORTIED

Timey v
L

Cmm——G M
<

CErovdes the b

S »
Xt or

Eamen 1o,
g

: z:.d ‘»\Udlicr

S,
~L32 g

=Sk

5

ot
pRSTIRY

Vagk Wr

X e MUst b




the gas phase. The quantity (O, —(J]) establishes the exothermic character of the

reaction. Inert gases dilute the combustible gases, providing an inert gas layer between
oxygen and the combustible zone. Furthermore, for charring materials exposed to an
oxidizing environment, the char underlying the polymer acts as a thermally stable
insulator protecting the underlying polymer from heat [10]. Combustion may proceed by
two alternative pathways. These are flaming combustion and smoldering combustion.
Flaming combustion is achieved when the heat released by gas phase combustion of
volatile provides the heat flux needed for both solid degradation and flame spread. When
the temperature or the heat flux is below a certain level, oxidization of char may produce
smoldering combustion [4]. It is obvious that for non-charring polymers, the smoldering
process is not possible because of the absence of a matrix or porous structure in the solid
phase. In general, to get flaming ignition, there are three conditions that must be met [11]:
(1) Fuel and oxidizer must be available at a proper level of concentration to yield a
mixture with suitable flammability limits; (2) the gas temperature must attain values
sufficiently high to initiate and accelerate the combustion reaction; (3) the extent of the
heated zone must be sufficiently large to overcome heat losses. Before ignition, the
temperature rise can be caused by external heating sources such as a pilot flame, sparks
and hot wires. In most cases, the external source is thermal radiation, therefore the heat
absorption of radiation in both gas phase and solid surface are important mechanisms.
The next stage is flame spread. To allow the flame to propagate, the energy feedback
from the burning region (gas phase plus solid phases) to the unburned solid ahead of the
flame tip determines the flame spread rate. It is often difficult to determine which one of

the process mechanisms is the controlling factor. An understanding of the dominant mode
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of heat transfer would facilitate the development of a simplified and accurate description
of flame spread. Many analyses have been devoted to analyzing such energy feedback. In
[5] three principal mechanisms besides external sources were proposed: (1) radiation
from the flame; (2) conduction or convection through the gas from the flame; (3)
conduction through the solid. Experimental approaches that were followed to define the
relative importance of the different modes of heat transfer had been used to measure the
temperature distribution in the solid and gas phases as well the gas velocity and flame
spread rate. The relative importance of each mode of heat transfer was deduced by
comparing its magnitude with the total enthalpy flow needed to pyrolyze the solid
combustible. In [5, 12] it was inferred that radiation from the flame becomes of
increasing importance as the scale of the fire increases. It is observed that thick materials
have different fire performance from thin materials. For thick materials [5], it is
concluded that for small-scale fires, heat conduction through the thick solid is dominant
and radiation from the flame contributes significantly to the heat transfer process.
However, for thin materials [4], it is stated that gas phase heat conduction is the major
heat transfer mechanism for flames spreading over very thin fuel beds. There are other
mechanisms that account for overall flame spread over solid polymers. The possible
mechanisms that contribute to flame development are listed in Table 1, which provide a
total picture of the complexity of flame spread.
2.2. Solid Phase Phenomena

For melting solid polymers such as PMMA, the decomposition is confined to a thin
layer of the fuel sample near the gas/solid interface. In the melt layer, bubbles are formed

and gases are transported to the surface. Thermal degradation behaves differently in inert
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and oxidizing environments. In the latter case, the oxygen may diffuse through the melt
layer, favored by the large holes produced by bursting bubbles.
2.2.1. Decomposition
When a polymer is heated it eventually reaches a temperature at which the weakest
bonds start to rupture. Three definitions, degradation?, decomposition®, and pyrolysis* are
used in related literature. It is generally accepted that pyrolysis takes place on the surface,
which means thermal degradation without oxidation. However, the importance of
oxidation participation on the surface of the burning polymers and in-depth degradation
has been emphasized in [13]. For a better understanding of the mechanism involved in
the thermal degradation of polymers, it is necessary to know three fundamental things
(14],
1) The change of molecular weight of the polymer as a function of temperature and
extent of degradation.
2) The qualitative and quantitative composition of the volatile and non-volatile
products of degradation.
3) The rate and activation energy of the degradation process.
With regard to the change of molecular weight with temperature and extent of
degradation, very little is found in the literature on this subject, except in the case of a
few polymers. The information available indicates that the molecular weight drops

initially very rapidly during the first few percent loss of weight. Afterwards the drop is

? Degradation: only relatively few bonds break and result in only minor changes in structure and properties,
e.g. discoloration.
3 ays . .
Decomposition: at high temperature the polymer structure undergoes more extensive breakdown and
Iesults in disassociation of a significant proportion of the total number of constituent chemical bonds.
Pyrolysis: irreversible chemical decomposition of materials due to an increased temperature without
oxidization.
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slow. As for the nature of the products of degradation, systematic qualitative and
quantitative analyses have been done. The data that have accumulated so far indicate that
some polymers, for example, polytetrafluoroethylene and poly-o-methylstyrene, yield on
pyrolysis in a vacuum at temperatures up to about 500-600 °C almost 100% monomer,
while in the case of polyethylene pyrolysis under similar conditions yields a spectrum of
hydrocarbon fragments varying in molecular weight from 16 (CHs) to 1000. Intermediate
between these two extremes are polymers that yield on pyrolysis a mixture of monomers
and chain fragments of varying sizes. There are also polymers like poly (vinyl chloride),
poly(vinyl fluoride), and polymethylacrylate, which yield on pyrolysis fragments not
related in structure to the polymer chains from which they derive, along with fragments
that are parts of the chains. In pyrolysis at temperatures above 500 °C, the nature of the
volatile products for any given polymer depends to a large extent on the temperature.
Most of the experimental work on pyrolysis reported in the literature relates to the
temperate to about 400-500 °C. However, some experiments have been carried out at far
higher temperature than these. The results indicate that higher temperatures produce
greater fragmentation of the degradation products. The reactions involved in the thermal

degradation of a given polymer can be calculated by means of the Arrhenius equation:
K=o~ E/RT "

where E is the activation energy, K is the rate constant, A is the pre-exponential constant,

T is the temperature, and R,, is the universal gas constant. The reaction rate is defined as

the time rate of the weight loss with respect to the percent of the original samples. In a
zero-order reaction, which happens very seldom, the reaction rates are constant for any

given temperature and can be used as values for the rate constants in the Arrhenius
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equation. Frequently the degradation is composed of several reactions and the order is not

clearly-cut, in a first order reaction, the rate is proportional to the reacting substance:

- E =KC, (2)
dt
where C is the concentration of the reacting species and T is the time. In some polymers,
thermal degradation proceeds by two or more reactions, which run either concurrently or
consecutively. Then the activation energy in a single step representation is a composite
value and is based on the overall rate of degradation.
It is worth noting that, not only pyrolysis reactions but also oxidative degradations in the
condensed phase may significantly affect the gasification rate of a polymer if enough gas
phase oxygen is transported to the solid phase during combustion of the polymer.
Kashiwagi concluded [13] that the contribution of oxidative degradation could be
important for ignition processes at low incident flux. Brauman [15] concluded that the
surrounding oxygen does not affect the polymer degradation process in steady state
burning or steady state radioactive gasification of PMMA and PE.
2.2.2. Phase Change (Melting)

The melting characteristic of thermoplastic polymers depends on the types:
amorphous or crystalline. Most polymers are neither entirely amorphous nor entirely
crystalline. The degree of crystallinity and the strength of binding forces have a profound
effect on the softening range or melting point of a polymer. The melting point of

amorphous plastics is not as clearly defined as that of monomer solids where all the
molecules are the same size. The melting point 7}, of amorphous thermoplastics is more

properly termed a melting range, since a single specimen consists of more than one
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molecular weight and more than one crystal size. Examples of this type are PMMA and
PVC. These gradually softening plastics become softer and softer as the temperature is
raised and the actual melting point is obscure, being only a change in slope in a plot
whose one axis is temperature [16]. In contrast to amorphous are crystalline polymers,
examples of which are nylon and polypropylene. These polymers tend to maintain its
structure. When the melting point is reached, the crystalline portions quickly melt and the
whole plastic becomes fluid over a narrow range of temperature. Above the melting
point of these polymers, the difference between the amorphous and crystalline polymers
disappear, although the branching and regularity of the chain structures still influence
their flow properties. Decreasing molecular weight, or adding a solvent to a polymer, or
decreasing the crystal size lowers T, [17]. The glass-transition temperature 7;; is called

a second order transition, since the change in volume is not discontinuous as it is with

T,,. Below T the polymer segments do not have sufficient energy to move past one

another. For partially crystalline materials, 7, is always greater than 7; and that the

difference is a maximum for homo-polymers. An examination of these parameters for
many homo-polymers leads to the generalization that,

1.4<(T,/ T)<2.0
Almost all thermoplastics soften above their glass transition temperature; some will
exhibit flow motions in the polymer melt. For some thermoplastic polymers with high

initial molecular weight’, flame spread is relatively steady and clean because they form

* Since melt viscosity of molten polymers depends strongly on their molecular weight [13], the initial
molecular weight was taken as an important parameter for evaluation of flame spreading.

