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SECTION I

INTRODUCTION

Ignition of a solid propellant is the complex physico-chemical process
of the initiation of its combustion by means of external heat supply, i.e.,
by an igniter. Clearly, ignition is a time-dependent process. In that
respect there are two time scales to be considered: the ignition delay time
and the transition time to a self sustained flame. The ignition delay time,
a difficult parameter to define, is the elapsed time from the activation of
the igniter to the initial attainment of net exothermic chemical run-away
reactions. The controlling reaction may occur below, above, or at the
propellant surface; hence, the terms of solid phase, gas phase, or
heterogeneous ignition are used. The transition time to fully developed
flame may be on the scale or much faster than the ignition delay time. Both
the ignition time scales and the ignition location depend on the rate of
energy transfer, its mode, the ambient conditions, and the particular
propellant involved.

Solid propellants are used primarily in rocket motors and in ballistic
applications ?i.e., gun charges). Many igniters are solid propellant
charges which are initiated very rapidly as compared to the main charge.
The igniter ejects hot gaseous and/or condensed combustion products which
heat the main propellant charge. In the case of a rocket motor propellant,
the charge is usually a single long cylindrical propellant. In the case of
guns, the charge is composed of many cylindrical or spherical propellant
grains (typically, diameters range from O.1 to 1 cm). The dominant heat
transfer mode is convective, though conductive heat transfer from the
impinging particles and radiation from the cloud of the particles and from
the flame may be important factors, especially in rocket propellant
ignition.

While in the case of a rocket motor the effective geometrical
configuration associated with the convective flow is that of a flat plate
flow, the situation in gun charges is that of a bank of cylinders (or
spheres) in cross flow. Thus the flow structure is more complex, being
composed of stagnation flow, flat plate flow and wake flow. Typical
ignition delay times in the latter case are in the millisecond range. Under
such conditions ignition is a gas phase phenomenon and the transition time
to fully developed flame is on the order of magnitude of the ignition delay.

Convective heating occurs wunder very rapidly developing pressure and
velocity fields. It is further complicated by shock waves and a high rate
of mass addition from the grains; thus, the heat transfer is not amenable to
clean-cut theoretical or empirical analyses.

The thermo-chemical response of the propellants to the heating
conditions is equally complex. Typically, for rocket motor applications,
the propellant is a composite consisting of an oxidizer in granular form
imbedded in a polymeric fuel binder for mechanical integrity. It also
includes so0lid additives (like aluminum) and various catalysts and
plasticizing agents. Ballistic propellants are usually homogeneous
propellants which consist primarily of nitrocellulose and some explosive
material (usually nitroglycerin). They are sub-divided into single-based,
double-based and triple-based propellants depending on the number of their
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main components. Some additional materials are added to serve as
burning-rate modifiers or stabilizers.

During decades of research, a great deal of knowledge has been
accumulated regarding ignition situations which resemble solid rocket motor
applications [1]. As such, most of the geometries used were of the flat
plate type and ignition delays were in +the range of tens and hundreds of
milliseconds. Only under shock tube heating conditions or by using
practical igniters were milli-second ignition delay times obtained. The
main parameter sought was the ignition delay time and little attention was
paid to the dynamics of the transition to full flame development and
spreading. Most experimental and theoretical work employed steady heating
conditions (i.e., constant pressure and velocity in the case of convective
ignition ) and they were aimed mainly at determining the location of the
first run-away chemical reaction occurrence (solid phase, gas phase and at
the surface). In contrast, the ignition site (i.e., location aslong the
specimen) was not of much consideration since for most test conditions and
geometries, ignition was almost always obtained if the igniter source was
applied for a sufficient period of time.

The present work addresses itself to the situation of gun propellant
ignition. It is aimed at elucidating ignition and flame spreading phenomena
in the cases of propellant grains under transient cross flow conditions
particularly in situations where the chemical reaction time is on the order
of the flow residence time around the propellant grain. This research is a
step in filling the gap that exists between ignition studies of idealized
situations and practical ballistic ignition ones.

The present work investigates the ignition of cylindrical propellants
(mostly nitrocellulose-based) under shock tunnel induced cross flow
conditions. Understanding the ignition phenomena on individual cylinders is
considered a prerequisite to understanding the ignition processes in beds of
cylinders. In addition to comparative studies of the ignition delays of the
various propellants per se, a special emphasis is placed on distinguishing
the ignition sites and the flame spreading (and blow off) tendencies as
functions of the external flow velocity pressure and oxidizer content. Also
investigated is the role of the initial flow transients in obtaining
ultra-rapid ignition processes (sub-millisecond times). Numerical solutions
are carried out for front stagnation region ignition. The solutions include
the effects of the initial flow transients as well as general flow
non-steadiness. They cover the transition process to quasi-steady burning.
The likelihood of ignition at other sites, rather than the front stagnation
region (e.g., at the wake), is inferred from those solutions. In
particular, situations where ignition is never realized despite high heating
rate, are identified.

) .
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SECTION II

PREVIOUS IGNITION STUDIES, PARTICULARLY REGARDING BALLISTIC
PROPELLANTS

Il -A. The General Scope of Propellant Ignition

Extensive studies have been conducted during the past 25 years in the
field of propellant ignition, mainly with respect to rocket propulsion. The
present discussion is not intended to be a comprehensive review of the
ignition work, since recent reviews of the main experimental and theoretical
results already exist [2-5]. Only the salient features of ignition
expressed in these efforts will be discussed here with the emphasis on those
which are more relevant to the present work.

Most ignition research has emphasized the question of how long it takes
for the run-away chemical reactions (which lead to ignition ) to build up,
rather than the dynamics of the approach to steady state.

In order to devise a tractable mathematical model to describe the
ignition process, theoreticians tend to ascribe the ignition process to a
single dominant one-step chemical reaction. Since the location of that
reaction is not obvious, there have arisen three main models of propellant
ignition associated with the postulated 1lccation of that reaction, i.e.,
solid phase ignition, gas phase ignition, and heterogeneous ignition
(gas-solid interface). The providing of experimental evidence to that
effect is still a very important goal of any experimental endeavor.

(i) Experimental Techniques

In order +to simplify the interpretation of ignition results, the more
important experimental work employed & single mode of heat transfer in a
precisely controlled manner: conductive heat transfer by means of either hot
wire [6,7) or end wall shock tube hot gas |8,9]; radiative heat transfer
from an arc image |[10-12] or laser |13); or convective heat transfer from
hot gas generators |14-16] or shock tunnel flow [17,18]. Besides the
intrinsic differences in the heating modes (for example in radiation studies
the opacity of the surface is a factor), the expsriments differed greatly in
the heat transfer rates applied (1-100 cal/cm“-sec). While for the lower
heat transfer rates (ignition delay in the seconds range) solid phase
processes are dominant, for the higher heat transfer rates (ignition delay
in the millisecond range), the chemical run-away reaction location shifts to
the gas phase as the so0lid thermal wave is very thin and the regression rate
is fast. Therefore one should exercise caution in drawing general
conclusions from any particular experimental work.

Most experimental efforts also differ in the ambient conditions of
pressure and gas composition. In a reactive environment, gas phase or
heterogeneous ignition is favored if the heat transfer rates and pressure
are sufficiently high.

Experimental ignition results may be susceptible to some extent to the
ignition criteria used, e.g., surface temperature rise, luminosity from the
developing flame, pressure rise. Each of these corresponds to a different
stage of the ignition proceass.
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(ii) Ignition Models

Keeping in mind the variety of the experimental conditions employed, it
is not surprising that there has been experimental evidence in support of
any of the three ignition models mentioned before being dominant or
controlling. A very comprehensive review of this subject can be found in
Ref. 19. In the following discussion the fundamentals of these models will
be examined as well as the nature of their results.

Historically, the first model suggested was the solid phase model. In
this model, the ignition phenomenon is explained by a run-away chemical
reaction distributed inside the bulk of the solid phase; therefore, the
ignition delay time is dependent directly on the externally applied heat
flux, but not on the ambient conditions. Theoretical analysis of this model
was first put forth by Hicks [20]. Various other theoretical developments
are summarized in Ref. 4. In most of them, a zeroth reaction order was
assumed and reactant depletion was neglected. Most commonly, constant heat
flux cases have been treated. The numerical solution of Bradley [22] was
rather insensitive to reactant depletion and reaction order chosen. Similar
trends were obtained from a solution based on an asymptotic method L21].
With respect to the so0lid phase model, ignition delay times are correlated
directly to the heat flux applied and it is meaningful to talk about
ignition surface temperature. Plots of ignition delay versus heat flux on
logarithmic coordinates, as predicted from various solid phase theories, are
given in Ref. 24 for certain selected values of reaction activation energy
and heat release. Notably, the curves form straight lines whose slopes are
almost identicel. Thus, the theories differ only in their predicted
magnitudes of the ignition delay +times, but not in their functional
dependence on the heat flux (i.e., simple power law). The rather simple
functional dependence of the ignition delay on the heat flux enables the
reduction of solid phase reaction parageters from well controlled low heat
flux experiments [16] (up to 10 cal/cm“-sec). As already alluded, the
various theories will yield different values. 1In general, corroboration of
the solid phase ignition model is found in experiments where the inert heat
up period constitutes most of the ignition delay time, since that period
depends solely on the magnitude of the external heat flux applied.

As other experiments which employed higher heat flux | 10] showed strong
dependence of the ignition delay time on the ambient gas pressure and
oxidigzer concentration, there arose the need for a different ignition model
based on gas phase processes. Both the gas phase and the heterogeneous
ignition models incorporate the gas phase processes and as such explain the
ignition delay sensitivity to ambient conditions.

The gas phase model was proposed first by McAlevy |8). Basically it
states that the vaporized decomposition products of the propellant react in
the gas phase adjacent to the propellant surface. The  thermal
boot-strapping process of ignition proceeds thru the heat feed-back from the
gas phase to the propellant surface. The gas phase theory was advanced
further by Hermance et al. |25) and by Hermance and Kumar [26]. The latter
solved a set of partial differential equations describing the ignition of a
double-base homogeneous propellant suddenly exposed to a hot stagnant
oxidiger containing gas (end wall shock tube conditions). Unlike earlier
work they included the full coupling bvetween the gas phase and the solid
phase, and permitted the surface temerature to rise. They indicated that
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the dependence of the ignition behavior upon the external oxidizer is
strongly influenced by the choice of ignition criterion and therefore
developed a light emission criterion for ignition [27].

In contrast to the solid phase model, the ignition delay time in the
case of the gas phase model is not a simple power law function of the heat
flux and the surface temperature at the ignition time is mostly dependent on
the surface pyrolysis parameters of the propellant (which determine the
gasification temperature) and on the ambient conditions.

Most of the experimental results which are explained by the gas phase
ignition model could have been explained by the heterogeneous model of
ignition as well. In the latter model the exothermic run-away reaction
occurs at the propellant surface between the gaseous oxidizer and the solid
fuel. That model was developed first by Anderson et al. |28]) and advanced
by Williams [29] and Waldman and Summerfield |30). This theory evolved
because it can explain the hypergolic ignition situation when the propellant
surface reacts exothermically with surrounding cold, strong oxidizer-
containing gas |31].

In both the gas phase and the heterogeneous ignition models no heat is
assumed to be liberated in the solid phase. Both models can explain the
dependence of the ignition delay on the ambient gas conditions for high heat
flux stagnant environment experiments (i.e., conductive and radiative heat
transfer modes). In order to distinguish between the two models, Kashiwagi
|19 conducted theoretical and experimental work with the ignition of flat
plate polymeric fuels under oxygen-containing shock tunnel flow. He found
that only the gas phase model could properly describe the behavior of the
first ignition position with varying free stream conditions, such as the
fact that with high oxygen 1level, the first ignition position was on the
forward section and with low free stream oxygen level or increased flow
velocity, the first ignition position shifted downstream. If the
controlling reactions occur at the surface, the ignition position should be
at the forward section in any case, since the surface temperature rises
there the fastest. Thus, gas phase ignition is more pronounced in
convective ignition situations where the ignition delay time depends also on
the flow velocity and structure.

To summarize, none of the ignition theories is likely to describe
completely the ignition mechanism under any conditions. The 1last two
theories incorporate a 1large number of adjustable parameters which may fit
almost any particular test. The experimenta]l evidence indicates that under
low heat flux conditions (less than 10 cal/cm“-sec) the solid phase reaction
control the ignition process. For higher heat flux conditions the gas phase
reactions are the important ones. Recently, an attempt was made by Bradley
[32] to combine the three models to one unified theory. However owing to
the large number of parameters that appear in his theory it is virtually
impossible to test his theory.

21:2. Convective Egpition Studies

Convective ignition is the technique applied in most practical
situations. Experimentally it is more difficult to provide than conductive
or radiative ignition since it requires a source of continuous high
temperature gas flow. One way of obtaining it is by using a pyrogen igniter
|33). However in this case the pressure, velocity, and heat flux vary with




time and the gas composition is complex &and not known accurately. The 3
important convective ignition experiments were conducted either under high
temperature, pressure, and velocity conditions (shock tunnels) or under

moderate temperature, atmospheric pressure, and low velocity conditions of

heated gas generators. As already discussed, gas phase ignition is favored

in the first case (high rates of heat transfer) and solid phase ignition is

favored in the second case.

(i) Ignition of Flat Plate Configurations

Typically, shock tunnel ignition experiments were conducted with
composite propellants of flat plate configurations. When oxygen was present
in the free stream, a significant reduction in ignition delay time was
observed in most work [17-19), a fact which is an indication of gas phase
ignition. However, Keller et al. |33] concluded that the ignition
{ characteristics of ammonium perchlorate composites, in the entire range of
their shock tunnel test conditions, were in agreement with those predicted
by the thermal ignition theory (i.e., solid phase ignition). They found
that for a given heat flux 1level, for propellants with smooth surfaces,
ignition delays were not altered by the velocity of the convective gas. The
higher gas temperature effect, at a given heat flux level, was to reduce
ignition delay only for propellants with rough surfaces. Similarly, the
presence of oxygen in the test gas affected only the ignition of propellants
with rough surfaces. Though, seemingly, Keller's results are in support of
the so0lid phase ignition mechanism, there is a basic flaw in the
presentation of his results. Most of his ignition delay results are plotted
versus calculated heat flux values which were deduced from thin film gauge
measurement assuming that the propellant behaved as an inert and that the
heat transfer coefficient was the same. Such sassumptions are incorrect
3 under shock tunnel operation due to the vaporization process of the
' propellant prior to ignition (ignition was detected by radiation from the
flame in Keller's tests). Also, for the wide range of Keller's test 1
conditions, the heat flux could not have been uniform during the test period
since the tailored conditions of operation could not have been satisfied for
the entire range (see Section IV). Thus it was not meaningful to express
ignition delays versus some average deduced heat flux levels. As already
discussed in the previous paragraph, it is possible to fit experimental data
to thernal ignition theory provided that the inert heat up period of the
propellant constitutes most of the ignition delay time. Moreover, the test
| sample used in Keller's experiments was very short and the space-wise
i observation of the ignition behavior was not done. Under high velocity
£ convective flow, when testing short samples (low residence time), the gas
é phase reactions are not completed in the vicinity of the propellant surface
|
i

i

(low Damkohler number) and the propellant decomposition products are swept
and diluted downstream of the sample. Thus the ignition behavior approaches
that which is predicted by the solid phase theory.

The foregoing discussion emphasized some of the features which must be

. considered when interpreting convective ignition results: surface roughness

(possible 1local hot spots); heat flux uniformity; and, most wuniquely +to

convective ignition, the sample length in direction of the flow. The latter :

4 feature was emphasized in the Kashiwagi et al. work [19]. They were the : {

' only ones to measure the space-wise ignition delay, from which they deduced
that in their tests ignition was clearly a gas phase process.

Bastress and Niessen |34 used exhaust gas from a methane/oxygen gas
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rocket motor in their convective ignition tests. When they replaced the
| inert approach material (up stream of the sample) with propellant, thus
5 effectively 1lengthening its size, the ignition delesy time was reduced
significantly, indicating a gas phase ignition process.

Theoretical treatment of gas phase convective ignition of flat plate
configurated propellants incorporates reactive boundary layer equations
(which are coupled to the solid phase thru the solid-gas interface). Works
in this field are discussed in Section III.

(ii) Ignition of Cylindrical Configurations

All reported convective ignition tests with cylindrical propellants
were conducted with ballistic homogeneous ones in tranverse flow under low
heat flux atmospheric conditions in which ignition delay times were measured
in seconds. Typical Reynolds numbers based on cylinder diameter were in the
range of few hundreds. As such, ignition occurred always at the front
stagnation region where the heating rates were the most intense and ignition
was mostly a solid phase process.

The most comprehensive work in this subject was conducted by Churchill
et al. {35). Their investigation encompassed gas temperatures from 578 to
1070 K, velocities corresponding to Reynold numbers from 156 to 624 (3 mm
diameter grains), and a complete range of oxygen-nitrogen mixtures as well
- as a few oxygen-carbon dioxide mixtures. Single-base and double-base
3 propellants were tested. They conducted over 2500 tests for more than 250
different experimental conditions and obtained ignition delays from half a
second to eight seconds. On a heuristic basis they correlated the ignition
b delay time, tign with the experimental conditions as follows:

)-Ren.‘-1
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t.gn = |A-exp(-E/RT

i gas

Where n is a dimensionless constant, whereas A and E are functions of gas
composition and propellant composition. Due to the large number of tests
conducted, the constants n, A and E were evaluated with small statistical
error by repetitive curve fitting. The above expression contains the
important parameters occurring in convective ignition situations; the Re
number to some power (representation of the heat flux) and the chemical
reaction. Surprisingly, the results correlated well with the chemical
reaction term based on +the gas phase temperature (t, n). This is in
contrast to anticipated dependence on the surface tempera%ﬁre only, as might
be expected by assuming a dominating solid phase ignition. For all
propellants (particularly in higher temperature cases), they found a
decrease in ignition time with increasing oxygen content over the entire
range of gas compositions, temperatures, and flow rates. This suggests that
gas phase oxidation reactions are very important in nitrocellulose-based
propellants. None of the propellants ignited consistently in pure nitrogen
or carbon dioxide. Under high flow rate-low temperature conditions, the
propellants frequently decomposed completely without visible ignition. For
some conditions, the flame first appeared at +the fringe of the gas stream
and flashed back to the grain. The last phenomenon was not considered to be
normal ignition and was not included in the correlation. Considering the
small size of propellant diameter, the aforementioned phenomena can be
explaiged on the basis of the gas phase ignition model (small Damkohler
number) .

B AT e Y o -




o s kit L AR AL .

Churchill's |35] work included situations in which a transition from
so0lid phase controlled ignition process to gas phase ignition was obtained.
This work was conducted (1956) before the suggestion of the first gas phase
ignition model (1960) and ignition at other positions rather than the front
stagnation region was considered a "spurious” case. In many respects the
present work is an extrapolation of Churchill's work to the purely gas phase
controlling ignition regime of nitrocellulose-based propellants, since these
are the conditions encountered in practice.

Other work with cylindrical propellants by Lisitskii |36 ] and Grigorev
|37] was more limited in scope. They ignited pyroxylin (nitrocellulose)
cylinders by very slow convective heating (1-2 m/sec, 600-900 K, ignition
delay: 10-40 sec). Under these conditions ignition was certainly a solid
phase process. The goal of those tests was to determine the effective
kinetic parameters of the high temperature condensed phase decomposition.
Ignition delays were correlated with the heat flux coefficient and a
chemical reaction temperature (in essence similar to Ref. 35). Existing
empirical heat transfer correlations were employed for that purpose. Since
some of the ignition delays were so long, the thermal wave at the time of
ignition in those cases approached the center the cylinder; the cylinder
could not have been treated as s semi-infinite body in the condensed phase
energy equation. Numerical investigations to that effect were conducted by
Lisitskii |38)]. Those conditions are far from being realistic in practical
ignition situations.

Simple representation of the heat transfer in the form- q = he(T as ~
surf ce) avoids the necessity of considering the flow structure (the hgai
tPansTer coefficient h is considered to be known) . That heat transfer
expression was used in the earlier work of the thermal ignition theory for
convective ignition situations [4]. Niioka and Williams L21J put forth a
theory of the ignition of a reactive solid in a hot stagnation flow, a
situation pertaining to solid phase ignition of cylinders under cross flow.
In their theory the gas phase flow is explicitly described by a proper
boundary layer flow equation. A rigorous ignition formula was derived by
asymptotic analysis. The practical use of that formula was demonstrated by
Niioka et al. |16] in their hot stagnation flow experiments. They used it
to derive from the experiments the overall solid phase activation energy of
a double~ base propellant. They used ir and helium as the test gases
(568-727 K, 4-32 m/sec, 0.5-3.5 cal/cm“-sec, t., = 2-50 sec) and
hemispheric configured propellants. They concluded ‘§Rat for their test
conditions the ignition was a pure solid phase phenomenon and suggested that
the region of transition from solid phase to gas phase ignition be studied.

II-C. Ignition Dynamics

Al]l the previously discussed ignition work considered only the ignition
delay period and not the transient period of transition from ignition to
combustion. Also, they dealt only with quasi-steady heat transfer
situations. In case of convective ignition, the starting period of the
flow, or the boundary layer relaxation period, were of small importance in
most work since they constituted only a very small fraction of the ignition
delay period. Only in shock tunnel experiments |19] were the initial flow
transients, associated with the starting of the flow, of importance.

Transient ignition situations are inherent to the practical use of
ballistic propellants in gun charges where the entire combustion process is
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transient. The situation there is of a packed bed of small propellant
grains in a closed chamber, being ignited at one end (or along the axis) by
the gaseous products from an igniter; the gas generation from the
propellants upstream adds to the igniter gas to ignite the propellants
down-stream in rapidly increasing pressure, temperature ,and velocity fields
[39,40]. The entire process of ignition and burning is completed in a few
milliseconds during which the pressure rises to hundreds of MPa. Thus, the
burning rate after the attainment of ignition cannot be regarded as
quasi-steady, obeying a simple power low dependence on pressure.

Only a few models considered the transition from the ignition phase to
steady state burning |41-43]. They all applied steady state-type
expressions for heat flux versus surface regression to that period. The
imposition of the steady state regression rate as an upper limit during
ignition transition to sustained burning is certainly an oversimplification,
particularly for a gas phase ignition situation. The most sophisticated of
these models, by Baer and Ryan [42], did not consider any particular
ignition process. They solved the solid phase energy equation with a moving
boundary considering the effect of all reactions to be approximated as a
surface heat flux and employing a simplified description of the steady state
regression rate for the transition period to sustained deflagration. Their
model predicted the effect of pressure on the ignition time at a given
{ external heat flux level (even if solid phase ignition is postulated), since
4 the regression rate is pressure dependent. They found that the net heat of
gasification of the propellant, the steady state burning parameter, and the
manner in which the igniter heat flux is terminated have critical effects on
the +transition to steady deflagration. The assumptions of their model
certainly do not apply to practical gun application where the ignition
process culminates in highly transient burning situations.

The effects of the external heat flux dynamics on the ignition delay
was studied experimentally |44 | and theoretically |45] by Rosenband et al.
However, their analysis was applied only to the solid phase ignition
process. They found that the ignition delay depended differently on the
kinetic and thermo-physical parameters in different heat flux dynamics
situations. For an increasing flux, the effect of these parameters on
ignition delay is much less than for a constant or diminishing flux. For !
rapidly increasing flux the ignition delay may be determined solely by the
dynamics of the external heat source. Thus, they concluded that the optimal
conditions to determine kinetic parameters from ignition experiments are
when the external heat flow diminishes with time. There is no similar work
reported for the gas phase ignition process. i

A rather comprehensive discussion of the various simplified ignition
versus heat flux correlations as applied to ignition transient calculations
in gun situations is found in Ref. 46. It was found that the calculated
flame spreading rate in granular beds is sensitive to the assumed ignition
criteria.

II-D. The Combustion Characteristics of Nitrocellulose-Based Propellants

Since a successful ignition event culminates in self-sustained burning, {
it is expected that steady state burning characteristics of the propellant
have implications on the dynamics of the transition from ignition to steady
deflagration. In that respect it is worth reviewing briefly some of the
work dealing with the bdurning phenomena of double-based (nitrocellulose
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based) propellants.

An extensive review of the literature on that subject can be found in
the introduction of Ref. 47. The region in which the double-base propellant
combustion occurs can be divided into four separate and independent =zones:
subsurface reaction zone, fizz zone, dark zone, and flame zone. A schematic
diagram of the four zones and their reaction paths are shown in Fig. 1. The
overall subsurface degradation is exothermic. In the fizz 2zone, it is
believed that a second order gas phase exothermic reaction occurs. The
exact details of the reaction mechanism there are still unknown. Little
heat is liberated in the dark zone. It is believed that in this zone the
species concentrations build up to some critical values prior to the onset
of the flame zone reactions (induction period). Little is known about the
physical and chemical processes which take place there. The final
exothermic reactions occur at the flame zone (which is luminous).
Typically, about one-half of the total heat produced from the entire
ﬂ reaction process is liberated in the flame zone. The combustion scheme just

described is obtained under inert quiescent ambient conditions. How it
differs in reactive convective flow is not known. The separate reaction
zone structure certainly has implications for the dynamics of gas phase
ignition process.

