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ABSTRACT

Early experimental and theoretical investigations
of solid propellant ignition seened to indicate that ignition
was caused by exothermic solid phase reactions stimulated at
the exposed surface of a propellant by applied heat. Later
experiments, in which nitrate ester and composite propellants
were exposed to various gases at controlled high temperatures
and pressures, showed that the ignition delay was influenced
not only by the nature of the propellant, but by the quantity
of oxidizer present in the external gas and the gas pressure.
Log-log plots of experimental ignition delay versus the
gaseous oxidizer concentration exhibited a range of slopes
from zero to minus two or more. These experiments indicated
that the igniter gas plays a specific role in the ignition
process, and that propellant ignition could be due either to
a reaction of propellant fuel molecules with the gaseous
oxidant in a gas phase reaction, or to a heterogeneous surface
reaction between oxygen and the solid phase fuel.

The object of this research was to further elucidate
the ignition mechanism of solid propellants, to identify the
component processes, and to lay the basis for a theory of
ignition.

Experiments were performed in which composite
propellant samples and polymeric fuel samples were exposed
to high and low speed flows of oxygen containing gases at
high temperature and pressure in a shock tunnel. Ignition
of either prorellant or fuel could not be obtained in high
speed flows (ca. 5000 ft/sec) even in pure oxygen; in addition,
no charring or decomposition of the fuel was observed. At low
flow speeds, on the other hand, ignition of the composite
propellant and the polymeric fuel did occur, and the ignition
delay was found to depend on the gas phase oxygen concentration.
The non-ignition at high flow speeds indicated that dilution
or sweeping away of the gaseous reaction zone inhibited the
ignition. An ignition limit for the fuel samples near 50%
oxygen mole fractions was observed, suggesting that boundary
layer flame establishment required a longer fuel sample.

These results indicate that a pure solid phase
ignition mechanism is incorrect, and strongly suggest that
the site of ignition is in a gaseous reaction boundary layer
adjacent to the surface of the propellant and not on the
fuel surface itself.

A previous approximate theory of solid propellant
ignition by gas phase reaction, developed by McAlevy and
Summerfield, did not predict the correct dependence of ignition
delay on oxygen concentration; therefore, the theoretical
situation was in doubt. A special point of interest for the
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theoretical development is that proportionality of the
ignition delay to the gaseous oxidizer concentration raised
to a power substantially greater than minus one has been
observed in solid propellant ignition. Thercfore, the theory
of thermal, gas phase ignition was extended to check whether
a gas phase ignition mechanism could admit a dependence on
oxidizer concentration raisedto a power greater than minus one.

A mathematical model was formulated for the thermal,
gas phase ignition of a reaction field adjacent to a condensed
phase fuel suddenly exposed to a hot, stagnant, oxidizing gas.
The characteristic ignition properties of this model were
treated first by similarity theory and then by numerical
methods. Two cases were treated: in the first case the
concentration of fuel vapors at the condensed phase surface
was taken constant; in the second case a constant mass flux
of fuel vapors from the surface was assumed. The surface
temperature of the condensed phase was assumed constant (a
restrictive assumption to be removed in later work), and the
chemical reaction was represented by a second order reaction
with an Arrhenius function temperature dependence.

It is significant that the system of three, coupled,
nonlinear, partial differential equations of this mathematical
model could be integrated by digital techniques. The integrations
were both stable and convergent, showing that the solution of
similar problems of nonlinear nature should be possible.

An important conclusion was that when (RT/E) & 1/5,
a classical induction period does not exist; the react 88
temperature rises continuously and the definition of the state
of ignition becomes arbitrary. Consequently, two experiments
could show differing effects of oxidizer concentration on the
ignition delay unless identical ignition detection methods were
used. Furthermore, at least to a limited degree, a theory of
ignition can be made to fit experimental results by deliberate
choice of an ignition criterion.

It was shown that for any ignition criterion, the
sensitivity of the ignition delay to changes in the con€entration
of gaseous oxidizer can vary strongly. A log-log plot of these
quantities can exhibit a slope between zero and minus infinity.
Therefore, the gas phase ignition delay of a heterogeneous system
can depend on the gaseous oxidizer concentration raised to a
power greater than one over some range of oxidizer concentration.

The presence of diffusional processes was found to
result in a falsification of the activation energy of the
chemical reaction. The apparent activation energy found from
a plot of log (t. ) versus (1/T a ) was lower than the actual
activation energy?" Activation egeﬁgies reported on the basis
of such experimental data are thus invalid.
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The analysis indicated that gas pressure increases
could have an adverse effect on the ignition delay under
certain restrictions on the physical parameters of the
system. This is contrary to the prediction of a heterogeneous
surface ignit ion theory, but unfortunately there is no
experimental data to support it.

This work is significant in that it points out the
type of decisive experiments needed to test the validity of
either the gas phase or surface reaction ignition mechanism.
Conclusive interpretation of the results of these experiments,
however, require that the gas phase theory be extended by
relaxing the restriction of constant temperature at the
surface of the condensed phase. 1In addition, theoretical
extension to include the case of a flowing igniter gas
should be carried out.
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CHAPTER I-1

DISCUSSION OF PREVIOUS IGNITION STUDIES

A, INTRODUCTION

The ignition of energetic chemical reactants is a
critical part of any system in which combustion is a necessary
part of its operation. In such a system, the reactants to be
ignited may be present as either a homogeneous mixture of
identical phases, or a heterogeneous mixture of unlike phases.
From the standpoint of technological application, it is
clearly desirable to understand the properties of ignition
in both types of reactant mixtures.

In the past, the ignition of combustible mixtures
has been quite intensively studied by a large number of
investigators. Two general classes of combustible mixtures
were studied and in each case a variety of experimental
methods were used. These two classes were those in which
both reactants were gaseous, and those in which one of the
reactants was a liquid, hydrocarbon fuel. A brief review
of typical experiments and results for each of these cases
is given in a later section of this chapter.

Now in each class of mixture, the common manifestation
of ignition was a rapid acceleration of the chemical reaction
rate which caused a sudden temperature increase in the system.
Two alternative explanations for this accelerating chemical
reaction rate exist. The first alternative is the control of
the reaction rate through a predominance of chain branching
over chain breaking chemical reactions and subsequent
acceleration of heat release. The other alternative is that
the reaction rate is governed purely by the relative thermal
processes of heat generation and heat loss, regardless of
the detailed form of the chemical reaction. The former
alternative may be termed "chain branching" explosion or
ignition; in the latter alternative ignition is considered
as being purely thermal in nature, and arising out of a
favorable thermal unbalance in the system.

Having certain experimental results, then, one is

faced with the problem discerning which of these alternatives

is best supported by the data. In the case of "chain branching"
ignition, the data persuades one to conclude that the previous
history of the reaction rate is important in the total ignition
process. Consequently, the experimental data is used in the
development of a detailed description of the chemical reactions
including the formation and propagation of free radicals and




activated complexes. It is only recently, however, that
adequate treatment of such formulations has been made possible
through the advent of high speed computing devices. On the
other hand, the experimental data may indicate that the
ignition was purely thermal in nature.

It should be noted that the latter interpretation
of experimental data is based on the previous theoretical
developments of the properties of thermal ignitions. An
essential feature of thermal ignition theory is the assumption
of a chemical reaction rate represented by an instantaneous
function of reactant concentration and temperature.
Consequently, the chemical reaction rate is assumed to bhe
independent of its previous history. Clearly, our present
understanding of ignition processes has been profoundly
influenced by early theoretical .and experimental studies.

Actually, the 1gn1t10n of most homogeneous—-and
heterogeneous-=mixtures probably. 1nvolves a.combination of
chain branching and breaking processes, and thermal effects. .
Even so, the assumption of 51mple,-one stepachemlcal reactlon 0 4
often constitutes an adeguate . descrlptlon of. the. chemical * .
processes during-ignition. Consequently, ‘the theoretlcdl
description of the pr0pert1es infherent.'ins thefmal 1gn1tlon .
of combustible mixtures is a fundamental area of present
and past, 1nvestlgatlons.." watae L S o

rae o S8 e
. 0 t .o . -

. .
e ) Y .

B. REVIEW OF EARLY THERMAL TGNITION THEORY, . ' ". e Al

. ... e, e

The basic.concept:, of thermal 1gn1t10n was developed .
by van't Hoff (I.1). :who deflned thls type“of-lgnltlon -as-, ’
the impossibility-of thermal equlllbrlum being established’ .
between a reacting system and.its: surroundlngs.' Lé Chatelier °. '
(I.2) qualltatlvely formulated this, condltlon as!a' contact.:
between the curve of heat generatlon and the stralght llne' K
of heat loss. 5 .

Quantltatlve formulatlon of thermal 1gn1tlon was'
first done for a homogeneous mlxture iconfinéd in a reaction’
vessel in order to determine the characteristic behavior of
such a system. Thus, 1t isinformative" to determine critical
explosion conditions in terms of vessel ‘size, pressure, and
initial temperature. In this case, one ‘wishes to know what
steady, or stationary, states can be tolerated by the mixture.
Secondly, one may wish to determine the induction period of
the explosion and its dependence on the mixture's initial
conditions. The theoretical description of this case requires
formulation and solution of the transient, or nonstationary,
behavior of the confined mixture.

The following two sections provide a brief review
of the early theoretical developments describing these two
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cases. These developments provide the basic understanding
of thermal ignition which is essential for the developments
in thermal ignition theory which follow in the next chapter.

1. Stationary Theory of Thermal Ignition

The theoretical development for determination
of the limiting or critical stationary state for a confined
homogeneous mixture has been done by Semenov (I,3 ) and
others. Recently, limitations and extension of the early
developments of this case were discussed in references (I.4)

and (I.5).

In the stationary theory of thermal explosion,
one assumes that the heat generated by chemical reaction is
continuously distributed throughout the reactant mixture.
Heat loss is assumed to take place by conduction to the
vessel walls which are maintained at a constant-temperature,
Because all possible states of the reactant mixture up to
the conditions of explosion are assumed to be stationary,
the time derivative of the temperature is equal to zero.

It is further assumed that the temperature rise at the
critical conditions- for explosion is ‘small- compafed to the

*. initial temperature of the mixture: This assumptlon allows:
‘approximation of. the exponentlal term.in the'-chemical reactlon -

rate term, simplifying the fihal differentials equatlon. The

‘most important consequence of this approximation is. that all
the physical parameters of thé- system can be -grouped. into

) f.oneconstant 52 ; appearing only. 1n the dlfferentlal
equatlon., T L, & . . & .
SRR g Tk
. : QEF e_ m. T

The éohétant,’ S . charabterizes the‘solﬁtion;of,the differential
_equation in that for some critical value'of .§ a stationary )

state cannot exist and explosion will occur. This method is
quite accurate in its prediction of the critical conditions

for explosion as a function of vessel wall temperature, pressure,

and vessel size, see reference (I.6). The effect of free
convection in the mixture have been ignored, but under normal

experimental situations this effect can be neglected justifiably.