10
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negligible molten polymer near the flame front. Polymers with low initial molecular
weight form both molten polymer and opposed slow fluid motion along the inclined
vaporizing surface against the traveling flame. A schematic illustration of horizontal
flame spread phenomena for two PS (polystyrene) samples with high and low molecular
weights is shown in Figure 4 in [18]. Since the flame spread slowly while the sample
surface regressed, a steep wall of molten polymer appeared in front of the flame. A slow
downward movement of the molten polymer toward the bottom of the wall was observed.
This opposing slow fluid movement against the flame spreading direction caused the
slowdown of flame spread and consequently the formation of the steep wall. Then the
flame started to climb the steep wall. The flame continued to climb to the top of the wall
until the front portion of the sample burned out. It was observed that flame spread rate of
higher molecular weight PS sample was about 25% larger than that for the low molecular
weight PS sample [18]. Downward flame spread over high molecular weight PMMA
sample did not show any dripping, and the flame spread steadily. However, flame spread
over high molecular weight PS yielded a much-enhanced rate compared with the rate for
horizontal flame spread. This resulted from streaking of small molten polymer balls. The
flame over the low molecular weight PS and PMMA samples self-extinguished during
downward flame spread because of heat loss from the downward streaking of small
burning polymer molten balls to the cold sample surface. The results indicate that, in
certain experimental configurations, the melting of thermoplastics has a large influence
on their flammability properties and subsequent spread. However, such effects have been
largely ignored by previous researchers who have employed non-melting samples. In

addition, some new inorganic polymers, whose backbone elements are not carbon, exhibit

11
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totally different fire behavior. For example, the burning of PDMS samples will result in
accumulation of silica at or near the surface [13].
2.2.3. Bubble Formation

A proper understanding of the rate of polymer gasification in a fire environment is
essential to the mathematical prediction of fire growth on such materials. Since the
boiling temperatures of some of the degradation products are much lower than the
polymer degradation temperatures, these products are superheated as they form. They
nucleate and form bubbles. Then these bubbles grow with the supply of more small
degradation products to the bubbles by diffusion from the surrounding molten polymer
[19]. Visual observation of PMMA gasification was reported in [20] at radiant fluxes of
1.7 and 4.0 W, in which the effects of gas phase oxygen on the mass flux were studied. In
a nitrogen environment, rough surfaced, snowball-like bubbles develop and grow with
time as shown in Figure 2 (a) in [20]. By the end of exposure, these bubbles’ size can be
as large as 1 mm diameter, formed up to 2-3 mm below the sample surface. When
subsurface bubbles form, they grow toward the direction offering least resistance, i.e., the
front surface of the sample. Because the viscosity of the molten polymer layer near the
surface appears is still high, only bubbles within Imm or so of the surface are able to
burst directly through the front surface. Bubbles further below the surface burst through
small neck-like holes into near surface bubbles, then vent through to the gas phase. The
burst process is violent and can cause a vapor jet that extends a few centimeters into the
gas phase; it can also throw molten polymer into the gas phase. When oxygen is present
in the ambient gas, the viscosity of the near surface layer of degrading PMMA appears to

be substantially lower. The bubbles start earlier, the bubble frequency is higher, and the

12
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bursting process is less violent. The burst bubbles leave larger holes (up to ~1 mm
diameter) in the front surface of the sample. These holes admit oxygen to the sample
interior volume. At higher fluxes, the differences in the near surface behavior due to inert
and oxidizing atmosphere are less pronounced but still present. Figure 2(c) and 2(d) in
[20] is for the case of higher flux 4 W/cm®. In both cases, the snowball-like bubbles are
smaller because of the thinner thermal layer and shorter exposure time. The higher flux
raises the surface temperature and apparently decreases the degrading polymer viscosity
even in the case of pure nitrogen. The subsurface degradation is important for gasification
too, but it is not clear what is the main transport mechanism to the surface for small
degradation products. [13]
2.3. Gas Phase Phenomena

Once the solid combustible pyrolyzes, the fuel vapors convect and diffuse away from
the solid surface and produce the spreading flame by reacting with ambient gaseous
oxidizer. The flame leading edge stays very close to the fuel surface, travels in the
direction of the propagation and acts as an “anchor” to the trailing diffusion flame. The
flow field, pressure field, and combustion reaction influence the flame behavior.
Compared to the condensed phase phenomena, the gas phase phenomena have been
developed in more detail.
2.3.1. Combustion Reaction

Exothermic reaction occurs when fuel vapor and oxidizer coexist in a region of
sufficiently high temperature. There are several factors that make the combustion reaction
complicated. One complexity comes from the very high number of chemical species

evolved from degrading solid both for cellulosic materials and thermoplastic polymers.
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For example, in flame above the PMMA surface, the species are of at least fifteen types.
Another complexity results from the long sequences of steps in which breakdown of fuel
molecules and formation of combustion product proceeds. A fully detailed model of a
flame has to account for all such elementary reactions. The number of reactions needed is
very large even for small hydrocarbons. For example, combustion of methane (CHa)
requires nearly 300 elementary reactions. For more complicated fuels (such as ethane,
propane, octane), the number of elementary reactions can easily exceed 300 or even 500.
In an approximate sense, the number of elementary reactions increases geometrically
with the size of the fuel molecule. Complications occur when lower-order hydrocarbon
molecules actually combine to form higher order hydrocarbon molecules, e.g., in the
methane flame two CHj3’s combine to form C,Hg: then the CH; mechanism includes also
the C2H6 mechanism. An even greater complication arises when the hydrocarbon
fragments form cyclical compounds that combine to form *“‘soot”.
2.3.2. Flow Field

In the gas phase, an external laminar flow is parallel to the interface. Flame spread
over solid fuels can be classified into two main categories according to the flow
conditions: (1) flow assisted flame spread, occurs when flame spread is in the same
direction as the oxidizing flow; (2) Opposed flow flame spread, occurs when the flame
spreads against the oxidizing gas flow. In the flow-assisted flame spread, the concurrent
flow pushes the flame ahead of the vaporizing fuel surface. The heat transfer from the
mixture of reacting gases and the combustion products favors the propagation of the
flame, because the diffusion flame is driven ahead of the pyrolysis front. In addition, the

fuel vapors generated upstream of the pyrolysis front that are not consumed by the

14




poam difusion 1

ez lame dowrs

more hasars
X ame spread ran
TR paTolun

MR sze of ik




upstream diffusion flame are driven ahead of the pyrolysis front, thus extending the
diffusion flame downstream from the pyrolysis region. For this reason, the flame spread
appears to be controlled primarily by the rate of heat transfer from the downstream flame
to the unburned fuel. Thus as a result, the flame spread process is generally more rapid
and thus more hazardous than the spread in opposed flow configuration [5]. The rate of
the flame spread rate will depend on how fast the surface temperature of the solids is
raised to its pyrolysis temperature. The flow remains laminar only in the initial stage.
When the size of the flame increases, the flow becomes turbulent and flame radiation
appears to be the dominant mode of heat transfer. In the case of opposed-flow flame
spread, the transfer of heat from the flame to the upstream region is rendered more
difficult because the gas flows against the propagating flame. It is concluded that various
external effects including oxygen level and flow rate among others influence flame
spread. It is dominated by (1) heat transfer mechanisms at low opposed-flow velocities
and high oxygen concentrations; (2) chemical kinetics at high flow velocities or low
oxygen concentrations.
3. A Review: Modeling of Flame Spread over Non-Charring Polymers

The formulation of a rigorous mathematical model of the flame spread process
requires the conservation equations for the gas phase coupled at the interface to the
condensed phase conservation equations through the appropriate boundary conditions.
This would further require the solution of a system of coupled, transient, two-
dimensional, elliptic, nonlinear partial differential equations that includes appropriate gas
phase combustion reactions and condensed phase pyrolysis reaction mechanisms. The

solution of the full problem is formidable, not only because of the limitations of
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computational power, but also because of the lack of available experimental data. For this
reason the models to date have treated the problem at different levels of complexity. The
simpler model is limited to the condensed phase energy analysis with a priori specified
conditions at the gas-condensed interface. More refined models include both gas and
solid phase, but assume an infinite rate gas phase reaction. The De Ris model [21] was
one of the first theoretical models to successfully attack the flame spread problem. It used
several important assumptions: (1) Infinite reaction rate in the gas phase; (2) Oseen
approximation (a specified uniform gas phase flow field); (3) constant solid vaporizing
temperature. The first assumption reduces the flame to a sheet where fuel and oxidizer
are consumed and heat is generated. The second assumption avoids the complication of
the flow field. The third assumption avoids the complication of the complex transport
phenomena inside the condensed phase. de Ris derived two flame spread formulas for a
fuel-thin material and a fuel-thick material, each being an arithmetic correlation including
gas, fuel, and flame properties. The predictions of two formulas are found to be good
under fast reaction conditions although concerns over the various approximations have
been raised [1]. The independence of the flame-spread rate from the opposed flow
velocity is contrary to existing experimental observations near extinction limit
(Fernandez-Pello [22]). The flame sheet assumption eliminates consideration of
extinction limit. The constant vaporizing temperature was questioned by Sirignano [23]
by pointing out that this temperature is a function of the flame properties and should not
be used a priori. In order to remedy this, he proposed a flame model [24], which has a
similar form but has coupling at the solid-gas interface. Although the a priori

vaporization temperature was removed, this flame model is only applicable to the surface
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reacting case. Fernandez-Pello and Williams [25] were not satisfied with the Oseen
approximation. They devided the gas phase into two regions: (1) An upstream boundary
layer region and (2) A downstream diffusion region. In addition, they used finite rate
chemical kinetics. The introduction of the boundary layer, in some sense, “remedied” the
Oseen approximation, but it removed the upstream diffusion that was later proved to be
important near the flame leading edge. The work of Frey and Tien [26] was the first
numerical solution by obtaining a flame structure and its dependence on Damkohler
number. They kept the Oseen approximations and only emphasize the species and energy
conservation aspects of their work. These assumptions remove the interaction of the
coupling of the combustion and aerodynamics such as the gas expansion effect.
Fernandez-Pello at al. [22] experimentally investigated the influence of oxidizer
concentration and flow velocity on the flame spread rate. They found that the controlling
mechanism far from the extinction limit is thermal (de Ris) and otherwise is chemical.
Wichman and Williams [27] proposed the global energy balance approach, which
formulated a surface flame sheet in a flame-fixed coordinates. The resulting equations
only include the solid and gas phase energy equations, which, however, is consistent with
the equations and boundary conditions for the de Ris model. Physically they assumed that
the streamwise heat conduction in both gas and condensed phase does not influence the
overall energy balance. This is correct as long as the reaction in the gas phase is infinitely
fast and the process is steady. Atreya [28] applied the global energy balance principle and
derived a formula for charring fuel. A parabolic-type char-wood interface was postulated,
which redistributes the heat from the gas phase. The flame spread formula for charring

wood could be readily applied to the melting polymer since both participate the similar
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processes.