The importance of the steady state regression rate dependence on the
pressure in the transition process from ignition to steady deflagration was
A discussed in the previous paragraph in connection with the work of
Refs. 41-43. Non-catalyzed double-base propellants exhibit identical
dependence of regression rate on pressure for the entire practical pressure
range in the form: r = a.-p"® (i.e., the pressure index n remains constant).
Typical values for n are in the range 0.6-0.9; thus the burning rate of
double-base propellant is very sensitive to pressure. For some practical
applications (e.g., propulsion) it is desired to obtain zones of reduced
sensitivity of the burning rate to pressure. This is done by adding
additives (catalysts) to the propellant; most commonly, lead and copper
compounds. This results in increased burning rate at low pressure
(n = 0.8-2), followed by a plateau burning region (n = 0-0.2), by a mesa
burning region (n < 0), and finally, as the pressure is increased further,
the regular pressure dependence of non-catalyzed propellant is
re-established (n = 0.6-0.9). The physical and chemical mechanisms
responsible for that phenomenon are still not well understood. A number of
recent studies deal with this subject |48-50). The ignition of catalyzed
double base propellants was investigated in detail only in radiative
ignition experiments conducted by Deluca et al. |13]. They found that for
double~base propellants, in general, a brief flux-dependent period of
transient flame development occurred after the beginning of gasification.
Before self-sustained burning was reached, this interval was followed by a
relative long flux dependent period of steady state, radiation-assisted
burning. In cases of catalyzed propellant ignition under low pressure
conditions (1 - 1.5 MPa), the radiation assisted period of burning could be
reduced significantly without extinction at the termination of the
radiation. It has been established that the catalysts affect the gas phase
processes and not the condensed phase. As such they are likely to affect
gas phase ignition dynamics in convective flow situations. There is no
published work in this area.

e S oo A G N R . -

S e L omGD AR A




- 11 -

SECTION III

THEORETICAL ANALYSIS OF CONVECTIVE IGNITION OF
A CYLINDRICAL PROPELLANT
UNDER CROSS FLOW CONDITIONS

IIlfﬁ. Introduction

High speed flow around a cylinder is indeed a kaleidoscope of fluid
phenomena. No simple analytical or phenomenological treatment can describe
the entire flow field structure. Though the upstream front half of the
cylinder is tractable to strict analytical treatment, the wake region
structure is so complex as to exclude any analytical treatment but a
phenomenological one. Thus, one realizes that a convective ignition
process, which by definition is flow dependent, is of formidable complexity.
If it were only a solid phase phenomena it could have been treated
relatively easily using semi-empirical heat flux data of flow around
cylinders.

AR R ad

However in the case where the convective ignition is mostly a gas phase
phenomenon, as it is in the present research, the complexity of the problem
is evident, since the gas phase reaction kinetics is coupled to the fluid
flow dynamics. Therefore, the ignition trends will be examined separately
in three different zones: front stagnation point zone, flow separation point
zone, and the wake zone. A special emphasis will be put on the effect of
] transient flow conditions on the ignition performance. Such conditions are
especially prominent during the starting stages of the flow and are
encountered in practice as well as in the present test apparatus. To this
effect, the ignition equations will be studied in their complete unsteady
form, rather than assuming quasi-steadiness.

The transition dynamics from ignition to fully developed burning is

also of great interest, since, in the present case of very short ignition

. delay times, it may constitute most of the +time duration from flow

» initiation to steady state burning. In practice, a very vigorous ignition

3 may trigger strong undesired pressure pulses which, in turn, interact with

the burning dynamics, leading to a possible uncontrolled explosive burning.

Thus, the analytical solution will proceed to the stage of steady state
conditions.

The propellant, of homogeneous type, will be treated as a double-based :
propellant which decomposes to premixed fuel and oxidizer species. The ;
effect of free stream oxidizer will be investigated. No attempt will be s
made to distinguish between the free stream oxidizer and the oxidizing
species from the propellant surface. Though not too realistic, it should be
emphasized, that despite years of research, the gas phase reaction kinetics
of a typical double-based propellant is poorly understood. Thus, not much
information is gained by a more detailed study which would distinguish
j between the various oxidizer components. In general, the nature of the
| problem is such that many physical parameters enter the picture, some of
which are poorly known and are only an estimate. Therefore the purpose of 4
the present analytical investigation is to find the general trends of the
ignition performance and their dependence on the main physical parameters.
Thus attention is not given to precise correlations of experimental data in
terms of calculated results. However, major experimental trends will be

0. e o Y G B 1. ' R
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explained based on the theoretical analysis.

III-B. Basic Physical Considerations of Gas Phase Convective
Ignition of a Circular Cylindrical Propellant

The basic mechanism of convective ignition is depicted in Fig. 2. As
the hot gas flow impinges on a propellant cylinder, thermal and viscous
boundary layers develop adjacent to the cylinder surface in a time on the
order of the flow time around the cylinder (D/Ue , typically a fraction of a
millisecond). During this brief transient, the heat flux is abnormslly
large so that T, rises rapidly. There may be other flow transients during
the initiation period of the flow which may have a longer duration and raise
the surface temperature even further. The transient flow conditions
associated with the starting process of the flow in the teat apparatus are
discussed in Section IV. During that period the flow separates to form a
wake region behind the propellant cylinder. The nature of the flow around
the cylinder will be discussed in the next paragraph. Once the flow around
the cylinder is established, the c¢ylinder enters a relatively prolonged
period of heat up during which the cylinder behaves as an inert one, since
its temperature is too low for either significant gasification and/or the
inducement of significant chemical reactions in the solid or gas phase. The
temperature along the perimeter of the cylinder is clearly nonuniform and
subsequent development of flame will reflect it. The first departure from
this purely inert heating phase will occur at the point where surface
temperature rises most rapidly. For typical nitrocellulose-based
propellants, rapid decomposition ensues where the temperature increases
above 500 K.

The general interaction of gas phase-condensed phase physichemical
processes which lead to gas phase ignition is depicted on Fig. 3. The gas
phase may be quiescent or in a state of developing or a fully developed
boundary layer flow. The gas adjacent to the surface is at a much higher
temperature than the surface and may contain oxidizer species. During the
inert stage of the surface heat up period, the propellant surface
temperature is solely determined by the transient heat feedback from the gas
phase and the only properties of relevance are the gas and condensed phase
thermal properties. As the gasification temperature is reached, the
propellant starts to vaporize and decompose to reactive fuel and oxidiger
species. The gasification and decomposition are endothermic interface
processes which are strongly temperature dependent, thus a larger and larger
percentage of the heat feedback from the gas phase will be consumed by the
gasification process. The reactants which emerge from the surface,
penetrate the adjacent gas by means of convective and diffusive mechanisms.
At some distance from the surface where the temperature is sufficiently
high, exothermic reactions commence. The oxidizer species which are
initially present in the gas phase, diffuse to the reaction 2zone to
participate in the reactions. The heat liberated in the reaction zone is
partially fed back +to the surface by a diffusion mechanism. The surface
temperature increases and so does the vaporization rate. After some time
the reactant species concentration and the gas phase temperature at the
reaction zone is sufficiently high for a run-away chemical reaction to
occur. Thus a state of ignition is approached. A transition to a steady
state flame may occur according to the dashed routes shown on Fig. 2. The
steady state burning occurs when, finally, a balance in heat generation and
consumption is obtained. A complete analytical treatment of the
aforementioned process will be given in III-D.
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In general, the chemical processes that follow the condensed phase
decomposition do not occur automatically and in negligible time: they are,
in fact, complexly intertwined with the gas flow around the cylinder. The
gaseous products emerging initially from the front of the cylinder enter the
boundary layer with its higher temperature. The fate of the reactants
depends on the 1local temperature, concentration, velocity, etc. These
effects can be summarized in the form of a dimensionless parameter, a
Damkohler number:

Dy = (tprow / treacrioN’

For D, >> 1, the reaction is faster than the flow (see Fig. 4a), so that the
reactants emerging from the stagnation region are consumed while still in
that neighborhood. If this is the case, the heat release accompanying these
reactions is partially fed back to the propellant, supplementing the
convective heat transfer and yielding a bootstrapping process that can
greatly accelerate ignition at the cylinder front. Ignition at the cylinder
front creates hot combustion products that pour into the boundary layer and
the wake, thus accelerating the ignition process elsewhere: thus, the flame
spreads quickly. If D << 1, the reactants tend to be dispersed downstream
before reacting (see FAg. 4b) and the vigorous bootstrapping process at the
front is 1lost. Since reaction rate increases remarkably with pressure and
temperature, increases in either of them strongly affect the value of D
favoring leading edge ignition.

Failure of stagnation point ignition does not mean total ignition
failure. The wake behind the cylinder is an effective reactant accumulator.
The residence time of a reactant molecule there is longer than the residence
time of flow around the cylinder. Therefore, the reactions have ample time
to go to completion there. This yields a bootstrapping process coupled to
the propellant at the rear of the cylinder and ignition in the wake.

The above discussion suggests that the ignition of a cylinder to a full
steady state burning can be expressed as, al hemica
Where tth is the time to heat up the surfac€ to ; Fste ga31§103 1on.
This timé GAn be shortened significantly if the initial transient conditions
are very prominent. The second part of the delay, t 1° is dependent
on the Damkohler number and it is the time which ggegéc% difficult to
predict. Only closer consideration of the competing processes of reaction,
diffusion and flow around the cylinder may yield a qualitatively correct
description of the behavior of t i when D, approaches unity. Close
attention should be given to the 1n¥fﬂeﬁce of Reynolds number on the nature
of the boundary 1layer and the wake since these strongly affect the
competition expressed in the Damkohler number. The dependence of the flow
around circular cylinders on the Reynolds number will be discussed in the
next paragraph.

III-C. Studies of Flow Past Circular Cylinders

As was discussed above, the convective ignition phenomena of cylinders
is complexly intertwined with the flow field. The structure of the flow
around cylinders is most dependent on the Reynolds number of the flow. A
typical range of Reynolds number for convective ignition applications is
1000 to 200,000, which 1is about the range covered in the present
experimental program. The flow velocity is low subsonic, i.e., less than
Mach O.1. Thus, most of the following review and discussion will be limited
to the aforementioned range of Re number and flow regime. The transfer of
heat and mass to a circular cylinder in cross flow has long attracted much
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attention. In addition to being of direct practical importance, the
circular cylinder has been a convenient model for many fundamental studies
on heat and mass transfer by forced convection. The distribution of local
pressure and skin friction around circular cylinders has also attracted much
attention because of similar reasons. There is a large volume of literature
available on these subjects and only the main points most relevant to the
present case will be reviewed here.

A comprehensive review of the structural espects of the flow around
circular cylinders is given by Ref. 51. There exist definite regimes of
flow across the Reynolds number range, which are identifiable by virtue of
their unique features. The regime of flow which extends over the range of
Re number 1000 to 150,000 is called the "subcritical"” regime and it is the
regime which is encountered in most chemical engineering applications as
well as in convective ignition applications. The next regime of flow is
called the "critical” regime and it extends over the range of Re number
150,000 to 3,000,000. Some convective ignition cases may fall into this
regime. Typically for the subcritical regime, the heat transfer coefficient
is maximum at the front stagnation point or at the rear stagnation point.
The main features are as follows: a) laminar boundary layer separation at
about 80 degrees from the leading edge, b) nearly constant frequency of
vortex shedding from the wake, ¢) forward progression of turbulence in the
wake with increase in Re number, and d) moderate semsitivity to free stream
turbulence and surface roughness. As a Re number of about 150,000 is
approached the features of the flow change dramatically and the critical
regime starts.

The main features are as follows: a) rapid narrowing of the wake
corresponding to the reattachment of the separated laminar boundary layer to
form a 1laminar bubble proceeded by a turbulent boundary 1layer which
separates at around 120 degrees, b) loss of a dominant periodicity of vortex
shedding, c) progressive loss of laminar bubble with increase in Re number,
and d) much stronger sensitivity to free stream turbulence and surface
roughness.

A typical distribution of pressure and heat transfer coefficients
around a cylinder in subcritical and critical flow regimes is given by
Ref. 52 and shown on Fig. 5. Maximum heat transfer does not necessarily
occur at the leading edge. ¥hen the Re number is sufficiently large, heat
transfer is more enhanced in the wake region. The effect of surface
roughness on the heat transfer was investigated by Ref. 53. It was found
that with the increase of surface roughness, the boundary layer undergoes
transition from laminar to turbulent flow at decreasing Re numbers. The
flow will become "critical" at a 1lower Re number and the heat transfer will
be affected accordingly.

The Prandtl number (Pr) of convective ignition flows is around unity;
therefore, the heat transfer behavior can be inferred from the general flow
structure. Information concerning effects of Pr number other than unity,
may be found in Refs. 54 and 55. Effects of blockage ratio on the flow are
discussed and analyged in Ref. 55. This subject will be discussed in
Section IV.

Ths variatign in pressure distribution around cylinders is on the order
of $°U° or P'M° , which for a low subsonic flow is only a few percent of

the free stream pressure. Thus, it has only a minor effect on the gas phase

i
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kinetics. Therefore pressure distribution studies of flow around cylinders
are of secondary importance. The mechanism of heat transfer to the front
surface of the cylinder is well understood (through studies of laminar
boundary layer phenomenon). However, the mechanism of heat transfer to the
rear surface is much less understood and there are few hypothesis to explain
it. The ideas developed can be exploited to explain convective ignition in
the wake and, therefore, a short summary of the main hypothesis will be
given here.

Basically all the approaches are phenomenological in nature and
generally fail to yield local heat transfer values but a global one for the
entire rear surface. In all cases the coefficient of heat transfer is
related to Re number according to the relationship Nu = C+Re™.

N i i s

Richardson |56 ] correlated heat transfer data from the literature to
find a value of n = 2/3. The correlation of n was quite good but there were
considerable deviations in the value of C. He attributed it to differences
in experimental conditions especially with regard to wind tunnel blockage,
free stream turbulence, and compressibility effects, as well as effects due
to variable surface temperatures, since some of the experiments were
performed under uniform surface temperature, while others were performed
under uniform heat flux conditions. It should be pointed out here that in
convective ignition experiments nothing is kept wuniform and therefore heat
flux correlation taken from the literature to estimate tth are dubious.

ermal

There are two basic approaches. The first one is the "intermittent
penetration theory"” developed by Sano and Nishikawa [57]). They assumed that
the fluid which is in contact with the surface of the cylinder is
periodically renewed through the process of vortex shedding. From the
solution of the unsteady state heat transfer equation with a frequency of
surface renewal equal to that of vortex shedding, they estimated the time
average overall heat transfer rate. The agreement with experimental data
was rather poor, since the dependence on Re number was to the power of 1/2
‘ which is at variance with experimental evidence. A variation of this
. penetration model was given by Virk |58). The second theory is the boundary

layer theory proposed by Mitchell |59). His analytical model combines the
surface renewal model with conventional boundary layer theory. A new
boundary layer forms on the rear surface of a bluff body each time a vortex
is formed. It builds up until the vortex is shed, and then it sheds with
the vortex. Here a free stream velocity for the boundary 1layer over the
rear surface should be assumed. The total heat transfer is obtained adding
a short term solution and a long term solution. The short time solution is
the solution of the unsteady boundary layer neglecting the convection term.
The 1long time solution is the conventional steady state laminar boundary
layer solution. The short term solution was found to account only for about
: 10% of the total period; thus, the heat transfer rate is little affected by
the frequency of vortex shedding. Again, the dependence on Re number was
found to be to the power of 1/2. However, if a turbulent boundary layer is
assumed to exist on the rear surface, the Re number power dependence is 0.8.
Again the comparison with experimental data was only fair though better than
for the pure penetration model. Experiments conducted by Matsui et al. |60]
tend to support the second theory, though his experimental results yielded a
dependence of heat transfer on Re number to the power of 0.63. Using a flow
visualization technique and measuring flow velocity at the wake, he found
that the fluid flow behind the cylinder reverses from the rear stagnation
roint to the separation point with the periodical fluctuation of the vortex
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shedding from the wake. The reverse flow was found to be remarkably
intense.

To summarize: both theories fail to explain the experimentally found
dependency of the heat transfer in the wake on Re number to the power of
about 2/3. The second theory (boundary layer) is much more realistic and
can explain the decrease of the local heat transfer coefficient, when moving
from the rear stagnation point toward the separation point, by assuming
thickening of the boundary layer.

Effects of free stream turbulence on heat and mass transfer from
cylinders are best reviewed by Ref. 61 and will be discussed in more detail
in Section V. As mentioned before, in the subcritical regime the effects
are moderate and are toward the increase in heat transfer. The effect is
more pronounced on the front surface than on the rear surface.

The situation where there are two cylinders in a row in cross flow is
naturally more complex, and the flow fields around the second cylinder and
between the two, depend on the ratio of the distance between them (L) to the
diameter of the first cylinder (D). This type of situation was investigated
by Ref. 62. Two different flow patterns around the cylinders are shown on
Fig. 5. Of importance are: a) The flow field around the second cylinder
resembles the pattern of critical flow. The boundary layer separates at
around 120 degrees and, consequently the static pressure and heat transfer
change very dramatically in the wake of the second cylinder. b) If the
distance between the two cylinders is too small, a closed vortex is formed
between the two cylinders; consequently, in the case of convective ignition,
reactions have ample time to proceed, and ignition and flame stabilization
are certain.

The foregoing discussion suggests the existence of three distinct flow
zones around cylinders: front surface, wake (and rear surface), and
separation point region. Thus the convective ignition process will be
investigated separately in these zones. The experimental work which will be
discussed in Section V indeed revealed three distinct regions for ignition
which will be referred to as: (1) Front stagnation region ignitiomn, (2)
Separation region ignition, and (3) Rear body ignition. See illustration in
Fig. 7. The occurrence of the first event (1) is independent of the flow in
regions (2) and (3), but events (2) and (3) are interrelated and depend on
the flow in region (1).

As already mentioned, only the front surface gone is tractable to a
strict analytical treatment since the flow there is of the boundary layer
type. Thus, a complete theoretical model will be developed for ignition in
a boundary layer flow situation.

III-D. Studies of Ignition in & Reactive Boundary layer

The general concept of reactive boundary layers is extensively reviewed
by Williams |63] and Chung [64]. The work in ignition of reactive boundary
layers falls into two categories: work with premixed flames and work with
diffusion flames. The present situation is unique in the sense that when
free stream oxidizers are present, it exhibits a hybrid behavior. Ignition
under fully inert conditions, however, is of the premixed flame type.
Marble and Adamson |65] first studied the problem of ignition under
conditions of laminar mixing between two gaseous streams of a premixed fuel




-17 -

and a hot combustion product (Marble-Adamson problem). Dooley |66] and
Tsuji [67] extended the problem to flat plate flame stabilization. Cheng
and Kovitz |68) extended the Marble-Adamson problem to the wake of a flat
plate. Sharma and Sirignano studied ignition of cold premixed combustibles
by a hot body in stagnation point flow |69) and in flat plate flow [70].
They also treated the ignition in the wake of a hot projectile as a Marble
Adamson problem. Unlike the earlier analyses, the nonsimilar boundary layer
equations were directly integrated by a numerical method.

All the above mentioned work was with premixed flows. Work with
diffusion flame in boundary layers generally assumed the Burke-Schumann
flame sheet model |71 ). Emmons |72) considered the mass burning rate of a
flat plate of fuel without the flame sheet approximation. He wused the
Shvab-Zeldovich method |73 ) assuming the oxygen concentration at the fuel
surface to be zero. Waldman |74) studied diffusion flame over wedge-shaped
bodies which evaporate or sublimate in equilibrium according to
Clausius-Clapeyron law. The analysis of a non-similar boundary layer was
carried out with the method of matched asymptotic expansions.
Krishnamurthy, Willisms and Seshadri |75 studied the extinction of
diffusion flame in stagnation point boundary layer flow about a vaporizing
fuel body by means of asymptotic theory. Their theory extensively used the
Damkohler number concept. Effects of Damkohler numbers on combustion in
boundary layers were investigated by means of aerothermochemical analysis by
Tsuji and Matsui |76]) in connection with the combustion of carbon in
stagnation flow. The model included surface reaction, and two types of
Damkohler numbers were defined: gas phase Damkohler number and surface
Damkohler number.

Neither of the aforementioned studies included the coupling of the gas
phase with the unsteady solid state even in the ignition situation.
Kashiwagi and Summerfield studied experimentally |77) and analytically [78)]
ignition and flame spreading on solid fuels in a hot oxidizing gas. The
non-similar boundary layer equations were numerically solved coupled with
the unsteady solid phase. However, the gas phase equations, as in all of
the other work, were assumed to be quasi-steady, thus omitting the time
derivatives. That simplified the solution to & great extent and in most
cases only ordinary differential equations had to be dealt with. The
assumption of quasi-steadiness of the gas phase in the ignition situation is
justified when the characteristic time of the gas flow is much shorter than
the ignition process. Such an assumption fails in the case of very short
ignition delay times and processes. The present work addresses itself to
cases of complete unsteadiness of the gas phase, including even the effect
of unsteady free stream velocity, pressure, and temperature. The solid
phase is fully coupled to the gas phase and chemical reaction is allowed to
occur in the solid phase as well as in the gas phase. Thus, the transient
nature of the ignition is fully explored.

II1I-E Basic Equations of Unsteady Reactive Boundary
Layer Coupled to Solid Phase

The basic physical situation shown in Fig. 3 was already discussed in
paragraph III-B. At t = O a hot oxidizer flow starte to develop over the
front surface of the cylinder. The transition from a quiescent condition to
a fully developed boundary layer may proceed in an arbitrary manner of flow
acceleration, pressure, and temperature growth. The cylinder is composed of
a homogeneous solid propellant which decomposes into fuel and oxidisger




- 18 ~

species upon being heated. The gas phase-solid phase interaction process
discussed in III-B leads eventually to a run-away chemical reaction at some
location in the boundary layer.

The characteristic time of the boundary 1layer development over the
propellant specimen under the present test conditions varied in the range of
50 to 300 msec. Many of the ignition delay times were in the submillisecond
range; thus, neither the thermal induction period nor the chemical induction
period of the ignition process can be treated in a quasisteady manner.

Since the Re number of interest here is in the range of 1000 to 150000,
the Dboundary layer approximation is assumed to be valid for the present
ignition problem. This approximation breaks down after ignition, except at
the stagnation point region. The reason is that the conduction term in the
direction of the flow, neglected in the boundary layer approximation, is not
negligible after ignition. However, the approximation is valid during most
of the .induction period until intense flame is developed. The boundary
layer over the front surface is considered to be laminar. This assumption
is reasonable considering the Reynolds number range of the flow and it is
also supported by heat flux measurements taken with an instrumented cylinder
as will be discussed in Section V.

(i) Gas Phase Equations

The governing reactive boundary layer equations are as follows:

Continuity:

28 . d(3uw 202V) _
+ 3544 332--0 w

Momentum:

ST eV -+ HFEH)

Energy: ,(%%,,_u% + V%%)= % ML ,,_/,(1 4_) L‘-’_]
~3y [(‘t’.‘i) IDaE &.‘ %5‘- +2F (3)
Conservation of i-th species:
(% CA/ ST _"g. +v‘"‘) -%(gp,,%l.) +Wy (4)

Equation of State:
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where Y‘--z*— is the mass fraction of species i

y

A T Ao

and R-é"‘fc’; JT'+,L¢ is the enthalpy of species i,

o

a A
so that ﬁ*iv‘& is the total enthalpy

[ ]

a 2

and I= A"’-%' is the total energy.

PY%%Z“- is the Prandtl number.

Le Q_C_P"(&&z is the Lewis number.

The assumptions that were made:
(1) Fick's law of diffusion holds, assuming equal diffusion coefficient.
(2) The mixture of gases behaves as perfect gas.

A new coordinate system is defined, using the Levy (79] and
Howarth-Dorodnitzyn |80) transformations:

X
A velocity function, F, is defined such that:

F=F(1,5,%) w(siy B =te(s D3 ()
Thus the new independent variables are:

SRS(Xat) ‘2‘ ?(xlaat) = t(XOt) (8)
A residence time, tf, is defined such that:

e (9)
2 3T 2 Te Hele
't, .'t kX

Using the newly defined coordinate system and functions, the boundary
layer equations (1)-(4) are transformed to a non-similar form, retaining the
nonsteadiness of the velocity, pressure, and temperature. The new form of
equations is not standard and, therefore, the key steps in deriving the
equations are given in Appendix I. The set of equations obtained is in the
most general form and will be simplified further by the following

assumptions:
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1) The specific heat is the same for all the gaseous species
and is constant.

2) The molecular weights of all species are equal and the
diffusion coefficients of all species are equal.

3) The Prandtl, Schmidt and Lewis numbers are equal to unity.