2. Nonstationary Theory of Thermal Ignition

In the nonstationary theory developed by Todes
(I.7), Rice (I.8) and Frank-Kamenetskii (I.6), one deals
with the reaction vessel as a whole, assuming that the
temperature is uniform over all points in the vessel. Under
conditions in which explosion is imminent, heat conduction




within the mixture is ignored, an assumption which is
equivalent to replacing all temperature dependent quantities
by their value at some mean temperature. It is tacitly
assumed, then, that the reactant mixture remains well mixed,

and always homogeneous.

Errors introduced by these assumptions, however,
are relatively minor compared to the assumptions that density
is independent of temperature and that the chemical reaction
can be approximated by an Arrhenius rate term. Pragmatically,
however, the two assumptions just mentioned are justifiable
in the sense that their use in theoretical developments of
steady state gaseous flames has produced reasonably correct

results.

Under all the above assumptions, one then considers
the time rate of change of temperature inside a vessel containing
a homogeneous reactant mixture. The competing processes in
this case are chemical heat generation, reactant consumption,
and heat transfer to the walls of the vessel. It has been
normally assumed the chemical reaction does not deplete the
concentration of either/any reactant during the induction
period because the total temperature rise during the induction
period is taken to be small compared to the initial temperature.
Consequently, the Semenov approximation of the temperature
dependent exponential term of the Arrhenius function has been
made, Heat loss to the vessel walls is assumed to take place

through Newtonian cooling.

After suitable nondimensionalization of the
temperature, the nonstationary behavior of the reaction vessel
is characterized by the two dimensionless groups contained in
the following differential equation. One should note that
the reaction vessel is assumed to have a surface area and
volume of § and V respectively, and that the heat transfer
coefficient between the mixture and the vessel walls is
defined as A4 . Other symbols are standard, and their
definitions may be found in the Table of Symbols.
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The group, /ﬁ , may be termed the characteristic time of
the chemical induction period; A, 1is the characteristic
time of heat exchange in the system.

The form of the solution of [1l] above, is

9“0(7%’ 7/;;/) [2]

where ( A ) may be chosen to be either ( M) or ( ﬁQ). It
is clear from this formulation that the ratio ( H,/HQ_)
completely determines the form of the solution ([2].

Often the vessel is considered adiabatic, or the
time of heat exchange is long compared to the induction period.
In either case, the right hand term of equation [1] can be
neglected, and the solution of the resulting equation is

1 -/
€ ’-(/"‘/;/t) 3]

/

Well into the ignition range, equation [3] will be valid;
however, near the ignition limit, /% and AQ. are equally
important.

It should be noted that at some critical constant
value of the ratio (Hi/H,) there will be a sharp change in
the form of equation [2]. When (H./H;) is mich greater than
its critical value, the real induction delay which is necessary
for @ to reach some value @&* depends upon the pressure or
initial concentration of either reactant in the manner shown

below.
-/
¢ ~¢ [4]
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where CP = pressure, Y, or )’z . The dependence of

on temperature and activation energy is
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Note that the criterion selected to define explosion or
ignition does not affect the induction delay's dependence
on the physical parameters of the system as shown in
equations (4] and [5] above.

One should note that the above results are
commonly accepted as defining thermal ignition or explosion.
Experimental results which follow the predictions of
equations [4] and [5] are often used as proof that the
reaction mechanism was thermal. If the results of experiments
did not follow these patterns, it was often concluded that the
ignition or explosion initiation was not governed by thermal

processes.

However, when the ratio of characteristic times,
64“491) is not greatly larger than the critical value,
equations [4] and [5] are no longer true. In addition, it
is entirely possible that one of the reactants is consumed as
the 1gn1t10n or explosion progresses. Consequently, one must
re-examine the formulation of the nonstatlonary thermal theory,

as is done in Chapter I-2.

Recently, the thermal theory" of ignition for
quiescent, gaseous homogeneous systems has been extended tor
ignition in flowing systems by Khitrin and Goldhberg (I.9)"

They examined the critical characteristics of flammablllty
including concentration limits and their dependence on pressure
and initial temperature, limit burning velocltles, and flame
front stabilization criteria. Khitrin (I.10) discussed’ the..
consequences of the thermal theory. of homogeneous mixture
ignition in a fast,.laminar or turbulent flow past heated
wall or planar body. The 1gn1t10n by ‘heated, bluff bodies
could not be treated except in the case of an ellipse Wthh
approached a planar body. Ignition delays, as. functlonally
related to temperature, pressure, and oxidizér’ concentratlon
were not discussed because. statlonary state theory was used.

Toong, reference (I. ll), has’ presented B theory
for the steady state ignition and combustion of a homogeneous
mixture flowing over a heated flat plate.- A second order, o
thermally controlled chemical reaction was assumed. The
necessary wall to free stream temperature ratio for establishment
of a flame was calculated for variations in pressure, plate
length, free stream velocity, and free stream temperature.
Reasonable agreement between theory and experiment was obtained;
however, the results of this theory are difficult to compare
with those of a transient analysis of homogenous mixture

ignition.
In 1955, reference (I.12), Marble and Adamson

presented a theoretical treatment of the steady, constant
pressure combustion of a flowing, homogeneous mixture. They




considered two parallel flows, one of high temperature
combustion products and the other of a premixed combustible,
and the development of ignition as the separate flows mixed;
a perturbation analysis of the pertinent equations was made.
The dependence of ignition of the stream was noticed in this
treatment, but the effect was not considered important;
consequently no investigation of this point was undertaken.

Dooley, in (I.13), treated the case of initially
unmixed, different temperature reactants in parallel flow;
after mixing by diffusion, ignition and steady combustion
ensued. The analytical treatment of this case of heterogeneous
combustion was treated by a perturbation analysis similar to
that of (I.12). Again, the problem of ignition definition
was noted, but remained univestigated.

A nonstationary treatment of thermal ignition
was treated recently by Thomas (I.4 ) including the consumption
of one reactant by an n-" order reaction during the induction
period. By employing the quadratic approximation to the
exponential reaction rate term, analytic solutions were
obtained for several interesting cases. The use of this
approximation, however, limits the applicability of his
treatment to casgs in which the temperature rise at explosion
is less than 100~ C. Primary emphasis was placed on the
behavior of the system just above its critical condition,
and the effect of reactant consumption on this condition and

on the induction period. c

In reference (I.5 ), the ignition of ammonium
perchlorate and cuprous oxide by simple self-heating was
treated by nonstationary thermal theory. Through the use of
an effective heat transfer coefficient characterizing the
system's heat loss, reascnable agreement between theory and
experiment was obtained. The work of Thomas, above, was used
to justify the assumption of uniform temperature in the
reacting system, during the ignition delay necessary to reach
a chosen temperature.

A theoretical treatment of spark ignition has
been presented by Jost (I.14) where the spark was represented
by a point source of energy in a homogeneous, combustible
mixture. Under the assumptions of a threshold source energy
value, quasi-steady state after some specified time %o up to
.which no reaction occurred, a time independent equation was
solved. Heat generation and dissipation were included. The
theory predicts the correct order of minimum spark ignition
energies in terms of measurable quantities like the mixtures
thermal conductivity and burning velocity for some assumed
thickness of the combustion wave.




C. PAST EXPERIMENTS ON THE
IGNITION OF COMBUSTIBLE MIXTURES

At this point, let us turn to a discussion of
past ignition experiments in which homogeneous gaseous mixtures,
and mixtures of liquid fuels and oxidizing gases, were ignited.
Although a primary aim in these investigations has been the
attainment of a homogeneous mixture of the various chemical
reactants, it should be noted that this was not always
achieved. The gaseous mixtures were usually premixed, or
the mixing could be considered fast enough that the mixture
was homogeneous at the time of ignition. However, the ignition
of liquid fuels and oxidizing gases must be considered as
occurring in a heterogeneous mixture. This distinction has not
often been made in the open literature, however. Consequently,
in the discussion of past ignition experiments which follows,
ignition in homogeneous and heterogeneous mixtures will be
discussed separately. The reason for this separation is that
significant differences exist in the ignition of these two
types of mixtures; as will be described in Chapter I-2.

Before preceding with a discussion of the past
experiments, some further comments must be made. In the past,
there has been a preoccupation with the determination of an
ignition temperature and/or the ignition energy of various
combustible systems. Measurements of the ignition delay were
often ignored or not reported. It has been recognized, however,
that neither the ignition energy or temperature is an absolute
property of any specific system. Providing sufficient
cognizance is taken of the experimental conditions under which
either of these quantities was determined, however, such
knowledge can be valuable. For example, such measurements
do indicate the relative ignitabilities of various fuels
under the same environmental conditions. When available, data
on the variation of ignition delay with environmental changes
preferable if quantitative understanding of the ignition
process is to be obtained and used in practical situations.

Three reviews, references (I.15), (I.16), and
(I.17), in the general field of ignition of gaseous and liquid
fuels, are easily available and provide large bibliographies
for those who are interested. The most recent of these are
(I.16) and (I.l7), published in 1955 and 1956, respectively.
The review of ignition, which follows, is not intended as a
complete survey of the field, but a brief summary of experimental
methods and results up to the present time. It provides a
background for the discussion of heterogeneous system ignition
in the following chapters of this work.

1. Ignition of Gaseous Mixtures
(Homogeneous Ignition)

True attainment of a homogeneous mixture for
ignition studies is difficult, and generally can be achieved
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only in fully mixed gaseous systems. Thus, the gaseous
mixture should be fully mixed before injection into the

test apparatus.

The experimental method used for igniting such
homogeneous gas mixtures varied considerably with the
investigator. Methods which have been used include electrical
sparks, hot wires, heated bodies in contact with the mixture,
propagation of shock waves into the mixture, and injection of,
a fuel gas into a hot, isothermal flow of a carrier gas
containing oxygen. Ignition delays, when reported, were
given for various pressures, reactant concentration, and
temperature of the system.

In the last type of experiments, the carrier
gas was preheated and passed through a duct into which the
fuel gas was injected. The degree and effect of any unmixedness
were, in general, not considered exhaustively.

The results of the spark ignition experiments were
reported in terms of ignition energy versus equivalence ratio,
flow velocity, pressure, and the fuel tested, but ignition
delays were not reported. References (I.18), (I.19), and
(I.20) are representative of spark ignition experiments. The
lack of ignition delay data makes these experiments useless
as sources of information on the effect of environmental
conditions on the ignition delay.

In other experiments, such as those reported in
references (I.11), (I.21), (I.22), and (I.23), premixed
combustible mixtures were ignited by heated bodies in contact
with the mixture. The results are reported in terms of the
body temperatures necessary for ignition and the minimum
ignition energy, for various conditions of flow velocity,
equivalence ratio, and fuel type. Again, no ignition delay
data was given.

In the shock tube experiments (I.24), (I.25),
(I.26), and (I.27), ignition was observed behind either the
incident or reflected shock wave. This shock wave established
the initial high temperature conditions in the mixture before
ignition. Generally, the pressure and temperature were varied,
and the effect on ignition delay reported. The most interesting
of these experiments of this type were those reported in
reference (I.27) in which methane-oxygen-nitrogen mixtures
ignited behind the reflected shock wave. It was observed that
the ignition of methane rich mixtures appeared to be of a
thermal nature, and could be obtained only at high temperatures.
Lean mixtures could be ignited at lower temperatures and the
data was found to be correlated by a modification of the
branched chain mechanism presented in reference (I.28). It is




interesting to note that the ignition delay of the methane
rich mixture was reported as being inversely proportional
to the product of methane and oxygen concentration, each
raised to a power of one. This behavior is predicted by a
thermal theory of homogeneous mixture ignition, assuming
no reactant consumption and a second order reaction.