We consider now the pure numerical solutions. The full Navier-Stokes equations
were first incorporated into steady flame spread modeling by Mao et al. [29]. The
interaction of the aerodynamics and combustion, especially the thermal expansion and
gas injection from interface were explored in detail. The flame structure was confirmed to
be a premixed flame upstream and diffusion flame downstream that was first proposed by
Ray and Glassman [30]. Chen [31] modeled the flame spread process by using the
Navier-Stokes equations for thin fuel flame spread problem, and investigated the flame

blow-off phenomenon with respect to the dependence of the flame spread rate on the
Damké6hler number. Bhattacharjee [32] investigated the thin-fuel flame spread problem

under micro-gravity conditions by using similar approaches. He found that radiation,
which is not important under normal gravity condition, becomes so significant that it
decreases the flame spread rate to a factor of 2-3 times smaller than in normal cases. Di
Blasi [33] formulated the first transient flame spread model, which makes possible the
numerical prediction of the transient flame development. This model yields results for
ignition, transition, and steady flame spread. The complexity of the flame spread model
has increased with time. With the rapid expansion of computational power, the modeling
effort is shifting toward tasks that had previously been deemed too difficult.

In summary, the early studies of flame spread employed numerous assumptions to
simplify the problem. Simplified models based on these assumptions are available in
reviews [1, 23, 34, 35]. The most commonly used approximations are constant
temperature of the solid during thermal degradation, a flame sheet (infinite chemistry)

and a boundary layer. More comprehensive mathematical models include the partial
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differential equations for conservation of mass, momentum, energy, and chemical species
applied to describe specific aspects of combustion of synthetic polymers, such as ignition,
flame spread, and extinction, see review articles [4, 36]. These more complete models are
not amenable to analytical solutions and it is necessary to use numerical techniques. At
present the gas phase .models are more advanced and include many important physical
processes, reflecting a greater understanding of the gas phase phenomena compared with
those in the condensed phase [13]. In the following, the modeling of the solid phase is
discussed.
3.1. Solid Phase Transport Modeling

Most of the models for thermoplastic polymer flame spread, available to date, are
based on a simple energy balance equation for the solid with localized degradation at the
surface, and have been coupled to the gas phase equations. The effects of bubbles inside
the molten layer on the transport of volatile, during degradation of thermoplastic
polymers, were hardly considered except for some work on steady sate gasification of
PMMA under a specified external energy flux [37]. However, two-dimensional bubble
transport in thick polymers is not taken into account. Thermally thick fuel models assume
that heated polymeric materials remain solid until finally gasifying at the surface
according to a zero-order Arrhenius pyrolysis reaction giving the corresponding
monomer. In such a way, the phase-change effect and in depth degradation were ignored,
which depends on fuel properties and environmental parameters. Heat capacity, thermal
conductivity and density are assumed to be constant. The models for thermally thin
polymers assume that variables across the solid thickness are uniform in their spatial

distribution. In char-forming polymers, char formation in numerical modeling was
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described in a very simple fashion and only for thin fuels [26]. In terms of PMMA
degradation, it occurs according to the following main stages: depolymerization
initialization, propagation of reaction chain and termination. Kinetic modeling of PMMA
falls into two categories: (1) One step global models which employ a one-step, global,
Arrhenius rate reaction to account for all chemical processes. Such an approximation is
widely used in computer models, which couple the gas and solid phase chemical and
transport processes. (2) Detailed degradation models using kinetic schemes that account
for chain initialization reactions, depropagation reactions and termination reactions, have
been proposed. Such models have never been coupled to the description of physical
processes. Some of research that belongs to this group is available in [26-40].
3.2. Gas Phase Modeling

For the gas phase model, most advanced models published to date include
momentum, energy and chemical species mass balance equations. Analyses are
principally for laminar flow, and finite rate combustion kinetics are described through an
overall, second order reaction such as F + v,O— v,P. Viscous dissipation and
compressible work are neglected. Furthermore, the coupling between the momentum
equations and the state equation due to pressure terms, when momentum balance
equations are included in the mathematical formulation of the problem, is neglected.
Since pressure variations in space are very small and, in general the system is open, the
mean pressure is reduced to the specified ambient pressure. The decoupling of the
momentum equations from the state equations cuts off considerations of acoustic waves,
and the determination of the pressure field becomes an elliptic problem. To date, flame-

spread models have numerically solved and treated the velocity field differently. The

20




z &zsity and pre-
ORI 2pTrONIMAL:
e been wide
L enend strong
AT 2 Teat
RN praflies are |
L\

SUhatons and

(:,;,m':\‘gf]{‘n 0l

fI::lamn Of heat
X e of n-¢
Limee to the Nar,

Ty there are

?t::mtr@ Sen

-

Rilire the o,

ey
o
< sime com:‘.cx
LR H
e nuclta:'.a‘ln
ey 3% 0
B G

TRl (
I,

N Ugne

S the %
y:,;-.-t..
*afyg Row fier .



simplest models consider the solution of species and energy equations assuming that the
gas density and pressure are constant and the velocity field is known (similar to the
Oseen approximation). The computational cost is very low, and this approach has
therefore been widely used. It is found that predicted values of the opposed flow spread
rate depend strongly on the velocity profile used in the computations. Recent work has
also shown a great sensitivity of spread rate to solid properties. Normally two types of
velocity profiles are chosen: (1) Oseen profile; (2) Hagen-Poiseuille profile [4].
4. Motivations and Scope

Combustion of solid polymeric materials arises from a complex interaction among
many chemical and physical processes. Comparatively gas phase models are much more
advanced than solid models, and normally include mass, momentum, species, and energy
equations. On the contrary, the solid models are always simplified by a simple
formulation of heat conduction as well as a one-step global degradation reaction, either at
the surface or in-depth. The phenomena of melting and bubble transport and their
influence to the flame spread behavior have largely been ignored by previous researchers.
In fact, there are no published flame spread models that consider the above-mentioned
phenomena, even in a sense of emphasizing one single aspect such as the melting.
Therefore the objective of the current research is to investigate the flame spread problem
with some complex solid/liquid phase physics such as anisotropic characteristic, melting,
bubble nucleation, growth and movement. The layout of the chapters follows the logical
route of theoretical exploration, with increasing complexities of the physical phenomena.
In Chapter 2, the flame spread is investigated for an anisotropic polymer with a priori

specified flow field (Oseen Approximation). The transient flame spread rate is analyzed
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according to a set of variable traverse conductivity and longitudinal conductivity. Chapter
3, still retaining the Oseen approximation, investigates the influence of melting on the
flame spread behavior. Flame spread rate as a function of non-dimensional parameters
from material properties is obtained and compared to theoretical formulas. Transient
behaviors such as ignition, flame development stages, and so on are defined. In addition,
flame structures and heat transfer mechanisms are examined. In Chapter 4, the Oseen
approximation is removed from the formulation; instead the complete Navier-Stokes
equations are incorporated into the flame spread model for melting polymers. Rich
physics of the gas phase effects such as the thermal expansion and gas injection at the
interface on the flame spread behavior are explored in detail and compared to previous
theoretical and experimental findings. In Chapter 5, the influence of anisotropic solid
properties is revisited under the situation of the realistic flow condition and melting solid.
In Chapter 6, the ignition is investigated by using energy balance analysis for both a
realistic flow pattern and an assumed flow pattern. An ignition theory is constructed to
predict the ignition delay time by using observations from the numerical results. In
Chapter 7, the comprehensive transport phenomena in the condensed phase such as
melting, bubble nucleation, growth, and movement are modeled using a two-scale model,
that is, a macro-scale transport model and a micro-scale transport model. The former
provides the temperature and liquid fraction and the latter accounts for single bubbles’
nucleation, growth and movement. The influences of bubbles on the material properties
are further investigated by a representative case, where the evaporation effect, the bubble
induced fluid flow, and the temperature field are investigated. In Chapter 8, conclusions

are provided and further modeling developments are suggested. In addition, appendixes
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are also given to supplement each chapter. They are: (1) Numerical verification of the
melting sub-model (Chapter 3); (2) Numerical techniques for combustion and general
issues (Chapter 3); (3) A derivation of the flame spread formula for melting polymers
(Chapter 3); (4) The numerical methods for flow field calculation (Chapter 4); (5) The
definition of the integral heat transfer mechanisms for ignition analysis (Chapter 6); (6)

The derivation of the volume averaged equations for bubble transport (Chapter 7).

23




Fizure |




pyrolysis

‘. Heat . R
External heat S — e
Conduction e

Combustion

Heat to gas

Figure 1 Schematic diagram of combustion of non-charring polymers.
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Table 1. The mechanisms that contribute to the flame development over polymers.

Gas phase Solid phase Other
Ambient oxygen concentration Conductivity Initial temperature
Flow velocity Thickness External radiation
Gravity

Gas phase reaction kinetics

Thermal degradation kinetics

Melt viscosity

Scale of fire

Radiation and absorption
Gas phase heat conduction Charring or non-charring Ambient pressure
Boundary layer effect Phase change Interface radiation

Opposed or concurrent flow

Bubble formation
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CHAPTER 2
MODELING OF IGNITION, TRANSITION AND STEADY FLAME SPREAD OVER

ANISOTROPIC SOLID POLYMERS

1. Introduction

The present study is a first step toward the complex phenomena in the condensed
phase, and mainly concentrates on the anisotropic influence of the solid conductivity. To
investigate ignition, transition and steady flame spread over anisotropic solid polymers, a
transient two-dimensional combustion model is constructed considering both the solid
and gas phase. With a given uniform velocity flow field, the temperature and species
concentrations in the gas phase and temperature in the solid phase are numerically solved.
These quantities provide information on the details of the flame structure and gas-solid
interaction. The three stages of flame development over the solid phase include pre-

heating, ignition and steady flame spread. Moreover, the trends of steady flame spread

rate and ignition time with respect to Kk, /ky, are obtained from eight different

numerical cases. Information about the mechanism of flame spread, flame structure and
solid phase influence of the solid anisotropy is also presented. Brief numerical studies
concerning opposed flow, ignition, transition and steady flame spread over a horizontal
thermally thick anisotropic slab will be provided.
2. Mathematical Model

The mathematical model in the present study is formulated by considering Di Blasi’s
model [41] for two-dimensional transient heat transfer over a polymer material

undergoing chemical decomposition. The solid phase is anisotropic and the flame
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spreads over the surface of the solid phase in an oxidizing gas flow opposing the

direction of flame propagation. The following basic assumptions are made:

1. The gas phase reaction is based on a one-step second-order Arrhenius rate.
2. The solid phase is non-reactive except at the interface.