F- M B .
4) jgzz;'= 1 everywhere in the flow field.

0 A R et -

The above assumptions are commonly found elsewhere in the combustion
literature. They simplify the equations to a great extent, and yet the
basic features of the exact solution are retained. Considering the lack of
knowledge of the exact chemical kinetics process, the above 81m511figations
are Justified. Dealing with low subsonic flow, M2 << 1, << h, the
kinetic energy is neglected in the energy equation.
{ Defining: s T
| 8 (10)
1 Tof
T ef is the maximum temperature obtained in the free stream after some
‘ time to
tYole
Then: c ( +
I= p.Ti, o <rTo o
Gas phase reaction: Assuming one-step irreversible chemical reaction

subjected to second-order Arrhenius kinetics, of the form:
[F]+ n[ox] — ) [F]

[ E
Wi = = $%An-Ye Yoo AT

Thus the boundary layer equations (App. I, equations (I-5) to (I-7)), assume
the form:

So that:
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In the above equations, the free stream velocity, pressure and
temperature are arbitrary functions of time. The residence time ¢t is
therefore also a function of time and the response of the equations t0 any
perturbation depends on the instantaneous value of t.. The equations are
two-dimensional in space (s, l\) and may be applied to any arbitrary surface
shape as, for example, the front surface of a cylinder.

The coupling of the above equations with the solid phase is through the
boundary conditions. This subject will be discussed next.

(ii) Solid Phase Equations

Assumptions:

1) The temperature gradients along the surface are much smaller than
those perpendicular to it. Thus, the solid phase energy equation assumes a
one dimensional form. This assumption is completely valid at the stagnation
point region and during most of the ignition induction period elsewhere.

o, Hy,

4 2) A subsurface chemical reaction of the zeroth order is assumed |_50J,

whose control mechanism is solid phase decomposition.
2 we = ~Ag-e” AT ' |
: Neglecting species diffusion, the following equations are obtained: ”‘
H
§
: Energy:
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g CAALE e (140)
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VREG is the regression velocity. It will be expressed by an Arrhenius
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pyrolysis law. Thus, it depends only on the surface temperature.

E,
Vees =Ap-€ ~/RTw (15)
Defining:
e (16)
Ta® Gy & o
and also:

Qe #

S’s Crs

The solid phase equations in their transformed form are:

S0s0 “_
2+ B4 X +(_,,.V-;'f.z 42t .9, %;.

(17)
= 2050, Q,-ts
+ AL . W,
‘a?s Crg Tos
Tt w‘*(“—"—v' Fak SN (17a)
a
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S, t; are the same variables defined before for equations (11)~-(13).

The initial conditions and boundary conditions which couple the
boundary layer equations (11)-(13) to the solid phase equations (16)-(17)
are given here in their basic initial form:

'L'-O ue"o V.“-o
. UBO :"o (18a)
=To
(4530 Yo Yoxe
Ye =0
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Ye =0
H=% s
Ys=1
The boundary conditions reflect the non-slip conditions, the blowing at '
the surface, the energy matching, the conservation of mass at the surface,
and conditions at the gas phase boundary layer edge and solid phase thermal

£ wave edge. It is assumed that the solid phase pyrolyzes at the surface to
fuel and oxidizer, with fractional mass ratios of of and 1-a respectively.

The initial conditions are: quiescence at timg t = O and some given
step function of free stream conditions at time t = 0 . Thereafter the free
stream conditions vary with time in a given manner.

¥ The boundary 1layer and solid phase equations constitute a set of
parabolic partial differential equations which can be solved numerically for
the given boundary and initial conditions (Eq. (18)). However, the
complexity of the problem is immense and solving it in two spacial
dimensions is beyond the scope of the present work. Thus, the solution for
the entire front surface of a cylinder will not be investigated numerically
but phenomenologically. Since one of the goals of the present work is to j
investigate convective ignition under general unsteady conditions, the
equations above will be applied to the front stagnation point region; thus,
the problem will be transformed to one-dimensional in space but the
non-steadiness will be retained.

i A IS ks A B BE

III-F. Front Stagnation Point Solution

(i) Formulation

The free stream velocity at the front stagnation point region is
assumed to correspond to a potential flow around the cylinder even in the
unsteady case (see for example Ref. 81). Thus, for a cylinder of radius R,
the boundary layer edge velocity is:

B
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Wl
We (x,t) = 2§t x (19)
Up(t) is an arbitrary time variant.

As already assumed, ¢4 is a function of pressure only; therefore:

SeshemCrn € =Lt Pe 2= By (¢) (198)
Te = To(t)

Noting also that L .2Pe hile L. .QUe
ing also tha A Dx«-&-, while 0y S ~0(1/R))

the residence time is
$, = =B— (20)
3T 2.0
Also, %S- .%ES.Q =1 and %§=0 inside the boundary layer so that:
e
v=lt) F=F(t
The independent variables thus obtained are:
' ¢
o ‘ . = ﬂ‘ 'u -4
The following parametric groups are defined:
Damkohler numbers:
Dﬁ & tf’ ’Q'n°An - Gas phase Damkohler number
o5
)
¢ I A2 - Surface Damkohler number
Pad Vpoione AP (22a)
Dso® ty-Ag - Solid phase Damkohler number

Thermal snd physical properties:

rs _g_:.L - Heat capacity ratio

Ee m_ - Thermal properties ratio ;
®-Ke -Cp |

a‘ c'é ¥ - Ratio of heat of evaporation of propellant
.15’ to static enthalpy of the flow.
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(22v)
< Qn - Ratio of heat of gas phase reaction
=

P TCf to static enthalpy of the flow
' - Ratio of heat of solid phase reaction
RO Bs ’
Cps*Tes to static enthalpy of the flow
Chemical kinetics values:
Ep - Nondimensional activation energy
9% 77
f of gas phase reaction
(22¢)
- EI - Nondimensional activation energy
Os= R-Teg
of solid phase reaction
!!.EEI: N . . tivati
eP N’Tef - Non dimensional pyrolysis activation energy
New dependent variables are defined:
Ge 2E
o
Z2 Yo —7nY,
He 6+4 Y

The last two definitions of (23) will render the boundary layer
equations into a Schvab-Zeldovich |51) form, thus reducing the number of
nonlinear terms on the right hand side of the equations. With the above
definitions the boundary layer equations (11)-(13) written for the
stagnation flow assume the final form:
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+ S (EH-F 1Y B

The solid phase equations are:

304, _, 'Op Yt
e TR T e @
= - Pxo 'e-O./*.

(29)
- Y, -Oa/o.
W[ G ot dp ) Paons
The boundary conditions for the above equations are as follows:
<=0 G- f.%;
130 o
(,3’0) - X YQ" (303)
Ne %;-p *'V“
Oge= %—;
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Qii) Discussion of the Stagnation Flow Ignition
. ) As evidenced from Eqs. (24)-(29), there is no dependence on x for the

temperature and species concentration profiles, and the boundary layer
thickness is constant along the surface. Thus, there is no preference for
ignition to occur at any specific point along the surface. Furthermore, the
surface temperature is constant with x and the accumulated amount of fuel
evaporated along x is balanced exactly by dilution from the external flow so
that reaction rate is the same everywhere. Ignition, if it occurs, should
occur simultaneously over the entire region.

£ e b e

3 The front stagnation blow region is the region where Eq. (19) holds.
; Typically, the external flow around the front half of a cylinder, up to
! about 60 degrees along the perimeter, satisfies:

U¢=2-2fam% (31)

Eq. (19) is a good approximation to Eq. (31) up to about 30 degrees from the
front stagnation point. Thus, the front stagnation flow region subtends
about 60 degrees of the front perimeter.

Despite the one-dimensional appearance of Egs. (24)-(29), the physical ;
processes typical +to convective ignition are well entrenched in the :
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equations in the form of the various Damkohler numbers.

The role of the gas Damkohler number D, was already discussed in III-B.
It has a major role in determining ignition site, as well as delay time. If
it is too small, ignition may occur at other portions of the cylinder rather
than at the stagnation region. The surface Damkohler number D, is a ratio
of flow residence time to fuel loading time. Its main effect is on ignition
delay time which is shorter for a larger D, The solid phase Damkohler
number D o determines the relative contribution of subsurface heat release
to the 1increase in surface temperature, as compared to heat transfer from
the gas phase.

The parameter h is important in providing sufficient energy as a=a
stimulus for the fast reaction rate necessary for ignition.

The thermal property § (Eq. (22b)) is of major importance. It is a
measure of the thermal response of the solid phase to changes in the gas
phase. From the classic theory of heat conduction, it can be shown [82]
that when two semi~infinite bodies of different temperatures, T,6 and T , are
brought into contact, the contact surface assumes instantly a value given

by:
Tw= 1+ e"" +To ' (32)

Such is the case of conductive ignition. When the propellant surface
is suddenly exposed to hot gas, the surface temperature jumps instantly to a

value compatible with Eq. (32). Such conditions occur, for example, in
shock tube tests [ 8]. 1In convectlve ignition a similar surface temperature
jump occurs at time ¢ =0t » but unlike the conductive case, the surface

temperature will rise thereafter at a rate compatible with the convective
heat transfer mechanism (i.e., boundary layer flow). A smaller € results in
a larger initial surface temperature jump and, therefore, in a substantial
reduction in ignition delay time. The time for the surface temperature to
reach some value under specified heating conditions is also proportional to

E’
(iii) Time Scales of the Problem

As already discussed in III, the ignition delay time can be expressed
as t + t . This is, however, a simplified phenomenological
inte%%ggga%ion. Chﬁﬂ%gﬂé t e , all the terms in Eqs. (24)-(25) which
contain the various Damkoﬁ?er numbers are negligible in magnitude as
compared to the other terms. For a given £ and steady free stream
conditions, the surface <temperature is merely a function of €. Therefore,
the time it takes for the surface temperature to rise from its initial value
to a given value is a linear function of the free stream velocity.

In the case of steady free stream conditions, the time scale of
non-steadiness in the gas phase is about ¥~ 1 . During this period the
boundary layer develops to its steady state thickness. This can be showmn
from Eq. (24) (realizing that G is bounded between O and 1).

Thus: tBth P
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After that period, in the absence of unsteadiness in the free stream
flow, the gas phase may be treated as quasi-steady until ignition occurs.
The solid phase, however, is unsteady during the entire ignition process.
By analyzing the solid phase equation (28) and the energy transfer boundary
condition (Eq. (30c)), it can be shown that the time scale for a significant
change in solid phase temperature is € times larger than the time scale for
a similar gas phase temperature change.

Thus after t~vt., a new time scale can be defined: ¥, =E€+T .
In the present problgm € ~ 400.

The quasi-steadiness conditions in the gas phase prevail unless there
is a significant variation in the magnitude of any dependent variable on a

time scale equal or 1less than t_. Such is the case when strong
non-steadiness in the free stream floa occurs or when a rapid transition to
ignition takes place.

It is obvious from Eqs. (24)-(27) that it is the magnitude of the

fractional change in free stream conditions that affects the

quasi-steadiness.
In particular:

dve 1 1.4 1
1 . L% B 1—?> + (33)

As significant gasification starts (which is evidenced by the
regression of the solid phase surface), more time scales enter the problem.
The respective time scales for the solid phase and gas phase associated with
the gasification phenomenon are |83]:

= o= B (34)
tso= 1 9 V2

Using the physical values from Table 3 (which are typical for the test
conditions) the magnitudes of the time scales (34) are:

For Ty = 340 C (close to steady state burning condition):
tso ~~, 7 msec tg~0.03 msec
For T, = 280 C (typical ignition conditions):
tso~ 121 msec t8~ 0.52 msec
Since typically t_ >>t. the solid phase is highly unsteady during the

1
ignition process. e ra%fo of the above times depends only on the physical
parameters. Prom mass continuity at the surface:

) _kCrs-3

= (35
tgo Ks'Cp-3s )

For the values calculated, the above ratio 1is 233; thus, the gas phase
may be assumed quasi-steady in relation to the solid phase. In comparison,
a typical residence time is t. = 0.1 msec, which is in the range of ¢_.
These times are incorporated iii the surface Damkohler number Ds.

g
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After the occurrence of ignition a transition to steady state takes
place and a thermal wave length associated with t o 18 distinguished. Also,
the subsurface reaction becomes appreciable. The length scales associated

with the thermal wave and subsurface reaction are:
-~

o By

For TW = 340 C the values are: 1, = 14 pm, and 1 . = 0.4 um. These values
are much smaller than the cylinder radius, vhicﬂ is 3.5 mm, and therefore
the one-dimensional treatment of the solid phase is justified. In addition,
1s is very thin as compared to 1th and can be assumed quasi-steady
compared to the solid phase thermal process (Eq. (28)), but not compared to

the gas phase.

From the above discussion it is clear that several time scales of
various processes coexist during the convective ignition process. They are
quite distinguishable in magnitude during tthe a and when steady state
burning is obtained, but their relative magnf?uées are quite ambiguous
during the onset of the ignition itself and special care should be taken
when dealing with the convective ignition equations (24)-(30) for that
process. However, the period of that process is not well defined and
therefore, though the equations may be simplified for definite durations of
the total ignition period, they are solved here numerically in their
complete form for the entire period.

I1I-G Ignition Criteria

The exact state of ignition is an ill-defined quantity and therefore
any ignition criterion selected is somewhat arbitrary. In general, the
theoretical ignition criterion is not directly related to an experimental
one.

Discussion of ignition criteria in gas phase ignition models may be
found in Ref. 25. 1In all cases ignition was attributed to some state of gas
phase distribution during the ignition period. One criterion was based on
the assumption that ignition occurs whenever heat generation at any point in
the gas phase exceeds heat losses at this point. This is mathematically
equivalent to stating that 9T/ 9t = 0 at ignition, or that some temperature
peak is developed. Ref. 25 argued that this criterion need not necessarily
lead to incipient ignition and thus offered another criterion which stated
that ignition occurs when the maximum gas temperature at any station in the
gas phase exceeds the free strqpm gas phgge temperature Te by a specified
amount. Thus, at ignition T =ol"T_ yhere o> 1. Another ignition criterion
often employed 1is the integrates heat balance. Ignition occurs when the
heat generation due to chemical reactions integrated over the entire gas
phase at a given time is equal to and increasing more rapidly than the heat
conducted out of the boundary layer at the solid-gas interface. Thus:

o - E=,/
An‘Qn‘.[rz-Y,.%,,'e . a.'rdg - (k% =0 (37)

All the above criteria appear to be physically reasonable and they
constitute the mathematical approximation basis for the theoretical ignition
studies.
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Since generally the experimental ignition criterion is based on light
emission detection, the theoretical criteria discussed are seemingly not
directly related to the experimental ones.

Kashiwagi [19] based his ignition criterion on the chemical reaction
rate. He integrated the chemical reaction rate across the boundary layer
and checked the derivative with respect to time to determine when run-away
conditions take place. Thus:

%‘E [IRR -Jﬂ] >A* J RR~Yor' Vi .2-541'

A* is some arbitrary value. He also related the RR to the light emission
from the boundary layer, as follows:
Considering the emission of light to be a quasi-equilibrium process.

I~ IYmtt.m.wu-e'ﬂ% dy ~ Iaa-e""!‘.dg
I~ IRR'-JQ

where h and k are Planck's and Boltzmann's constants, and is the frequency
of the emitted light.

-(ER +alv)
[} a r
o [ .
RR Yo‘ Y" € is a reaction rate having a new activation

energy. Thus his ignition criterion resembles the experimental one. He
hovwever used RR instead of RR1 in his criterion taking activation energies
of about 18 kcal/mole. Considering light emissio? in the near ultra-violet
(3500A),, the corresponding activation energy of RR' is over 50 kcal/mole.
Thus, RR' is far more sensitive to an increase in gas temperature (which
indicates imminent ignition) than RR.

Kumar and Hermance |27] applied the light emission criterion more
directly. They assumed that the concentration of the emitting species is
proportional to the concentration of the product species and therefore

expressed the light emission intensity as:
A -!JL
T
I~ IYP‘G .Jy

*
They dgfined the ignition delay as the time t required for f to reach some
value I . They considered an emitting species in the near ultra violet,
e.g., CN or OH which undergo thermal excitation.

In both aforementiongd criteria there is some degree of arbitrariness
in the chosen values of A or I . Though the last criterion is the most
related one to the experimental criterion, it is nevertheless deficient. 1In
the lack of knowledge of the exact, light emission process it is very
difficult to establish the value of I . Also, relating directly the emitted
species concentration to that of the product is arbitrary. The emitted
species if they are radicals like CN or OH are more 1likely to be found
between the main reaction zone and the surface, unlike the products.

All of the above criteria are related to some state of gas phase
distribution. Only the heat balance criterion (Eq. (37)) includes an
interface process, i.e., heat flux from the gas to the solid phase.
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In light of the inherent arbitrariness of most of the pure gas phase
related ignition critera, a new criterion is suggested here. It is based on
the runaway conditions of heat flux at the interface, i.e., the propellant
surface. Ignition is assumed to occur when:

2

HF # (k35 )w

It is also assumed that HF due to free stream conditions is either steady or
decreasing. The rationale for the above criterion is as follows: In the
absence of any heat generation in the gas phase, the heat flux to the solid
surface decreases with time or stabilizes on some steady state value.
During tt erm the surface temperature T, rises steadily. The heat
transfer %o %ﬁe surface decreases, since it is proportional to the
temperature difference T - T ., T, growth may cease when significant
gasification ensues, a procesg which is enthothermic and exponentially
dependent on T,. The heat transfer is reduced further because of the
blowing effect. Thus an accelerated heat transfer at the surface against an
increasing blowing effect is a strong indication of run-away fuel vapor
consuming exothermic reaction in the gas phase, i.e., ignition. Note that
the heat transfer to the surface finally stabilizes on a value compatible
with steady state burning. This criterion reveals the onset of ignition in
its earliest stage and it is quite different from the heat balance criterion
Eq. (37)). Physically, it is more sensible than the criterion of Ref. 37,
since it reflects the run-away of the energy transfer at the solid-gas
interface which must precede sustained burning.

(38)

I11-H Numerical Predictions of the Ignition Model for the
Front Stagnetion Flow Region

The calculations for the ignition model for the front stagnation flow
region (Eqs. (24)-(30)) were carried out numerically - on an HP 21-MXE
computer. The numerical method used in this work is a generalized implicit
scheme. A variable time step is used to account for the various time scales
of the problem. The nonlinear terms in the equations are linearized around
predicted values and for each time step; the solution is reiterated until
the calculated values are sufficiently close to the predicted ones. The
surface boundary conditions are strongly non-linear due to the exponential
term of VR g 1in vhich the surface temperature Tw appears in the exponent.
Therefore gn estimated T, is used as a boundary condition rather than the
heat flux, thus rendeying the boundary condition linear. The finite
difference elements form a tridiagonal matrix which is solved using a
computer routine developed by Ref. 120. The heat flux boundary condition
which couples the solid phase to the gas phase is then checked and if not
satisfied a new T, is estimated. The solution is reiterated wuntil that
boundary conditiox is satisfied. Complete details of the numerical solution
are given in Appendix 1II. The solution includes the boundary layer
development and the transition from ignition to steady state burning.
Solution accuracy was checked by varying the sige of the time steps.
Results of the pure gasification problem solution agreed very well with
those found in the literature. The physical constants and the nominal free
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stream conditions used are those specified in Table 3. The vphysical
constants are typical to a double-based propellant like M26. The results of
the calculations are summarized in Figs. 8-27.

Most commonly in the ignition literature, theoretical ignition data is

merely given in terms of ignition delay time versus any variable parameter.
It is one of the goals of the present theoretical work to predict the entire
evolution of the convective ignition process from the onset of the flow
until the establishment of a fully developed fleme. Accordingly, one form
of presentation of the calculated results (e.g., Fig. 8) shows the evolution
of surface temperature and heat flux versus the non-dimensional time Z.
The presentation of surface temperature (T,) evolution with time is similar
] to the depiction given in Fig. 2. The choice of € instead of t is to
: emphasize the dependence of t,, ... on ty (through the various Damkohler
' numbers) and also to render tﬁe ¥1gures more general. The logarithmic scale
chosen for 2 compresses the long-time scale of the steady inert heating and
yet enables a detailed look at the initial transient process of boundary
layer development.

In all of the calculated cases, the initial temperature of the
propellant was 27 C. The initial surface temperature jump is given by
Eq. (32). During the boundary layer development time (€at), T, increases
further only slightly as compared to that jump. The validity of Eq.(32) was
L) checked by solving the equations of flow numerically: once with starting
: conditions for T, and solid and gas phase temperature distribution which are
| based on Eq. (¥2), (see Appendix II), and once with Ty = g . In the 1last
' case, by using very fine time increments (ATa 10~ 9, TW and the
¥ corresponding temperature distributions approached the starting conditions
of the first solution in about three time steps. Indeed, during the initial
period of the boundary layer development the main mode of heat t{ransfer is
conduction. The role of that jump in shortening the ignition delay 1is q
apparent from the figures.

The presentation of the surface heat flux (HF) is given in order to
demonstrate and justify the ignition criterion given by Eq. (38). In all
cases investigated, the fulfillment of +the ignition criterion indeed
resulted in transition to a fully developed flame. When that transition
period is characterized by large dHF/dt, the ignition process is considered
to be "intense". Such an intense process may result in overshoots of T, and
HF as seen, for example, in Fig. 8. In practical applicetions such
overshoots may be an important link in a transition to explosive burning. 3 1

Some of the time scales of the problem are manifested by the HF curves.
The period of boundary layer development, ¥eas1, is characterized by high
values of HF. t hermal. 18 the time when the HF curves start to diverge.
The state of fulfy agveloped flame is obtained when T, and HF reach some
very slowly varying values. Typically, it is around ®g = 100. The solid
phase at that time-is still far from reaching its steady state values and
full steady state conditions are obtained much later. However, the final
values of T, HF, and the boundary layer profiles do not change appreciably
from the vaYues at T~100.

The boundary 1layer profiles constitute the other form of results
presentation (e.g., Fig. 9). The distribution of velocity, temperature,
species concentration, and reaction rate (RR) in the boundary layer are
given for w100 which corresponds in most cases to the attainment of the
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aforementioned quasi-steady conditions of T, and HF. The RR defined in
Fig. 9 is the original reaction rate term that would have appeared in the
species equations for YOX and Yp. Its magnitude reveals a great deal about
the flame structure.

The product species concentration distribution Y, is shown in order to
give some indication about possible light emission intensity from the flame.
If indeed the emitting species concentration is related to YP (as suggested
by [62]), then the light emission is most intense if Y assumes large values
at the higher temperature regions of the boundary layer.

Y ig given by: YP =1 =Y, =Y, -~ Y.y
us the inert species concen%ration ,9 , has to be calculated. The

equation for Y, is similar to Eq. (25). ive.:

-%‘%.,%*.F‘-%L g.'g_.f.(%%'{s--k—g?)ﬁ’-{i (39)

The boundary conditions are:

=0 1>o =4~
T>0 !cp} Yx 1 Y“.

(39a)
T20 9w } (%“')w"' FuYrw=0

Note that Eq. (39) is not coupled directly to Eqs. (24)-(29).

The value of Y, also gives an indication about the validity of the
numerical solution.  If YP < 0, the solution is certainly erroneous.

Note that the dimensional coordinate y is used rather then n. This way
a better physical interpretation is obtained from the boundary layer
structure and its swelled thickness due to heat release is demonstrated.

(1) The Effects of Various Thermal, Chemical and Flow Properties

The following subsections discuss and interpret the calculated results
which are depicted in Figs. 8-27. Whenever not specified the nominal values

of Table 3 apply.

Free stream oxidizer effects are best demonstrated in Fig. 8. Ignition
delay is greatly shortened when & large amount of free stream oxidiger is
present. The intensity of the ignition process (i.e., dHF/dT) is also
dependent on the value of YF at the time of ignition (YF N n). In the case
of X =0, Y i is certainly the largest and conseqﬁently the ignition
procesgxgs ratheg’_fﬁtense- Note the overshoots in HF for Y xg = 0.5 and in
T, for Y = 0. They are both associated with the ingensity of the

W OXE
ignition.

The amount of gas phase heat release Q. is of paramount impertance for
the ignition process and the final flame structure. Note that the Q. used
is the heat of combustion, and not the heat of explosion, since it is the
heat of combustion which is used in the equations. Typically, the
propellants used are fuel rich and their oxygen balance is around -30%.

e WS v 22 —
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Consequently, their heat of explosion is lower by about 500 cal/gmpropellant
than QR'

Fig. 14 demonstrates dramatically how the ignition process is dependent
on QR‘ Note that no ignition is obtained for Qp = 1500 cal/gm, and the
ignition intensity for Q. = 1750 cal/gm is rather weak as compared to

QR = 2000 cal/gm (the nominal conditions). The flame structure for the
last two cases is investigated in Fig. 9. Note the existence of two
distinct flame zones. The stronger one is the closer to the surface and it
is a premixed flame which is nourished by the propellant premixed vapors.
The second zone is further away from the surface and it is a diffusion flame
type. It exists only for a case of fuel rich propellant when free stream
oxidizer is present. Note the higher temperature and the more intense
premixed flame zone for the larger Q,, Note also the larger boundary layer
thickness and the longer distance of the diffusion flame zone for the larger

An important observation is that the temperature profile on the free
stream side of the premixed flame =zone of the 1larger Q. is rather flat.
Thus the second flame has 1little role in sustaining <the steady state
burning, and heat transfer toc the surface is clearly dependent only on the
premixed flame adjacent to the surface.