The experimental results obtained from injecting
a fuel gas into a carrier gas containing oxygen, varied
considerably among the different experiments. For example,
reference (I.29) reports that in propane-oxygen-nitrogen
mixtures, the ignition delay was inversely proportional to
the first power of propane concentration times the oxygen
concentration raised to the power 1/4. At constant mixture
ratio and temperature, the ignition delay was proportional to
the logarithm of the ratio of system pressure to some reference
pressure. In contrast, reference (I.30) reports that the
ignition delay of "calor" gas was inversely proportional to
the first power of the oxygen concentration and was unaffected
by the fuel concentration. However, reference (I,31) reported
that the ignition delay of propane oxygen mixtures decreased

with temperature and was proportional to the oxygen concentration’ °

raised to the -0.74 power.

The effect of pressure on the ignition delay of
gaseous mixtures was reported in references (I.31) and (I.32).
It was generally found that increased pressure resulted in
decreased ignition delays, but some reversal of this trend'was
reported in (I.33) at subatmospheric pressures for hydrogen,
ethane, and carbon.monoxide. Unfortunately, all these experiments
were done at pressures of less than two atmospheres, and no high

pressure data was found.

The effects of composition, pressure, and temperature
on the ignition of gaseous mixtures has been very well summarized
in the review paper by Brokaw (I.17). It is mentioned in (I.17)
that ignition delay data on gaseous mixtures is "generally
distressing in (it's) discord." One must only agree with the -
above quotation. Indeed, from this brief survey, it is evident
that little more than a qualitative understanding of the factors
affecting the ignition of homogeneous and quasi-homogeneous
gaseous mixtures can be obtained at present. Similar experiments
with identical or similar mixtures have given conflicting results,
and correlation of results from different experimental methods
is extremely difficult. Furthermore, it is evident that the
present development of the thermal theory of ignition is able
to predict and correlate experimental results only under some
conditions. However, it will be shown in the next chapter
that further development of the thermal theory of ignition may
be able to explain some of the varied results just reviewed.
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2. Ignition of Heterogeneous
Mixtures of Gases and Liquid Fuels

An interaction of chemical and diffusional
processes may certainly be very important in experiments on
the ignition of heterogeneous mixtures, and in practical
systems in which liquid fuel drops or sprays are ignited.
Therefore, differences in experimental methods may produce
markedly different ignition behavior if interaction of the
processes of evaporation, and reactant diffusion and consumption,
depend strongly upon pressure and temperature of the system.

A number of experimenters, using a variety of
experimental techniques and environments, have investigated the
ignition of heterogeneous mixtures of gases and liquid fuels.
The experimental methods which have been used include suspension
of liquid fuel droplets in heated chambers, injection of liquid
fuels into heated bombs, CFR engines, and the injection of fuel
sprays into a hot, oxygen containing carrier gas. In general,
the ignition delay was reported as a function of oxygen and
fuel concentration, pressure, and temperature in the experimental
environment. As might be expected, a variety of correlations
between the ignition delay and the aforementioned environmental
parameters were obtained.

. In reference (I,34), hydrocarbon fuel droplets
were suspended on a fiber and surrounded by a high temperature
chamber filled with an’'oxidizing gas. The total ignition delay
was reported 'to consist of two parts; the first delay involved

- the period of time necessary to establish steady evaporation,

and the second delay was the period between the start of the

" steady evaporation and actual ignition. The first delay was
independent of oxygen concentration and the second delay was
strongly dependent on the oxygen concentration. Consequently,
the total delay had a variable dependence upon the oxygen
concentration. This experiment- provides excellent ‘documentation
of the necessity of establishing a significant fuel concentration
in the gas phase before ignition can occur. Therefore, '
diffusional processes are important during the «<gnition of
heterogenecus systems.

The CFR engine experiments, references (I,35),
indicated that oxygen-liquid fuel reaction was bimolecular for
mixtures which were stoichiometric or leaner.

The ignition of kerosene droplets injected into
a constanttemperature and pressure flow of oxygen containing
carrier gas, was reported in reference (I.36). Experimentally,
it was observed that the ignition delay depended upon the inverse
square of the oxygen mole fraction for mole fractions less than
that of air. Reference (I.37) reports that the ignition delay
of liquid fuels in a heated bomb was controlled by the partial
pressure of oxygen present in the bomb.
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It should be noted that the effect of
pressure variation on the ignition was not reported in any
of the above experiments. The experiments do indicate that
oxygen concentration has a nonconstant effect upon the
ignition delay. The relation between this variable effect
on the ignition delay cannot be determined clearly; however,
(I.34) indicates that two different fuels exhibited similar
ignition characteristics under the same environmental

conditions.

On the other hand, other experiments have
given the variation of ignition delay with pressure level
under otherwise constant environmental conditions. In
reference (I.38), it was reported that the ratio of ignition
temperatures to system pressure was constant and that the
ignition delay was inversely proportional to pressure raised
to the 0.6 power. These results were for hydrocarbon oils
ignited in a heated bomb. A similar experiment with diesel
fuels, reference (I.39), gave the result that the product of
ignition delay and pressure raised to the 1.19 power, was
proportional to an Arrhenius function of temperature.

D. DISCUSSION

All of the above reports on the ignition of
heterogeneous systems seem to indicate that the ignition delay
may be more strongly dependent upon environmental properties
of the system than is the ignition delay of homogeneous systems.
Thus, clear support is given to the previous suggestion that
there are significant differences between the ignition of
heterogeneous and homogeneous systems. In fact, the experimental
results point to a nonconstant dependence of the ignition delay
on environmental conditions as an essential feature of
heterogeneous system ignition.

Of course, realizing that processes involved in
the ignition of either homogeneous or heterogeneous systems
may be quite complicated, the question arises whether any
further development of the thermal theory of ignition is
worthwhile. Regarding this question, let us note the remarks
concerning the theory of flame propagation made by Hirschfelder
in reference (I.40). These remarks are quite apropos to this
question of extending the development of the thermal theory
of ignition; after some modification they are given below.

(It must be concluded that if one is interested
in the ignition properties of a particular combination of
reactants, an experimental study is the wisest course of
action. However, theory is useful if one is interested in

1. The general features which are common

to the ignition of some general classes
of combustion systems.
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The differential effects that may
be expected when small changes are
made in the pressure, the ignition
system, the ambient temperature, etc.

3. The effects of scaling the system.

4. Or effects of changing the initial /
or ambient oxidizer concentration.

On the basis of the above remarks, it seems quite
clear that additional theoretical development of the thermal
theory of ignition would be a useful aid in understanding
ignition in both homogeneous and heterogeneous mixtures.

In the following chapter, the thermal theory of
ignition in homogeneous mixtures will be extended and discussed
with respect to the results of homogeneous mixture experiments.
Following this development for homogeneous mixtures, the
ignition process undergone in heterogeneous systems will be
discussed. Afterward, two related but different cases of
ignition in a heterogeneous system will be treated quantitatively,
in which the effects of reactant supply, diffusion, and
consumption on the ignition delay are determined.

At present, the study of the ignition of solid
propellants and polymeric fuels in the presence of a hot,
oxidizing gas is of great interest, and a review of a number
of studies of this solid propellant ignition appears in
Part II. Certainly either one of these instances constitutes
a heterogeneous system; therefore, the ignition of heterogeneous
systems is technologically important at the present time.

13




CHAPTER I-2

THERMAL THEORY OF IGNITION FOR HOMOGENEOUS
AND HETEROGENEOUS SYSTEMS

In past developments of thermal ignition theory,
it has been quite well shown that the critical, physical
conditions for explosion of a quiescent, homogeneous mixture
of reactants are adequately predicted by the stationary
theory of thermal explosion developed by Semenov. One may
refer, for example, to the remarks made by Frank-Kamenetskii
(I.6) concerning such explosions. Therefore, no further
development of this theory appears necessary.

On the other hand, the nonstationary theory of
thermal explosion (ignition) has had only moderate success
in predicting the dependence of the induction delay on the
physical parameters of the system. This theory, as formulated
by Frank-Kamenetskii (I.6), seems to have had its best application
when the total induction period is quite large. When the
induction period is on the order of a few milliseconds, as was
the case in many of the experiments reported in the previous
chapter, the nonstationary theory of (I.6) appeared to have had
much less success. Therefore, it is interesting to investigate
the extension of the above theory, and to discuss the
consequences of this extension.

A brief review of the assumptions made in the
formulation of the nonstationary theory of (I.6) is helpful
at this point. Basically, these assumptions were that

(1) the chemical reaction was adequately
represented by an instantaneous function
of concentration and temperature

(2) the reactant concentration remained constant
and uniform up to the occurrence of explosion

(3) the mixture temperature remained uniform at
all times up to explosion

(4) the heat loss from the system was characterized
by an overall heat transfer coefficient times
the temperature difference between the mixture
and the wall of the vessel.

Now, within the framework of thermal ignition, there
can be no quarrel with the first assumption. However, the
assumption (2) of constant reactant concentration is particularly
shaky when the conditions of lean reactant mixtures and short
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ignition delays prevail. The assumption of uniformity of
temperature and reactant concentration amount to the assumption
that the reactant mixture is well stirred. If the mixture is
stirred, either mechanically or by some other mechanism, the
uniformity and heat loss assumptions are justifiable. On the
other hand, if no stirring occurs, then energy and reactant
diffusion processes must be considered in a nonstationary

theory of thermal ignition.

Thus, two basic modifications of the simple non-
stationary theory of (I.6) clearly exist. The first of these
is the inclusion of reactant consumption in the case of a
stirred, or uniform, mixture. Secondly, the assumption of
uniformity should be dropped, and the effects of energy and
reactant diffusion investigated in addition to allowing
reactant consumption. Let us separately discuss these
modifications by similarity analysis and investigate their
implications with respect to the results of experiments on
the ignition of homogeneous mixtures. Note that these
modifications are particularly, and logically, applicable
to instances in which the ignition delay of the homogeneous

mixture is short.

A, EFFECT OF REACTANT CONSUMPTION

In many homogeneous ignit ion experiments, two
reactants are present, and one might consider the effect which
consumption of both reactants could have on the ignition delay.
However, the normal experimental condition is one in which one
reactant is in great excess compared to the other. Therefore,
the concentration of the excess reactant undergoes little
change compared to the changes of the lean reactant during
the development of ignition. In homogeneous gas mixtures,
induction delays are often quite short. Therefore, it would
be interesting to extend Thomas' treatment and investigate
the effect of reactant consumption on the rate of temperature
rise in a homogeneous system once explosion has started.
Qualitatively, the result can be analyzed as follows.