3. The buoyancy in the flow field is ignored in the forced flow field.

4. The radiation from the surface and flame is ignored.

5. The thermal and flow properties are constant.

With the above assumptions the governing equations include the transient reactive gas

phase, the transient inert solid phase and the decomposing interface as follows:

Gas phase:
%}t"+u % Hiwg + DV?Y, Y,,i=o.fp
T, T,
Cpgpg[——g+u ——] Gogwy +kg Vz
Solid phase:
o, , T, , 9°T, 97T,
pSCPs &S =kSX &25 +ksy@1—;+2ksxyﬁ,
Interface:
[ or oY,
S _ i
P D——=m(Ys-1), p,D—=mY,
g @) S g ay ¢
< T =Tg Ji=o, [ p
T,
—kgjiyiz (KWO;CT +K, aTs)+mL

The other boundary conditions are:
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Inflow Yr=1, =0; outflow | JY; 0 i=o,ﬁp; upper wall | JT, g n )
Yo = YOO g - g = O
The initial conditions are:
t=0,T, =T, =Ty, Yy =Y, =0 and ¥, =¥, (6)

in which m=A;pEXP(—E;/RT), w, =—AgPgEXP(-E, /| RT,)Y,Y, and
E, =My, /vaf, i=o, f, p. Note that in Equation (3), we have ksxy = ks},x.

3. Numerical Treatment

A two-dimensional semi-implicit finite difference scheme was applied in a Cartesian
coordinate system. The time-splitting ADI method was used in both gas and solid phases.
The convective term was treated by the upstream method. Since the chemical term is the
main non-linear source in this model, it was treated implicitly. The interface interaction
was solved by switching back and forth between the solid phase and the gas phase, and
the heat flux between both phases was evaluated as a judgment for a further marching
decision. Grid lines were clustered near the flame region with a minimum of 0.025 mm.
The computational domain of 10mm X 12 mm in the horizontal (x) and transverse (y)

directions, respectively, is represented by a 30 x 50 mesh system. Modeling is performed
by giving a fixed uniform flow velocity #,., at the inlet boundary with 30% oxidizer

concentration. The preheating horizontal length is 1.8 mm. The configuration and flow
conditions are similar to those used in [41]. Some of the solid properties of PMMA and

gas properties are given in table 1.
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4. Results and Discussions
The flame development with time can be classified into three categories as (1) the

pre-heating process, (2) the ignition process and (3) the steady flame spread process. One

case with kg, =0.065 and k), =0.015 is studied. At the beginning and prior to ignition a

constant radiant flux of 50 kW/m’® was applied on a limited length of surface. After
ignition the external radiation is removed. Figure 1 at time 1.4 s shows the calculated
isotherms before ignition, which indicate that the temperature is almost evenly distributed
around the heated region. During this period the gas phase is heated dominantly by gas
phase conduction and the temperature is not high enough to initiate a fire. The fuel and
oxidizer concentrations are extremely low, which is the consequence of a low solid
surface temperature by pyrolysis. As the heating process proceeds, the solid surface
reaches the pyrolysis point and hence a tremendous increase in the vaporization takes
place. While in the gas phase, the reaction rate is dependent on both the gas mixture
concentration and the temperature. Therefore the increase in reactant concentration only
contributes partly to the reaction rate. This process continues until the gas phase reaction
is large enough to maintain a strong heat source and hence a flame can be sustained near
the solid phase. At this time ignition begins, which can be seen from Figure 1 at time
1.6s. The flame leading edge is almost formed upstream in front of the preheating region.
As explained by [42], due to the greater supply of oxidizer to the flame front, the
reaction priority is upstream of the approach flow. Further affirmation can be made by
Figure 3 at time 1.6s that almost no oxidizer exists in the downstream region. Figure 2 at
1.6s also shows that the larger fuel concentration corresponds well with the larger

temperature isotherms in solid phase near the location of the leading edge. After ignition,
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the flame will stabilize until a steady state flame spread exists. During this period the heat
and mass flux between both solid phase and gas phase attains a quasi-steady state. It is
noted also that the downstream oxidizer under the combustion plume will be consumed
completely [42]. A stabilized flame is not attained until 2.0s, which is shown by
comparison of Figures 1, 2 and 3. The transient flame spread rate is larger during this
transition period due to the preheating of the sample by the initial external incident flux
[42].

The period between 2.0s and 4.8s is characterized as the steady state flame spread
regime. By applying flame structure theory by Sirignano [23], it can be observed that
there exist two regions for the flame structure horizontally. The flame front region is the
region of heat-up, gasification and mixing ahead of the flame leading edge. The region of
chemical reaction takes up the highest temperature region of the gas phase. Transversely
there are three regions inside the flame, that is, in the middle is the fully established
diffusion flame, in the upper region is the fuel lean region and in the lower region is the
fuel rich region. It is easy to qualitatively identify the regions defined by the above from
Figure 1.

In view of heat transfer, there are many controlling mechanisms for flame spread
over thick solid polymer [1]. In this case the scale of the external flow rate is found to be
ten (10) times as large as the flame spread rate, which provides a valid basis for ignoring
the free convection effect. It is also reported that flame radiation is relatively unimportant
for thermally thick solid materials [41], therefore non-treatment of the radiation seems
valid in this case.

For thick PMMA materials experiments show that for particular [23] but not typical
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[1] cases of small-scale fires, the heat conduction in the solid phase is the dominant

mechanism. Therefore it is meaningful to investigate the effect of the anisotropic

conductivity on flame development. First keep ksxy as a constant, change the values of
kg, and k sy but keep the (kg +ksy) as a constant, then two flame characteristics are

derived. Figure 4 shows the trend of ignition time vs. kg, /kg,, in which the ignition

sy’
time is defined as the critical point when the heat flux is equal to 60 kW/m?® [9]. It is

obvious that the larger the ratio of the kg, / kg, , the more heat is transferred streamwise

Sy
during initial heating and hence the smaller is the ignition time. Therefore the kg, / k.,

ratio determines the temperature distribution in the initially heated solid phase. Figure 5

shows the trend of steady flame spread rate vs. K, / k,,, which affirms the above theory

sy°
from a different viewpoint.

5. Conclusions

1. A two dimensional transient mathematical model incorporating the gas species and
energy equations and solid heat conduction equation are solved numerically to
qualitatively evaluate the flame development over anisotropic solid polymers.

2. Based on the numerical results, ignition, transition and steady flame spread processes
are described. Relevant physical mechanisms and certain theories of flame structure are
analyzed.

3. For anisotropic thick solid polymer materials, the relationship of the ignition time and
flame spread rate with kg, /ksy is obtained for a particular case. The importance of heat

conduction in the solid phase for initial flame development is evident from the numerical

results.
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Figure 1 Constant temperature contours at four different times (The outermost contour is
300K, increment 100K between two adjoin constant levels. (a) t=1.4s; (b) t=1.6s; (c)
t=2.0s; d: t=4.8s.
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Figure 2 Constant fuel concentration contours at different time (The outermost constant
level is 0.1, increment 0.1 between two adjoin contours). (a) t=1.6s; (b) t=2.0s; (c)
t=4.8s.
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Figure 3 Constant oxidizer concentration contours at different time (The outermost
constant level is 0.3, decrement 0.05 between two adjoin contours). (a) t=1.6s; (b) t=2.0s;
(c): t=4.8s.
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Figure 4 Ignition time vs. K, /ksy'
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Figure 5 Flame spread rate vs. kg, / kg,

Table 1 The thermal properties and chemical kinetics used in the modeling.

A Ag E E g L 9dg kg k Xy Uy,
1.0E+06 | 1.6E+1 | 145520 | 135730 | 1355.6 | 12945 | 0.04 | 0.035 0.1
m/s Sm/s | J/mol | J/mol | kikg | ki/kg | J/ms | J/ms nm/s
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CHAPTER 3
OPPOSED-FLOW FLAME SPREAD OVER POLYMERIC MATERIALS -

INFLUENCE OF PHASE CHANGE

1. Introduction

Transient flame growth over polymeric materials is important in fire safety, and has
theoretical and pedagogical importance in basic combustion science research and
education. The latter stems from a large number of complicated phenomena, their
mutual influences, and the challenge of describing them in an orderly, logical manner.

When a polymeric material is subjected at a portion of its exposed surface to a high
heat flux, it can be ignited. The ignition of flame may lead to subsequent flame spread.
Because surface ignition at a point is associated with induced inflow of air (oxidizer), we
will be concerned in the model with flame spread against an induced or forced opposing
flow of oxidizer.

An extensive research literature exists for this class of flame spread problem, see the
reviews of Refs. 1-3. Most of the literature addresses solid fuels. The review of [Zj
addresses flame spread over liquid fuels, which possess additional complications such as
surface driven flow, enhanced buoyancy and liquid vaporization, etc. These
complications are potentially important when the liquid phase melt layer actually
precedes the flame leading edge. Heat transfer ahead of the flame by liquid phase
convection may be important under same conditions. In addition, recirculating cells may
develop in the gas and pulsating spread may be possible. Then, a significant overlap may

occur between flame over initially solid fuels (which liquefy) and flame spread over
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liquid fuels.

Many formulations of the theoretical opposed-flow flame spread problem have
appeared in the research literature. The study of deRis [21] stands out as the first
systematic examination including simplified gas-phase chemistry, solid decomposition,
multi-dimensional transport and convective/buoyant flow. Many other models were
subsequently examined (see [1]) but only one studied flame spread from a global energy
balance perspective, thus adding insight into the flame spread process [43]. The
importance of the global balance principle arises from the ease with which it can be used
to derive flame spread formulas under conditions more general than those for which it
was derived. The global balance principle is easy to apply because of the neglect of
streamwise conduction. Instead of solving complicated elliptic boundary value
problems, relatively simple parabolic conservation equations can be formulated, which
balance streamwise convection and cross-stream conduction.