The attainment of ignition and its intensity are, however, clearly
dependent on Y It serves as a pilot to the fleme. In Fig. 10, four
stages in the perlod between the onset of ignition (A) and the establlshment
of steady state flame (D) are depicted in terms of boundary layer profile
distributions. Note the thickening of the boundary 1layer and the gradual
formation of the two separate flame zones.

Since the order of reaction is taken as n =2, a fuel balanced
propellant corresponds to of = 0.334, the nominal value of of = 0.5
corresonds to a fuel rich propellant. The ignition trends of these two
cases are depicted in Fig. 11. In the case 0.5, the fuel rich
propellant ignites first. In the case Y = 0, %Ee ignition time of both
propellants is about the same; however, 1gn1t10n intensity is stronger for
the fuel balanced propellant. Due to the more complete combustion at the
premixed flame zone, the burning of the fuel balanced propellant occurs at
elevated T.. The corresponding boundary layer profiles for
Fig. 11 cases are given in Fig. 12. Note the absence of the secondary flame
zone in sub-figures A,C,D.

The effect of gas phase activation energy E, is shown in Fig. 13. The
ignition process is very strongly dependent on" E_. It is shorter, more
intense, and stabilizes on higher Tw for a smaller . The boundary layer
profiles reflect that trend. Compare Fig. 20 with Fig. 12-A (which is for
the nominal Ep = 14 kcal/mole).

The higher velocity situation, i.e., U, =50 m/s, is investigated in
Fig. 15 and Fig. 17. In this case, the Damkohler numbers are 5 times
smaller than the nominal ones (i.e., U, = 10 m/s). Ignition is even more
sensitive to the presence of Y Note the higher convective heat flux
associated with the higher vg§%c1t The boundary layer is much thinner
(Fig. 17). In subfigures 17-A-B the flame (at ¥ ~100) is not fully
developed. Even for the fully developed flame of 17-C the two flame zones
are less distinguishable, as compared to the lower UE case.

The role of g€ is investigated in Fig. 16. The s0lid line represents
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the nominal value. §£ 1/2 is used instead of Tbecause it is the term 81/2
that appears in the equations. The first effect is on the magnitude of the
initial surface temperature jump (Eq. (32)). In addition, the solid phase
temperature rises slower for larger E (see discussion in III-F);
consequently, the effect on the ignition delay is immense.

The effects of varying the free stream conditions of pressure (PE) and
temperature (T.) are investigated in figures 18,19,21,22. In the case of an
increased P, (while keeping T, the same), the density is increased and
accordingly the value of € is decreased. The effects are similar to those
described before (Fig. 16). In addition, increased density means larger
Damkohler numbers and, therefore, shorter ignition delays. Thus, the
effects are both thermal and chemical. Note +that the '1‘w stabilizes on
higher values as P, is increased, a fact well known from experimental work.
Increasing T, (while keeping Pp the same) does not change the value of €,

(since ?e'}‘eg £(T.)). However, the initial surface temperature jump is
increased (Eq. (39)) Due to the higher temperature the heat transfer and
the reaction rate are increased and the ignition delay is substantially
shortened. However, when flame is established +the heat transfer to the
surface is, as already discussed, much less affected by the free stream
value of T,, and therefore unlike the case of elevated Ppy the elevated T,
does not result in noticeable elevated steady state T,

w

The competition between the thermal and chemical processes is most
evident when the free stream velocity U, ig increased. On one hand the heat
transfer rate is increased, but on the other hand the Damkohler numbers D
and Dy are decreased. A compilation of ignition delays for a wide range og
U, is given in Fig. 23, versus the Reynolds number of the flow. The
ignition delay coes not change appreciably after Re = 10,000 and in the case
of Yoxg = O it starts to increase at that point. The declining of Dy with
Re is'a key factor in that behavior.

Note that for the conditions of Fig. 23, the Re can be expressed as:
Re = C/D, , where C is some constant.

Note also that for low Re the curve of Y = 0.1 is close to the curve
of Yoxg = 0.5, however for higher Re it starts to approach the Y, xg = O
curve. This phenomenon is more enhanced in Fig. 24 where T, at the time of
ignition is plotted versus Re. Fig. 24 demonstrates the fact that for gas
phase ignition there is not one unique ignition surface temperature. As D

and D, decline with Re, larger YOXE is required ¢to affect ignition
apprec?ably.

The curves in Figs. 23 and 24 are slightly wiggled due to the fact that
the ignition criterion used (Eq. (38)) does not define the ignition time
very sharply when the ignition intensity is weak.

(i) The Effect of Flow Transient Conditions on the Ignition Process

Two types of <transient conditions were investigated. The first one
deals with a case when an abnormal initial surface temperature jump occurs,
more than what would have been expected from Eq. {32). Such conditions are
typical to the experimental apparatus used in the present research. The
conditions are discussed in detail in Sections IV and V. The second type of
transient conditions deals with non-steadiness of free stream pressure,
temperature, and velocity. The abnormal surface temperature Jjump is
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discussed first.

In some cases of the starting process, the flow is very agitated. A
rapid succession of wave motions reverberating precedes the establishment of
a forward flow about the cylinder (the experimental case). During that
period T, rises abnormally high and some temperature distribution in the
solid phase is established. As the wave motion relaxes the flow develops
normally as in the common case. For the numerical solution, a large initial :
surface temperature jump was assumed which is compatible with the present :
experimental values. Unlike the experimental results, the time is counted '
from the time of the initial transient relaxation. An initial solid phase
temperature distribution compatible with the length of the initial transient
period ( 9 ) is assumed. Though oversimplified, the initial conditions are
devised to Bimulate the present experimental conditions.

The starting conditions are in accordance with . (11-4),
(Appendix II):

74 ,0} Tes O™ [Tw""i) (JF-H)] eg I’-?:f

=600k , Tp=3

The parameters used are the nomlnal ones expressed in Table 3.

The effects of varying subsurface heat release, Qy, are examined in
Fig. 25. Since the initial solid phase temperature is su§ficient1y high, an
appreciable subsurface heat release ensues and T, rises further. Since <%~
is very short, the thermal wave associated with it is very narrow an
dissipates rapidly into the s0lid phase depth. As the boundary layer
develops, the heat flux to the surface declines very fast and is unable to
sustain the high T,. Thus rapid cooling of the solid phase proceeds. Due
to the very high activation energy of the subsurface chemical reaction, the
reaction stops as T, declines. At some time T, will start rising again, due
to the steady convective heat transfer, finally 1leading to a state of
ignition . As T, gets sufficiently high, an appreciable sub-surface heat
release ensues again. Since the sub-surface reaction zone is very thin
5 (Eq. (36)), the residence time of a solid particle there is very small and
‘ consequently only a small temperature change occurs across the reaction zone
(~R-T /E ). Thus, for the conditions calculated, the amount of Q. is of
minor 1mportance for the ignition process, as it is evident from Fig. 25.
It affects, though, the final T, obtained for the steady state conditions.
Relatively, it has a more pronounced role when P is 1lower, since then the
heat transfer from the gas phase is greatly reduced.

\ The effects of the amount of Y on the ignition process for the
conditions discussed are investlgateéEin Fig. 26. The effects are very
dramatic. Indeed, in the case of Y = 0.5, ignition occurs very early in

the stage of boundary layer development. As T, drops and the boundary layer
! develops, HF drops also but to a level only sightly lower than the steady
j state burning value. The case of Y = 0.1 exhibits a very short period of i
i early ignition, followed by extinctgon, and then reignition much later. The

overall conclusion is that for the special case of very strong initial
transients which result in an abnormal initial Tw jump, the amount of Y

is of critical importance for the ignition process. If it is sufficiengfg
high, ignition delay may be shortened by an order of magnitude.
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The second type of transient conditions that deals with PE' Tg and Up
unsteadiness was discussed briefly in III-E - Eq. (33). The invea%igation
is aimed at determining how tt e 1 is affecied when P, UE' and TE do not
assume their full values ina¥a£¥fy at t = 0, but rather rise at a finite

: rate to their final values. The question is under what conditions the

) instantaneous heat transfer, HF, is different from its corresponding

quasi-steady values. Whan HF behaves quasi-steadily, the effect on ttherma

‘ is rather obvious. Before continuing it is worthwhile to mention some woT!
in this field.

The first two efforts are theoretical &and considered free stream
velocity unsteadiness only. Yang and Huang |84 ] analyzed the compressible
laminar boundary layer over an insulated or isothermal flat plate moving
with an arbitrary time-variant velocity. They recognized that a deviation
from quasi-steady conditions occurs when u/du/dt << 1. They found different
trends depending on whether the flow had constant acceleration or positive
acceleration. Tokuda and Yang |81 ] analyzed the unsteady, incompressible
laminar forced convection around the front stagnation point of a cylinder in
arbitrary, time-variant velocity. They found that positive acceleration
results in higher wall shear stress, a lower heat transfer rate for a
specified wall temperature, and higher wall temperature for a specified wall
heat flux, than the corresponding quasi-steady values. Their results were
quite similar in trends to Ref. 84.

Other experimental and theoretical efforts consider mainly pressure
unsteadiness. Nikanjam and Greif L85J, studied the unsteady heat transfer
from a nonreacting gas to the end wall of a channel during a piston
compression of a single stroke. Besides their experimental work they
carried out a simple solution of the boundary layer adjacent to the wall,
assuming that the gas outside the boundary layer is compressed
isentropically. Thus, they used the isentropic relations between pressure
and temperature for the boundary layer edge. Goluba and Borman L86J studied
the heat fluxes at the end-wall of a tube in which shock-fronted,
longitudinal pressure waves were generated. Their theoretical aspect of the
work dealt with boundary layer equations identical to Ref. 85. They found a
very large instantaneous heat flux which increased with increasing the
pressure ratio across the waves. It was proportional to the square root of
the product of the wave frequency and the time-averaged pressure of the
oscillations. They found also that the compression of the boundary layer by
the shock front caused the gas temperature to have a meximum value within
the boundary layer.

The unsteady conditions that were applied to the numerical solution are
in a way a compilation of the conditions studied in the aforementioned
works. Both the pressure and the velocity unsteadinesses were considered in
a way which combined positive and negative acceleration. The free atream
temperature was considered to be dependent isentropically on the pressure.
The conditions investigated are basically approximations to step functions
of pressure and velocity with varying steepnesses. They are as follows:

° (40a) !
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P =P P
E™E1 -
Kt} (40b)

+ < L]
OC'Et=t ¢ Tg=Tg1=Tps* (Pg1 /Pes)
Ug=Ug,
-8 '(t-t )
1 ref
Pp=(Pg1-Ppr)-lag” (t-tpep)*t ]-e * Pge
i

trepSt <0  Tp=Tg, - (Pg/Pgs)

(40c¢)

-81'(t'tref)+

Up=(Ug -Ugs) Loy - (t=tpep)+t Joe Ugs

P_=p
E " Ef (404)

to Tp=Tge

Up=Ugs

In the equations above the steepness of the applied P, and Uy profiles
. E E
is controlled by the parameter a,.

In Fig. 27 only the pressure, PE (and accordingly TE), is wvaried.

Also: Upy = uge = 10 m/s, tref/tf =1 , where tgp is tg which
corresponds to Upe. The parameter a,, is defined as: a, = a5-t .
As evident from gig. 27, the pressure steps were applied ‘at the §inal stage

of the boundary layer development period (%~1), and for durations less than
that period. This is in accordance with Eq. (33). It is apparent that the

instantaneous heat flux associated with the strong impulses
(8t =5, a, = 50), exceed by a significant amount the corresponding
quasi—steaay values. Indeed for a, = 50 the jump in T, approached a value

which corresponds to Eq. (32) fif it were wused). = Thus, the maximum
obtainable surface temperature growth corresponds to applying the maximum
ambient flow conditions at the time t = 0%,

The boundary layer recovers from the onset of the ambient pressure in a time
on the order of t_,

It is also evident from Fig. 27 that when PE is applied on a time scale
which is greater than t_., the enormous shortening in thermal (due to the
temperature jump) is lost.

Velocity impulses were also applied in a manner similar to the pressure

impulses. The effects were found to be small compared with the pressure
impulse effects, and therefore they are not shown in a figure.
The effects are as follows: a) for strong impulses (a, > 10), heat fluxes
lower than the corresponding quasi-steady values occur; this trend is in
accordance with Ref. 8!, and b) for weak impulses, the heat flux corresponds
to the quasi-steady values; and since the instantaneous tf rises slower,
tihermal 18 increased.

When both Pp and Up were changed simultaneously in the range: Pp, - Ppe
= 0,86 - 1.72 MP%, and EE1 - UEf = 5 - 10 m/s, the results were very similar
to Fig. 27.
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Indeed in the boundary layer equations (24)-(30), the terms
corresponding to positive Up growth have opposite signs to the time
derivative terms. Thus, accelerating velocity may have cooling effects.
The corresponding pressure terms have the same signs as the time derivative
terms. In addition, most of the pressure and velocity non-steady terms are
multiplied by 7-2- terms. Such terms assume the value zero, at both the
wall and the edge of the boundary lay~r, and thus do not have a strong
effect on heat transfer; however, the middle section of the boundary layer
profiles are distorted during the onset of ambient conditions impulses.
Indeed, local temperature peaks were found to occur in the boundary layer
during the onset of steep pressure rise. This is in accordance with
Ref. 86. A large non-steady pressure term which is not multiplied by‘7~§i
appears in the energy related equations (26),(27). That term is the one
most responsible for the high instantaneous heat flux during a steeg
pressure rise.

The numerical scheme used is capable of handling the effects of
non-steadiness during t, . .. as well, however the author found it to be
beyond the scope of the presen% work. Not all of the parameters appearing
in equations (24)-(30) were investigated numerically. The author chose to
investigate those parameters whose effects are more difficult to predict.

III-I Ignition Mechanism in Regions Beyond the Front
Stagnation Region

(i) Front Surface Ignition

As the flow leaves the front stagnation region, the rate of externsl
flow velocity acceleration du_/9x decreases, and the boundary layer thickens
until separation of flow o&curs at around 90 degrees where (du/ay), = O.
The flow in the boundary layer is described by equations (11)-(13) which are
three-dimensional in s,n and ¢, and therefore are an order of magnitude more
difficult to solve than the front stagnation region equations. Such
solutions are beyond the scope of the present work. Nevertheless, the
likelihood of any portion of the front surface of the cylinder to ignite
before the stagnation region seems to be remote. Indeed, the experimental
results given in Section V support this hypothesis. It can also be reasoned
from Egqs. (11)-(13) and from the empirical knowledge of the surface
temperature (TH) distribution around cylinders under cross flow conditions.

The trend (see discussion in III-C, and experimental results - Section
V) is for Tw to fall quite sharply from its value at the front stagnation
zone to a value much lower at the separation zone (90 degrees). Since the
dependence of the propellant evaporation on T, is strongly exponentis!l
(Eq. (15)), 1little eveporation occurs beyond the stagnation zone. Indeed,
the fuel vapors originated at the stagnation zone are much diluted by
external mass flux into the thickening boundary layer. Therefore, the
chemical reaction . rate there is too slow to result in ignition and serves
only to further dilute the mixture. The main reaction zone is shifted away
from the surface and less of the heat generated is fed to the surface.

From previous discussion and from Eq. (30), the value of F, increases
sharply with s and consequently the terms F/ s in equations (Y1)-(13) are
positive. Also:dFP9> 0, 3Y. /2e< 0, 20/8 <0, 26 /39> 0.

The distance coordinate, s, appears explicitly in the right-hand side temms
of equations (11)-(13). The equations which contain the chemical reaction
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rate terms (RR) are (12) and (13). Regarding steady free stream conditions,
the right-hand side terms which are left are: t_..RR, and 2.8-(.....). In
gas phase ignition situation, if 2:s is sufficiently large, the second term
may lead to ignition if it has the same sign as D6 /9% . Such is the
situation in flat plate ignition [78). Indeed, in Eq. (13) that term
supports ignition. However, the main ignition supporting term, t_. RR, is
very rapidly decreasing with s, since RR is strongly dependent on end Y,
and both are decreasing with s. The residence time t iven by Eq. (9) ané
calculated for the external velocity given by Eq. (;1? is increaesed by a
factor of 2 when moving from the front stagnation point to the 90 degree
point. That increase is far from compensating for the decrease in RR.

Though a complete numerical solution is required to find the ignition
trends over the entire front surface of a cylinder, it may be concluded from
the foregoing discussion, that in the front surface region, ignition is more
likely to occur first at the front stagnation =zone. The entire front
surface is ignited by means of flame spreading from the stagnation zone.

(ii) Rear Surface Ignition (Regions 2 and 3 - Fig. 7)

Under steady conditions, the fluid in the wake flows from the rear
stagnation point to the separation points with periodic fluctuation. The
frequency of the fluctuation is equal that of the vortex shedding in the
wake, i.e., 0.2:U,/D = 0-05/tf. The circulation velocity Uy, depends on the
Re number and it is in the range 0.5-Us, |60J. Since the Navier Stokes
equations of flow cannot be simplified for regions (2) and (3), any attempt
to predict ignition in these regions will be phenomenoclogical in essence,
taking into account the general features of flow there (which are observed
experimentally).

Rear body ignition - region (3)

The basic principles of the heat transfer mechanism to the resr surface
were discussed in III-C, (particularly. the work of Refs. 58 and 59). The
same rationale may be extended to the treatment of the ignition mechanism of
propellant in this region.

The basic mechanism is that of renewed wake vortex flow in a frequency
f = 0.05/t. (the vortex shedding frequency). Every time a new vortex is
establisheg, the rear portion of the cylinder is suddenly exposed to a flow
of velocity U, , temperature T , and oxidizer content Yox.wk+ The surface
temperature of e propellant T, rises with time as every &ycle contributes
heat flux to the surface. Though that mechanism is oversimplified, it
nevertheless explains the observed trends and magnitudes of heat transfer to
cylinders under established steady flow conditions. Experiments with
shock-induced flow around cylinders f87j revealed that the vortex shedding
phenomenon starts from the very early stages of the flow, though it does not
become regular before t~ 30 t.. A similar situation is encountered also in
the present research. Thus, short ignition delays occur within the
development period of the regular wake flow. Therefore, the phenomenon of
cyclic renewal of flow in the wake is of considerable importance even for
cases of short ignition delays (ti < 30t.).
£n £
During each cycle the flow around the rear stagnation point can be
described similarly to the front stagnation point equation starting every
time from a new higher 80lid phase temperature. The significance of the
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transient time of the boundary layer development on the rear surface depends
on the ratio of the wake flow residence time tWK = R/2U to the cycle time:
T~NO'R/Ugy . If th/T'“U /20U > 0.5, the flow is mainly transient. Heat
flux during the transient time is higher than during the steady state.
Since the above ratio is normally around O.1, the transient features of
ignition must not be overlooked and the rear stagnation boundary layer
equations should not be considered quasi-steady, even in a case of ignition
times much longer than tUK'

Note that similar to the Damkohler numbers D, and D, wake Damkohler

numbers DG wk and Ds wk Day be defined for the rear surface, such that:
De,wk = Dg « bwk/ts  Ds wx = Ds - tux/te

Since t.. >"% 1gn1t10n may be prefetred at the rear stagnation point,
provided that the surface temperature there is sufficiently high. The rear
stagnation surface temperature generally lags only slightly behind the front
stagnation surface temperature. Such is the case for the present
experimental flow range. Though the surface decomposition rate is very
sensitive even to small temperature differences, the sudden proximity of the
gas phase reaction zone to the surface at the outset of any new cycle and
the considerably larger rear surface Damkohler numbers are very important
factors in rendering the rear stagnation point 1likelihood for first
ignition.

The possibility of favoured ignition sites on the rear surface between
the rear stagnation zone and the separation point is ruled out because of
similar reasons as the front surface situation discussed before.

All of the aforementioned is valid for the assumption that the rear
surface boundary layer is laminar in nature. The results of the current
work and other works discussed in III-C conform to that assumption. The
flow in the far wake is, however, turbulent. Some degree of turbulence is
probably inherent even to near wake flow, i.e., close to the rear surface.
It may promote ignition by momentarily pushing the reaction zone closer to
the surface.

Another factor in promoting ignition at the rear surface is that the
wake behind the cylinder is an effective reactant accumulator. As a first
approximation, the wake can be viewed as a well-stirred reactor into which
the solid phase decomposition products (from the cylinder front and rear)
pour. That refers mostly to the turbulent far wake. Realigzing that the
wake is not a sharply defined region, one can still write a conceptually
useful species balance for the accumulation of these products in the wake:

~Er/R.T,
.f.,, 'Volwg' %Yi_’.'ﬂ‘ = Mu' Y» ™ Mwe* Yor, wie .fun me ‘Ag* € v

This states that the rate of increase of the mass fraction of the
decomposition products in the wake is equal to their flow rate through the
boundary layer, minus their rate of outflow with the gas leaving the wake,
and minus their rate of consumption.

Referring to Fig. 1, it should be emphasized that the important
reactions for ignition leading to self-sustained burning are the fige zone

reactions, which occur inside the boundary layer in close proximity to the
surface. If they do not runaway, ignition will not occur. The flame zone
reactions in the case of the wake also may be important since they release a




- 43 -

large amount of energy and may raise the average wake temperature above T ,
thus, promoting ignition due to higher average boundary layer temperature
profile.

The trouble with the above species balance in the wake is that it is
very difficult even to approximate the magnitudes of the terms appearing
there. Resorting again to the rough approximation of cyclic renewal of flow
in the wake, it is assumed that reactant accumulation occurs only during a
cycle period and starts over with each new cycle. From the front stagnation
flow calculation it was found that on the average only 50% of the
decomposition products are consumed while in the boundary layer. Assuming
that all the boundary layer unburnt reactants pour into the wake, and that
they originate from the front stagnation zone subtending roughly 1/3 of the
cylinder perimeter, the inflow of reactants into the wake is:

2s-V,
My~ Ve + BTT ~ 2o75 Yame

Assumlng that the wake size is Vo ﬂsz and the accumulation period is
T a5:D/Uq , during most of the which the chemical reaction rate is
negligible, then:

P2 Vrse T~ 2.5-55-Vare
2-D%: Pwx ~ Swi* Vo

In the expression above Vpon. corresponds to the front stagnation zone
surface temperature. From %Ee numerical solution in that region the value
of VREG at the time of ignition is in the range 0.1 - 0.3 cm/s. Assuming

~ o, and substituting the nominal values of Table 3 in the above
expre351on a value of about 0.01 is obtained for Y . This value is too
low to result in a bulk ignition situation in the %ake. However, it can
promote ignition in the rear surface boundary 1layer, where it is
superimposed on the local decomposition products concentration, and the heat
liberated is directly fed to the surface.

‘Ybﬂuﬂr’V

is proport10na1 at most to U“/2 (vhich is
proportional to the Eeat 75 rate), the expression above predicts inverse
dependence of YF K on U,, ; thus, as the free stream velocity increases
the role of reactahis accumulation in the wake is diminished. The above
expression is an upper approximation for a stirred reactor situation. 1In
reality, reactants originating from the front boundary layer may enter the
wake region in a more concentrated manner on 1loop stream lines similar to
the ones shown in Fig. 7 and the local YF,HK may be appreciably larger.

Assuming that V

The foregoing discussion predicts and explains situations and
mechanisms for which ignition may occur at the wake, preferably at the rear
stagnation point region, even if it does not occur at all on the front
surface. The situation is too complex to predict ignition delay magnitudes
in the wake and, therefore, the flow conditions for which ignition occurs
first at the wake are a matter for experimentation.

Separation region ignition - region (2)

Though it is difficult to assign any length scales to this region, it
will be referred to as the region confined between the separation line and
the propellant wall in close proximity to the separation point which is
around 90 degrees (see Fig. 7). It is assumed that the residence time of
any fluid particle in this region is much longer than tf or th. Since the
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gas temperature on the separation line is that of the bottom portion of the
separated boundary layer (which is close to Ty sp)s it is assumed that the
gas ctemperature in this region is about T SPp* 'specieg concentrations in
this region are accumulated by diffusion and  convection to values which are
close to the highest corresponding values on the boundaries. Thus,
Y = the highest of Y or Y (generally Y ). The same applies
tg'sg P* Experimentafl?% it hg wgeeg found thag'aa sp. is the slowest
growing’  surface temperature. Ignition may occur’' when the rate of
temperature growth in the gaseous phase due to chemical reaction between the
fuel and oxidizer is much larger than the rate of temperature growth of the
propellant surface. It is very difficult to approximate the values of YF P
and Y,y op because the flow around the separation zone is not well definéﬁ.
The lowés¥ approximation to those values are YOX sp and Yp sp calculated for
the wake as a stirred reactor. Ignition may’ ge favofes in this region
because of the absence of convective flow to sweep the reacting species off
the surface, or in other words, very long residence times (dead air
situation). Postponement of ignition is due to the slow growth of TH,SP‘

As for the rear surface ignition, there is no way to predict relative
ignition delay magnitude for that region except by solving the Navier Stokes
equations for the entire cylinder surface, or by resorting to extensive
experimentation.