Using the above assumptions, the energy and reactant
concentration equations can be written in the form shown below.
The symbols Y; and ﬁ° are the current and initial values of
the reactant mole fractions, respectively; other symbols are
the same as those of the preceding chapter.
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with the boundary conditions of 7= To , )/ }’ at ¢=0

where c(hS/coe V). The parameter "Hy' can be
regarded as the characteristic time of heat transfer in

the system.

If equation [7] is multiplied by £/4o and
added to equation [6], the resulting differential equation
can be integrated formally to obtain

t
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such that ,Z is expressed as an integral function of
temperature. Substitution of [8] into [6], taking account
of the boundary conditions, results in the single, integro-
differential equation of the form shown below.
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In the interesting case of short inducticn periods
or small total ignition delays, the mixture can be considered
as quasi-adiabatic. Therefore, A, is very large and heat
losses from the mixture can be neglected; in this event,
equation [9] simplifies, with A= €T/E to

CPE

- B
% i 9@"‘9) ‘9] [10]

with the boundary condition that ﬂ‘=5% at f = O and
where

,Z=(€Zx")f' [11]

The solution of equation [10] is of the form
R4
B-8(7: by TEL) 112]
G &
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whose behavior is characterized by the two dimensionless
groups & and (9 Ry%Y¢E). These groups represent the
initial and maximum adiabatic combustion temperatures of the

system, respectively.

It is quite clear that for each value of A% , there
exists some critical value of the sum [§, * (9} /pE)T
for which the mixture temperature will just rise slightly and
then fall back to its initial value. The set of such critical

Bo; B +(9RY Y E)] values constitute the boundary of

the envelope where ignition is possible. Within this envelope,
the sum [0+ (7R Y% E) ] is greater than the critical
value for some value of &¢ ; ignition will occur and the
temperature will exhibit a sharp rate of rise to some large
value.

If the sum [ fo + (‘7'67/’/9’5)_7 is sufficiently large
to allow ignition, the problem arises of specifying exactly
when ignition is considered to have occurred. This specification
may determine the form of the functional relationship between
the real ignition delay and the physical parameter whose effect
on ignition is being investigated, as shown in the following
qualitative argument.

Assume some ignition criterion, L*(8) , of the
form shown below, where the superscript (*) is used to denote
the value of a variable at ignition. When [L*(8) is satisfied

(0) e F(T* 8o, 9IS oot ) [13]

Formally, some inverse function of the form

T*. 9 (b 7EY/E 5 L76) (14]

may be obtained from equation [13]. The form of this function
clearly depends on the specification of £¥(®) ; therefore,
the effect of variations in either &, or ) ° on the
behavior of the real ignition delay is dependent on the
specification of an ignition criterion because of equation [14].

The above development and discussiofi has definitely
shown that both reactant consumption and ignition criterion
will affect the form of the data cbtained frofi experitments on
homogeneous ignition, when the total induction delay is short.
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It would be desirable if the ignition criterion in an
experiment were specified with reference to some thermodynamic
state; unfortunately, this is not always possible. Therefore,
difficulties arise in comparing results between different
experiments, and in relating these results to theory. It
should be pointed out that exact specification of the ignition
event has not always been appreciated up to this time.

In addition, no a priori reason exists for saying
that T* , and therefore t, _, is not continuously dependent
on the mole fraction of the “J" lean reactant, ¥° Over a
range of values for &, and (7( Y,‘/c,oE) . tlzxe dependence
of t, on ¥%° may have slopes which are greater or less than
the *97° negative unit slope normally assumed as being indicative
of thermal ignition. Therefore, an experimental curve of t, =
versus x° that does not have a negative unit slope, is notd
sufficient reason to conclude that the ignition of a particular
homogeneous mixture is not controlled by purely thermal

processes.

Another interesting observation can be made from
the previous development of thermal ignition theory. This
has to do with the usefulness of plotting the logarithm of
the induction delay versus inverse temperature for purposes
of ferreting out a global activation energy value. Evidently
such a plot may have no value per se. In the first place,
the activation energy certainly affects both constants in the
differential equation for adiabatic ignition when reactant
consumption is included. Besides, the ignition criterion
probably will vary among investigators. Indeed, even if such
a plot is linear, it need not necessarily have any direct
relation to the actual activation energy. As far as is known,
Thomas (I.4) was the first to make this diagnosis concerning
the intrinsic value of this plot, but considered it to be of
minor importance in the explosion of homogeneous gas mixtures.

These facts have not previously been appreciated in
the past growth of thermal ignition theory of homogeneous
mixtures, nor have they been included in the interpretation
of experimental data. That they may affect such interpretation
is clear, but only numerical solution of equations [9] and
[10] can determine the extent of their importance.

B. EFFECT OF QUIESCENT OR UNSTIRRED MIXTURES

The case in which the whole homogeneous mixture is
raised to a high temperature and remains completely mixed
during the ignition has just been considered. Although
interesting information was obtained, this case was of a
rather specialized nature. Let us, therefore, consider the
characteristic properties of fast thermal ignition in
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homogeneous gas mixtures which remain quiescent, or unstirred,
during the ignition's initiation and growth.

The assumption of a quiescent mixture, however, forces
at least the inclusion of a heat diffusion process in describing
the ignition process mathematically. Again, it may be necessary
to include reactant diffusion and consumption processes
depending upon the limiting case one wishes to investigate.

If reactant diffusion and consumption processes are
included in the mathematical formulation, however, two important
consequences result. First, the set of equations change from
ordinary to partial differential equations, while still
containing at least one dimensionless group that cannot be
removed by any process of nondimensionalization of the equations.
Secondly, this set differs from that describing a similar case
of ignition in a heterogeneous system only by the boundary
conditions on the reactants. A discussion of the effects which
variations in the physical parameters of the system have on the
form of the relationship between the real ignition delay and
any one of these parameters, is identical to that for ignition
in a heterogeneous system. This discussion is postponed,
therefore, until ignition in heterogeneous systems is considered.

However, if only energy diffusion is considered in
the fast ignition of a quiescent, homogeneous mixture it is
interesting to make a comparison between local and wi.espread
ignition in the confining vessel. Consider an initially
cold, homogeneous mixture contained in a reaction vessel or
system in which some surface in contact with the mixture is
suddenly raised to a high temperature.

If the reaction vessel is large and one decides
that some local detection or occurrence of ignition is
characteristic of the whole ignition event, then the local
ignition can be considered as if it occurred in a semi-infinite
mixture. Under such conditions, it is easily shown that the
differential equation can be made completely nondimensional
through the definitions of time, distance, and temperature

given below

= °<€CPE -]
T-t(SraR) e
-
X(yc'c 7)) [16]
- FT/E
4 / (17]
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Evidently, the dependence of the real ignition delay upon
pressure and reactant concentration is completely specified
by equation [15]. Of course, it is not clear that the
activation energy can be determined, because the value of
‘c: depends upon the initial condition, o= £ TR/E
and*?" the selected ignition criterion as discussed in the

preceding section.

If the reaction vessel is very small, or if it is
required that reaction must occur over a large portion of
the volume of the vessel, the semi-infinite assumption cannot
be made. The removal of all physical parameters from both
the differential equation and boundary conditions is no
longer possible in this case, and a single dimensionless
group will remain. This group is of the form

§- (26 2L
<eGE

where ( L) is the characteristic dimension of the system.
Again, the effect of variations in any of the parameters
contained in ( 4 ) on the real ignition delay is dependent
upon both the ignition criterion and the magnitude of the
dimensionless parameter of the system.

C. SUMMARY

In the last chapter, a number of the results of
ignition experiments in homogeneous and heterogeneous mixtures
of reactants were reviewed. It may be recalled that one of
the striking features of these experiments was the wide
variations reported for the dependence of the real ignition
delay on various physical parameters of the system, such as
pressure and initial reactant concentration. 1In many cases
where the experimental results did not appear to agree with
the available developments of thermal ignition theory, it
was concluded that the ignition was not controlled by purely
thermal process. Of course, this was a perfectly valid
conclusion at the time.

Now, however, it has been shown that the properties
and implications of thermal ignition in homogeneous mixtures
have been widely misinterpreted because of the many simplifying
assumptions made in the theoretical developments up to this
point. If some of these assumptions are not made, it was
shown in the previous sections that thermal ignition theory
is not limited to prediction of certain fixed dependences of
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ignition delay on the physical parameters of homogeneous
systems. A continuous range of these dependences is
clearly possible.

In addition, there has been a common lack of
distinction between ignition in homogeneous and heterogeneous
systems. The properties of heterogeneous mixtures are
discussed in the following sections.

D. INTRODUCTION TO THE THERMAL THEORY
OF IGNITION IN HETEROGENEOUS SYSTEMS

Now, having discussed the thermal ignition of
homogeneous mixtures of gases, let us turn to the consideration
of ignition in systems which are completely unmixed initially.
Such a system is heterogeneous, innately, and will be referred
to as a heterogeneous system. It is understood that the
reactants may be of either similar or dissimilar phases at
any point in time during the ignition process. For those
interested in combustion processes, several examples of
heterogeneous systems come readily to mind. These are the
cases of chemical reaction at the gas-solid interface, a
gas phase reaction between reactant supplied by the solid
and reactants initially present in the atmosphere external
to the solid, or a gas phase reaction in which both reactants
were initially gaseous but unmixed. In each case, of course,
the chemical reaction is taken to be exothermic.

It should be apparent that the interaction of
reactant diffusion and consumption must govern thermal ignition
in heterogeneous systems. Therefore, it behooves the
mathematical analyst to be very careful in his choice of
simplifying assumptions. For example, any approximation of
the exponential part of the reaction rate function may be
inappropriate because two, widely different initial temperatures
areoften a fundamental part of the system. In many practical
instances of heterogeneous ignition, the ignition is often
quite fast and of the order of milliseconds or tens of
milliseconds. Consequently, any a priori assumption concerning
the relative importance of reactant diffusion and consumption
may easily change the basic character of the mathematical
model used to describe a particular system.

Throughout the following discussion, only heterogeneous
systems in which the fuel component of the reaction is supplied
by a solid body, and the oxidizing component is present only
in the gas external to the solid will be considered. Choice
of this type of system was dictated by current concern with
the technologically important problem of the ignition of
solid propellants and polymeric fuels by hot, oxidizing
gases in contact with these substances.
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In order to treat the above cases in a mathematically
feasible fashion and at the same time retaining all essential
elements unique to heterogeneous systems, a stagnant environ-
mental atmosphere was selected. Further general mathematical
formulation of such cases depends upon what assumptions are
made concerning the site of the chemical reaction.

An interesting case of heterogeneous ignition is
that in which ignition takes place at the gas-solid interface.
A similarity analysis of this case is given in Appendix A-8
where some comments are made on the consequences of this model
in terms of the effect of the system's oxidizer concentration
and pressure on the ignition delay. No further treatment of
this case was undertaken for two reasons. In the first place,
the numerical solution of a model similar to that given in
Appendix A-8 has been reported in reference (I.41l). It was
felt that extension of this solution to the case in which the
gas was not stagnant, would result in no additional, fundamental
information concerning the case's basic properties.

On the other hand, the instance of heterogeneous
ignition in the gas phase adjacent to the solid supplying the
fuel vapors is interesting from a practical and fundamental
viewpoint. This case has not been treated in a manner which
includes the diffusion and subsequent reaction of both reactants
during the ignition delay period. Consequently, the characteristic
features of such a gas phase ignition have not been adequately
described up to the present time.