By utilizing the global balance principle a flame spread formula for charring
materials was derived ([28], see the discussion of [28] in [1]). This formula is perhaps
more suitable for a solid that liquefies upon heating since liquefaction is a simpler
process than solid pyrolysis and degradation, and usually occurs along or near a specific
isotherm. It is well known however that solid degradation and pyrolysis does not occur
at a specific isotherm. We shall demonstrate that our model for flame spread over a
melted polymer agrees, under many conditions, extremely well with predictions of the
flame spread formula where considerations of dripping and running are not included in
either model or theory. The flame spread formula therefore can be interpreted physically

in terms of local physics near the point of flame attachment. Recent work on transient
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solid-phase ignition and flame spread has been undertaken by Kashiwagi, Baum and
colleagues on microgravity flame initiation on cellulosic materials [13]. A detailed
model of the gas flow and its thermal expansion during ignition and spread was
developed and then solved numerically.

It is known that many complicated, simultaneous processes occur in the solid with
gas-phase combustion above it. These include detailed degradation chemistry, anistropic
conduction, phase change, bubble formation and transport, charring of the surface,
pitting and condensed-matter expulsion at the surface. Because of these and other
complexities, the condensed phase has been studied considerably less than the gas phase
[25]. Studies of flame spread over melting polymers have rarely been reported except for
some experimental observations [25].

The purpose of this chapter is to examine a flame spread model whose solid (or
condensed) phase contains some solid phase complexities not described previously in
flame spread research [1-5]. The gas will be described by a standard Oseen-flow model.
Finite-rate gas chemistry is retained. In the condensed material, we retain phase change
(solid > liquid in-depth; liquid — gas at surface). Upon phase change, thermophysical
properties (conductivity, and specific heat) may change.

Our numerical model will be transient, enabling computation from incipient heating
to flame ignition to eventual steady spread. Melting and phase change alter ignition.
Comparisons are made with predictions of theory in the steady state. The eventual goal
of our research is to include bubble formation in the liquid melt layer. The study of
flame spread with phase change of the fuel from solid to pure liquid is a first step.

2. Numerical Model
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2.1 Problem Formulation

A schematic formulation of the problem is provided in Figure 1. Some
simplifications are made to reduce the complexity of the governing equations that
describe unsteady flame initiation and spread over polymeric materials. First, the Oseen
approximation of uniform velocity profile is used, thereby: (1) eliminating the
momentum equations from the solution; (2) uncoupling the velocity field from the
thermal and chemical fields; (3) reducing the N-S equations to the constant pressure
condition if the opposed flow Mach number is negligibly small. Flame spread is
considered to occur in the horizontal plane, thereby eliminating required consideration in
the vertical configuration of melt flow from the melting surface. The authors are
unaware of any theoretical or numerical work on this subject outside of preliminary
work in a highly idealized configuration [44, 45]. Second, radiation absorption by the
flame and radiant emission from the flame are ignored, as are surface and in-depth
radiant absorption by the condensed material. Third, the thermal properties and kinetic
data (pre-exponential factor and activation energy) are assumed constant. Fourth, the
regression or deformation of the gas-condensed interface and Marangoni flow of
polymer melt near the interface are assumed negligible. The other assumptions that are
relevant to the specific equations will be introduced hereafter. All restrictions are
removable in principle, but when initial studies are conducted in a simple manner, the
complications that are later introduced are more clearly understood. Some of our
restrictions (negligible interface regression, no surface Marangoni flow) have not been
extensively studied in the context of flame spread. The governing equations include

those for the transient reactive gas phase, the transient reactive condensed phase, the
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non-reactive gas-condensed interface, and boundary conditions. The origin of

coordinates is fixed at the interface, therefore the subscript “y > 0" denotes the gas
phase, while the subscript “ y < 0” denotes the condensed phase.

The transport mechanisms in the gas phase include diffusion, streamwise

convection, and chemical reaction. The species and energy conservation equations are

given by
Y, o, o
pg[a_tl-f'uo‘,a—x‘]:pgDVzYi+.:iw , i=f,0, y>0, (1)
oT oT
PgCPg[§+uooa—x]=kgV2T+qgwg, y>0. ()

It is assumed that the combustion reaction F+v,O — P is an overall single-step,

irreversible second-order Arrhenius reaction, with reaction rate

—-E_,/RT . . .
g and stoichiometric ratio

— A2
Wg = ngoYnge
Ei=My;/Mv,, i=f,0. The heat transfer mechanisms in the condensed

material include thermal diffusion, phase change, and pyrolysis reaction. The energy

conservation equation in enthalpy form is

oh
pcstg=ch2T+‘Ich, y<0, (3-a)

where subscript “c” denotes the condensed material in general, and will be denoted by

€69

or “s” in individual liquid and solid phases, respectively. An overall single-step first-

‘(1”
order Arrhenius reaction of polymer — monomer is assumed for the pyrolysis process,
with reaction rate w, =—p_.A4.exXp(—E,/RT). The condensed-phase density p. may

take the form of p; or p; in the condensed material. The kinetic data for E. and 4.
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are constants for both solid and liquid phases. The enthalpy-temperature relationship in
Figure 2 is provided along with equation (3-a), thereby reducing two unknowns

(enthalpy and temperature) to one. In Figure 2, phase change is assumed to take place at
a fixed melting temperature 7, °, and the thermal properties p, Cp and k in the solid

and liquid are assumed constant in each phase, but not necessarily the same. This
implies the existence of discontinuous thermal properties across the solid-liquid
interface. The energy conservation equation of the condensed material in temperature
form includes three domains of interest, viz., the solid phase, the liquid phase and the

moving phase front,

PsCps %—T = ksVZT -q.w,, solid
37{ , y<0 (3-b)
PiCpi—5, = V3T - gw,, liquid
2Dy 4 ol . =k 2D,
on h on , phase front, y<0 (3-c)

Ty =T,
Equations (3-b i, ii) are the energy conservation equations for the solid and liquid

*
respectively. Equation (3-c) is the Stefan condition in vector form, where n denotes

the unit vector normal to the moving solid-liquid phase front X, and V. denotes the
phase front velocity.

At the gas/condensed phase interface, the mass transfer mechanism is pure diffusion

® The melting point of the polymer is different from the ‘glassy point’ temperature that frequently appears
in the literature, and normally has a larger value.
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of the net normal flow comprising pyrolysis products. The heat transfer mechanisms

include conduction in the gas, conduction in the solid, surface radiation to the

environment, and transient ignition heat flux qig , which is applied before ignition and

removed thereafter. The species and energy transport processes are assumed to be

always equilibrated, whereby

( oY, .
—PgD$|0+ =(1=Y/|os)m,
dy, .
<—pgD'a—; 0+ =(0—Y0|0+)m, (4-a)
oT oT 4 4. .
—k.—I|o_-=—k,—|p. + " -T.)—q,,.
L s ay'O— g ay|0+ €0 ( ) 9ig

In equations (4-a i, i, iii), the mass flow rate m arises from the pyrolysis products. The

virtual mass flow rate of condensed phase pyrolysis products can be written in integral

form as f ¢, w,dy . A permeability factor K, with range between zero and unity is

used to adjust the magnitude of this mass flow rate. Hence,
m=K av . 4-
e f gsy w.dy (4-b)

This equation implies that the transport of gas through the liquid is a steady process,
because no storage effect or time derivative appears. The heat transfer described by
Equation (3-b), however, is unsteady. Usually, when diffusion is the transport
mechanism, mass transfer through liquids is slower than heat transfer. Our model
acknowledges this limitation, but is applicable (valid) in the limit that the liquid layer
contains a uniformly distribution of “gas” molecules that finally escape from the surface.

There is a uniform and continual migration of monomer molecules toward the surface.
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Of course, this is an idealization that is, in principle, removable when the solid phase
degradation is better understood. The “gas” in this model may be interpreted as
molecules of monomers, which form in the liquid layers of thickness /, that escape
from the surface. In other words, Equation (4-b) states that m is proportional to the
integral of w_ over the solid thickness, but the mass, in fact, escapes from the surface
cell after the reaction polymer — monomer has taken place. In the gas, an isothermal
inflow boundary condition and an adiabatic outflow boundary condition are applied at

x=0, 0<y<€gy and at x=/{_, 0<y<€gy, respectively, where ¢ denotes the

linear dimension of the computational domain. A closed adiabatic boundary condition is

applied at the upper wall y=/¢_  0<x</[_, as indicated below. Other bounda
PP pp y="Lg x ry

conditions include

=T, a_Tz()
x=0,0<y<ly Y, =Y,0; x=£,,0<y<{, aa;
— —L=0,i=o0,
¥r=0 ox

The adiabatic condition is written as:

1T
y=lgn0<x<t (
—+t=0,i=o0,f.

dy
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The initial condition is

T=I.,Yr=0and ¥, =Y., (6)

where Y, is the initial or inflow oxidizer mass fraction in the gas.

The conservation Equations (1-3), the gas-condensed interface condition (4),
boundary conditions (5) and initial condition (6) together form a well-posed unsteady

nonlinear boundary value problem.

2.1.1 Non-Dimensionalization

The governing equations shall be non-dimensionalized in order to analyze physical
mechanisms that may subsequently influence flame development. It is difficult to derive
appropriate reference variables for dimensional analysis. If phase change is negligible,
the dominant mechanism of heat transfer in the solid for flame spread over thermally
thick fuel is solid heat conduction [5]. However, for polymers with a low melting point
and low viscosity, it was observed [13] that phase change and melt flow may influence
flame spread. Gas phase conduction is dominant in thermally thin flame spread and
becomes weaker as the fuel thickens [S]. Whatever the relative importance of a certain
heat transfer mechanism is, the interactions between the gas and the condensed phases

always determines the nature of flame growth and spread. Based on this idea, the non-

dimensionalization is carried out as follows: the reference length h=a /u,, is

obtained by multiplying the characteristic thermal length in the gas (ag /uy) by a
factor Q=0 / og; the reference time is T="7%/u,,; the reference temperature is

Ls /C ps ; the reference oxidizer concentration is Yoo,,; the reference fuel concentration

is Ypoo / 1y
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In summary, the coordinates x and y are non-dimensionalized as X = x/A and
=y/ #i; time ¢ is non-dimensionalized as f =t¢/T; temperature 7T is non-

dimensionalized as T =Cps(T-T..)/L;; the fuel concentration is non-
dimensionalized as Y, 't =Yrlo/Yoe; and the oxidizer concentration is non-

dimensionalized as Y, =Y,/Y,,. The dimensionless equations, interface conditions,

boundary and initial conditions are,

Gas phase;

o, 3Y _ 1 (32 %Y,
ot ox Qle a_x ay

)t W, i=f,0, i=f,0 (7

oT aT 1 3°T o*T

- __(____

o w el T e 170 ®

Condensed phase (temperature form);

(37 327 327
87} =a % +a L -q.w,., inthesolid
of ox oy’
) — 2= ’ y<0 (9—3)
= of_p 3 7, o
C L= ., inthe liquid
kpl Pi of l(a 2 ay ) gcw, q
r_ o, v __—B_T;
i om " Iaﬁ‘, phase front, y<0 (9-b)
Ty = St

Gas/condensed phase interface;
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<-—e—0 =m(0-Y,|o,), y=0 (10)

JT k, oT T T4-3
ol ___8_|0++w[(T+Tw)4—Tof]“qig

CAA

Boundary conditions;

I
j;’ (11-a)

Initial conditions;

T=0,)7f=0and)_’o=l. (12)
Here Wg = }7o_fzg CXp(—T_+ T ), WC = Zc exp(—;.—:c]-;v—),

m=K, fQ p.w.dy,and T, = Cp,T../ L.