II1I-J Summary

The numerous studies regarding flow around circular cylinders indicate
the existence of a very complex flow at their wake. Therefore, only the
front surface of the cylinder is amenable to strict analytical treatment of
the boundary 1layer type. The non-steady reactive boundary layers for the
general case of free stream non-steadiness were developed in transformed
coordinates and coupled by proper boundary conditions to the solid phase
equations. The resultant set of 3-D partial differential equations was too
complex to be treated numerically for the entire front surface. Thus the
equations were modified for the front stagnation region and were reduced to
2-D (time and distance perpendicular to the surface-coordinates).
Nevertheless, all major parameters of importance to convective flow, i.e.,
Damkohler numbers and thermal and chemical properties, were identified in
the equations and free stream non-steadiness was included.

An ignition criterion was defined and the equétions were solved
numerjcally for a range of values of the key parameters in their general
non-steady form.

The effect of the free stream oxidizer was investigated and found to be
very prominent in promoting ignition. The effect of the oxidiger also leads
to the formation of distinct pre-mixed and diffusion flame gones as the
steady state burning situation is approached.

The importance of the thermal and chemical properties was demonstrated
and the roles of the Damkohler numbers were interpreted. Initial flow
transients as well as general free stream non-steadiness were investigated
and the pressure non-steadiness was found to be the most important.

Based on known trends of cylinder surface temperature distribution,

three separate 2zones of the cylinder perimeter were distinguished as
possible candidates for first ignition sites, i.e., front stagnation zone,
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rear stagnation zone, and separation point zone. Similarity was drawn
between the front and the rear stagnation flows. The ignition mechanisms in
the separation zone  and rear stagnation zone were discussed
phenomenologically.

It is concluded that failure of ignition in the front stagnation zone
does not necessarily lead to a total failure of ignition. Longer residence
time at the rear surface of the c¢ylinder, and the accumulation there of
reactants, initially originated from the front surface, are the major
factors rendering the rear half favorable for.ignition. However, one must
resort to experimentation in order to determine the magnitudes and trends of
ignition delays in that zone,

i
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SECTION IV

EXPERIMENTAL APPARATUS

E!:&. Introduction

For the purpose of attaining prompt ignition of solid propellants by
means of convective flow, one needs a source capable of discharging hot
gases at a high rate of mass flow. In practical situations, an igniter
which may be a solid propellant is used. The composition of the gaseous
products of a practical igniter is very complex and it is difficult to
control the flow properties of its gases (i.e., velocity, pressure,
temperature). Therefore, in laboratory experiments which are being used to
clarify the complex dependence of convective ignition on gas composition and
flow parameters, it is not desirable to use an igniter. The ideal ignition
source is one whose composition and physical quantities are known and whose
flow parameters can be varied over a wide range. A shock tunnel is a
laboratory apparatus meeting these requirements, provided that the ignition
phenomenon can occur within the short available test time. Indeed, the
objective of the present research is the elucidation of the ignition
phenomenon for the conditions of high heat flux when ignition delay is
measured in milliseconds. Since a shock tunnel apparatus can provide these
conditions, it is used in the present research.

The onset of ignition was determined by detecting light emission from
the propellant surface. The experimental ignition criterion differs
somewhat from the theoretical one. The relations between the two criteria
were discussed in the previous section and it was concluded that the
differences in the trend of ignition phenomena should be smell.

The present research deals with the ignition of cylindrical propellants
under cross flow conditions. The phenomenological aspects of flow around
cylinders and the intrinsic dependence of the ignition and flame spread
trends on the flow structure are discussed in length in the previous
section. In that respect direct visualization of the ignition events and
flow structure is very desireble. Therefore, the test section is configured
to enable good access for schlieren and shadowgraph high speed photography.
Indeed, the extensive use of shadowgraph high-speed-motion, color
photography in this research resulted in much better understanding of
ignition mechanisms of granular propellants.

Measurements of heat transfer to the propellant specimen are very
desirable since they reveal unsteady characteristics of the flow which can
not be inferred otherwise, especially during the initial flow transients.
Since it 1is impractical to measure directly heat transfer rates to the
propellant surface, a specially instrumented cylinder was developed for that
purpose. It also contained a miniaturized pressure transducer. Z‘perating.
on the principle of thin film gauge, it measured surface temperature and
heat flux under actual shock tunnel conditions.

Practical nitrocellulose based propellants were used in most of the
test series. Thus, the data obtained are of direct practical relevance.

The effects of free stream oxidigers on ignition of composite
propellants are well known [17-19). They are less known for nitrocellulose
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based propellants. Practical igniter gases always contain oxidizers. Also,
unburnt oxidizer-containing propellant gases have an important role in
packed bed ignition situations (toward which this research is oriented).
Therefore, the test gases for this research were composed of 0O,/N, mixtures.
Though most of the oxidizer species of nitrocellulose-based propellants are
of the NOx type, nevertheless the formation of 0O, and O is a necessary link
in all oxidation processes and they are always present in practical systems.
The sensitivity of ignition trends to the presence of O may serve as a
common basis for comparison of the ignitability of various propellants as
well as pure polymers. Key steps of gas phase reactions of burning
propellants may be inferred from the ignition sensitivity to the presence of
0

2.

IV-B. General Features of Shock Tunnel Operation

The shock tunnel is a device which generates high pressure and
temperature gas flow for very short periods of time. Its principal use is
in the scientific research fields of gas dynamics, physics, and chemical
kinetics. Though employed first at the end of the last century, the peak
period of its development and extensive use extended from the late 1940's
until the late 1960's. Reviews of its design, development, and performance
were widely published. Therefore, the main features of its operation will
be discussed here very concisely.

A basic schematic diagram of a shock tunnel construction and operation
is given in Fig. 28. Basically it is a long pipe, divided by a diaphragm
into two sections which contain different gases with different pressures.
The higher pressure section is called the driver. The lower pressure
section is called the driven section and it contains the test gas. For best
performance, a low molecular weight gas is chosen for the driver, most
commonly helium (due to its inert characteristics). As the diaphragm is
suddenly removed, the pressure discontinuity generates a shock wave, §
(Fig. 28), which propogates through the driven section (followed by its
induced high pressure and temperature flow - (Region 2)). If the end wall
of the driven section is closed, the facility is merely referred to as a
shock tube. If the test gas is discharged through an opening at the end
wall and flows through a test section, the facility is referred to as a
shock tunnel. The opening area is made sufficiently small so that a strong
reflected shock wave, SR, propagates back up stream and raises the pressure
and temperature even further (Region 5). In the case of a shock tube the
gas in Region 5 is quiescent. In shock tunnel operation, it is discharged
through the test section. Ideally, if the driven section is of uniform
cross section, the flows in Regions 2 and 5 are one-dimensional and are
characterized by uniform pressures and temperatures. The experimental
conditions in Regions 2 and 5 can be widely changed by choosing different
driver and driven gas compositions, and mainly by applying different initial
values of pressure and temperature across the diaphragm.

In order to achieve a long test time under uniform flow conditions, any
formation of wave motion disturbances in Region 5 should be avoided. The
interaction of SR with the contact surface C may just give rise to such a
disturbance in the form of either an expansion wave or a shock wave
traveling through Region 5 toward the test section. It is possible to avoid
such a situation. For any given gas composition there is one particular
value of incident shock wave (S) Mach number for which SR will pass through
C without giving rise to any disturbance. Though seemingly it dictates a
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particular choice of operating conditions, in reality there is some range of
Mach numbers for which the disturbances are not prominent. Fig. 28 depicts
the conditions for which there are no disturbances in Region 5. These
conditions are called - "tailored conditions". Refer +to Refs. 88-90 for
details. Ideally, when operating under tailored conditions, the flow
parameters at the test section remain unaltered until the arrival of either
the contact surface or the head (H) or the foot (F) of the rarefaction wave
produced when the diaphragm bursts. It has been discovered, however, that
non-ideal flow in long shock tunnels drastically reduces the available test
time predicted from ideal models and also attenuates the ideal flow
properties.

The ideal theory treats constant speed motions of the shock wave S and
the contact surface C. As can be seen from Fig. 28 the distance between S
and C increases linearly with the distance from the diaphragm. Therefore,
ideally in order to get longer test time, a longer shock tunnel is required.
Actually, a boundary 1layer is developed behind S and the mass loss to it
causes the speed of S to decrease and the speed of C to increase until they
approach some limiting separation distance F91,92J. This phenomenon imposes
an upper bound for the shock tunnel test time. Therefore, experimentally it
is useful to determine the shock wave (S) speed close to the end wall in
order to calculate correctly the strength of the reflected shock (SR).
Due to the wall boundary layer, the flow between S and C is clearly
non-uniform. Generally, the flow non-uniformities are greatest for long
length, small-diameter shock tubes operating under low pressures, since the
boundary layer is more pronounced then. They are also greater for larger
and lower S Mach numbers. All fluid properties increase in value between S
fnd C 593]. A general treatment of these phenomena is given by Mirels
94,95 [.

The behavior of the reflected shock wave SR is also non-ideal. A
bifurcation of the shock is developed near the wall due to its interaction
with the boundary layer that was formed behind S. Under certain conditions
the stagnation pressure of the boundary-layer gas is less than that of the
free stream, so it fails to penetrate SR and gathers at the foot of SR as a
ball of fluid. Consequently, the velocity of SR is attenuated. The
velocity of the gas passing through the bifurcated part of SR (two oblique
shock waves) is less reduced than that passing through the main portion of
SR (normal shock). As SR is transmitted through C, the cold gas of Region 3
passing through the bifurcation attains much lower temperature than the gas
in Region 5 and its velocity is much higher than that of the latter.
Consequently, a stream of cold flow is formed which moves along the walls
toward the test section with velocity greater than the main body of hot flow
of Region 5. This phenomenon is quite insidious and difficult to detect.
It may result in a considerable shortening of the effective test time.
Comprehensive treatment of that phenomenon may be found in Refs. 96-98.

The contact .surface itself may develop instabilities when SR is
transmitted through it. It has to do with the phenomenon of Taylor
instability [99]. When two fluids of different densities are accelerated in
a direction perpendicular to the interface, the interface may develop an
instability. Contact surface instability may result in premature arrival of
cold gas to the test section, a situation similar to the bifuraction effect
previously discussed. Treatment of this phenomenon may be found in
Ref. 100. Experimentally it is found that the bifurcation phenomenon
results in much more severe consequences.
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Since the flow properties behind S are not uniform, the strength of SR
changes as it travels away from the test section. 1In general, it is very
difficult to predict analytically the non-ideal flow conditions, especially
for the situation of shock tunnel operation where the flow in Region 5 is
coupled to the downstream flow in the test section. Nevertheless, the
deviations of the flow properties from the ideal ones are typically in the
range 10-25%; therefore, the shock tunnel performance can be evaluated in
advance applying the ideal equations. If any of the flow properties is
known experimentally, the balance of the flow properties may be found quite
accurately by applying proper corrections to the ideal equations. The
tailored conditions must be found experimentally (for shock tunnel
operation). A first approximation is given by the solution of the ideal
equations. (See Appendix III).

Other non-ideal characteristics of the shock tunnel operation include
heat loss to the walls and opening of the diaphragm. They are, however,
negligible for the case of large scale shock tunnels. The change of the
specific heat of the gases with the temperature should be taken into
account.

A very important process for shock tunnel operation is the starting of
the flow through the test section which depends greatly on the geometry of
the test section and the specimen mounted there. The settling time of that
process (Fig. 28) is not negligible in most shock tunnel applications.
Discussion of the starting process in the particular shock tunnel used for
this experimental work, is given in IV-F,

IV-C. Description of the Experimental Shock Tunnel and its
Accessories

The shock tunnel facility used in this work is the one built and used
by Kashiwagi and Summerfield |19]. The test section was modified for this
research. Helium is used as the driver gas, and mixtures of oxygen and
nitrogen as the driven gas. The tailored conditions are satisfied for
incident shock Mach numbers, (M.), in the range of 3.73 ~ 3.79 depending on
the composition of the driven gés and on the exhaust nozzle.

The shock tube dimensions are optimal in the sense that the available
test time for operation under tailored conditions is very close to the upper
limit dictated from the non-ideal effects of the boundary layer build wup
behind the shock wave S. The shock tunnel dimensions are fairly large. The
length of the driver section is 9.7 m and the length of the driven section
is 8.5 m -~ (Fig. 29). The inside diameter  is 9.7 cm. The available test
time is in the range 12 ~ 18 ms depending on the exhaust nozzle area.

The shock wave is initiated by rupturing a double diaphragm by means of
lowering the pressure between the two diaphragms. A precise control on the
driver and driven operating pressures is achieved using this technique. The
diaphragms, made of soft aluminum, were not inscribed prior to their
mounting. A set of cross-shaped knife blades, mounted in the driven
transition section, cut the diaphragms as they bulge under pressure. That
assures clean rupture of the soft aluminum diaphragms without the formation
of aluminum debris. Though small pieces of aluminum were sometimes observed
in the test section, the high speed photographs showed that the debris
arrived much later after the end of the available test time. The driven
section was air cleaned from &aluminum debris before each test. Minute




- 50 -

quantities of aluminum dust, (which cannot be observed photographically),
are formed as the diaphragms rupture. A special test was devised to find
the time of arrival of that dust to the test section. A He-Cd laser beam
was passed through the side windows across the test section. Light
reflection from dust particles was detected by the optical system through
the top window only after the end of the test time.

The incident shock Mach number was measured by four 603A Kistler
pressure transducers located 0.108 m, 0.997 m, 3.285 m and 5.112 m from the
entrance to the test section. As already discussed in IV-B, the shock wave
does not travel with a constant speed. The shock Mach number at the
reflecting wall was extrapolated from the measured values along the tube.
It was done for all the tests. The reproducibility of the incident shock
Mach number was within 1%.

(i) Test Section (Fig. 29)

The test section has a square cross-section of 32 mm. It enables one
to observe the experimental phenomena without any optical distortion. Also,
the flow around the specimen is truly two-dimensional. The flow in the test
section is low subsonic and it is controlled by means of a variable area
nozzle downstream of the test section. That nozzle was choked during the
test time. Convective ignition at higher subsonic (and supersonic)
velocities is 1less probable because oi the small Damkohler numbers of the
flow (see Section III). Quartz windows were constructed at the top and the
side walls of test section to provide access for ignition detection and flow
visualization. A 603A Kistler pressure transducer was mounted flush at the
bottom wall of the test section to measure the static pressure. The entire
bottom portion of the test section is removable. It serves as the mounting
platform for the test specimens and houses the Kistler pressure transducer.
All electrical leads pass through it (see also Fig. 36).

Up to four test specimens can be mounted in a tandem configuration with
variable distances between them.

(ii) Test Specimen

Most of the experimental work was carried out with the propellants
specified in Table 2, (i.e., M1, M26, M30, NC/TMETN, HMX/PU). A number of
tests were conducted with Plexiglass as a pure fuel. All specimens were
machined to cylindrical shapes as follows: length = 15.2 mm, OD = 7 mm,
ID = 3.2 mm. The blockage ratio is therefore - 0.22. Since the flow is low
subsonic, the deviations from ideal flow conditions around a cylinder are
expected to be small. The mounting configuration in the test section is
shown in Fig. 29. Pictures of the machined propellants mounted on
cylindrical holders and their supports are shown in Fig. 36. The propellant
and its holder constitute a uniform cylinder, 24.4 mm in length. The entire
propellant section of this cylinder is considered to be under uniform two-
dimensional flow coénditions, isolated from any flow irregularities near the
supports.

The propellants M1, M26 and M30 are standard practical nitrocellulose-
based propellants which were originally fabricated to cylindrical shapes.
They were machined to the above specified dimensions (which are quite close
to the practical ones). The propellant NC/TMETN was formulated at Princeton
University. It is used to investigate the effects of various additives on
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the ignition and ©burning properties of nitrocellulose-based (NC)
propellants. HMX/PU is a high-energy, experimental composite propellant
which was used in this work merely for the purpose of comparing the
ignitability of HMX propellants to NC propellants.

The propellant surfaces were machined smooth. All specimens were
checked visually before the tests for surface irregularities. To obtain
reproducibility of the experimental results, only propellants with smooth
surfaces were used. A measure of the pre-test machined surface may be
inferred from Figs 67,68.

(iii) Optical System for High Speed Photography

Since convective ignition is so highly dependent on the flow structure,
it was judged necessary to observe the flow and the ignition process
simul taneously. It was done by means of high-speed, motion photography,
taken  through a schlieren &and shadowgraph optical system originally
constructed by Ref. 19. A schematic layout of the optical system is given
in Fig. %0 (see also Fig. 34). A continuous light source, an Osram Mercury
Super Pressure Lamp HBO 100 Watt, was used. The schlieren field mirrors
have a 15 cm diameter and a 180 cm focal length. Both Hycam and Fastax
high-speed movie cameras were used at a nominal rate of about
5000 frames/sec. The Hycam gives a higher quality picture but its effective
f number is greater than the Fastax. The Hycam by virtue of its fast
shutter time capability was wused to get sharper pictures of the flow
structure (e.g., arrival of shock wave - Fig. 53). The Fastax was used to
get flame pictures under lower illumination conditions. Mostly color
pictures were taken, using Kodak Ektachrome type 7241EF and VNF films. A
blue color filter was placed in front of the mercury lamp, thus the
shadowgraph (or schlieren) flow structure was recorded by the film in blue.
As ignition and flame spread occur, the luminosity of the flame (typically
in yellow to red) is superimposed on the blue background of the flow
structure. That technique enabled one to distinguish the flame behavior
from that of the flow by virtue of the excellent blue-red color contrast.
The shadowgraph system was found sufficiently sensitive and was preferably
used, since it required lower light intensity.

IV-D. Ignition Detection

Though high speed photography could have been utilized to detect
ignition, the accuracy and the sensitivity of the photographic system was
determined to be unsatisfactory due to the following reasons: a) the best
time resolution obtained is 0.2 ms, which is 1lower than required to
distinguish the first ignition position, and b) the film sensitivity is too
low to record the cases when the flame radiation in the yellow-red is too
weak. The high speed photography is, however, very useful in showing the
extent of flame spread and its distance from the burning surface.

Most of the ignition data in this research was obtained using
photomultiplier tubes for ignition detection.

Six RCA IP28 photomultiplier tubes were used to distinguish the first
ignition position and the direction of the flame spread. Since the
photomultiplier tube is quite large compared with the test specimen, Bausch
and Lamb fiber optics were used to transfer the light output from the test
section to the photomultipliers. The fiber optics were trained down on the
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specimen through the quartz window on the top of the test section. A
Corning filter, 7-54 which has transmission of 2300-4200 A, was used to
reduce the background radiation associated with the arrival of the shock
wave. The optical combination is the original one used by Kashiwagi [19].
The detectable wave length range with this combination of photomultiplier
tube, filter, and fiber optics, is shown in Fig. 31. It covers the near
ultra-violet range.

Due to its low wave length the spectral region chosen to look for
ignition is relatively free from background noise which is mainly in the
visible. The infrared background noise is very strong during the test time
due to the heating of the test section walls by the shocked flow. As
already mentioned, there was a very strong radiation associated with the
arrival of <the shock wave. For the N,/0 test gas mixture used, the
radiation was visible in the yellow and was found to be very strongly
dependent on the incident shock Mach number. Though radiation in the yellow
may result from sodium contamination in the shock tube, the radiation
persisted despite careful cleaning of the shock tunnel walls. That
radiation in the visible lasted typically 2 ms into the test time and
prevented detection of ignition during that period in the visible spectra.
Using the near ultra-violet range for ignition detection solved almost
completely that problem. A few tests were conducted with Argon as the test
gas and the background radiation was extremely strong over the entire
spectra so as to prevent ignition detection even in the ultra-violet. That
problem was also encountered by Ref. 101 in connection with chemical
kinetics measurements in shock tubes by chemiluminescent radiation.

It was reported in Ref. 19 that detectors with different wavelength
sengitivities in the range 3000-5500 A gave equivalent ignition delay times.
The test conditions of Ref. 19 were similar to those of this work. The
experimental results of this work confirm the insensitivity of ignition
delay measurements on the visible spectra used for detection (see
Section V). Atallah et al. [102] found that this did not apply in the
region between the visible and the infrared, but their ignition delays were
relatively long in the range of 60 ms and the infrared spectrum was used to
detect the increase of surface temperature. The most likely species to emit
radiation in the spectrum range chosen for this work are NH and NO which
have strong lines at around 3750-3800 A, and 3950 A, respectively. Indeed,
these spectra were always found in Maltsev [103] experiments with the
burning of NC-based propellants.

A considerable technical difficulty was the focusing of the fiber
optics on the small cylindrical surface of the propellant. In order to be
able to distinguish the first ignition position and the flame spread
direction, each fiber optics should be 1limited to +transmit <the 1light
originating from the boundary layer adjacent to a small segment of the
cylinder surface. The segments should subtend the 180 degrees along the
cylinder perimeter. from the leading edge to the trailing edge without much
overlapping. Special optical units were devised for that purpose (Fig. 29).
Due to spatial constraints, a couple of fiber optics are housed per unit.
Each unit is mounted on a vertical slide and can also be rotated sideways.
The area under observation and the sensitivity of each detector system were
calibrated by rotating a specimen size cylinder equipped with a subminiature
elongate light bulb mounted on its surface, in place of the propellant
specimen. A picture of the calibration system is shown in Fig. 32. A rack
and pinion mechanism was used for rotation of the cylinder. The
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sensitivities of all detectors were adjusted to the same values. The
calibration results are shown in Fig. 30. Special emphasis was laid on the
proper coverage of the main anticipated ignition zones (see Section III).
Note that part of the wake region beyond the point of 180 degrees is also
covered. Note also that detectors number 5 and 6 overlap. It was done
intentionally. Detector 5 was used without filtering. Thus, its spectral
response extended from the near ultra-violet to the near infrared. It was
used for comparison purposes and also to detect the arrival of the shock
wave by virtue of its very strong induced radiation in the visible, thus
providing the time zero for the ignition delay time counting.

A new experimental technique for ignition and flame spread detection
was tried successfully in this work. The photomultipliers-fiber optics
system was replaced by a Reticon model LC64P analog/digital line scan camera
(see Fig. 34). A brief description of this camera is given here.

The operation of the Reticon camera is analogous ¢to that of a
photographic camera with the exception that the film plane is replaced by a
row of 64 tiny photodiodes. The spectral response of these photodiodes
extends from the near ultra-violet to the near infrared. The field of view
(depends on working distance and the choice of lens) is imaged by the lens
onto the photodiode array which is scanned electronically to produce a
staircase analog output with each 1level having an amplitude proportional to
the 1light intensity on the corresponding photodiode. Thus, a spatial
resolution of 64 points is obtained of the image scanned, which in our case
is the propellant surface. The photodiode array is scanned by an internal
clock which switches from diode to diode at a preset frequency f. After
sampling the last diode there is a built-in delay of five clock periods
before again sampling the first diode on the next scan. Thus the line scan
time is given by t. = 69/f. t. is adjustable from 0.2 ms to 40 ms. The
longer is t;,, the higher %he sensitivity, since the output is the
integration o% light intensity during tL'

The camera was used in this work only for the purpose of feasibilty
studies. Better recording instrumentation and a better camera are required
for the present work. Ignition detection tests with this system are
discussed in Section V.

IV-E. Instrumented Cylinder

As illustrated in Fig. 32 an instrumented (inert) cylinder 7 mm in
diameter (same as the propellant specimens) was devised to include three
thin platinum film calorimeters and & high-frequency Kulite pressure
transducer which could be rotated to measure the pressure and temperature
distribution around the circumference. The thin film gauge and the pressure
transducer portions of the cylinder can be counter rotated to any desired
angle of attack to the flow. The thin film gauge measures the surface
temperature simultaneously at three angles 90 degrees apart. Its response
time is about 15 gs.

The construction of the thin film gauge, its operation, and the
procedure to deduce the heat flux values from the temperature measurements
are discussed in Appendix IV. The significance of the heat flux
measurements was already discussed in the introduction to this section.

It was considered desirable to measure the static pressure distribution on
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the cylinder itself in order to:

a) Determine whether there exists significant pressure variations around
the ;ylinder circumference due to blockage effects (blockage ratio
0.22).

b) Compare the static pressure measured on the cylinder to that measured
at the bottom of the test section, especially during the settling time
of the flow in the test section.

c) Investigate the correlation between pressure disturbances and
variations in heat flux. General flow nonsteadiness characteristics
may be deduced from that data.

