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ABSTRACT

This report discusses an experimental investigation of the
gaseous reaction zone located above the burning surface of a composite
solid propellant. In the investigation, the temperature profile
within the gaseous reaction zone was measured with a modified line
reversal pyrometer. In conjunction with this, a servo-controlled
feedshaft was employed to drive the strand of propellant toward the .
temperature measurement region at the same rate at which the-strand
burned. This technique enabled a zone in the flame to be examined
over a controlled length of time.

A polysulfide-ammonium perchlorate solid propeliant was used
in the study. The effect of oxidizer size on the temperature profile
was investigated by using a propellant containing a - fine- oxidizer )
grind (d=6u) and a propellant containing a coarse oxidizer grind
(d=50u). The propellants were burned at pressures ranging from
atmospheric to 215 psia. |

A motion picture study was conducted in which the gaséoﬁs
reaction zone and burning surface of a propellant sample weré
photographed as the servomechanism operated. The results of‘this
study demonstratéd that the servomechanism was capable of positioning

the burning surface satisfactorily.



The results of the temperature measurements showed that the

- gaseous reaction zone cannot be represented by a one-dimensional

temperature profile. It was also found that the gaseous reaétiOn‘
zone is not confined to a thin region adjacent to the surface;
rather, at the pressures examined, the reaction zone extends up to
a distance of approximately 1 mm from the surface, a measurement

which is greater than that found by some researchers.

xi
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INTRODUCTION

In the past fifteen years a considerable amount of experimental
and theoretical research has been directed towards understanding the
steady state combustion of composite solid propellants. Upon noting
the extensive amount of work in this area, one might erroneously cdn-
clude that the sole motivation for this research is based upon the
need for a steady state burning rate theory which will allow é o
priori burning rate prediction for those propellants. Certaihiy;A
the development of such a steady state model would be helpful; but,
unfortunately, other phenomena associated with the combustion‘pfoééss
introduce effects which must also be dealt with when designing a
solid propellant rocket motor. Several of the more important effects
are as follows: |

1. the effect of erosive burning which is introduced when
combustion products sweep over the burning surface, ,

2. the effect of unstable burning which results from both acoustic
and nonacoustic interactions between the hot combustion products and
the burning solid propellant, and

3. the effect of acceleration forces which are present when the

rocket is spinning or experiencing a high rate of acceleration.



Recognizing the existence of these and other effects, it can be
seen, then, that thé objective of steady staie pfope]]ant research is
much more far reaching tﬁan just a steady state so]ution to solid pro-
pellant combust1on which allows a priori burn1ng rate predictions.
Rather, the 1mportance lies in the basic understandlng of the combus-
tion process which w111 g1ve a foundation for understandzng the complex
problems mentioned previously.

Experimental research to date has been 6ccupiéd with many
aSpects of the steady state combustion processHWhich includes studies
of solid phase reactions, gas phase reactions, and combinations of
these reactions. Theoretical work has been directed towards analyzing
the above reactions; however, no theoretical model for steadyvstate
combustion has been developed to date which reliably predicts the
burning characteristics of a composite propellant.

One of the most widely debated issues of the steady state com-
bustion of composite solid propellants is the contribution of the heat
generated in the gaseous reaction zone to the total heat necessary
to sustain the controlling surface reactions. Indeed, the flame
structure above the burning surface is not well understood and has
been approximated as:

1. occurring adjacent to the burning surface such that all
energy required by the surface reactions originates from the gas

phase reactions (1)*;

*Numbers in parentheses indicate publications listed in the List
of References.
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2. occurring at an intermediate distance from the burning
surface whereby only a fraction of the heat necessary to sustain the
surface reaction comes from the gas bhase‘reactions (2,3); and

3. occurring at a distance from the burning surface great
enough that the surface reactions must depend on subsurface reactions
for their sustaining energy (4).

The prime reasom for the confusion is theviack@of agreement
in the results of experiments which are designed to &etermine the
structure of the flame zone. Results have been obtained which show
that the adiabatic flame temperature of the gas phase reaction occurs
very close to the burning surface (5)0 However, other results (6,7)
have shown that the reaction zone is:veryiextensivea(by two orders
of magnitude) over that of the results présented in (1) and (2).

 The objective of this research proéram was to develop a
technique for measuring the temperature profile above the burning
surface of a composite propellant and to relate the results of the

measurement to previous experimental investigations of the gaseous

combustion zone.