The dimensionless groups are listed in table 2.
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2.1.2 Numerical Approach
The computational domain of approximately 15mmx15mm, in the streamwise ( x )

direction and transverse () direction consists of a 50x50 mesh system in the gas

phase and a 50x40 mesh system in the condensed material. Along the x direction the
grid spacing is uniformly 0.3 mm. Along the y direction the grid spacing is non-
uniform with the minimum spacing (0.025mm) near the gas-condensed interface
(y=0) with an exponential increase in the two opposite ( ¥4 and yg_) directions.

The neighboring increment ratio is 1.07. This treatment is intended to resolve the
reaction-intensive region close to the interface. The mappings between the two mesh
systems were accomplished by appropriate coordinate transformations.

The finite difference method is used to solve the numerical model [46]. First, the
control volume formulation is used in the discretization because of its ability for
providing exact tracking of the solid-liquid interface during phase change in the
condensed material. The diffusion terms are treated by the central difference method; the
convective term by the up-wind scheme, which in low flow velocity provides acceptable
performance. To treat the chemical (source) terms, the guideline of positive derivatives
of source terms is followed. Negative chemical terms are linearized by preserving only
the partial derivatives with respect to the primary variable, while the positive source
term is left unchanged. In addition, a special treatment of the chemical term is used to
enhance the accuracy and stability of the solution procedure [47]. To minimize
computational time and storage, the ADI (Alternate Direction Implicit) method is

employed: the independent variables are solved alternately in the x and y directions.

The techniques used in solution of the phase change process in the condensed phase is a
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special form of the Enthalpy Method, the ADI Source Update Method, as well as the
aforementioned enthalpy-temperature relationship. In addition, property discontinuities
across the solid-liquid interface are averaged by using the harmonic mean formulation
[48] of the thermal properties for any grid encompassing this interface.

The run time is influenced by three major non-linearities that are present in the
numerical model. These non-linearities are the interface condition, the chemical reaction
terms in the gas and condensed material, and the Stefan condition. It was determined by
numerical experiments that the stiffness of the overall equations, hence the run time, is
determined mainly by the chemical reactions. This overshadows the influence of phase
change even at high Stefan numbers. In views of the non-linear nature of the numerical
model, the iterative Newton-Raphson scheme is applied in semi-implicit form to the
finite difference equation.

The computational cycles are constructed according to the physical process. First
the energy equation of the condensed phase is solved, which produces the gas-condensed
interface pyrolysis product flow rate and the interface temperature. Next this flow rate is
fed into the boundary conditions of the two species equations, and the gas-condensed
interface temperature is fed into the boundary condition of the energy equation in the
gas. After the gas phase temperature is solved from the energy equation, the heat flux of
the interface is obtained as a further input into the condensed phase. The iterative

computational process continues until the relative error of the two most recent iterative

values of T, Y,, ¥ r and h. fall into the convergence range, the limit of which is
normally chosen as 0.0001.

2.2 Theoretical (Simple) Model
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The model configuration for theoretical analysis is shown in Figure 3. The
coordinate system is flame-fixed, hence a streamwise convection term is introduced in
the energy equation of the condensed phase. The global energy balance principle of
Wichman and Williams [43] is applied. The global energy balance principle states that
the “flame spread rate must be sufficient to remove by downstream solid-phase
convection (in flame fixed coordinates) the heat that is generated by combustion and not
removed by either downstream gas-phase convection or conduction”. This global
balance principle is valid when either solid or gas phase conduction overpowers the
other, whereas a simplified energy balance for heat flow to unignited fuel across
surfaces of incipient fuel [34] can be used only when gas—phase conduction overpowers
solid-phase conduction. Thus, flame spread models that employ an energy balance
across the flame leading edge (and in its vicinity) are not so generally applicable as the
global energy balance. With gas-phase domination both leading edge and global balance
models should give approximately identical predictions. For most leading-edge models it
has been demonstrated [1,43,49] that under most conditions encountered in flame
spread, gas-phase domination is the norm. Exceptions to this norm are discussed in [50],
where the viscous-invisid region near the point of flame attachment is examined in
detail. The authors of [50] demonstrated that an upstream gas-phase fluid dynamic
recirculation cell could alter flame spread behavior.

In applying the energy balance principle, the Oseen approximation is employed.
The flame sheet is hypothesized to lie along the gas-condensed material interface. The

transition from solid material to liquid is assumed to occur across an infinitesimally thin

front located at the locus of a parabolic arc y/ Jx =const . All of the latent heat is
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presumed to be consumed along this arc. In addition, the liquid is presumed to be
sufficiently viscous that internal, circulating flows do not occur as they do for certain
light, hydrocarbon liquids. The analytical solution yields the following spread rate

formula (see Appendix II),

Cp, k T,-T
_u_s____Pg Pg £ ( S ')z'erf(c fl.ﬁ){ (13)
o PICpky T, -T, 2 o

where T f is the flame temperature, 7; 1s the interface temperature (see Figure 3), and

¢ is the value of the numerical constant defining the locus of the liquid-solid interface.

As ¢ >0 and T,, — T;, Equation (13) reduces to the thick fuel deRis formula [21].

When phase change occurs, the Stefan number’ St =CPs(Tm -T1.)/ Ls appears

as one of the non-dimensional parameters of the problem. Physically, St is the ratio of
the heat required to raise a unit mass of the solid from the ambient temperature to its
melting temperature to the heat required to transform this unit mass of solid into liquid.
Only St > 0 is of interest to us since St is positive when phase change is endothermic.

A derivation of the preceding results is presented in the Appendix II.
2.2.1 Simplified Derivation of Flame-Spread Equation

In this section, a simple, physically-motivated-scaling-argument derivation is given for
Equation (13). A full description is presented in the Appendix II. The simplicity of the
scaling analysis sheds light on the important approximations of the analysis. It was shown

in [1, 43, 49] that for a basic understanding of the overall flame spread process only the

" In this model, the definition of St is inverse to those appearing in [1] and [28].
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energy conservation equations of both media were needed, and that in these equations a
balance between streamwise convection and traverse diffusion (a boundary-layer
formulation) captured most of the physics. The full problem is elliptic, as shown in
numerous original works [21, 51], but the region of pure ellipticity is confined to a small
“Stokes region” near the flame attachment point. Outside of that small region, a parabolic
formulation produces useful results. We follow the scaling analysis outlined in [1, 50].
We proceed by first scaling the three energy equations (gas, liquid melt, and solid),

then the boundary conditions along the interfaces (gas-liquid, liquid-solid) that separate
them. In the gas energy equation ngPgugaTg /ox = kgazTg /ay2 scales to
PgCpgugATy /Ly, ~ kAT, /Lgyz. Imposition of the criterion Lgy =Ly, =L,,
i.e., uniform coordinate scaling in the flame attachment region gives Lg =0, / Ug,
Qg = kg /pgCpyq - In the solid the energy equation is
psCpsus0T, /0x = ksasz /ay2 , which scales to
P Cpu AT/ L, ~ksA7;/Lsy2. We let Lo, =L, =L, in order to emphasize

gas-phase control of the spread process. We then find Ly, =[o.'sag/ usug]l/z.

Similarly, the liquid-phase energy equation p;Cp;u;0T;/0x = k,azT, / ayz scales to
piCp AT,/ Ly, ~ kAT, /Llyz, which yields Ly, =[a,ag /ulug ]1/2 when we use
Ljy = Ly, = Ly as for the solid. Clearly uj =u;.

We now examine the two interfaces. Along the solid-gas interface upstream of the

flame attachment  point, the conductive energy  balance gives
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ks (0T, /0y),= ~ kg (3T, /dy) =g, which yields kAT /Ly, ~k,AT, /Ly, or
Lsy/ Lg =k AT /(kgATg). Along the liquid-solid interface, the situation is more
complicated. Here we have kg (97, s/an*) ~k (aTl/an*), where 1" is the normal
coordinate to the parabolic arc along which phase change occurs. This arc is given by

the locus y=—b1x2, which nondimensionalizes to ?=—J€2 with y=y/ L[y’ and

X=x/Ly=x/Lgy and L, =b1L§. In the case that the parabolic arcs lie nearly

parallel to the horizontal plane, the derivatives 07 /dn approximate to 07" /dy . Thus,

the nondimensionalization of the interface condition yields, approximately,

kAT, / Ly, ~ kyAT; 1 Ly, Use of Ly, =biL," gives

kAL Lk AT (14)
)
L, bl L,

In our derivation this interface condition is considered to be more important to the

overall spread process than the solid-gas interface condition derived previously. Hence
we substitute the relationship Ly, =[a,a, / usug]l/2 derived from the solid-phase
energy equation into Equation (14) to obtain

ak,

ATy 1
ga k

AT,” bL,

ug = (15)

5 (

The expression for AT;/AT; is now written in the following form:
AT,/ AT, =(ATg/AT})(AT}/AT;)2(ATS/ATg). Then we use Equation (14) for

AT;/ AT in the right-hand side (square) term, and the upstream interface condition
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kAT, / Lsy=kgATg/ Lgy for AT,/ AT,. These expressions substituted into

Equation (15) yield
u, _ PgCpgk 2 L’
4 - PeCrety g)[s(b“ =)
ug  pCpk; AT

Sy

The quantity in square brackets reduces to (¢ /@ )(L[y /L ) when the relationship
L,y =b1Lg2 is employed. When we observe that both liquid and solid must produce

parabolic isotherms, we find (L, / Lsy)2 =(b/ bs)2 = k2, where Ly, = bngz
used in the solid. The constant factor X is nondimensional. Thus, our final result is

ﬁ. ngpgk (ATg) [ 2as
ug  pCpk AT}

] (16)

We compare this result to Equation (13), the exact formula, by considering the limit of

small c (high sweep-back of the isotherms) to find
erfle o, 204 = (ZJ;)[C,/CZS /204 ]. This yields Equation (16) with the quantity

in square brackets replaced by (2c2 /), / 0 . The correspondence between the two

formulas is exact when we identify x2=2¢% /7. We note finally that in Equation (16)
ATy =T, —T, ATy =T, —T,, are the characteristic temperature difference in the gas
and liquid phases, respectively.