The mounting configuration of the Kulite subminiature pressure transducer
and its effects on its performence are discussed in Appendix V. Its response
time is better than 100 ps.

The thin film gauge and pressure transducer components of the
instrumented cylinder are shown in Fig. 35 as a part of a general layout of
the major test specimens and their supports. Note the small size of the
components.

IV-F. Data Acquisition and Instrumentation

A layout of the instrumentation for the experiments is shown in Fig. 33.
Two major recording devices were used:

(1) Biomation 1015 Waveform Recorder
- minimum sample interval 10 as.
- 4 channels capability. 1024 10-bit words per channel.

(2) Honeywell 5600 C Analog Tape Recorder.
- recording speed 60 in/sec.
- 80 KC frequency response.
- 14 channels capability.

The Biomation recording is almost noise free and therefore it was used to
record test section pressure and thin film gauge data. Typically, a sample
interval of 20 ps was used for 2 channels, recording 2048 words per channel,
thus, covering about 40 ms of test time (e.g., Fig. 40a). The data recorded
by the Biomation were transmitted to the HP 21-MXE mini-computer for storage
and analysis.

The tape recorder was wused to record the photodetectors data and driven
section pressure transducers data (shock wave speed). The level of noise
introduced to the data as it was recorded on the tape was not considered
detrimental to the analysis of those data. It was advantageous to have those
data on tape, since it enabled batch processing of several tests at a time.
In turn, the data. recorded on the tape was recorded by the Biomation,
digitized, and transmitted to the HP computer.

Another recording device was used for a special purpose: a Nicolet 1075
Digital Oscilloscope. Since it has a 1 ms sample interval capability, it was
used to record high resolution pressure data for the settling period of the
flow.
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IV-G. Evaluation of the Performance of the Shock Tunnel

As already discussed in IV-B, the flow conditions in a large scale shock
tunnel are not ideal in the sense that the flow properties in Region 5
(Fig. 28) are not uniform and the test time is shorter than the expected ideal
one. The importance of working under tailored conditions was stressed since
it assures best uniformity of test conditions and longest available test time.
The extent of the non-ideal effects on the available test time in the
experimental shock tunnel facility used in this work was discussed by Ref. 19,
and, therefore, it will be mentioned here only briefly. More emphasis will be
laid on those features of the shock tunnel flow conditions which have direct
bearing on the interpretation of the current experimental program results.

A good indication of the extent of the non-ideal features of the shock
tunnel is obtained from the samount of attenuation of the incident shock wave
speed as it propogates along the driven section. It was found that the
initial shock speed at the diaphragm station was very close to the ideal one,
however, that speed decreased by about 7% by the time the shock arrived at the
entrance to the test section (plane of reflection). The range of the
experimental shock wave Mach numbers for the test conditions of Table 1 is
given in Fig. 39. The comparison of the theoretical values indicates
attenuation of about 7% over the entire range.

(i) Pressure Data and Test Time

Typical pressure data taken in each test is shown in Fig. 40. The
incident shock wave speed is calculated from the bottom curve. For the
nominal temperature tests of Fig. 35, typical values of shock speeds at the
entrance to the test section are as follows: 1307 m/sec for 100% N,,
1300 m/sec for 10% 02/ 90% N, and 1276 m/sec for 50% 02/ 50% N,.

The available test time could be estimated from the test section pressure
trace (Fig. 40 - top curve). The sharp drop in pressure, after about 17 ms
from the initial pressure rise, indicates the arrival of the rarefaction wave
(see Fig. 28) and signals the end of the test time. The calculations and data
of Ref. 19 indicate that for the current work range of test section
velocities, the end of test time is indeed brought upon by the rarefaction
wave. As concluded by Ref. 19, premature arrival of cold flow due to the
bifurcation effect (IV-B) terminates the practical test period soomer to the
pressure drop in cases of higher test section velocities. It was inferred
from heat flux measurements taken at the test section. A sharp fall of heat
flux values indicated the arrival of cold flow. Test times measured in this
work using the heat flux data from the instrumented cylinder were always in
good agreement with those measured from the pressure data (Fig. 40)

The upper pressure trace of Fig. 40 is for the nominal test conditions
(operation under tailored conditions, Mach 3.72 - 3.78) and is quite uniform.
Nevertheless, there. is a slight gradual increase in test section pressure
during the test time. This is in accordance with the non-ideal phenomena
discussed in IV-B. A few high temperature tests were conducted slightly off
the tailored test conditions (Mach 4.08, Fig. 39) and the increase was about
20% and also gradual. In any case, the average of the pressure values for the
duration of the ignition delay was used for the interpretation of the ignition
data discussed in Section V. Since ignition delays were generally much
shorter than the test times, the errors were not significant. Using adiabatic
relations |104), it is approximated that the temperature rise due to a 10%
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pressure rise is only 3%.

The period of settling of the flow in the test section is around 1 ms.
As evidenced from Fig. 40, it is characterized by a strong overshoot and
undershoot of the test section pressure. It will be discussed later in
connection with the starting process of the flow in the test section.

The pressure trace discussed is the one measured at the bottom wall of
the test section. This trace is compared to the pressure measured using the
instrumented cylinder. Fig. 41 is typical of the data obtained (note that the
scales are different). Though the high frequency components of the pressure
are quite similar in both traces, the long time trend of the average pressure
value is somewhat different. The bottom wall pressure is increasing gradually
during the entire test time. The instrumented cylinder pressure drops
slightly and then increases. The average test +time pressure values, however,
are very similar. This phenomenon may indicate longer settling time for the
inner core flow.

The small pressure ripples on the pressure traces are inherent to the
test section geometry for the specific operation conditions and they are
remarkably reproducible. Fig. 42 is a demonstration to that effect. Note
that Fig. 42 is a compilation of three separate tests. The pressure traces
measured at O, 90, 180 degrees to the flow are very similar. Only the points
O and 180 degrees deviate slightly after 10 ms. It can be concluded that the
effects of the blockage ratio (greater than zero) are negligible. Therefore,
it is justified to assign one pressure value to each test for the entire
cylinder surface.

A better resolution of the pressure distribution around the c¢ylinder
during the initial flow transients is shown in Fig. 42b. The pressure rise
trends for the first 0.2 ms at the O degrees point and at the 90, 180 degrees
points are different. This has to do with the starting process of the flow
which is discussed next.

(ii) Starting Process of the Flow in the Test Section

The starting process for the flow in the shock tunnel is very important,
particularly for convective ignition tests, since very high heat fluxes may be
associated with it. Indeed, one of the reasons for constructing the heat flux
gauge (IV-E) was to study the heat flux associated with the starting process.

The starting process for the particular test section configuration is
very complex, since the cylindrical specimen, being mounted between two
nozzles (the entrance to the test section and the choked nozzle downstream),
participates actively in that process.

The starting process through nozzles was studied in connection with
hypersonic flow produced in shock tunnels downstream of expansion noggles.
Amann | 105] and Smeets |[106) observed the existence of a standing shock wave
which delayed the steady flow through +the nogzle. Amann found that the
geometry of the nozzle was important to that process. The diffraction of a
shock wave by a cylinder was studied by Heilig [107| and Bryon and Gross
[108]. Based on their studies and others, a simplified wave diagram (and
structure) was constructed to describe the flow during most of the starting
period (see Fig. 43).
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Referring to Fig. 43 the starting process is as follows.

As the incident shock wave S reaches the area constriction at the entrance to
the test section, it is partially reflected as SR and partially transmitted as
ST. The flow at the entrance to the test section is sonic and a rarefaction
wave RRF is formed to accelerate the flow to suitable values compatible with
those behind ST. The diffraction process of ST on the cylinder is such that a
reflected shock wave STR is formed with initial strength to stagnate the flow
at the front stagnation point and & transmitted shock wave STT starts moving
past the cylinder. At some distance along the cylinder perimeter, the point P
lifts itself from the surface and a contact surface C is formed. The pressure
behind Q decreases very significantly as the point moves toward the rear
stagnation point. The velocity behind Q may be supersonic.

In the high-speed motion pictures taken only situation 4 of Detail A was
observed (much higher framing rate than what was available was required to
observe situations 1, 2, 3).

The reflection of STR from the test section walls, the contact surface C,
and rarefaction RRF results in succession of wave motion in the test section
to which the cylindrical specimen is exposed. A reflected shock wave, STTR,
from the nozzle downstream adds to the unsteadiness of the flow and has a
large effect on the heat transfer to the rear portion of the cylinder.

The strengths of ST and STR upon impinging of ST on the front stagnation
point Q were calculated for the nominal operating pressure ratio of 2.86/0.06
MPa and incident shock Mach number Ms = 3,73. The following values were
obtained:

M. = 3.73 Moy = 2.21

s

Msp = 4.84 “ggn = 2.44

Py = 3.03 HPa Ty = 2626 K
Note that M, > Mg

In contrast, the steady state conditions at the test section (which are
reached after the settling period) are:

PQ = 1,72 MPa TQ = 1850 K

Thus, as ST impinges on the cylinder, the pressure and the temperature at the
front stagnation region jump instantaneously +to values which are higher than
the steady state ones. Referring to Detail A of Fig. 43, it may be realiged
that those high values are attenuated very rapidly in a time duration on the
order of the shock wave diffraction on the cylinder ~ 10 ps; similar high
values may exist on the rear stagnation point of the cylinder as STTR impinges
upon it.

The settling period of the flow is characteriged by a succession of
pressure waves impinging on the cylinder surface with decreasing strengths
until eventually steady state conditions are obtained. The wave motion
between the nogzles and the cylinder results in a very agitated flow. In the
shadowgraph high-speed motion photography taken, a situation of flow reversal
was observed (which is associated with the formation of STTR). The flow
direction is switched ¢twice until the final forward motion is established.
Since the flow at the wake of the cylinder is turbulent, the cylinder surface
is exposed to turbulent flow as the flow reverses itself. Much higher than
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laminar values of heat transfer to the cylinder surface are expected during
that period.

Instrumented cylinder surface temperatures and heat flux distributions
during the settling period of the flow are given in Fig. 44. The prominent
heat flux peaks are the indication of the pressure wave impinging on the
cylinder surface and the exceptionally high values of @P/3t, 3T/dt, and 3u/dt
associated with them (see discussion III-F,H). The high sustained values of
heat fluxes during the entire period are most likely the result of strong
turbulence associated with the flow reversal. As a result, the values of
surface temperature obtained at the end of that period are about > times
higher than the predicted ones based on laminar flow. The temperature rise
during that period is much higher than that which is calculated from Eq. (32),
which gives the temperature jump for sudden exposure of the cylinder to the
full magnitude of the ambient conditions. As the flow is established forward,
the turbulence is swept away and the high heating rates subside.

The heat flux trends in Fig. 44 are in accordance with the wave diagram
of Fig. 43 discussed before. As can be seen, only the front half of the
cylinder is highly heated during STT diffraction on it, since this region is
then exposed to the highest pressure and temperature values. However, the
rear surface of the cylinder experiences comparable heating rates during the
period of flow which starts when STTR impinges upon it (the sudden heat flux |
peak observed at 90-180 degrees after about 0.2 ms). It is then exposed to
reverse turbulent flow and the high heat flux is sustained thereafter. The
90-degree region is heated the least, since the boundary layer is the thickest
there. Note the similarity in trends during the first 0.2 ms between the
pressure data expressed in Fig. 42b and the surface temperature data expressed
in Fig. 44.

Subfigures 44 A, B, C represent three separate tests. Note the symmetry
in the results (-30, 30, -60, 60 degrees). Note also the reproducibility of
the heat flux trends. The magnitude and trend of the heat flux during the
settling period, expressed in Fig. 44, are almost identical for the entire
range of nominal test conditions (Table 1) since they depend mostly on Hﬁ and
the geometry of the test section. The area size of the variable area-choked
nozzle downstream affects the strength of STTR to some extent. STTR is weaker
for a larger area.

The importance of the initial flow transients on the convective ignition
performance was discussed in Section III-H and will be discussed further in
Section V. It should be emphasized again that the abnormally high heat fluxes
associated with the initial flow transients could not have been deduced from
any pressure data and only the direct heat flux measurements revealed the
extent of their trends and magnitudes.

(iii) Remarks Concerning the Calculation of Steady State
Flow Conditions (Appendix III)

The temperature, pressure and flow velocity in the test section were
calculated assuming equilibrium flow condition, i.e., variable C_. The
calculations assume that the flow velocity, temperature, and pressurg in the
test section become statle immediately after the shock wave is reflected and
the nozzle downstream is choked with a certain mass flow. Actually, this
immediate stability assumption is invalid during the settling time of the flow
(0.8 - 1.0 ms). The theoretically calculated conditions should, however, be




- 59 -

valid after that period until the arrival of the rarefaction wave or cold
flow.

The calculations of Ref. 19 show that if frozen conditions are assumed
(C_ constant), the frozen temperature is about 25% higher than the equilibrium
teﬁperature, and the equilibrium pressure is about 12% higher than the frozen
pressure.

The characteristic time of the vibrational relaxation process of the
temperature from its frozen value to equilibrium value is given by the formula

1109]:

exp(K,/m)! /3
'r =C.___p__

Substituting the proper constants C and K2 for N2, the value for obtained
for T = 1850 K, P =1.75 MPa is = 10.3 pus. That ¢time is an order of
magnitude smaller than the shortest ignition delay time measured in this work.
Therefore, the equilibrium conditions were considered to be the experimental
conditions in this work. Actually, the experimentally measured test section
pressures (Figure 40, 42) were about 10% higher than the equilibrium values
which are calculated based on the experimentally measured shock wave speed M

at the entrance to the test section. This may be caused by the interaction o

the attenuated flow behind the incident shock wave S with the reflected shock
wave SR (Fig. 28). Therefore, the values calculated are corrected assuming
adiabatic relations to account for that 10f deviation of the experimental test
section pressures from their theoretical values. Details are given in
Appendix III.

Note that the calculations are based only on the incident shock wave
speed and the test section pressure data. No attempt was made in this work to
measure directly the temperature and velocity in the test section {tecause it
was highly impractical). However the errors expected in the calculated
temperatures are quite small compared +to the errors in pressures which are
already corrected (since the pressures are measured). The error in velocity
values is even smaller. Since the purpose of this work is to find the
phenomenological differences of experimental trends rather than any exact
values, it is quite reasonable to accept equilibrium conditions and a constant
average test section pressure for the calculations of the flow conditions
during the test time.
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SECTION V

EXPERIMENTAL RESULTS

V-A. Introduction

The range of test conditions is summarized in Table 2. In each of the
three test types specified in Table 2, only one flow property (i.e.,
pressure, temperature, velocity) was systematically varied while keeping the
others unchanged. A better interpretation of the results is obtained in
this manner. Since the ignition process investigated is of the convective
type, the flow velocity was the main parameter which was changed in a large
number of tests (thereby changing the Reynolds and Damkohler numbers of the
flow). The vast majority of the tests fall into the category of "Nominal
Conditions" (Table 2), to which all the test specimens were exposed and for
which the "tailored conditions” were satisfied. A few tests (with M30
propellant only) were conducted under higher embient temperatures. For that
purpose the tailored conditions were relaxed somewhat (higher incident Mach
number - Fig. 39). In both cases the gas velocity was controlled by means
of the variable area choked nozzle downstream of the test section (Fig. 29).

The importance of the ambient pressure 1level for the convective
ignition process is discussed in Section III-H. Since practical convective
ignition situations occur under a wide range of ambient pressure conditions
(as well as velocities), a series of tests were conducted in which the
pressures were varied while the temperature and velocity were kept constant.
This was done by varying the driven (1) and driver (4) initial pressures
keeping the pressure ratio P /P1 constant (thus operating under tailored
conditions). Since the shock save magnitudes are dependent only on P, /P
(for the same gas composition), the temperature and the velocity are
unaltered.

Flame spreading trends (and blow off phenomena) are of direct relevance
to the convective ignition performance. Therefore, the flame spreading
trends are presented and discussed here as major supplements to the main
ignition results which deal with the delay time and location of the first
ignition event.

Post ignition burning of a granular propellant in a flow field is
important to understanding convective ignition in tandem configurations. A
photographic display of major burning phenomena is given (Figs. 7t through
74) and discussed.

Graphite was added to some of the propellants in order to render them
opaque to radiation and to determine whether graphite creates hot spots on
the surface that promote ignition. The effect of graphite and carbon as
additives to the propellants on the ignition performance was investigated in
a series of tests.

Information regarding convective ignition in tandem configuration is
relevant to the practical case of packed bed ignition. A series of tests
was carried out with two propellants in various tandem configurations.

A general interpretation of the experimental results is given in light
of the theoretical analysis of Section III. 1In particular, heat flux data
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obtained from the series of tests with instrumented cylinders are used for
the interpretation of the ignition and flame spreading. Additional
information is obtained from scanning electron microscope studies of
extinguished propellants surfaces.

¥-B. Discussion of the Heat Transfer Data Obtained from the
Instrumented Cylinder

The heat flux data obtained during the settling period of the flow
(™1 ms) were previously discussed in connection with the starting process
of the flow (IV-G). The reproducibility of the results was good and
consistent trends were found. The abnormally steep temperature rise during
that period is attributed to the existence of a high level of turbulence
associated with the initial wave motion and boundary layer development.
Typical surface temperature and heat flux data for the entire test time, at
the points O, 90, 180 deg. to the flow, are given in Figs. 45 and 46,
respectively. The following features are typical to all of the heat flux
data obtained:

a) The steep surface temperature rise during the period of the initial
flow transients and +the high heat flux values associated with them are
almost identical in all tests conducted under the same ambient pressure ]
and temperature. Similar levels of surface temperature are reached at
the points O and 180 deg. by the end of that period, but a much lower
temperature is obtained at the 90 deg. point.

b) The surface temperature rise (and the heating rate) during the steady
period varies from test to test as the velocity is changed. In all
cases, the highest heat flux levels are obtained at the O deg. point.
The heat flux values increase gradually from both the O deg. point and
the 180 deg. point toward the 90 deg. point. Similar values are
obtained for the entire region of -30 to 30 deg. to the flow.

c) After the end of the settling period (judged from the pressure data),
the heat flux is still unsteady for the remainder of the test period i
but fluctuates around certain steady 1levels. In that respect the
following features are noticeable:

1) Though the average heat flux levels vary markedly around the
cylinder perimenter, the amplitudes of the unsteady components of the
B heat flux are almost the same.
2) The fluctuations in the heat flux levels at O eand 180
deg. correlate well, however they correlate poorly with the 90
deg. point fluctuations.

st

A further discussion of the above items follows.

Unlike the pressure data (Fig. 42), the reproducibility of heat flux
data (taken in identical tests) is good only for the first 3 ms of the test
time. During that period a good correlation is obtained between the
pressure fluctuations and the heat flux fluctuations. After that period, i
the reproducibility.of the heat flux fluctuations pattern is poor but the
average level of the heat flux is still fairly reproducible.

15 aen o N oA ST A .

As expected (Section III-H), the heat flux levels are very sensitive to
the ambient pressure levels since convective heat transfer is strongly
dependent on the density of the fluid. That sensitivity is very pronounced
during the initial flow transients. Figure 47 is a demonstration of that
effect. Note that despite the complex patterns of the surface temperature
traces, there is a consistent similarity of shape among the temperature

t

PRGN < oo S A

e - = N AT P, Oy < (A TARIRT e Py



TN o 1o g ne

- 62 -

traces which correspond to the same angle of measurement.

The large surface temperature rise during the initial flow transients
results in much shorter times to reach some prescribed surface temperature,
as compared to the pure steady flow case. The time to reach a surface
temperature of 200 C at § = O, 90, and 180 deg. is shown in Fig. 48 as a
function of Reynolds number. The rise rate behavior is very steep and the
role of the initial rapid rise of the temperature is evident (Fig. 45)
particularly for the higher pressure case (Fig. 47).

The experimentally measured surface temperatures of the pyrex cylinder
(the backing substance of the thin film gauge) are converted to the
approximate values of surface temperatures which are expected on the
propellant specimen by the following relation:
t=B Ty

Tw,propellan Jpyrex

where:

g (K$-C ) rrex

(K.y.cp)propellant

The above relation is obtained from Eq. (IV-4) (App. IV) assuming that
for the same flow conditions, the heat flux versus time at the propellant
surface is identical to that at the pyrex surface. Clearly that assumption
is incorrect when the propellant surface reaches temperatures above the
gasification temperature (200 C), since a high heating rate is required for
the gasification and heat transfer is reduced because of the blowing effect
of the propellant vapors. Even under inert heating conditions, the heat
transfer to the propellant is reduced as the temperature difference between
the ambient temperature and the surface temperature decreases. Therefore,
the expected propellant surface temperature cannot be calculated above
approximately 200 C (the gasification temperature). Typically for the
propellant specimens used in this work, P~ 3. Referring to Fig. 45 (or
Fig. 44), it is evident that a temperature rise in excess of 120 C is
obtained after the first 1 ms of test time at the O and 180 deg. regions.
That translates into a 360 C temperature rise for a propellant specimen if
it had been inert. Since this is not the case, the actual surface
temperature rise during the initial flow transient will be much 1lower;
nevertheless, it 1is expected to be above the gasification point. Owing to
the complexity of the heat flux trends during that period, it is very
difficult ¢to predict the exact levels of propellant surface temperature
during that period and thereafter. A simplified simulation of the effects
of a large initial propellant surface temperature jump at the initiation of
the flow (to velues above the gasification temperature) is given in
Section III-H. Baged on the results of the numerical solution shown in
Fig. 25, it is very probable that the propellant surface cools down
appreciably after the high heat flux rates, associated with the initial flow
transients, subside. The surface temperature rise is resumed gradually due
to the continued near steady state convective heat transfer and the
exothermic chemical reactions which lead to ignition. This subject will be
discussed further in connection with the interpretation of the ignition
trends found experimentally.
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The heat flux distribution trends during the steady period are as
expected for a subcritical regime of flow around cylinders (see
Section III-C). The heet flux results indicated correctly the extent of the
front stagnation zone ( .e., it constitutes a large portion of the front
surface). See the discursion of Eq. (31) for more details.

; The post flow-settling-period unsteadiness of the heat flux (discussed
{ in item (c¢)) could not have been inferred from the pressure data (which is
i rather steady then). Thus, low frequency free stream turbulence or velocity
3 unsteadiness may exist. Since the flow velocity was not measured directly
. in this work, the existence of turbulence is a matter of conjecture based on
' the heat flux data of this work as compared to related turbulent heat
transfer data published elsewhere. The high speed motion pictures taken at
a rate of 5000 frames/sec did not reveal turbulence upstream of the
specimens. In contrast, the wake turbulence was clearly in evidence.

The fundamental frequency of the heat flux fluctuations was found to be
in the range of the expected frequency of vortex shedding from the wake
(i.e., 500 to 1000 Hz). As suggested by Hinze [110], the free stream
turbulence is expected to affect the heat transfer rate to the rear surface
when the "frequency" of the energy-containing eddies (which is proportional
to the free stream velocity divided by the integral 1length scale of the
turbulence) is equal to the shedding frequency of vortices from the wake (a
resonance effect). Thus, seemingly the heat flux fluctuations at the rear
surface may be related to the existence of free stream turbulence. However,
that does not explain the similar fluctuations encountered at the front
surface. Also, the experimental evidence available from the literature L61J
for the influence of free stream turbulence on the local heat transfer rate
to cylinders is that the augmentation in heat transfer due to turbulence is
the highest at the front stagnation zone and the 1lowest at the separation
zone. This is definitely not the case in the present work (item (c - 1)).
From the foregoing discussion it is concluded that though the existence of
some degree of free stream turbulence cannot be ruled out, the fluctuations
in the heat flux data are probably the result of velocity and temperature
non-uniformities in the flow field (since the measured pressure is quite
g uniform). It may imply prolonged effects of the initial flow transients on
¥ the volume of gas in the driven section which flows through the test section
during the test period.

4 Vortex shedding from the wake was observed photographically to have a
distinct regularity only in +the later stage of the test time. It is
expected that the vortex shedding phenomena will result in rear surface heat
flux fluctuations at the shedding frequency. However, as already mentioned,
the fundamental frequency of the heat flux fluctuations was in the range of
H the vortex shedding frequency and it was quite difficult to filter the
i latter from the former. Spectral analysis of the heat flux data revealed in
most cases prominent frequencies which might be associated with the vortex
5 shedding only for the 180 deg. point. Indeed in Fig. 46 when comparing the
i heat flux data for the O deg. with the 180 deg. point, there is some
3 indication of a unique frequency, which is superimposed on the fundamental
|

i

one for the 180 deg. point. That frequency (~MO00 Hz) may be associated
with the vortex shedding.

The seemingly bad correlation between the heat flux measured at the 90
deg. point (separation zone) and the O and 180 deg. points may be due to
fluctuations, in the location of the separation point, which are not in
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phase with the velocity fluctuations. Since the period of the velocity
fluctuations is a few times the residence time of flow around the cylinder,
the heating conditions can be regarded as quasi-steady (see Section III-H).
The 1long time heating trends are dependent solely on the steady average
values of heat flux. Plots of the average values of heat flux for the
steady portion of the test period, versus the Reynolds number of the flow,
are shown in Fig. 49. The established trends are as exgec%ggo b.e., the
heat flux increases with the Reynolds number (h'~Re . The
scattering of the data fairly represents the reproducibility of the heat
flux data. The ignition data are therefore expected to have similar

scatter.