In reference (I.42), McAlevy has presented a treatment
of gas phase ignition near a cold wall from which the fuel was
supplied by a pyrolysis process. The assumption was made, however,
that chemical reaction effects could be ignored up to the point
at which chemical heat generation first became equal to the local
heat loss. The point in time and space at which this occurred
somewhere in the gas phase, was assumed to be the ignition point.
A critical discussion of his treatment is presented in
Appendix A-7. It is sufficient to note here that this treatment
neglected precisely those effects--namely, combined diffusion
and consumption of both reactants--which have been indicated
as governing ignition in a heterogeneous system.

Clearly, the distinction between ignition in
homogeneous and heterogeneous systems was appreciated in the
theory presented in (I.42). However, this theory cannot be
considered as describing typical heterogeneous ignition near
a cold wall except possibly under very special conditions.

Let us turn, therefore, to a rather more detailed
examination of heterogeneous ignition occurring in the gas phase
adjacent to a cold solid. The solid is assumed to be the source
of supply of one of the reactant (fuel) vapors. Therefore, the
general, basic properties of the thermal ignition of a diffusion
flame near a cold wall will be examined in some detail.
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CHAPTER I-3

SIMPLIFIED MODEL FOR THE THERMAL
IGNITION OF A DIFFUSION FLAME
NEAR A COOL SURFACE

A. SPECIFICATION OF THE PHYSICAL PROBLEM

Although a variety of heterogeneous systems exist,
and the study of the ignition characteristics of each could
be informative, a quite specific problem of heterogeneous
ignition has been selected for investigation. The thermal,
gas phase ignition of fuel vapors produced by sudden contact
of a vaporizable, condensed phase with a hot, stagnant gas
containing an oxidizer was chosen. No specification is
made about the nature of the condensed phase, and this
condensed phase may be taken as being either a solid or a
liquid fuel. For purposes of convenience, however, the
surface of this condensed phase will often be referred to
as a "solid wall" or merely a "wall"; in either case, though,
it should be clear that reference is being made to the
vaporizable surface.

The surface of the condenscd phase was taken as
a fixed plane, and the origin of a one-dimensional, semi-
infinite coordinate system. Certain assumptions were made
in order to formulate a mathematical model describing the
selected system, while still maintaining the essential
features of a heterogeneous system. These assumptions are
listed below:

(1) the chemical reaction rate is an
instantaneous function of temperature
and reactant concentration, of second
order overall, and can be adequately

represented by
- E/ler
Reaction Rate = (e CpprZC

(2) the chemical reaction is of the form
LFI+ n LosJ—sm[pJwhere ¥ m,

(3) the density is constant over the gas phase
field at all times, and independent of
temperature

(4) the molecular weights of all gaseous
species are constant and equal

(5) the mass diffusivities of all gaseous
species are constant, and equal to the
thermal diffusivity of the gas phase
mixture--i.e.~- /g = D/,( =/
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(6) the effect of mass addition to the
system can be ignored; therefore,
mass and energy convection can also
be neglected.

(7) the surface temparature of the
condensed phase is independently
specifiable and constant for all
time.

Concerning the justification of these assumptions,
it may be noted that the first five frequently have been
used in theoretical developments of steady state flame theory,
and, in general, their use allowed the prediction and
understanding of many basic properties of flame propagation.
In fact, these assumptions are so standard in the field of
combustion that there use in the following development is
justified in a purely pragmatic sense, because useful results
have been obtained from other theoretical developments in
which they were used. One may see, for example, references
(I.6), (I.41), (1.42), (I.46), (I.47), and (I.48). A
discussion of the neglect of convective transport in this
model is presented in Appendix A-10. It is shown that this
neglect results in an error of approximately 10% or less,
which is in accord with the discussion presented in
reference (I.50), pages 594-598.

Regarding the assumption of a constant pressure
independent temperature at the surface of the condensed phase,
it is realized that any coupling between the surface temperature
and gas phase processes is removed. The basic properties of
a thermal, gas phase ignition of a diffusion flame near a
cool surface can be found even with this assumption, and the
mathematical solution of the problem is made considerably

easier.

With the above assumptions, the following set of
partial differential equations are written to describe the
thermal, gas phase ignition of a diffusion flame near a cool

surface.

3 "E/
Mass Diffusion: . DI _ ¢, 2¢€ T
J¢  Jx? [23]

3or = 0d%ox — 17 G Coy Ze—E/zr
KW 2
)t X o

- £
Energy Diffusion: T - 2T , 2 C.C. 2e /eT
- ap— - F x

ez e (251
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On the basis of the above assumptions, the following
initial and boundary conditions are written:

Z‘so f >0

T=7; T'—"-TS

@
Cox®Cox b x>0 - —a%l‘-'-:o X=0o

Ce=0 'F(Cp)= CONSTANT 126]

T—=% )
Cax"’ OO; X_*m

N

Two simple specifications were selected for the
boundary condition on the supply of fuel from the surface of
the condensed phase, which was written above simply as

F(Cp) = constant. These two conditions were:

I) the concentration of fuel was some
constant, specified value, independent
of time, or

°
f%t}) = C; = constant [27]

II) the mass flux of fuel was some
constant, specified value, independent
of time or pressure, or

J[(CFB -=-D§_§-’: /’)?;= constant [28]

Case I, above, quite clearly corresponds to the condensed phase
being considered as a boiling liquid, or possibly a sublimating
solid. On the other hand, case II corresponds somewhat closely
to the condensed phase being a polymer undergoing irreversible
decomposition.

In order to facilitate analysis and numerical solution,
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the following set of dimensionless variables were defined:

T=(ehe )t Yor = ¥
¢ oT
D _\/z 9=E [29]
5= *(pge) 7. o
ox @
e

However, different dimensionless variables for the fuel
concentration were used to make both the equations and boundary
conditions completely dimensionless. Thus, for case I--constant
fuel vapor concentration at the wall--define

7F= (F/e)": (30]

where nfis the fuel's mole fraction at the solid surface. For
case II--constant fuel mass flux from the solid fuel wall--define

B CF,/eyo?ZD

- ‘0 [31]
7F mF
Use of these definitions reduced the set of
differential equations [23], [24], and [25] to
/
- /8
M . T 4y e/ [32]
3T 5%2 Tr Tor
- e
o - PE At 33
97T d5°
Py 0%, + B9, 7 é//& [34]
ﬁ b 372 7;' oK
with the initial and boundary conditions of
T<«0O! T >0
4 =6 805 gd 7 U]
Txzl % £50 er . -
2% 7.2/ o
7F¢0 5 ;:O /lﬂl' ; &
case I =l %20
CﬂSEZ" & = C




Before proceeding any further, let us modify some

of the preceding nondimensionalizing procedures to allow
consideration of the limiting instance of zero activation
energy. This instance is interesting as a part of this
investigation of the properties in our mathematical model
describing the thermal ignition of a diffusion flame.

In this instance, the dimensionless temperature,

had to be redefined as

- 7~ Twacee
4 7o

(36]

Then, using the same nondimensional parameter definitions as

in the finite activation energy instance, the set of

dimensionless equations were written as

p) 290 _ A
9% - 2 2-/47F70x

8 . ¥ , Bn7,
oT ~ g2 + EF T

(37]

with the same initial and boundary conditions as before,

namely,

=0
‘g?c:v ) -
a5
cosel: 7=/
fJSEI: —__‘26:;
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One will note that even in this limiting instance,
the set of differential eguations and boundary conditions
remains nonlinear, and solvable only by numerical techniques.
In addition, the same number of dimensionless groups are
present as in the instance of finite activation energy.
Consequently, the properties of both sets must be similar
in a qualitative sense, and they may be discussed together
in the similarity analysis which follows.

The constants which remain in these nondimensional
equations have been abbreviated simply as (A) and (B) for
purposes of convenience. Thus, for cases I and II, (A) and
(B) were defined as

Case I: Case II:
° ‘o
A= RJE P n Mg
= g —e e —
Yox

[e3(yzy 2D
g 28k B IR.__7F (39]
% Jetye 2z D

B - 2. 2%
6T [eTpe 2D

In summary, one may note that regardless of the
value of activation energy, the set of differential equations
and boundary conditions for both cases I and II are characterized
by the four groups (a), (B), ( &), and ( O ). Of these groups,
only (&) and (B) are ontalned 1n the differential equations
themselves, while ( ; ) and s) are contained in the
boundary conditions of the problem. Once reasonable values for
these groups are selected, particular solutions of the
following general form can be obtained:

%= % (7.5, 4,806, 6) [40]

= % (T, 5,48 4,6) [41]
Al £,4, 88, %) [42]
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Interesting as these solutions are, the variation
of the value of any one group or combination of groups, on
the dimensionless ignition delay, T®, is desired. Once T*
is known, of course, the real ignition delay, tign' can be

determined.

Let us define, then, an ignition criterion
such that

L’(&)"F(T‘/ ;'): /4) g/ &oj 95) [43]

Then from the numerical solution, the form of the invexse
function F 7 =#F which defines the dimensionless ignition
delay " can be found. Let us write this inverse function,

formally, as

T* = 7[‘ (’4/ g/ (9"/ &5 ) ;,J L’(&)) [44]

Given an ignition criterion, L*(e), the whole
(TJ f.) field can be examined, and the minimum value of 7Z*
determined for which L%(6) is satisfied at any *
Specification of * is unnecessary if only the value of the
dimensionless time”at the achievement of (*(6) is desired;

therefore, equation [44] can be written as

T*= G(A) BI 00,05/' [.#(9)) [45]

It is important to note that the choice of ignition criterion
could have a strong effect on the behaviqr of equation [45].
For convenience, an (¥6) of O* = (X%o was selected,
for a range of (% ) valuesbetween one and two, and used to
determine the behavior of the function

T* = 9 (4,8, 6,,0s ; x) [46]

from the numerical solution of the set of differential equations
and boundary conditions for cases I and II.

By writing equation [46], it is by no means implied
that the form of the solution will be the same for case I as it
is for case II. 1In fact, one should observe that for common
values of & and (95 in both cases, the function " 9 " should
be different because of the differences in the boundary
condition and possible differences in the numerical values of

(A) and (B).
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B. DISCUSSION OF VARIATIONS IN THE CHARACTERISTIC GROUPS

Before turning to a diagnosis of limiting solutions
of our set of differential equations, and the subsequent
limiting behavior of the real ignition delay t, _, it is
useful to discuss the characteristic groups whilf were formed.