This simplified analysis illustrates important features of the phase change model of
flame spread. First, the gas phase is elliptic near the flame leading edge because

Loyy=Lg =L

g» i.e., all characteristic lengths in the 2-D plane are identical. Second, in
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the limit being considered chemistry is very fast compared with convection and diffusion

processes. Third, the solid and liquid phases are fundamentally parabolic, with

streamwise diffusion az(-)/ ox? negligible in comparison with transverse diffusion

az(~)/ ayz. Fourth, conduction across the interfaces between gas and solid (upstream)

and liquid and solid (downstream) dominates streamwise convection and the phase
change enthalpy, which appears only implicitly in the parameter c of Equation (13). Fifth,
of the two interfaces, the energy balance across the solid-liquid interface was used more
than the solid-gas interface balance, indicating its greater importance in the overall flame

spread process. Sixth, simple rearrangement of Equation (16) gives

ug = K’zug [(ngngg)/(psCPskl )]/?1_1 (AT, /AT )2 , suggesting that u, decreases
in proportion to E[_l and in proportion to C ps_l , if their influences on other parameters

are not considered. Our subsequent evaluations demonstrate that u o< kl—l is a good

reckoning, whereas usC ps ~constant is not (see Figures 4(b) and (c)). Seventh, the
concept of “gas-phase dominance” of the spread process is implicitly understood by the
imposition of the gas-phase length L, on L;, and Ly, ;ie. theuseof [y =L, =L,.

Eighth, the liquid layer is highly viscous so that no internal convection or recirculation
occurs. Although surface tension gradients produced by temperature gradients along the
interface can induce circulatory liquid movement [52], we have not included these
motions in our scaling analysis. Ninth, subject to the constraint of Oseen flow (which can
be removed as discussed in [49]) and fast chemistry, the largest influences on the fiame

spread rate are the thermal properties of gas, solid and liquid, and the Stefan number,
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whose magnitude controls the multiplicative factor K‘2 in (16) (c in Equation (13)).
3. Results and Discussions
The thermal and flow properties are listed in Table 1. Ignition is established if the
heat flux from the gas phase excluding external radiation is over 10 W/cm?. The effects

of the condensed material on flame spread are investigated by varying three non-

dimensional parameters, St 1;1 , and C pi»> in which St denotes the influence of phase
change, and I?I and C, p; denote the relative influence of liquid thermal properties.
Variation of St, I—‘_l andC, pi is accomplished by changing only one single property L,
k; or Cp; while keeping the rest fixed.

3.1 Flame Spread Rate

The thick fuel spread rate of deRis ‘s formula [21] is

"_sngCngg Tr-T, .,
Uo PsCpsks T, T,

(7)

where T, denotes the vaporization temperature®. Since T rand T, are theoretical

parameters that correspond approximately to real condensed-phase and combustion
kinetics, and since they are in fact not constant in the numerical model, representative
values have to be selected in order to make a comparison. Based on the numerical results

of the interfacial temperature (see Figure 8(a)) and on previous experimental

% The vaporization temperature Tv in deRis s formula is essentially equivalent with the surface

temperature 7; in Equation (13) as the latter denotes the constant temperature of the non-vaporizing
surface although the former denotes solid-to-gas "vaporization” (actually sublimation).
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measurement (7, = 665K for PMMA), it is a reasonable guess to fix T;, at 700K. We
extract T f from Equation (13) by letting the #; equal the numerical flame spread at

St — oo, since St — oo corresponds exactly to flame spread without phase change, that
is, the flame spread problem is essentially characterized by deRis ‘s formulation. It is
worth pointing out that this treatment helps to make a comparison between Equation
(13) and the numerical model. This comparison is justifiable in that no artificial

manipulation is involved for situations of widely varying thermal properties. Therefore

we obtained the following representative values, Ty = 1730K, thus resulting in the
following ratio of the right hand side of Equation (14)

Ty -T,
T,-T..

( )=2.58.

We note that this ratio remained fixed in all cases considered, and that Tf =1730K isa

physically reasonable flame temperature estimated in flame spread since the maximal
flame temperature in the numerical results is 1630K. In effect, a scaling factor has been
introduced that makes the case St — o agrees with the deRis formula. The dependence
of the flame spread rate on St, which is obtained from Equations (13), (17) and the
numerical model, is plotted separately in Figures 4(a) through 4(c). Figure 4(a) reports
the dependence of flame spread on St by presenting the formulas of and eleven
computational results. It appears that the formula provides an almost an exact solution to
the spread rate of the numerical model, since agreement between the numerical results
(‘*’) and theory (dotted curve) is observed. However, Equation (17), which is

represented by a horizontal solid line above the ‘*’ and dotted lines, results in a constant
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value higher than both the numerical result and theory. Qualitatively, with the increase
of St, the spread rate increases. The sensitivity of the spread rate with respect to St,
which is illustrated by the slope of the curve in Figure 4(a), diminishes for larger St . In

addition, St is inversely proportional to L, and an almost linear relationship between
spread rate and L, is found. As a result, the aforementioned sensitivity with respect to

L, is almost constant.

We can estimate the influence of phase change on the spread rate. The contribution
of phase change can be as much as a 40% change of the flame spread formula at St =1
and nearly negligible influence at St =100. Through numerical experiments, it was
found that if St is lower than 0.667, only ignition is observed, followed by extinction.
No flame spread occurs. Since the external heat flux is removed as soon as ignition is
initiated in the numerical model (for all St cases), the above finding indicates that the
flame cannot support itself if St is too low.

The contributions of k; and Cp; to the flame spread rate for St =2 are reported in
Figures 4(b) and Figure 4(c), respectively. Good agreement is observed. Qualitatively,

the increase of either the conductivity or the thermal capacity of the liquid layer in the

condensed phase decreases the flame spread rate. Similarly, extinction is observed if /?1

is lower than approximately 1.0, or C pi 1s higher than approximately 1.25. Again,

Equation (13) does not provide any indication of extinction because of the steady state

formulation. However, one may conjecture that certain limits can be derived from the
three cases of varying St, k; and Cp;. Therefore extinction occurs if the ideal

(Equation (13)) spread rate decreases below these limits. These rate limits are dependent
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on parametric values. This viewpoint is partly supported by observing that the rate limits
of Figure 4(a), 4(b) and 4(c) differ from each other significantly. However it is difficult
to determine these rate limits quantitatively since extinction is not a well-defined event
in the numerical model’. One reason is that the control of grid size or convergence
procedure may influence and substantially alter such unstable phenomena. It may be
necessary, therefore, to examine flame extinction at least partly analytically. Even in
analytical studies, however, the precise definition of the moment of ignition is an ill-

defined quantity.
3.2 Transient Spread Process

Figure 5(a) reports the progress of flame spread rate along the streamwise distance
for St =2. Three stages of transient evolution are observed, viz., ignition, transition
and fully developed (or steady) spread. Ignition is characterized by sharp slopes of flame
spread rate around a peak point, indicating the impulsive nature of the ignition process.
The transition stage, which occurs after ignition, allows the flame to stabilize mainly
over the preheated region (9-12 mm). Its behavior is characterized by smaller slopes.
The final stage of the spread is established after the flame moves across the boundary
between the pristine polymer and preheated region (x = 9mm), and the flame spreads
with constant rate. Figure 5(b) reports the time histories of both flame front and phase
front arrival along the polymer surface. It is observed that the interval of transition (2s),
compared to the ignition delay time (10s), is relatively short. Another observation is that

the movement of the phase front started much earlier than the flame front. This

® A very detailed analysis of flame spread initiation was carried out in [40], where all gas-phase processes
including thermal expansion were retained.
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phenomenon arises from the fact that the phase front is established much earlier than the
flame front, since the melting temperature is much lower than the ignition temperature.
In Figure 5(c), the phase front leads the flame in the region 9Imm<x<10mm. The
streamwise progress of the phase front is the described as follows: shortly after the
initial heating the phase front starts to move, then it approaches the boundary of the
preheating region, shown in Figure 5(a) at the location between x=9 and x=12mm.
Between this time and ignition, the phase front can not move because there is no heat
flux applied outside the preheating region. Even with ignition initiated, the flame front
still stays put because the external heat flux is removed and the self-supportive heat flux
is too weak to push it forward. The resumption of movement is not accomplished until
the flame survives the transition and spread near the boundary of the preheating region.
Thereafter, phase spread is driven by the combustion heat from the gas phase and steady
spread is attained. This steady stage is characterized by the same spread rate as for the

phase front, as is seen by the two parallel lines in Figure 5(b).

Figures 5(c) and 5(d) report the streamwise evolution of heat flux'®, mass flux and
temperature at the interface during three stages of flame spread. At the time of pre-
ignition (10s), an external heat flux of 5W/cm? is applied to the preheating region of the
surface; the mass flux of pyrolysis products is low because of the low condensed phase
temperature, see Figure 5(d). Once ignition is initiated, the external heat flux is removed,
and an abrupt change of flame environment occurs. The plume of the flame adapts to the

rapid change of the heat flux, during which transition occurs. If, for example, the heat

' The heat flux here denotes the net heat flux feeding the condensed phase, which is obtained by
subtracting the surface radiation loss from gas phase conduction to the interface.
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flux generated from the combustion reaction cannot compete with the loss of heat
through the gas and the condensed phase, the plume shrinks and extinction takes place,
as was observed in Section 3.2. The transition stage determines whether the flame is
self-supportive or not. Figures 5(c) and 5(d) illustrate the successful survival of the
plume and steady spread thereafter. It is observed in Figure 5(c) that the magnitude of
the heat flux during the steady spread stage is approximately one tenth of the external
heat flux. However, the mass flux shows a reverse trend with an increase of magnitude
by a factor of ten because the low mass flux of the initial stage results from the thin
pyrolysis layer. Steady spread is attained when the mass flux attains the highest value

and heat flux attains the lowest value among the three stages.