V-C. Ignition Detection

The basic methods for ignition detection in this work (see
Section IV-D) are: photo-detectors (photomultipliers and fiber optics), line
scan Reticon camera (64 silicon elements), and high speed motion color
photography. All ignition data given in this section are based on the
photo-detectors™ output. The Reticon camera was used for feaaibility
studies of its use in ignition detection applications. The high-speed
motion photography was used mainly to obtain the extent of flame spreading
and flow structure, but ignition data could also be deduced from it, though
not nearly as accurately as those from the photo-detectors. The features of
the ignition data obtained by the above mentioned techniques are discussed
next.

(i) Ignition Data from the Photo-detectors

Typical ignition data from the photo-detectors are shown in Fig. 50.
As described in Section IV-F, the data are originally recoried on the
tape-recorder and then digitized and sent to a computer. Fig. 50 shows the
data as they are recorded on a Biomation 1015 and presented on a monitor
display.

Figure 50-A is a typical display of ignition data obtained for
conditions of low oxygen concentration flow (10% O,) for M30 propellant.
The light emission signals associated with the onset of ignition are rather
weak and had to be greatly amplified in order to be distinguishable on the
display (to optimize the digitation range). The noise level which is
inherent to the tape recording can be judged from the signals prior to the
shock wave arrival. The induced luminosity of the shock wave arrival marks
clearly the initiation of the flow. Note that ignition starts first at the
rear surface then at the front surface and finally at the separation gone.
The 1low 1level of the light emission and the relatively slow onset of
ig tion are typical to all of the ignition data obtained for low oxygen
concetration flow conditions.

Figure 50-B is a display of ignition data obtained for conditions of
high oxygen content in the free stream (50% 0,, 50% N,) for M26 propellant.
The light emission signals associated with the onset of ignition are very
intense ss compared to those obtained for the 1lower oxygen content flow.
Sote *he vertical scales on sub-Figs. 50-A,B. The ratio of signal to noise

» sufficiently high so that the tape noise is not apparent. Also, the
. - . nduced [uminoeity {s very weak as compared to the flame luminosity.
~o¢ % A4istinguish the shock wave arrival (starting of the flow),

« - remter ' e used without the ultra-violet filtering (which is used
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on the other detectors). Therefore its output is the integration of the
light emission over the entire visible spectrum. The ignition signal of
detector 5 (for the case of Fig. 50-B) reached the saturation level of its
photomultiplier. Note that ignition starts almost simultaneously on the
entire cylinder surface and that the ignition signals are rather steep
(compared to the lower oxygen content case). Ignition delay is an order of
magnitude shorter than that of Fig. 50-A. Figure 50-B is quite typical of
ignition data obtained for M26, PNC, and Plexiglas under conditions of 50%
oxygen in the free stream. In general, for a given propellant, the ignition
signals were more intense as the level of free stream oxygen was increased.

Though not shown in Fig. 50, all six detectors were used in each test
(detector number 5 without filtering). Ignition times were counted from the
time of shock wave arrival. In some cases, a phenomenon of a short sequence
of ignition-extinction was observed (with period smaller than the residence
time of flow t_.). It was attributed to evanescent flow unsteadiness at
frequency greater than 1/t. that stimulates premature ignition by
momentarily distorting the “boundary layer profiles of velocity and
temperature. Therefore somewhat arbitrarily, ignition was considered +to
occur when the fleme established lasted for more than 3t_. The points of
ignition on the photo-detectors traces shown in Fig. §o were considered
arbitrarily to be those with amplitudes equal to three +times the average
noise level.

The effects of the 1large rise in propellant surface temperature,
associated with the initial flow transients, on the ignition events were
expected to be most pronounced for the case of a large amount of free stream
oxidizer (section III-H). In particular, the possibility of transient
ignition during the flow transient period was predicted. This phenomenon
was indeed observed experimentally. Figure 51 shows the ignition data
obtained from the six photo-detectors for M30 propellant under 50% 02' 50%
N flow. As expected, that phenomenon is most pronounced at the front
s%agnation point fsetector #1) where the surface temperature rise is the
largest, and less pronounced at the separation point (detector #4). The
fluctuations of the photo-detectors' signals are most likely related to the
fluctuations of the heat flux, discussed in the previous paragraph. Indeed,
fluctuations of the detectors signals were observed for all the tests
conducted. Note that the shock wave luminosity in the visible spectra
(detector #5) interferes with the detection of the transient ignition. The
transient ignition is detectable by the other detectors only after
filtering.

(ii) Ignition Data from the Line Scan Reticon Camera

The principle of operation of the Reticon camera is discussed in
Section IV-D. The calibration of the camera output is shown in Fig. 52-A.
The same arrangement shown in Fig. 32 was used. Most of the 64 photo-diodes
of the camera are focused on the 180 degrees of the exposed cylinder
circumference. The light source which subtends less than 10 degrees is
detected by only 4 photo-diodes (indication of the sharp focusing and
spatial resolution obtainable with the camera lens system). In order to
achieve maximum time resolution of the data, (each photo-diode is scanned
every 0.2 ms for duration of 0.2 /69 ms), the camera output was recorded on
the tape. Display of the camera output for M30 propellant igniting under
flow containing 10% 0, is given in Fig. 52-B. Ignition occurs after about
31 scanning periods. = That corresponds to 6.2 ms. Horizontal amplification
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of the signal is given in Fig. 52a -A,B,C. The signal is distorted to some
degree due to frequency response limitations of the tape~recorder and due to
signal saturation (as intense flame is established). The onset of ignition
is easily detectable in sub-figure B. Based on the calibration (Fig. 52-A),
the first ignition location is around the 90 deg. point. As seen from
sub-figure C ignition occurs next at the front stagnation point and shortly
after at the rear stagnation point. That kind of signal display, in
addition to indicating the first ignition delay time and location, alsc
depicts the time-wise and space-wise extent of flame spread. A much better
and undistorted signal may be obtained using more advanced instrumentation.
The future use of 1line scan cameras for ignition and flame spreading
detection seems to be very promising.

(iii) Ignition Data from High Speed Motion Photography

Ignition delays based on high speed photography (color films) were
generally longer than the ones measured using the photo-detectors. The
reasons for it: a) 1low time resolution =~ greater than 0.2 ms at
5000 frames/s, and b) the exposure time at the high framing rate was not
sufficient to record the earliest stage of flame development. As already
discussed, the onset of ignition was rapid and flame radiation was most
intense in the high free-stream oxidizer ignition cases. For these cases,
the ignition delays measured from the high-speed film (which records in the
visible spectra) were in good agreement with the ones measured from the
photo~-detectors (which record the radiation in the near ultra-violet).

-

The pictures taken through the side windows of the test section
recorded the flame distance from the surface at ignition time and its
thickness. In all cases photographed, the first detectable flame was
anchored to the surface. Fig. 53 is an example of a high-speed motion
picture sequence of propellant igniting. Within 0.25 ms of the onset of
convective heating, vapors originating at the front surface have been
ignited and are burning. During the transients to full flame development,
the vapors burned out and then re-established permanently within the next
0.5 mg, After another ! ms, the combined effects of convective heating and
heat feedback from the propellant decomposition  produced sustained
combustion over the entire surface of the cylinder

V-D. Ignition Trends for the Various Propellants

Because of their ignitability over a wide range of free stream
conditions, the vast majority of tests were conducted systematically with
M30 and M26 (containing graphite) propellants.

.._;_._;;:;:z‘w"‘»v“‘ﬂ—w—“ i

Ignition data are given here for M30 triple-based propellants for
constant pressure and temperature (solid 1lines of Fig. 54), for constant
velocity and temperature (dashed lines on Fig. 54), and for constant
pressure and constant higher temperature (Fig. 55). The choice of Reynolds
number as the coordinate in Figs. 9 and 10, though somewhat arbitrary, is
logicael since only one parameter varies along each curve, either the
velocity (or ty) or the pressure (density). Indeed the Reynolds number
could have been replaced by any of the Damkohler numbers. The inert heating
of the propellant during the steady state period prior to gasification is
also a function of Reynolds number only. As shown in Fig. 56 a similar
series of experiments were conducted for the double-based propellant M26
which contains graphite. The trends of the results are discussed next.




The solid lines (velocity variation only) in Figs. 10 and 11 are the
best fits to the results of scores of tests. As is evident, the trends are
most dependent on the level of O, in the free stream. As expected, shorter
ignition delay times are obtaine for the higher free stream 0, cases;
however, the dependence of the ignition delay on the Reynolds number is much
more complex and one must consider the location of the first ignition. For
that purpose, a statistical histogram was constructed (Fig. 57) which
presents the locations of first ignitions and the consequent flame spreading
tendencies, as they depend on the Reynolds number and O, content of the flow
(M30 propellant). As can be seen from Fig. 57, in %he range of Reynolds
numbers 1000-7000 ignition tends to occur first at the front stagnation
region, regardless of the free stream 0, content. The transition to rear
stagnation region ignition occurs at higher Reynolds numbers preceded by
separation region ignition. In all cases ignition was detected distinctly
first at any of the aforementioned regions and not elsewhere on the cylinder
circumference. This is in accordance with the theoretical predictions of
Section III. In essence, Figs. 9-11 are compilations of the ignition delay
times of the three main regions of ignition, and the complexity of the
ignition curves reflect the transitions of ignition preference from one
region to the other. Note the ignition delay values on the solid line of
100% N, in Fig. 54. For the low Reynolds numbers they drop steeply to a
minimum, rise slightly, and then start dropping steeply again to a point of
no ignition. This behavior reflects the transition from front stagnation
region to rear stagnation region ignition. Indeed, the theoretical
prediction expressed in Fig. 23 indicates the attainment of a minimum value
for ignition delay time for front stagnation ignition under inert flow. The
role of the Damkohler number of the flow (which decreases as the Reynolds
number increases) on the ignition delay and location was emphasized in
Section III. If it becomes sufficiently small, ignition may not be realized
at all, particularly the ignition under inert flow.

Effects of Damkohler number (D.) and hydrodynamic mixing on ignition
times and trends are demonstrated by the results obtained from a series of

tests with partially inert, partially M30 propellant cylinders under various
flow conditions (Fig. 58). The contribution of the propellant vapor
evolving from the front surface to ignition promotion at the rear surface,
is demonstrated in cases A and B. Note that the effect is most pronounced
in the inert flow case C. Note also that in the 1last case (C) the flame
does not spread to the front surface at all but it does spread in case A
though the Reynolds number of the latter is smaller than that of the former.
That demonstrates the effect of the free stream O, on ignition promotion and
flame spreading. Note, in particular, that thé observed ignition time in
case B at § = O deg. is greater than that for § = 180 deg., even though the
heat flux for § = O is larger than that for ¢ = 180. Referring to Fig. 7,
the flow in region (3) around § = 180 deg. resembles the flow around
$ = O deg.; however, the residence time of the former may be much greater,

thus possibly the 1local is larger than at § = O deg., and the ignition
time is shorter (see Sectloﬁ III-I)

The wavy shape of the ignition delay curve for the inert flow in
Fig. 54 is more pronounced in Fig. 55 which is for the corresponding higher
ambient temperature case. It may be due to more prominent competition
between the various rate processes. The rates of inert heating and chemical
reactions increase vhile the residence time of flow is reduced (since for a
given Reynolds number the decrease in density which is associated with the
increase in temperature is compensated by an increase in velocity). While
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comparing Fig. 55 to Fig. 54, note that the no ignition point of Fig. 55 has
a lower ignition delay but ignition occurs for lower Reynolds number.

Compared to M30, M26 ignites much more rapidly (Fig. 56). Indeed, for
the 10 and 50% O, conditions, ignition occurs in sub-millisecond time which
is within the transient settling period of the flow. As discussed in
paragraph B of this section, the propellant surface temperatures at the
front and rear stagnation points rise momentarily to levels above the
gasification temperature and if sufficient free stream oxidizer is present,
a esituation of transient or sustained sub-millisecond ignition may be
obtained (Fig. 25). For the case of 50% 0,, 50% N, (Fig. 26), ignition
occurs at a very early stage of the flow gevelopment; hence there is no
dependence on the Reynolds numbers (which are associated with the steady
flow). Indeed for this case ignition occurred almost simultaneously at the
front and rear stagnation points. The reduction of ignition delays for the
M30 propellant (Fig. 54) in the 50% 02, 50% N, case, as the Reynolds number
zero 1is approached, is probably also & consequence of the initial flow
trangients. The residence time is sufficiently long for the accumulating
reactants to ignite while the surface temperature is still much above the

gasification point.

Though seemingly the effect of the initial flow transients on the
ignition trends is a drawback of the experimental facility (one might have
preferred steady conditions from time zero), nevertheless the data obtained
are valuable since initial flow transients occur in practice and they
accompany all shock-induced flow.

The trend of the delay time curve for M26 under inert flow (Fig. 56) is
different from that of M30. It is discussed in paragraph F in connection
with the flame spreading trends of M26.

As seen from Figs. 54 and 56 (dashed curves), the ignition delays are
very sensitive to the ambient pressure, P_,, (i.e., to the density). The
trend is for a given Reynolds number or  velocity, the ignition delay
decreases or increases as the P, increases or decreases. This trend is
explained from the effects of PE on the ignition delay times, t,, .. .. and

tchemical‘

Increasing P, results in the shortening of tth rmg1 due to the
following reasons: a) if the velocity, UE’ is kept conagan%, the Re number
increases with P, (dashed curves on Figs. 54 and 56) and so do the inert
heating rates, aﬁd b) the large initial temperature rise associated with the
initial flow transients is much steeper for a higher P_ (this effect is
expressed in Figs. 18 and 48 and discussed in paragraph E). Even if P, is
raised while the Re is kept constant (i.e., UE is decreased), the effect
expressed in item b) is very pronounced.

The effect of P, on t is complex. The t is adversel
dependent on the maggitudecg?m%ﬁglinstantﬁneous reactioﬁhgg%gflRR, vhichemag
be expressed as RRo4D. Y, Yo*f(T). The concentrations Y,y and Yp depend
directly on the values of the Damkohler numbers DG and Dg (see Section III).
For the dashed curves of Figs. 54 and 56, DG-CPE and Dsec1/P ;3 hence it is
difficult to assess the effect of raising P, on t 1° ote that in the
case where there is significant amount of ¥ree s%ggg$c%xidizer, Y XE the
t hemic is rather sensitive to the partial pressure of the oxidizer, P XE®
since Rk"POXE'YF‘ The similarity in ignition trends for pressure
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variations in the cases Y ,.=0 and Y,yp=O.1 in PFigs. 54 and 56 implies that
. XE OXE
the main pressure effect is through tthermal'
General ignitability diagrams of the various propellants (and
Plexiglas) tested are given in Figs. 59 and 60. The main results and trends
are:

A. Compared to triple-based, single-based and double-based propellants
¥ ignite more rapidly in oxygen-containing flows.

B. The higher the oxygen content of the free stream, the shorter is the
ignition delay time and the ignition site tends toward the front stagnation
: point (Fig. 57).

Cavslami by v

C. Flame Dblow-off phenomena occurred for 1low free stream oxygen
concentration, low Damkohler number flows (i.e., high Reynolds number
flows). {

D. In the cases of single and double based propellants, as well with
Plexiglas, ignition under 50% O, flow conditions occurred many times within
i the initial flow transient time characterized by an almost simultaneous
1 ignition at both front and rear stagnation points.

E. The high heating rates associated with higher velocities (i.e., higher
Reynolds numbers) do not necessarily result is shorter ignition delay times
3 (Figs. 54, 55), since the Damkohler numbers are lower.

The ignition trends expressed in items B, D and E have already been
discussed. The following paragraph deals with possible mechanisms relating
to the effects of free stream oxidizer (02) on the ignition trends expreassed
in item A.

E. The Sensitivity to Free Stream Oxidizer (0,)

(i) Propellant Ignition

3 As already mentioned, no ignition was obtained under pure inert
: conditions for the single and double based propellants. In fact, even
increasing the free stream temperature and pressure to values up to 2400 K
and 2.1 MPa did not result in ignition in those cases. On the other hand,
as seen from Fig. 60, M26 without graphite ignited withas little as 2% 02 in

the free stream under the nominal condition of free stream temperature and
pressure of 1875 K and 1.7 MPa, respectively. M30, the +triple-based
propellant, ignited under inert gas conditions and was much less sensitive
to the amount of free stream oxygen.

o ot tr

The effects of possible impurities of O, in the inert gas (N2) were
deemed insignificent. Typically, in order %o dilute residual impurities

(air) in the shock tunnel, the test gases (being 99.99% pure) were pumped in
and out of the driven section several times prior to each test. By this
process, the 0, impurity in the inert tests was limited to a range of less
than 0.01% (in“the nominal tests) up to 0.5% (in selected tests). In that
range, the effect of the impurities on ignition was negligible, i.e., no
ignition in the case of single- and double-based propellants (which did
ignite for 2% 02) and identical ignition delays for the triple-based
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propellant.

The inert heat transfer rate to the propellant is not affected
appreciably by the ratio of O /N2 of the free stream during most of the
ignition delay time. Thus, the "contributions of the chemical reactions and
flame structures of the propellants are the sources of the observed effects
of 0, and the differences in propellant type. In addition, the propellants
do not differ significantly in their thermal properties. Gasification
temperatures of the propellants were always achieved during the test time as
was evident from the high speed films and from the post-test diameter
measurements and surface structure examination.

The compositions of the practical propellants M1, M26, and M30 are
given in Table 1. The main component of M1 is nitrocellulose (NC), 83%.
The main components of M26 are NC, 67% and nitroglycerin (NG), 25%. The
main components of M30 are NC, (28%), NG, (22%) and nitroguanidine (NGU),
48%. Thus, NC is the major component in M1 and M26, and NGU is the major
component in M30. Both M26 and M30 contain about the same amount of NG.

Table 1 also specifies the main atomic compositions of the homogeneous
propellants tested and their oxygen balance (for complete combustion of
their hydrogen and carbon contents). The M30 propellant contains slightly
less oxygen than the other propellants but its oxygen balance is not as
negative since it also contains less carbon. Thus, the atomic composition
of M30 does not directly explain the differences in the ignition trends
between M30 and the other propellants, particularly with respect to ignition

under inert flow.

Though M1 is less energetic than either M26 or M30, it demonstrates
approximately the same trends as M26 (ignition delay times being only
slightly longer than the latter). Ignition trends similar to M1 were found
for the NC/TMETN propellant which is the least energetic of all propellants
(contains only 54% NC, the other component is less energetic than NG or
NGU). Thus, it is concluded that the major difference is in the
decomposition products and the flame structure of NGU versus NC.

Basically NC is a nitro compound including  nitrate esters
(c-0 - N02), and NGU is & nitro compound including nitramine
(C - K - NOJ). The mechanism of double-based (nitrate esters) propellant
combustion ﬁave been widely studied (see Ref. 111 for & recent study).

The major features are:

a) Decomposition products are: N0, + CH)0 + higher
hydrocarbons.

b) Flame zone temperature profile is subdivided to fizz zone,
dark gone, and luminous flame zone.

The temperature gradient is <the steepest in the figzz and luminous flame
zones, and relatively flat in the dark s=zone (Fig. 1). It should be
remembered, however, that this kind of profile is superimposed on the
boundary layer profile and will be strongly affected by it. With respect to
ignition, it is assumed (though there is no definite proof to it) that the
fizz and dark zones already exist during the early stage of the ignition
process. Indeed, the figz zone (being close to the surface) is most
important for ignition, since ignition occurs through the bootstrapping
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process of gaseous phase/solid phase interactions. The dark zone
temperature gradient being relatively 1low inhibits the transfer of energy
from the luminous flame zone. After the boundary layer exists, the stage of
luminous reaction zone may not be realized, since the reactants are diluted
by the convective flow away from the surface.

NO,, a very strong oxidizer, is reduced in the fizz zone to NO and the
principal fuels emerging from this zone are H, and CO [112]. Thus, the
combustion is incomplete and only about half” the energy stored in the
double-based propellant is 1liberated there. The reasons for it are: a) NO
has a 1large activation energy for oxidation reactions, and the temperature
at the end of the fizz zone (or in the boundary layer close to the surface)
is not sufficiently high, and b) the radicals which are necessary to take
part in the highly exothermic oxidation reactions of H, and CO are either
depleted (H, OH), or initially nonexistent (0). (The réaction NO, + M =mp
NO + 0O + M has too large an activation energy to be significant in the fizz
zone). Thus, any addition of H, OH and O radicals to the fizz zone may
eliminate the dark zone and cause the luminous zone to collapse to the
surface, resulting in one stage intense heat release 2zone close to the
surface to provide the impetus for ignition.

The addition of even small amounts of O, to the free stream replenishes
the boundary layer with the above radicals. A possible mechanism is: O
diffuses toward the surface where chain branching reactions of O, with HC
and H (radicals which exist in the fizz zone) would supply OH radicals to
the oxidation of CO, via OH + CO == H + CO , thus liberating heat to
accelerate the other reactions. Description of the above types of reactions
may be found in Ref. 113.

In conclusion, the presence of O, in the free stream shifts the major
exothermic reactions toward the surfice (by accelerating them) where the
residence time of the flow is larger and heat transfer to solid phase is
enhanced, and thus results in ignition. Higher rates of heat transfer to
the surface in inert free stream conditions would merely increase
gasification.

In the case of M30 most of the NC is replaced by NGU which is less
energetic and its decomposition routes are different from NC. Proposed
decomposition products of NGU are: HZNCN + N50 + Hy0 or NHz + N0 + HNCO
[114]. From Ref. 111, the decomposition of N,.§ is an initia? stage in the
overall kinetic mechanism. The decomposition is characterized by:

Ko +M =bpN, +0+M high activation energy
N0 + H ) N, + OH lower activation energy

Thus the reactions may not form large amounts of NO, and CO is probably
oxidized to CO, in earlier stages. It is conceivable that the energy
release is more concentrated and the flame does not exhibit multi-gone
structure. Since there are also NC and NG decomposition products available
in the gaseous phase, they supply the H radicals which facilitate faster
decomposition of N,0 at the lower temperature close to the solid surface.
It is also known® [115] that NO reacts exothermically with NGU
(heterogeneous surface reaction); howéver, the chemical kinetic data are not
available.

e s
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There is also the possibility of carbonaceous residues being formed on
the surface during NGU decomposition (as was found from microscopic scanning
of extinguished M30 propellants during the test series -(Fig. 69)) and
acting as flame holders since they may reach much higher temperature.
However, based on the results of this study, it is believed that the main
effects are due to gas phase chemistry rather than solid phase residues
which may form only after ignition is already obtained.

In conclusion, unlike M26 and M1 (and NC/TMETN), M30 ignites even under
inert condition due to an intense one-stage reaction zone. The sensitivity
to O, in the free stream is less, because the concentration of H and CHO,
whicg start the reaction mechanism with 02, should be lower in NGU flame
than in NC flame.

(ii) Polymer Ignition

Ignition of Plexiglas was obtained only under 50% O , 50% N, flow.
This is attributed to the tendency of the flame, which In this case is a
pure diffusion flaeme in a boundary layer tlow, to come closer to the surface
for the higher free stream oxygen content. (Note for example the location
of the diffusion flame zone in Figs. 9-A and 12-B). A low oxygen content
flame will tend to burn closer to the outer edge of the boundary layer, away
from the surface, thus affecting only slightly heat transfer to the solid
phase. The ignition delays obtained were within the initial flow transients
period. It is known [116] that the pyrolysis rate activation energy of
Plexiglas depends strongly on the regression rate; it is much larger for the
lower regression rates. Therefore, if a flame is not established during the
initial transient period when the regression rate is momentarily high, the
flame may not be established at all.

V-F. Flame Spreading and Blow-off Phenomena

A general statistical diagram of the first ignition site and the
direction of the consequent flame spreading for M30 propellant is given in
Fig. 57. More detailed trends of ignition and flame spreading for M30 and
M26 (+ graphite) propellants are depicted in Figs. 61 through 64. The
time-wise and space-wise appearance of flame are given for various free
stream velocities and oxygen contents as well as for various ambient
pressures. Information concerning the rapidity of flame spreading is thus
obtained. That information is very important for practical applications
since flame spreading may occur only on a portion of the propellant surface,
hence, resulting in uneven burning. Also, the duration of flame spreading
may be on the order of the first ignition delay time. In this latter case
it would be more appropriate +to talk about an average ignition delay in
connection with practical granular propellant ignition.