Therefore, let us review the definitions of these
groups and consider which groups must be varied to investigate
certain physical effects. For both cases I and II, G is a
dimensionless temperature of the form

— T [
o= RT/E o §-= I‘%f— 47]

depending on whether the activation energy is finite or zero,
respectively. The dimensionless group (A) characterizes the
relative abundance of fuel and oxidizer, and is of the form

Case 1 Case 1T

g2 g ot

W e 2 D 48]

which is independent of activation energy. On the other hand,
(B) characterizes the maximum heat released in the system, and
depends on the activation energy. The definitions of (B) for

each case, were

Case I Case II
g 2RF 5. PE, tF
TG E PE [e3yr 2D
4

:j_}-‘?u —

B o:_Z,.
‘5;5;. o 7o £=° ¢ 7o ey 2 D

Clearly, it is desirable to determine the effect of
activation energy, alone, on the form of equation [46], and
three values were selected. These were a high ( ~v 24 kcal), a
medium ( ~ 8 kcal), and a zero activation energy. One may note
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that 8 ' &, , and (95 values change by an equal factor
with a change in activation energy. On the other hand, only

Os and f» must be changed to investigate various temperature
effects, except in the instance of zero activation energy.

Now, in both cases I and II, the (&) and (B) groups
contain the physical quantities which represent the intial
conditions of pressure and oxidizer concentration in the system.
When considering these effects, the following three instances
must be included for a complete investigation:

1. Constant pressure, variable (ygf)
2. Constant (ygf) . variable pressure
3. Constant (@ym) . variable pressure

Let us consider what variations of (A) and/or (B) correspond
to each of the above jinstances for both cases I and II in turn.
For the non, take {( o) and ( fs ) as being constant, as well
as assuming some constant ignition criterion.

1. Constant Pressure, Variable (ﬁﬁ)

a. Case I: 1In this instance, observe that
only (A) contains the term ( Yox ). Consequently the
characteristic shape of the function

T*= 9 (/A) [50]

is desired over a range of (A) values, for various constant
values of B , (S s , and ignition criterion L“(&).
The selection of ( I/A ) rather than (A) was made because

( \/A ) is directly proportional to ( Yex ). In addition,

one should note that value of ('/A ) corresponding to ¥& =

for some specified value of (Y£) , is determined by the value

of ( 7 ) chosen in the stoichiometric chemical reaction equation

[F]+ n[Ox:l —_— m [_PEODUCTS] [51]

In fact, no matter what effect is investigated, the positioning
of the Yex =/ . point is determined by (/?) for any other
set of physical parameters.

b. Case II: For this case, one should recall
that both (A) and (B) contain the factor ( VY& ); both will
change, therefors, when ( y§ ) is changed, providing all
other physical parameters are constant. On the other hand,
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the ratio ( B%/A ) is independent of ( JYox ), but contains
all the other physical parameters; therefore, the effect of
( Yox ) variation may be determined from the function

g (B/A) [52]

providing ( B3/A ) is constant. Similarly to case I, the
value of (B/A ) which corresponds to { Yo =/) depends
upon the value of (/?) in equation [44].

2. Constant ( VYex ), Variable Pressure

a. Case I: If ( ¥¢ ) is indepasndent of pressure,
then (&) and (B) are also independent of pressure, and pressure
changes will not affect the value of any parameters in the
numerical solution. On the other hand, if x; ) is dependent
upon pressure through some functional relationship, both (&)

and (B) will be changed equally by pressure variation.
Therefore, the pressure effect can be determined from the

form of the function

=g (1/A) [53]

for various values of (A) and (B).

b. Case II: 1In this case, the ratio ( 8/4) is
independent of pressure, while the ratio (B%A ) is inversely
proportional to the square of pressure, or

(8Y4) < (8Y4) (B/p)* [54]

where the subscript " o " refers to some reference pressure
level. Therefore, the function

T* = 9 (B/A) [55]

must be found for several values of the ratio (8%44).

3. Constant ( E>ygf ), Variable Pressure

a. Case I: Consider the simple cases of y'q,P
and yg ~p~! . In the first instance, 4P and
5"'/0 while in the second instance, A4+ P° and Bp/,
Therefore, the pressure effects may be deduced from the same
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function [53], above, providing comparisons are made at
appropriate values of (A) as just outlined.

b. Case II: From the de?initions of (A) and
(B) for case II, and assuming that ( rn; ) is no function of
pressure,

AP
! [56]
/b_—-
&~ 7B
Consequently, the ratios (B8/A ) and ( B3/A ) both change with
pressure such that

(B/A) ~ /P

(B3/&) ~ I/p%

In this case, our investigation has the same need as in case
2b above. However, instead of comparing

(57]

T =9 (B%/A) [58]

at the same points (B/A ), the values of this ratio at which
comparison is made, depend on the pressure ratio (P/Po).

This completes the discussion of the meaningful
variations in the characteristic groups of the sets of
dimensionless differential equations, and their initial and
boundary conditions, for the two cases of the thermal ignition
of a diffusion flame. However, it is possible to diagnose the
limiting manner in which the ignition delay may be expected to
vary with pressure and oxidizer supply from this set of
dimensionless equations. Before turning to numerical integration,
then, let us proceed with a discussion of these limiting cases.

C. DIAGNOSIS OF LIMITING CASES

1. Variation of the Ignition Delay for Large
Initial Values of Oxidizer Concentration

If, for some large initial value of oxidizer
concentration; wxg/ everywhere, the oxygen diffusion
equation can be removed from consideration. In this instance,

it is immediately apparent that

Case I: T; 9 ( _?_f_: (9) (59]
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7R Mg
Case II: TIZ = j(ﬁ%——% )52;)05) [60]

Let us assume that 5% and &k remain constant. Then,

we immediately observe from equation [59]) that for case I,
( 'T; ) is independent of the oxidizer concentration, therefore

!
ZLI 16N« );,‘; [61]

For case II on the other hand, 75; is functionally
related to the initial oxidizer mole fraction (yg¥) via
equation [60]). However, ( Tf ) decreases for increasing
values of " B "--at least for small values of M2 --or

Tg ~(YP)/2  for some range of ( y&® ) values, and
consequently,

[ . k=l- &
A ol
Tiowe (g2 7 2 [62]

Only numerical solution of the complete set of
equations [28] and [29] will enable finding of a range of " A "

values, in both cases, for which Vox = everywhere, This
range probably is different in cases I and II, and dependent
upon the ignition criterion, Z*(8) . When oxidizer

consumption cannot be neglected, the dimensionless ignition delay,
T’ becomes a function of A, B, Oo , and 6Oy , and it is not

possible to predict the relationship between (T *)and (Ygf)

a priori.

2. The Sensitivity of Ignition
Delay to Changes in Pressure

Only a qualitative discussion of the effect of
pressure changes on the ignition in either case I or II is
possible, because (A) and (B) are sensitive to pressure. No
dependence is assumed, however, between 2 , f, ., or &g
and pressure, and all pressure effects are contained in the
various dimensionless groups which contain a density term.

A very important consequence of this is the difference in
expected pressure effects when ( e)Gf ) is kept constant
instead of ( Yo&x ) being constant. This difference should
exist in both cases I and II, in which either the fuel
concentration or fuel mass flux is constant at the fuel surface,
respectively. Of course, the observed pressure effect will be
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dependent on the selection of the ignition criterion, but the
effect may be discussed if some constant ignition criterion
is assumed. Qualitative discussion of the pressure effect
can now proceed for the instances in which either ( Y7 ) or
( €Yo ) is constant in both cases I and II.

a. Constant ( ) ):

Case I: It can be expected that if ( Ye ) is
inversely proportional to pressure as would be the case for
a boiling liquid; then only the (B) group is dependent upon
pressure if oxidizer diffusion and consumption can be neglected.
Now, increased pressure will decrease (B) in this case;

consequently

A -1t/

T ~P" et [63]

The magnitude of ( A ), in the above relations, must be found
from numerical solution of case I. When oxidizer diffusion and
consumption processes must be included, then the above
proportionality will vary because of the direct relationship

between (A) and pressure.

On the other hand, if (¥@J) is independent of
pressure, then both (A) and (B) are independent of pressure
and it must be expected that

-~/

o
TI..‘ ~ P AND f’l ‘GM’” P [64]

Note that if (Y2) is independent of pressure, then the above
proportionalities are true for the whole range of (A) and (B)
values; the pressure depsndence of tIi n is completely
contained in the definition of the dimdBsionless time.

Case II: Examining the limiting case where
oxidizer diffusion and consumption can be neglected, it may
be noted that (B) is inversely proportional to pressure. As
discussed in the derivation of the proportionality given by
621, 77 ~RB" therefore

—/+4
T ¥ rvPJ AND fﬂ ~ P [65]

I 16N
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Again, the magnitude of ( § ) must be found from the numerical
solution of this case.

When oxidizer diffusion and consumption are
important, it is not possible to predict, a priori, any
ignition delay dependence on pressure.

b. Constant ( 6)/;), Variable Pressure

Case I: In this case, the magnitude of the real

time ( t ) is independent of pressure. On the other hand,

T; may be a function of pressure,as discussed above in the
constant ( Ya ) case. If ( yf ) is inversely proportional
to pressure, (A) is a constant with respect to pressure changes,
and "Z'I' n P through the variation of (B) with pressure as
discussed above. Therefore, the variation of tIi " with
pressure should be of the form El

¢

The above equation should not by any means be taken
to imply that (o¢ ) is a constant over all ranges of pressure,
and some variation of the value of ( © ) should exist. In
addition, a certain amount of coupling between pressure and
the fuel supply should exist because of the increased heat
transfer rate to the condensed phase as the pressure is raised.
Intuitively, one would expect that in any real case the
adverse effect of pressure would be less than that given in
the above equation [66].

o«
~ T VP [66]

IIGN

Case II: 1In this case, one may recall that (A) is
proportional to the square root of pressure and (B) is inversely
proportional to the square root of pressure. Once again, if the
oxidizer diffusion and consumption equation is neglected, then

v =4 /2
Ty VB AP [67]
as before. Since(tIIi n)is independent of pressure for constant
values of ( €Yy )i 9% one may observe that
¥z
ty ~F [68]
1GN.

As before, this result is traceable to the initial assumption of
boundary conditions for this problem, where we neglected any
coupling between pressure, wall temperature, and fuel vapor
supply. The numerical solution of case II can be expected,
therefore, to result in an ignition delay versus pressure
relationship similar to that of equation [68].
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D. IGNITION LIMITS II' THE THERMAL
IGNITION OF A DIFFUSION FLAME

In case I, where the fuel concentration at the
surface of the condensed phase is assumed to be constant,
it is easy to show the existence of a "go-no go" ignition
limit. Consider that the consumption of oxidizer during the
ignition process is negligible, and that ignition is defined
to be the attainment of some temperature (Ov)> (9°
somehwere in the gas phase.

Clearly, the existence of an ignition limit is
entirely dependent on the amount of fuel which is available
in the system. Now, in case I, the (B) parameter is the only
group containing a specification of the maximum amount of fuel
available for ignition. Therefore, ignition should depend
solely on the size of the (B) parameter, as is shown in what

follows.