As far as the interface temperature is concerned, a leading edge appears after
ignition, whose magnitude slightly increases to attain the steady state. Downstream of
the leading edge during the steady spread stage, the surface temperature decreases with
increase of distance from the leading edge. This observation disagrees with the
assumption of a constant surface vaporization temperature discussed at length in [1]. The
invalidity of the assumption was discussed in numerical studies (that did not consider the
effects of phase change) such as [38, 32]. The divergence of the temperature
downstream of flame front from an assumed constant value at the leading edge is as high
as 20% for the case St=2. Apparently such a deviation is not crucial, given the
eventual agreement between numerical results and theory. For this reason, the constant
“vaporization temperature” hypothesis has survived and, in fact, represents an important

conceptual piece of the overall flame spread model.
3.3 Flame Structure
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The detailed flame structure is obtained from the numerical model by examining
contours of constant temperature, fuel concentration, oxidizer concentration, and
combustion reaction rate in four cases of interest (see Figure 6). The non-dimensional
temperature from the numerical model is divided by St in order to make comparisons.
From the viewpoint of physics, the flame structure displayed in Figure 6 shows
qualitatively the same characteristic as reviewed in [1]. Under the influence of an
opposed flow, the diffused fuel gas from the interface (Figure 6(c)) reacts with the
oxidizer gas in the mainstream (Figure 6(d)), thereby forming a reaction region (Figure
6(b)). From Figure 6(b) we see that the thickness of the reactive region is finite, which
shows the nature of finite-rate reaction in the gas. In addition, the temperature of this
reactive region is the highest in the field, as shown in Figure 6(a). The highest
temperatures are displaced from the surface somewhat downstream of the reactivity
maximum, as observed in previous studies of flame near cold surfaces [53, 54, 31].

It is interesting to evaluate the influence of the condensed phase on the flame

structure. A reference state of St =2 is chosen for these comparisons. First, it is

observed from Figure 6(a) that St =100 and k; =3 produce bigger flames. However,

C, p; =0.125 produces a smaller flame. This observation is confirmed by comparing

fuel concentration constant contours in Figure 6(c). The same constant contour of fuel

concentration is pushed further downstream of the flame leading edge if St =100 or
k; =3 . The second observation is from Figure 6(b). Near the flame leading edge, the

shape and orientation of the reactive region does not change for the four cases we

examined; however, farther downstream of the flame leading edge, the reactive region
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tends to be slightly raised if S? or E, becomes larger, or slightly pressed down if C Pl

becomes smaller.

3.4 The Condensed Phase

The temperature profile (including location of the phase front) from both the
numerical model and theory are compared in Figure 7. Theory predicts that the
isotherms are parabolas with the origins located at the leading edge * o ’ in Figure 7. The
numerical solution, however, predicts that the isotherms do not resemble the shape of
parabola except near the flame leading edge. The isotherms deviate from parabolas
downstream of the leading edge. The thickness of the liquid layer shrinks downstream.
Good agreement between the numerical result and theory is observed near the leading
edge of the phase change point * o ’. The behavior of the liquid thickness downstream of
the leading edge suggests a connection to the surface temperature or heat flux at ignition,
therefore some other parameters of interest are investigated.

The influence of the condensed phase on flame spread during the steady spread
stage is shown in Figure 8 by investigation of interface temperature, mass flux,
condensed phase heat conduction and the phase front locations. As is shown by the

interface temperature in Figure 8(a), there is negligible difference downstream of the
flame front among four cases except /?1 =3. In addition, upstream of the flame front,
St =100 produces a shallower gradient of the interface temperature than St =2, and
Cp; =0.125 makes this gradient even lower. Distributions of the interface mass flux
and the net heat flux into the condensed phase along the streamwise distance are

presented in Figures 8(c) and 8(d). Among the four cases, 1?1 =3 stands out having the
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highest mass flux and lowest heat conduction into the condensed phase. This
phenomenon is well understood if we recall that we used the in-depth pyrolysis
mechanism in the condensed phase. As a result, the larger pyrolysis area in general

corresponds to a higher mass flow rate. The extent of the pyrolysis area is related to the
extent of the melting region, as shown in Figure 8(b). It is observed that /;1 =3

significantly enlarges the liquid region, thus resulting a higher pyrolysis region, while in
the other cases a smaller difference is observed.

A simple analysis illustrates that I?, controls the thickness of the liquid phase. The
liquid layer in the condensed phase can be looked on as a plane plate, the upper side of
which is subjected to the ignition temperature T}g, and the lower side of which is
subjected to the melting temperature 7,,. If qig denotes the heat conduction into the
condensed phase, then a simple heat conduction relation applies if the transient effect is

neglected,

T, -T
S=k 2", (18)
dig

where O denotes the average thickness of the liquid layer. Since the magnitudes of (Zg
and T}g do not depend significantly on the magnitude of 1?1 , an approximate
relationship of & o< k; is determined. This explains why the liquid layer thickness of

EI =3 is almost three times as large as /?1 =1.

The streamwise evolution of the phase front location and pyrolysis front location

(characterized by WC=1.5X10_7) is shown in Figure 9. The liquid region
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encompasses almost the entire pyrolysis region during all three stages. In addition, the
slight intrusion of the pyrolysis front out of the phase boundary indicates that the
pyrolysis temperature is slightly lower than the melting temperature. Also the shape of
the pyrolysis region is not a parabola. Its thickness shrinks downstream of the flame
front and fits well with the shape of phase front. In addition, the reaction intensive part

of the pyrolysis region has the highest temperature, and lies below the flame front.

3.5 Mechanism of Steady Flame Spread
Generally, many different mechanisms contribute to the flame spread process, and

conclusions on which mechanism is dominant (if any) are difficult to make. The
dependence of flame spread on St /?1 , and C, pi is analyzed below. Control volumes of
5.7mmx4.5mm upstream of the flame leading edge are chosen for cases St =100,
1?1 =3, C, Pl = 0.125 as well as the reference state in order to construct a local energy-

balance accounting. Different heat transfer mechanisms in non-dimensional from are
evaluated by numerical integration, see Table 3.

An energy balance can be constructed for this control volume. The heat from the
gas phase upstream of the flame leading edge plus the streamwise conduction in the
condensed phase are responsible for the pyrolysis process and enthalpy rise of the
control volume. Pyrolysis and streamwise conduction in the condensed phase are not
important compared with the upstream conduction from the gas phase [34]. Physically,
the total heat obtained in Table 3 is responsible for enthalpy rise of the control volume,
and should be connected to the spread rate. Comparison of St =2 and St =100 in
Table 3 indicates that with the increase of St, the total heat increases, resulting in a

higher spread rate. However, for cases of variable thermal conductivity and variable heat
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capacity, the magnitudes of the total heat do not necessarily measure the magnitudes of
the spread rate. This phenomenon can be explained by a ratio between the total heat and
the spread rate.

The ratio of the total heat to the spread rate, presented in Table 3, denotes the
energy barrier for flame propagation with a spread rate of unity. We compare this ratio
for the four cases we examined, since it reflects physically the ratio of relative difficulty
of preheating the condensed phase to the ignition temperature. This ignition temperature
(the temperature at the flame leading edge), should be identical for different cases if

justifiable deductions are made. Observation of Figure 8(a) indicates that St =2,
St=100, Cp; =0.125 have identical flame temperatures at the leading edge,

therefore comparisons between these three cases are made below. From Table 3 the ratio

for St =100 has a lower value than for St =2, indicating a lower energy barrier when
the latent heat is decreased. Similarly, the ratio for Cp; =0.125 is lower than for the
reference state, because the lower thermal capacity is consistent with the lower energy
barrier. A different interpretation for the last case EI =3 is needed because it shows
many different characteristics from the other cases. From Figure 8(a), it is observed that

E, =3 results in a lower flame temperature at the leading edge. Second, from Figure

8(b), 1?1 =3 results in a larger liquid thickness. The first influence tends to lower the

ratio in Table 3 because a lower ignition temperature is required. The second influence,

however, tends to increase the ratio because a thicker liquid layer requires more energy.
The overall influence of 1?1 =3 seems to be controlled by the second influence, as is

supported by Table 3: the ratio of the total heat to the spread rate is larger than for the
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reference state.
4. Conclusions

A new numerical model of flame spread is constructed by introducing phase change
in the condensed phase. The processes considered in the condensed phase include solid-
to-liquid phase change, an in-depth pyrolysis reaction and heat conduction. The
processes in the gas phase, after applying the Oseen-flow approximation, include heat
transfer, fuel and oxidizer transfer, and finite-rate combustion kinetics. At the interface
between the gas phase and the condensed phase, the heat and mass balance is
constructed by incorporating heat conduction into both gas and condensed phases,
radiant emission from the surface, and diffusion of pyrolysis products into the gas.

The influence of phase change and thermal properties of the condensed phase on

flame spread are investigated by introducing three non-dimensional parameters of
interest, St, /?1, and C, pi- Quantitative comparisons of spread rate between the

numerical model and theory outlined in Section 2.3, 2.2.1, and Appendix II are obtained.

It is found that the numerical model provides almost exact correspondence to [28] for
variable St and C, pl> and 90% agreement for cases of variable /;1 DeRis ‘s flame

spread formula, which results in a constant spread rate value higher than the numerical
result and Equation (13), is independent of phase change.

Some observations are made about the transient process of flame spread. (1) Three
stages are observed: ignition, transition, and fully developed (or steady state) flame

spread. In addition, the interval of transition is found to be very short compared to the
ignition delay time. (2) Extinction is observed if S?, 1?1 go below, or C pi goes beyond,
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