In general, it is difficult to distinguish between flame spreading and
ignition, since the photo-detectors used detect the appearance of the flame
only. In many cases though, ignition is clearly distinguishable from flame
spread particularly at the main regions of ignition, i.e., front and rear
stagnation regions and flow separation region. One or two of these regions
may be ignited independently without any flame spreading between them prior
to ignition. Independent ignition at some site as opposed to flame
spreading related ignition is considered to occur when no flame exists at
the adjacent sites prior to its occurrence. Flame spreading occurs through
any or all of the following mechanisms:
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A. Heat is conducted away from a 1local burning site along the surface thus
raising local surface temperatures to values capable of sustaining flame
above the surface. The flame may propagate either upstream or downstream of
its source.

B. Heat is conducted away from the flame front in the gaseous phase and the
flame propagates through the combustible mixture. 1In the case where free
stream oxidizer is present, the flame propagates in two paths; through the
inner pre-mixed reaction zonme (closer to the surface) and through the outer
diffusion zone {see Section III-H). In turn, each of these 2zones may
trigger the other so that the flame propagation is accelerated. Propagation
down-stream is favored since propagation upstream may be slower than the
convective flow velocity.

C. The flame is convected away down-stream, thus heating rapidly the surface
ahead of it and raising its temperature to a level capable of sustaining the
flame.

Flame spreading trends for M30 propellant are depicted in Figs. 61-63,
The five points, in the range 0-180 deg. on each trace, correspond to the
intensity peaks in the outputs of detectors 1,2,3,4 and 6 in accordance with
Fig. 33. In the absence of more data, the points were connected by straight
lines. Figure 61 demonstrates the effect of free-stream velocity in the
case of 10% oxygen in the free stream. In general, the tendency is for
shorter ignition delays (first occurrence) for higher velocities. The
trends for subsequent ignition and flame spreading are more complex; in that
respect the following items are observed:
a) In all cases, the appearance of flame at the front stagnation point is
due to independent ignition and not flame spreading from upstream ignition
sites (the curves slopes are positive at the O deg. points).
b) Ignition occurs distinctly at one of the three regions of ignition (O,
90, 180 deg.).
c) Flame propagation is faster down-stream than upstream. Propagation
upstream is faster on the rear surface than on the front surface.
d) Flame propagation upstream on the front surface is faster for Ilower
velocities.
e) As velocity is raised, flame tends to be established on the rear surface
only. Ignition, if it occurs on the front surface, occurs only at the front
stagnation region and flame does not propagate upstream.
f) A phenomenon of flame blow-off is observed for the front surface. That
phenomenon is more pronounced for the higher velocities.

In view of the flow patterns around the cylinder (Fig. 7) and bearing
in mind the mechanisms for flame propagation, the trends expressed in items
(a)-(d) are understood. The flow circulation at the wake promotes flame
spreading on the rear surface. The high forward velocity of flow in the
front surface boundary layer impedes flame spreading upstream there. The
blow-off phenomenon is not obvious. It will be discussed separately later.

A comparison of the 10% 0, flow cases shown in Fig. 61 with the
corresponding 1008 N, flow cases is depicted in Fig. 62. The latter have
longer ignition delays than the former. Compared with the 10% cases, the
flame in the inert flow spreads slower and is established at the rear
surface only for lower Reynolds number of flow. These trends are
predictable, considering the general role of the free stream oxygen in
promoting ignition and flame spreading.

The dependence of the flame spreading trend on the ambient pressure is
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shown in Fig. 63. The role of the ambient pressure in shortening the
ignition delays was discussed in paragraph D. As may be seen from Fig. 63,
the flame spreading is accelerated as the pressure is raised (while keeping
the velocity constant) regardless of the oxygen content in the outer flow.
This is in accordance with the general increase with pressure of all rate
processes governing ignition attainment.

As already mentioned, M26 without graphite did not ignite under inert
flow. M26 with graphite did ignite and its flame spreading trend (depicted
in Fig. 64) might reveal the role of graphite in attaining ignition.
Typically, M26 (+ graphite) ignited only at either the front or the rear
stagnation point. Flame appearance was very faint and flame spreading was
very slow. Referring to Fig. 56, the ignition delays for the inert flow
case decrease with the Reynolds number similar to the M30 case and reach
some minimum at a relatively low Reynolds number, but, unlike the M30 case,
the ignition delays keep rising indefinitely thereafter with the Reynolds
number until the point of no-ignition is reached (despite the transition to
rear stagnation region ignition). Unlike the M30 case (Fig. 62) where the
flame is eventually always established over the entire rear surface, the
flame in the case of M26 was found sometimes to be established at the rear
stagnation region only (Fig. 64 for Rep = 9300). Though flame blow-off was
observed to occur, the flame lasted for a much 1longer period than for the
M30 case.

Bearing all the above information in mind, it is believed that the
effects of the graphite additive on the ignition are physical in nature. It
is possible that the graphite particles (which undergo very little ablation
at the typical burning surface temperatures) accumulate to some extent on
the propellant surface to form 1local hot spots. Thus, heat conduction to
the condensed phase is enhanced through the graphite particles (which also
have very high heat conductivity), a factor which may locally enhance
subsurface exothermic reactions. That explains why the fleme appearance was
quite faint and why it was anchored to the regions of the highest heat
transfer and the lowest free stream velocities, i.e., the stagnation points.
As the velocity is raised, the erosive effect of +the flow removes the
graphite layer before it accumulates and the ignition characteristics
approach those of the M26 without the graphite.

It should be mentioned that the role of carbonaceous matter in double-
based propellants was addressed in conjunction with the phenomena of
super-rate and platonization of double-based propellant burning rates [48].
One explanation is [117] that the carbon catalyzes the exothermic reactions
involving the reduction of NO. The experimental results of the ignition and
fleme spreading trends are in support of a physical effect of graphite
rather than a chemical one. M26 propellants coated with graphite (as
opposed to containing it) were successfully ignited under inert flow, but
the ignition delays were longer than for the M26 containing graphite. M26
containing graphite under reactive flow behaves exactly like the M26 without
the graphite. Ignition delay times were very short (Fig. 56) and flame
spreading was very rapid (as compared to M30). NC/TMETN propellant
containing graphite or carbon did not ignite under inert flow. This may be
attributed to either lower activity of subsurface reactions or simply to the
lower energy content of this propellant as compared to the M26 propellant.

As already mentioned, a phenomenon of flame blow-off was observed for
the higher velocities~low oxygen content flows. The terminology of blow-off
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does not include the situation of transient ignition depicted in Fig. 51.
It is used in connection with the premature extinction of quasi-steady
flame. When the flame is blown away from the rear surface, it results in
total extinction of the propellant burning. These cases are shown in
Fig. 57. In other cases, the flame blow-off occurs at the front surface
while the rear surface continues its burning (see Fig. 61). The flame on
the rear surface was sustained for relatively prolonged periods prior to
extinction (up to 8 ms), unlike the flame on the front surface (up to 4 ms).
In any case, the flame was sustained for longer periods than the typical
heat flux fluctuation period (less than 2 ms). Thus, these phenomena are
not directly associated with flow instabilities. Such phenomena were
observed also in the Kashiwagi et al. [19] experiments using the present
shock tunnel facility. Their test specimen was a polymer (pure fuel) having
a flat plate geometry. Thus, in his case the flame was a pure diffusion
flame burning in & flat plate boundary layer. The flame blow-off phenomena
observed in the Kashiwagi et &al. experiments started from an upstream
location and exhibited similar trends to the present ones with respect to
their sensitivity to the free stream velocity and oxygen content. Kashiwagi
et al. dismissed the possibility of flow instability effects on the basis of
the much longer time scale of the observed flame instability as compared to
that of the flow. They suggested that the reason for the flame blow-off
phenomenon was the mismatch between the fuel supply rate and the fuel
consumption rate which is more pronounced for lower oxygen content flow
cases when the reaction zone is further from the surface. They also found
(numerically) that the gas phase reaction zone moves toward the surface with
time-wise increasing reaction rate in the high free stream oxygen level
case, but it moves away from the surface in the low oxygen level case. In
the latter case it moves toward the faster, lateral-flow velocity and is
blown away downstream. Though they did not elaborate on it, the reason for
the movement of the reaction zone (in the low oxygen level case) toward the
boundary layer edge may be due to the time-wise increase in 1local fuel
concentration which is accumulated from the heated fuel surface pyrolyzed
upstream of the flame front. Thus, the oxygen is fully consumed further
away from the surface. It should be remembered that the burning situation
in the test facility is a quasi-steady state (not steady state), since the
thermal boundary layer in the condensed phase is not fully developed even by
the end of the test time ( 18 ms) and the surface temperature (and its
pyrolysis rate) is constantly increasing.

The present experimental case is different from that of Kashiwagi et
al. in two important aspects: (a) the geometry of the specimen is that of a
cylinder and (b) the specimen is an active propellant. The flame under
inert flow is a pre-mixed flame and the flame under oxygen-containing flow
exhibits dual structure; the inner reaction zone is of the pre-mixed type
and the outer is of the diffusive type. Clearly, the mechanism leading to
the blow-away of the reaction zone (discussed before) applies only to the
diffusive zone and most likely to sites upstream of the front stagnation
zone (e.g., Fig. 61, Re, = 19200). It may explain some of the blow-off
phenomena at the rear surface when the burning occurs under the presence of
free stream oxygen. It should be noted +that sustained burning under high
free~stream velocities in marginal cases is possible only with the
assistance of the free stream oxygen. In that case, the dual structure of
the flame is much less pronounced (e.g., Fig. 17) and sustaining the flame
is sensitive to the diffusive zone distant from the surface, since it acts
like a constant pilot to the flame.
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Since flame blow-off phenomenon occurred also for burning under inert
flow where the flame is of the pure pre-mixed type, another mechanism should
be sought to explain that phenomenon. Flame extinction of double-based
propellants, after the attainment of sustained flame, was observed in
radiation ignition experiments |13%] but it occurred only in a situation of
rapid deradiation preceded by overdriven burning (i.e., the self-sustained
burning was accelerated by intense radiation for some duration). In that
case the extinction was due to mismatching in relaxation times of gas phase
and condensed phase processes (they are much longer for the latter). The
present experimental case is different from the go-no-go radiation ignition
case in that the external heat supply source, i.e., the convective flow, is
not removed after the attainment of flame but lasts for the entire test
period. Therefore, even if some overdriven ignition situation occurs which
results in flame extinction, it should be temporary and the propellant
should be re-ignited later after a period of much shorter duration than the
original ignition delay.

Realizing that the thermal wave in the condensed phase is still
developing when the extinction occurs, a plausible explanation for the
blow-off phenomena is as follows: as the thermal wave develops (and surface
temperature increases) subsurface reactions become more prominent and
general reaction paths may change to yield a somewhat different composition
of propellant products. In turn, the reaction paths of those products may
be shifted toward slightly higher activation energies. The effect of gas
phase reaction activation energies on the attainment of ignition and
self-sustained flame is very prominent (e.g., Fig. 13). Thus, in marginal
cases (i.e., high, free-stream velocity inert flows) even slight variations
in activation energy values may result in extinction. Since for burning
under high velocity flow conditions, most of the surface heat flux is due to
the convective flow (e.g., Fig. 15) rather than the flame, the thermal wave
continues to develop even after extinction and re-ignition do not occur. It
should be emphasized, however, that the chemical kinetics of NC-based
propellants are poorly understood and the suggested explanation is only a
hypothesis.

G. Ignition and Flame Spreading in Tandem Configurations

Three tandem configurations of M30 propellant specimens were tested
under both inert- and oxygen-containing flows. Flame spreading tendencies
are demonstrated in Fig. 65 for +the three configurations. High speed
shadowgraph photographs of the post-ignition flow around the cylinders are
shown in Fig. 66.

The main results are as follows:

A, For the shorter separation distance, the second cylinder ignites first
under both inert and reactive flows and fleme spreads rapidly from the rear
surface of the second cylinder to the rear surface of the first cylinder
through the combustible gas trapped between the two cylinders.
B. As the separation distance between the cylinders is increased to more
than three cylinder diameters, the first cylinder ignites first under inert
flow but the second cylinder ignites first under reactive flow.
C. For the reactive flow case, the flame spreads appreciably both downstream
and upstream to occupy most of the space between the cylinders.

The trends obtained are best understood by 1looking at Fig. 5 which
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illustrates the flow patterns around cylinders in tandem configurations (see
also Section III-C) as deduced by Kostic and Oka [62] from their convective
heat transfer tests with cylinders. In the shortest separation distance
case, the fluid is trapped in the space between the cylinders. The reactant
products originating from the rear surface of the first cylinder and from
the front surface of the second cylinder partly accumulate in the space
between the cylinders and partly flow underneath the free shear layer of the
first cylinder to accumulate in the wake of the second cylinder. In the
absence of a flow renewal mechanism (i.e., vortex shedding) in the wake of
the first cylinder, its surface temperature rises slower than that of the
second cylinder. Thus ignition is favored at the rear surface of the second
cylinder. Once ignited, the flame spreads rapidly to the first cylinder by
means of diffusion through the combustible mixture and flow recirculation.

The case of the intermediate separation distance is close to the
limiting case when the free shear layers which separate from the first
cylinder impinge on the front surface of the second cylinder (see Fig. 6).
In that limiting case, there 1is relatively 1little reactant flow (which
originates from the space between the cylinders) to the wake of the second
cylinder. Thus, in the case of inert flow, ignition may he favored at the
separation zone of the first cylinder where reactant concentration is high
and flow residence time is long. (The surface temperature is not much lower
than that of the rear stagnation point because of the absence of the flow
renewal mechanism). In the case of reactive flow, ignition may be favored
at the rear surface of the second cylinder since the free stream oxygen has
more access to it than to the rear surface of the first cylinder. As seen
from Fig. 5 and from Fig. 66, the boundary 1layer of the second cylinder
separates at around 120 deg. which indicates transition to turbulent
boundary layer separation. The heat transfer rates at the rear surface of
the second cylinder are then compatible with critical flow situation
(Section III-C) and have a peak at the separation point.

As the distance between the cylinders is increased further, there is a
regular vortex formation behind the first cylinder and the second cylinder
is immersed in the far wake turbulent flow of the fi'st cylinder. Thus,
heat transfer rates are increased over the entire second cylinder surface.
The highes* heating rates are around the 120 deg. points of the second
cylinder; thus first ignition is favored at these points in the reactive
flow case. However, at that site under inert flow, there 1is probably too
much dilution of the propellant reactive vapors with the free stream inert
gas due to turbulent mixing, so that ignition is favored at the rear surface
of the first cylinder.

In all cases when ignition occurred first on the second cylinder, the
tendency was toward shorter ignition delay times than for the corresponding
one-cylinder configuration case. In all cases when ignition occurred first
on the first cylinder, the ignition delays were about the same as for the
corresponding one-cylinder configuration case. It should be mentioned,
however, that relative to the one-~cylinder configuration, only a small
number of tests were conducted with the tandem configurations. More tests
are required to confirm the above trends.
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H. Microscopic Study of the Specimen Surface

Several post-test specimen surfaces were scanned using a scanning
electron microscope. Typical surface pictures of the major propellants,
tested under 10% 0, 90% N, flow, are shown in Figs. 67 through 80. The
propellants were extlngulsheg by the cold flow and pressure drop at the end
of the test period. Although there is no assurance to this effect, it is
assumed that only a slight erosion and surface regression took place during
the long post-test period of flow subsidence. The pictures were taken under
two magnifications in order to obtain both general and detailed views of the
surface.

Pre-test machined surfaces of M30 and M26 (+ graphite) propellants are
shown in Figs. 67 and 68. The roughness scale is less than 2 um; thus it is
expected to have little effect on the boundary layer flow which is thicker
than 200 um at the time of ignition (e.g., Fig. 10). The terminology
"gasified” in Figs. 67 and 68 refers to the front surfaces on which flame
appearance was not detected (but surface regression was evident). Both M30
and M26 gasified surfaces have a wrinkled appearance. The wrinkles are
orderly and oriented in one direction. The M30 gasified surface is slightly
rougher than the M26 surface and unlike the latter it is porous. The burnt
surfaces of M26 and M30 are different in appearance. Small submerged pores
are observed on the M26 surface which otherwise is still wrinkly (though the
wrinkles dimensions are much larger). The M30 surface indicates "volcanic"
type activity. The surface is riddled with craters (up to 10 am in
diameter), and porous agglomerate formations protrude from it (up to 50 um
size). Elongated NGU crystals are clearly distinguishable around the
craters. Those features of the M30 burnt surface are much more pronounced
at the front stagnation point area (Fig. 69) where the lateral flow velocity
is 1lower. The separation point area is covered with loose NGU crystals,
probably convected there from the entire front surface.

The indication is that in the case of the triple-based M30 propellant,
propellant decomposition and gasification are more likely for the NC and NG
components than for the NGU component. The craters and pores may be an
indication of either strong subsurface gasification or chemical reactions.
In the case of the M30 propellant, the mechanism of heat transfer in the
condensed phase after the attainment of flame is probably three-dimensional,
since the scale of surface roughness is comparable ¢to that of the thermal
wave and the upper surface layer is clearly non isotropic. It is difficult
though to draw any conclusions from those pictures concerning the effects on
ignition process and flame spreading (and blow-off) phenomena.

The burnt surface of the NC/TMETN propellant (Fig. 70) is quite smooth
in comparison to the other propellants; however, it is riddled with large
diameter pores (up to 20 gm). Of the propellants tested, this is the only
propellant not subjected to a high pressure extrusion process which would
tend to decrease the size of entrained gas pockets. The NC/TMETN propellant
is softer than the other propellants and therefore its relative surface
smoothness may be due to mechanical erosion. The molten appearance of the
HMX burnt surface indicates the existence of a liquid phase on the burning
surface.
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1. Photograghic Study of Specimen Burning Under Various
low Conditions

A kaleidoscope of burning phenomena of cylindrical propellants under
cross flow conditions is shown in Figs. 71 through 74. The pictures (in
color) were taken at a rate of about 5000 frames/s through the shadowgraph
system shown in Fig. 30. The pictures which show the post ignition
quasi-steady burning are very valuable in explaining some of the ignition
and flame spreading trends. The extent of flame convection downstream of
the wake is important for the tandem ignition situation.

An interesting observation is that the vortex shedding from the wake
persisted even after the ignition when combustion in the wake was clearly
visible. Vortex shedding was evident in the inert flow cases (pure
pre-mixed flame) as well as in the oxidizer ones for the entire range of
velocities. Past studies with the stabilization of a pure pre-mixed flame
in the wake of a cylinder (e.g., Ref. 118) found that the vortex shedding
phenomenon disappeared in intense flame situations. However, unlike those
studies, the present situation is different in two important aspects: a) the
approaching flow is very hot and therefore the density gradients slong the
boundaries of the flame and the free stream are not that severe, and b) the
outer flow is not of the pre-mixed type (it is inert or oxidizer); thus, the
flame has no tendency to propagate into the free stream and interferes less
with the fluid dynamics.

The main structures of flame are exhibited in Fig. 71 in which a series
of pictures show the burning of Plexiglas under 50% 02, 509 N2 low velocity
flow. Under such conditions the specimen was not extinguished at the end of
the test +time and kept burning well into the cold flow period. Its final
extinguishment was preceded by a series of sequential events of
reignition-extinction in correlation with the wave motion in the shock
tunnel. During that period the flow velocity and temperature vary widely
and the oxygen is diluted by the driver gas (helium). The pictures shown in
Fig. 71 were taken during that aforementioned period. Thus in a way, they
are a compilation of burning phenomena observed during the test periods of
many tests conducted under a wide variety of flow conditions. Of all the
materials tested, the Plexiglas flame was the brightest and thickest. In
particular, note (pictures B and F) that despite the existence of an intense
flame the vortex shedding from the wake continues (in fact it is more
conspicuous) and the burning in the shedded vortices continues for =a
considerable period (the flow velocity is low, thus the turbulence level at
the wake is low and the flame pockets keep their identity for a few cylinder
diameters downstream). Thus, the chemical kinetics is not fast compared to
the residence time of flow around the cylinder. Picture C shows the burning
as the flow is momentarily brought to a halt (due to wave motion). Picture
F shows distinct burning at three regions; at the thin front stagnation
boundary layer, on the rear surface, and along the inside of the fuel rich
free shear layer extending from the separation point. Tha last item implies
flow circulation in the wake, since the pure fuel vapor (Plexiglas) requires
oxygen for burning.

A sequence of pictures of M30 propellant burning under 10% O, 1low
velocity (5.6 m/s) flow is shown in Fig. 72. The flames of the M30 and
NC/TMETN propellants were very faint and difficult to detect
photographically. The M30 flame in the pictures of Fig. 72 which is
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visually distinguishable at the front surface boundary layer was found by
the photo-detectors to exist also on the rear surface. The boundary layer
fluctuations indicate free stream velocity fluctuations (also deduced from
the heat flux data). The large thickness of the boundary layer is due to:
low velocity, high degree of surface gasification, and decreased gas density
in the flame zones. Note that two flame zones are clearly visible. The
dark zone between the flames is the zone where the second derivative of the
temperature profile assumes the largest values (shadowgraph pictures). The
existence of such a zone was predicted numerically (Section III-H) for
burning under low velocity oxidizer containing flow (e.g., Fig. 9).

The flame thickness and the distance it 1is convected downstream are
reduced as the flow velocity is increased. Figure 73 is a demonstration of
that effect. Note that despite the very intense flame in the wake, a
formation of vortices is still noticeable in situation B. A dark zone
around the separation point is noticeable in the lower velocities cases (4,
B). The same zone appears very bright in the higher velocity case (C).
Possibly, in the lower velocity cases most of the gases originating from the
front surface burn while they are still there (large Damkohler number) and
little burning occurs around the cooler separation area. However, in the
higher velocity cases, most of the gases originating from the front surface
burn at the 1long residence time separation region. As the velocity is
increased, the wake turbulence level increases and its integral length scale
decreases, so that the wake reactants are diluted more rapidly and the flame
extends to shorter distances downstream of the rear surface.

The transition to flame extinction for the cases A and B of Fig. 73 is
shown respectively in cases B and A of Fig. 74. As might be expected, the
flame is extinguished last at the rear stagnation gzone. A comparison
between the flame luminosity of M30 propellant (C) and the flame luminosity
of M26 propellant (D) is also given in Fig. 74. The flame in case D is much
more luminous than that of case C though the flow in case C is much lower in
free stream oxygen content and the velocity is higher.

As may be seen from the series of pictures im Figs. 7! through 74, the
onset of the flame has little effect on the fluid dynamics of the flow
around the cylinder. The separation point location and the vortex shedding
frequency do not change appreciably.
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SECTION VI

CONCLUSIONS

The major conclusions of this research are:

(1) The shock tunnel was successfully used to obtain ignition of
cylindrical nitrocellulose-based propellants wunder cross flow conditions.
The reproducibility of the test conditions was very good and as such the
shock tunnel serves as a valuable tool in comparison studies of propellant
ignitability under high convective heat fluxes (simulating practical
situations). Given the brevity of the convective heating period, one
should, however, exercise caution in interpreting the ignition results,
particularly in cases of very short ignition delays (sub-millisecond). The
transient flow conditions associated with the boundary layer development and
the starting process of the flow result in extremely high heat transfer
rates for a considerable portion of the ignition delay time. Indeed, in the
shortest ignition delay cases, most of the ignition stimulus is provided
during that transient flow period. In that respect it is necessary to know
the time-wise heat transfer rates in the shock tunnel. One should not rely
on empirical data of convective heat transfer under steady state conditions.

(2) Depending on the test conditions, ignition was found to occur first in
three distinct sites; the front stagnation region, the flow separation
region, and the rear stagnation region.

(3) Free stream oxygen content of the flow had a very dominant effect on
ignition delay times and sites, particularly for low and moderate Reynolds
numbers (up to 122,000). A higher content of oxygen in the free stream
would reduce the ignition delay time considerably and shift the site of
ignition toward the front stagnation point. This is a very important
result, since in actual situations the flow wusually contains oxidizing
gases, e.g., N02, NO.

(4) sSingle- and double-based propellants containing nitroglycerin and/or
nitrocellulose could not be ignited under inert gas conditions (only one
propellant containing graphite ignited). They ignited, however, when even
small amounts of oxygen were present in the free stream. Triple-based
propellant containing nitroguanidine as a major component ignited under
inert conditions and was 1less sensitive to the oxygen content of the flow
compared to the other propellants.

(5) Compared to triple-based propellant, single- and double-based i
propellant ignited more rapidly in oxygen-containing flow. l_
{
|
j
D

(6) A numerical solution was obtained for front stagnation ignition under
transient flow conditions. As ignition was obtained, the solution always
successfully yielded the transition to quasi-steady burning. Notably, in
cases when the transition from ignition to fully developed flame is rapid,
the values of surface temperature and heat flux overshoot prior to
stabilizing on their steady state levels. Also, as the flame is developed
two distinct flame zones are found in the case of fuel rich propellant
burning under oxygen-containing flow. The ignition likelihood at other
gites rather than the front stagnation was analyzed phenomenologically
considering the front stagnation solution and the structure of flow around
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cylinders. The experimental trends conformed qualitatively with the
theoretical predictions.

(7) The role of the finite Damkohler numbers in determining ignition
delays and sites