With the assumption that (7ex) is constant, and
equal to unity, the r) equation and boundary conditions can
be multiplied by B and added to their counterparts which describe
the dimensionless temperature, & . This operation results in
the elimination of the nonlinear exponential term in the
combined equation; it is allowable, in a mathematical sense,
by the similarity of boundary conditions for the two equations.
Thus, defining @@= (& +8'7F) the following simple equation
and boundary conditions remain:

2

T ¢o: (- QO/-ALL;

7T >0 4)=95+8/. §=o [70]
g=0o ; T>

The solution of the above is
¢=(9+B7F=((95+/3-90)W(—é_—%)+£, [71]

o
-xt
where -QILP*C-Y - %W/ € C”‘; the complementary error
function. 4

37




A plot of versus the argument ( [4T
has the form skeﬂched¢;elow. )5/ )

-

(7/7)

The energy equation can now be written in terms of the known
function as

¥ _ > - /B
3T ” %;z'z *(p-8)e [72]

From the form of the function Qp , it is evident
that the above equation changes its form when ( d@ +B8-6y )
is identically zero, and is identically equal to 0b .
Therefore, the maximum possible temperature that can be
attained is ﬂ; , when BE(&-@), and absolutely no

ignition can occur.

Now let us consider what the minimum value of (B)
which allows some temperature ﬁ*ﬂ>é%to exist. From equation
[71], the maximum attainable temperature in the system, g .

must identically equal to gpmax - ([§3gr)min. But q9 -

occurs at # =0 where @=& , and ( B.) . occurs
at 'Z__:O; therefore = 7F min

g = @1#5
(73]
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¥
A reasonable assumption of a _temperature, & . denoting
ignition, is that of (%< /%  Therefore

&oﬁ 9‘5 (057"8) [‘,4]

or

8 2 (6 '95> [75]

and

- *
3;::7«.4:. = (‘9 "‘9s> [76]

Clearly, if 53 < tgcritical, ignition cannot occur, and
(Bcritical) defines the ignition limit for case I, even when
7;’_-‘_{ always.

However, similar conditions should exist if the
oxidizer consumption is not negligible, but not excessive.
If the oxidizer consumption is greatly excessive, of course,
ignition may not occur. Numerical solution of the set of
equations [32] and ([34] agreed with these statements
incidentally.

It should be noted that the activation energy
disappears from the relation just given, and the critical
value of B depends solely upon the heat of reaction, the
specific heat, and--most importantly--the mass fraction of
fuel present at the surface of the solid. One may hypothesize
the existence of a (Btritical)> ( & critical)if oxidizer
consumption is considered. For the case of zero activation
energy, it is the initial temperature To which appears in B
and &, , not activation energy. Otherwise, the analysis
just completed is valid, as are the conclusions.

Finally, it must be emphasized that the maximum
temperature which can be attained in the system is identically
( 55 + B ). Thus, the maximum temperature is dependent on
the lowest temperature of the system and not on the system's
average temperature as is commonly assumed.

In case 1II, where the mass flow rate of the fuel
from the surface of the condensed phase is assumed to be
constant, it is concluded that ignition will always occur
because of the semi-infinite extent of the model. In this
case it is also assumed that JE’ everywhere. Therefore,
a combustible mixture must occur’ and react somewhere in the
system--after some perhaps excessive time--and cause (A™*) to
be reached. The reason for this behavior is the constantly
increasing fuel concentration in the system, and the assumption
of a finite reaction rate at all temperatures. However, the
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present model should be inadequate for this instance because
convection should not be neglectible under these conditions.

E. SUMMARY OF RESULTS
OF NON-NUMERICAL ANALYSIS

At this point, the general properties of the
proposed model for the thermal ignition of a diffusion flame,
have been discussed without recourse to numerical solution.
This discussion included the qualitative prediction of the
effects of pressure and oxidizer mole fraction on the ignition
delay, for the cases of constant wall fuel concentration (I)
and constant fuel mass flux (II). Analysis showed that a
fundamental difference exists between the effects of these
quantities on the ignition delay in homogeneous and heterogeneous
systems. Specifically considering a one-dimensional, semi-infinite,
unsteady system in both cases, this difference is the following:

In the ignition of the homogeneous system,
the effects of pressure and reactant
concentration may be unique and independent
of the ignition criterion specification.

In contrast, the ignition delay of even the
most simple heterogeneous system is
functionally related to these parameters

as well as to the ignition criterion.
Therefore, the effect of these parameters
on the ignition delay depends upon the
specification of the ignition criterion.

The existence of ignition limits in the two cases I and II

were considered, and it was shown that an ignition limit exists
in case I, but not in case II, providing there is sufficient
oxidizer present. Finally, it was found that in the presence

of large system heat losses, the adiabatic combustion temperature
of a heterogeneous system is based upon the cold fuel temperature
alone, and not on the average temperature of the system as
commonly assumed. A check on the preceding discussions and
predictions requires numerical solution of cases I and IT of

the proposed model. In the next chapter, the results of the
numerical solution, for both non-zero and zero activation energy,
are discussed. For those who are interested, the technique

used in the numerical integration & the differential equations

is discussed in Appendix A-9 ., Major considerations of
convergence and stability of the solutions are also included

in this appendix, as is a generalized Fortran program for

the numerical solution of each case of interest.
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CHAPTER I-4

THERMAL IGNITION OF A DIFFUSION FLAME NEAR A COOL SURFACE;
PRESENTATION AND DISCUSSION OF RESULTS OF
THE NUMERICAL SOLUTION

The data obtained from the computer program for
the solution of the equations describing the thermal ignition
of a diffusion flame was in the form of numerical values for
each of the dependent variables of the problem, 72 , Zox ,
and & . The value of these variables was recorded, at
successive time intervals, over the range of values for the
space coordinate, , necessary for the solution to have
reached the -—» 0 boundary condition. From these records,
the form of the solution could be learned for each of the
cases investigated. An example of a typical solution is
given in Figure (I-1) in which a normalized value of the
dependent variables for each point in the space field is
plotted at a number of successive dimensionless times. The
particular solution shown in this figure is for case II, and
a comparatively low initial concentration of oxidizer. It
is interesting to note the development of the temperature
"bulge" or ignition, and the limiting effect of oxygen
consumption on the maximum temperature in the system.

From such solutions of cases I and II, the form
of the inverse function given below,

T*=q (4,8, 8,6s, L*(6)) (77]

was obtained for variations in the characteristic dimensionless
groups which make up the arguments of the above function. This
function was obtained for several values of the ignition
criterion L*(®) , where L*(®) was specified as 6% = b,
for several values of (Ot ), for each set of arguments A, B,

& , and Bs . Once the form of this inverse function
over a wide range of values of the dimensionless arguments
was known, the characteristic relationships between the real
ignition delay and the real physical parameters of oxidizer
mole fraction or concentration, pressure, temperature, and
activation energy were determined.

A complete discussion of the numerical integration
technique is contained in Appendix A-9 , but it is worthwhile
to mention the important problems of stability and convergence
of the numerical solutions. Extensive effort was devoted
ascertaining the necessary conditions for stability and
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convergence of these solutions. The analysis of John (I.44)
of the conditions necessary for stability and convergence of
a quasi-linear, parabolic differential equation of the type
formulated in the present work, provided a basis for this
effort. Written in terms of the present problem, John's
conditions for stable, convergent solutions of each of the
present equations, take the form

sz (ke®) </
AND

A= (A;)z </e

where ( K) is largest of the coefficients of the nonlinear
terms--i.e.--either 1.0, (&), or (B).

It should be emphasized that it was not completely
certain, a priori, that the simultaneous integration of three,
coupled partial differential equations of the type treated in
(I.44) would be stable, even if each one were stable under
the conditions found by John. Extensive computation showed
that stable, convergent solutions for all cases could be
obtained, in general, only if the above criteria remained
of the form

= -3
s (P <16

and

_ AT Yy

(45)?

throughout the integration of the set of equations. Fortunately,
a decrease in ( AT ) was a sufficient correction; however,
increased computational time was the penalty paid for this
reduction in ( AT ). In the present calculations, convergence
was taken to be agreement in the calculated values Yo« , 7= .
(or Y4 (2,2, K), T=,3 ) to four decimal places
between the results for a certain ( AT ) value and ( AT )
value four times smaller. Admittedly, this convergence
criterion was empirical; however, such an empirical choice is
standard practice when completely analytical criteria, or
closed form solutions, are unavailable.

A, SIMPLIFYING ASSUMPTICNS AND THEIR VALIDITY

From an analytical point of view, an important
question is: "What simplifying assumptions are valid in the
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mathematical formulation of the ignition process in simple
heterogeneous systems?" A discussion of various possible
simplifying assumptions follows, but it must be emphasized

that the numerical solutions were absolutely necessary for
determining the error--and/or limiting ranges of applicabiiity--
of these assumptions. Specifically, it was desirable to
determine:

1) the validity of the McAlevy (I.42)
extension of the Hicks' ignition
criterion, wherein it was assumed
that the ignition delay was
characterized by an equality between
chemical heat generation and heat
loss by conduction, or

ale
v
O

2) under what conditions it is justifiable
to assume that fuel consumption is
unimportant during the ignition delay.

3) under what conditions it is justifiable
to neglect the consumption of the
oxidizer and assume a constant value of
the oxidizer concentration during the total
ignition delay.

Regarding McAlevy's extension of the Hicks' criterion,
1) above, the numerical solutions indicated that ( 36/3T )
became positive well before there was any temperature in the
system that exceeded the system's initial temperature, in both
cases I and II. In general, the elapsed time necessary to
cause ( ¥30/dT ) to be positive was ten percent or less
of the total ignition delay, based on a temperature. This
result is in contrast to Hicks' (I.46) empirical finding
which resulted from his numerical solution of the ignition
of a solid phase mixture undergoing continuous external
heating. It must be concluded that the occurrence of a
positive rate of change of temperature with time is an invalid
ignition criterion for heterogeneous systems; this is because
the ignition occurs in a region normally subjected to a cooling
process. In such a system, the chemical reaction must release
sufficient heat to overcome a cooling process. On the other
hand, the heat released by chemical reaction only supplements
the external heating in Hicks' case; therefore, rapid
temperature runaways are allowed because the temperature in
the region of ignition is normally rising, even if an exothermic
chemical reaction is not present.
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The simplifying assumption, 2) above, that the
consumption of fuel can be ignored up to the time at which
( 96/9T) 20 is made quite often. The numerical
solutions indicated that at the time ( ?&/dT ) became
positive, the local fuel concentration was on the increase.

It is interesting to estimate the minimum amount
of fuel consumption which must occur before ( 28/T) can
become positive. This estimate can be made, a priori, only
for case I.

Consider the function defined in equation [71] of
the last chapter. Upon differentiation with respect to the
dimensionless time ‘T , one obtains

;z

~ 4T
09 .30 L B)E - (6.+B-6,) 3¢
—6'—% 3 + _6%_— ( S 0) -—-4-"/__7""%"3 (78]

Now, if there were no fuel consumption in case I, the
dimensionless fuel concentration at any time would be given by

7. = el (%az) [79]

therefore, when there is no fuel consumption by chemical
reaction

-t
<—m:) - (‘bj‘> = “&if [80]

P (o2
3T o consumption > O/ 4T

On the other hand, when ( ¥ 8/0T) = O, then
;Z
e 94T
YO B(IYMEN . [b.+B-8 2elt ey
3 - BN (BB s

44




or the rate of change of dimensionless fuel concentration
with respect to the dimensionless time is

- St
(% ) - )f(dgrg-ﬂ‘%)fe

CONSUMPTION 3T /., B J4rT? 182]

The ratio of equations [80) and [82] allows
estimation of the amount of fuel consumption which is
occurring when ( 968/3T ) = ¢© . This ratio is,
identically,

1
A

[83]

The conclusion to be reached is that when the system is

far from the ignition limit, or B >>(f,-8s) , then the
assumption that no fuel is consumed--up to the point at
which ( 36/%T ) becomes zero--is quite good, providing
the system is one which can be approximately described by
the present case I. From equation [82], it is clear that
this assumption becomes progressively poorer as B approaches
the minimum value of ( &, -0 ), the absolute ignition
limit. Incidentally, the numerical solutions for case I
agreed very well with the above analysis. In addition, the
numerical solutions showed that for case II, the assumption
of negligible fuel consumption, up to the point of a change
in sign of the derivative ( 36/3T ), is always invalid.

The above analytical development and the numerical
results lead to an important conclusion with respect to
ignition delay experiments in heterogeneous systems. If, in
a particular experiment, the detection of the first appearance
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of combustion products is used as the ignition criterion,
serious errors can be made with regard to the real ignition
delay under various environmental conditions.

The third simplifying assumption will be discussed
in detail in a later section.

Now, let us turn to a presentation of the form eud
behavior of the inverse function for T™ , equation [77].
During all the discussion which follows, the previous
distinctions between the two cases of fuel supply will be
kept; for reference, these cases are mentioned again.

Case I: Constant fuel concentration
at the cool wall

Case II: Constant mass flux of fuel
from the cool wall.

It should be remembered that in each case, the fuel supply
is assumed to be independent of the surface temperature of

the condensed phase, é%

B. BEHAVIOR OF THE DIMENSIONLESS IGNITION DELAY

1. Changes ir (A) and/or (B),
and the Ignition Criterion

a. Case I: Plots of the dimensionless ignition
delay versus (!/A ) values are shown in Figures (I-2), (I-3),
and (I-4) in the order of decreasing activation energy. The
separate curves in each figure correspond to constant valyes
of (X ) for the ignition criterion Z¥( &) of &*= 0"20 ;
all other parameters were held constant in each figure. These
figures clearly demonstrate the importance of ignition criterion
specification when one talks about the effect of some physical
parameter on the ignition delay. Although the curves are
similar in each figure, the magnitude of the ignition delay
and its local rate of change at any (A) value and activation
energy is determined by the ignition criterion.

As discussed in section A, one will note that for
each activation energy, there exists a range of ( I/A ) values
for which T is virtually independent of (/A ). 1In this
range, oxidizer consumption is quite unimportant in the delay
of the overall ignition event. Thus, the ignition of some
heterogeneous system under certain conditions can be quite
similar to some homogeneous systems in that the dependence of
the real ignition delay on oxidizer concentration may be the

same,
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One may recall that the (B) parameter should
also affect the value of the dimensionless ignition delay
7% . Figures (I-5), (I-6), and (I-7), ordered in the

dlrectlon of decreasing activation energy, are plots of
?} versus ( /A ) for different (B) values. Note that
7¢ decreased with increases in (B), as was discussed in
the preceding chapter. In addition, the range of (!/A )
values over which Tr does not depend strongly on (1/A )
evidently increases as (B) increases, regardless of the

activation energy.

Furthermore, %?e numerical calculations showed
that unless B 2 ( &* + ), an ignition corresponding

to the attainment of a dimensionless temperature, s
could not occur; thus the ignition limits for case I, which
were indicated in the preceding chapter, were found. The
numerical calculations showed that for (B) less than some
(Bcritical), the fuel and oxidizer were just consumed as time
increased. However, there was insufficient fuel to allow the
generation of sufficient heat to raise any local temperature
above the initial temperature of the gas external to the

condensed phase.

b. Case II: As was previously discussed, this case
requires a different type of plot since the (A) and (B)
groups both contain the initial mole fraction of oxidizer
in the system. One may recall that determination of the
effect of oxidizer concentratlon requires knowledge of the
relatlonshlp between 'fn_ and (B/A) for various constant
values of (B3 /A). Figures (I-8), (I-9), and (I 10) contain
curves of the dimensionless ignition delay “Ta versus (B/A)
for a high, medium, and zero activation energy respectively.
These figures clearly show the strong dependence of the form
of these plots on the ignition criterion ¢*( #), which
is @g*= &b, as used in case I.

These numerical calculations for case II indicate

3 ex1stence of practlcal ignition limits at each value of

B°/A), even though fuel is supplied at a constant rate to
thlS semi—infinite system, and the reaction rate is finite
at all temperatures in the system. At small values of (B/A),
a practical ignition limit occurs because a balance is
created between the oxidizer consumption by chemical reaction
and its supply by diffusion. Therefore, the temperature rise
is limited by the oxidizer diffusion rate. At sufficiently
large values of (B/A), it is apparent from the medium and
zero activation energy numerical solutions, that the ignition
delay becomes strongly influenced by the fuel supply.
Figures (I-9) and (I-10) indicate this behavior by the sharp
increases in the dimensionless ignition delay at larger
values of (B/A).
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c. General Discussion

Several important characteristics of thermal
gas phase ignition in simple heterogeneous systems are pointed
out by the dimensionless ignition delay curves, and deserve
particular emphasis. Two of these characteristics are common
to both cases I and II, and therefore are probably common to
the thermal, gas phase ignition of all heterogeneous systems,
since cases I and II represent the two limits of such systems
with regard to fuel supply.

First, the variation of the dimensionless
ignition delay--and, consequently, the real ignition delay--with
respect to any of the dimensionless groups depends upon the
selection of ignition criterion. Therefore, one must be careful
in the interpretation of the experimental data from different
ignition experiments on identical or similar fuels, because
the ignition criteria may not be the same. Even in identical
systems and experimental conditions, different data on ignition
may be obtained if the ignition criteria are different.

Second, the sensitivity of the real ignition
delay to initial oxidizer concentration can have very wide
limits of behavior in cases I and II, depending upon the
value of (1/A) and (B/A), respectively, which corresponds to
an initial oxidizer mole fraction of unity. Logarithmic plots
of the real ignition delay versus initial oxidizer concentration
may exhibit almost any slope from zero to minus two or more.

A characteristic of case II, is that under high
initial oxidizer mole fractions, the slope of the above-mentioned
plot may be positive in some systems. It is questionable whether
such positive slopes could exist in reality, because of the
difficulty in matching the boundary conditions specified in
case II. However, some experiments have indicated a slope
of almost zero on such a plot.

On the other hand, the limiting behavior of case I
at high initial oxidizer concentrations is quite different. As
has been mentioned, this case degenerates to linear inverse
dependence of the real ignition delay on the initial oxidizer
concentration, at constant system pressure.

Thus, it is now possible to determine the
validity of the simplifying assumption that oxidizer diffusion
and consumption can be neglected. Apparently this assumption
is valid for case I when the adiabatic combustion temperature
based on oxidizer mole fraction, (B/A), is much greater than
the ignition criterion temperature &%= o<&p . However,
this simplifying assumption is never valid in case I1I, even at
very high adiabatic combustion temperatures based on the
oxidizer content in the external gas environment.
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2. Equal Changes in B, &, , and 5%

Equal changes in the three parameters B, 6& '
and 5% correspond to a change in the assumed activation energy
of the chemical reaction. As previously mentioned, three
different values of activation energy were used in the
investigation of cases I and II.

a) Case I: A decrease in activation energy
decreased the extent of the region in which TgF depends on
the value of (1/A). In addition, the rate of change of <%
with respect to changes in (1/A) also decreased in the strongly
varying region of the curves as the activation energy was
lowered. Finally, the general level of the Ty versus (1/A)
curves is dependent upon the value of the activation energy.
These characteristics are graphically shown in Figure (I-11).

Now for case I, two definite limits of
behavior are apparent in Figure (I-11). The one limit is
the ignition limit at small values of (1/A) where the curves
tend toward very large or infinite values of Zz . The other
limiting behavior is at large values of (1/A) where T,
becomes essentially independent of the value of (1/A). These
two limits are joined, asymptotically, by a transition curve.
The extent of this joining region is a function of activation
energy, which should become very small as the activation
energy approaches very large values.

b) Case II: 1In case II, qualitatively the
same behavinr was found in that the extent of the slowly
varying region, and the general level, of the WEE versus (B/A)
curves decreased with decreased activation energy. It is
interesting to note that the range of (B/A) values for which
the derivative [ J('Z’;)/CICB/A) ] does not vary rapidly,
decreased as the activation energy was lowered, see Figure (I-12).
This characteristic behavior is a direct consequence of increased
rates of chemical reaction as the activation energy was decreased.
At large values of (B/A) it was the fuel which was rapidly
consumed; conversely, the oxidizer was consumed rapidly as
B/A decreased. :

3. Changes in é%

It was interesting to determine the effect of
changes in the initial gas temperature, &> ., on the
dimensionless ignition delay, with otherwise constant conditions.
Figure (I-13) shows this effect, for three different levels of
initial gas temperature. In this figure, a constant temperature
ignition criterion, <Z*( #), was selected, such that &%= 0.4.

By comparing Figures (I-11) and (I-13), it is
evident that changing the initial gas temperature affects the
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v
shape of the ‘Tz versus (1/A) curves in a manner which is
qualitatively similar to changing the activation energy. ;
As is apparent, the general changes in the magnitude of
are not as great when just ( & ) is changed and (B) is kept
constant. The functional relationship between quand (B)
or ( & ) appears to be quite similar, however.

Because of the computer time involved in these
computations as a whole, the effect of gas temperature on
ignition was investigated only for case I, at the medium
activation energy. The surface temperature of the condensed
phase, ( & ), was not varied for the same reason.

This completes the description of the results
of the numerical integration for both cases I and II of the
thermal ignition of a diffusion flame in terms of dimensionless
parameters. Let us now turn to a discussion of these results
describing the manner in which changes in oxidizer mole
fraction, pressure, and temperature affect the real ignition
delay. The rational choice of absolute values for such
quantities as @, Z , £, etc. is, however, very difficult
and also causes a loss of generality of calculations based
on the assumed values. In the following section, ratios
of real quantities will be used whenever possible. Use of
this technique reduces the number of physical parameters
which had to have exact numerical specification, maintains
the generality of the dimensionless results as far as possible,
and still demonstrates the real time, characteristic features
of the thermal ignition of a diffusion flame.

C. BEHAVIOR OF THE REAL IGNITION DELAY
IN THE TAERMAL IGNITION OF A DIFFUSION FLAME

1., Variable ( ygf ), Constant Pressure

Variations in the oxidizer mole fraction or
concentration are equivalent when the total pressure of the
system is kept constant. It is completely adequate, therefore,
to discuss the effect of oxidizer mole fraction variations on
the real ignition delay of the system. In this discussion,
the mole fraction of oxidizer will be the only independent
variable which is varied once a specific value of the
stoichiometric coefficient, ( 77), has been chosen. Several
( /7 ) values are used, however, to demonstrate the variation
in the functional relationship that can exist between the
real ignition delay and the initial oxidizer mole fraction,

( ygf ). As was discussed in the preceding section, the
value of the stoichiometric coefficient ( #/?) determines the
initial value of (1/A) and (B/A) wh