. REVIEW OF THE LITERATURE

General Discussion

Over the paSt two decades, solid propellant rocket propulsion
has been accepted és the propulsion source in various military and
% space applications. uThé acceptance of the solid propellant rocket
> has led to extensive investigations into the nature of steady state
combustion for many different types of roéket propellants. The most
{ thoroughly investigated class of propellants is that of the double-
$ base propellant which is Simp]y a colloidal mixture of nitro-
cellulose and an explosive plasticizer, usually nitroglycerin, to
which additives and ballistic modifiers are added to obtain desired
propellant characteristics. Several excellent reviews of the combustion
of double-base propellants can be found in References (8, 9, and 10).
| In recent years, the composite type of propellant has
| received a great déa] of attention in the literature (11,12). The

composite type of propei]ant consists of a finely divided grind (from

% - about 5u to 200u) of oxidizer crystal dispersed throughout a matrix

of plastic or elastomeric compound which also serves as the fuel for the

|
o
sl

combustion reaction. In many instances additives are added to the

matrix compound in order to increase the energy release of the com-

bustion process.



Description of the Combustion of Composite Solid:Propellants-

The overall combustion process of a composite solid propellant

appears to be a comp]ex interplay of reactions in both the solid and

the gaseous phase of the burning propellant. In order to examine the
process, it is expedient to isolate each of the important reactions

and examine them separately. The sketch in Fig. 1 illustrates a

simple composite propellant consisting of a typical polymetric binder
(such as polysulfide, polyurethane, or polybutadienez-acrylic acid)
and a bimodal (two sizes: fine and coarse) distribution of ground
ammonium perchlorate crystals as oxidizer. In the combustion of

such a propellant, the following reactﬁoﬁs can be isolated for dis-

cussion purposes:

} 1. The exothermic heterogeneous reaction between the binder
= and the oxidizer interface,

% 2. The endothermic pyrolysis of the binder or fuel,
: 3. The exothermic decomposition of the oxidizer crystal,
ok and |
4. The exothermic gaseous reaction between the oxidizer

g decomposition products and the fuel pyrolysis products.
i The existence of a subsurface redction is based on the premise
that heat transferred from the hot surface of the propellant to
submerged oxidizer crystal surfaces just below the propellant surface

is sufficient to decompose intermosaic blocks of the perchlorate

oxidizer particles such that gaseous products diffuse to the oxidizer
particle-fuel interface. ‘When such conditions arise, a heterogeneous

reaction between the resulting gaseous oxidizer and fuel yields a source
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of heat which must be recognized in the overall combustion process
because of its c]oée proximity to those reactions which require heat
to sustain them.

There is a great deal of controversy in the literature pertain-
ing not only to the importance of a subsurface reaction but also to
the actual existence of such a reaction. The case for heterogeneous
subsurface reactions was first presented by Anderson and co-workers
(13) in a study of the ignition of solid propellants. In that study,
oxidizers such as flourine and chlorine triflouride were used to
ignite composite solid propellant hypergqlﬁca]ly, The experiments
demonstrated that the ignition process proceeds as a result of
spontaneous heterogeneous reactions occurring at the oxidizer inter-
face. Encouraged by this, Anderson (14) proposed that heat released
from heterogeneous reactions must play an important role in steady
state combustion of solid propellants.

The pyrolysis of the fuel or binder results when heat is
transferred to the binder from some heat source. Whether the binder
is located on the surface or below the surface, the result is the
thermal degrgdatﬂon and vaporization of small fragments of the
po]ymer whﬁch serves as one of the reactants in the gaseous fuel-
oxidizer reaction. In a realistic sense, the pyrolysis of binder
is not restricted to the surface of the propellant; rather, the
possibility of small pieces of binder protruding and breaking from

the surface allow pyrolysis to occur even in the gaseous zone.



The decomposition of the oxidizer crystal involves the trans-
formation of the crystal into the oxidiiﬁﬁg gas which then reacts
with the binder pyrolysis products. The chemical process by which
thi$ transformation occurs varies according to the type of oxidizer
crystal considered. The most wﬁde?y:used-oxﬁdﬁzers in composite
solid propellants are potassium per@h?oraie, ammonium perchlorate,
and ammonium nitrate. Of those, ammbnfum'perch?orate'ﬁs used more
extensively because it yields 1ittle residue or smoke and the
oxidizer makes a substantial contrib@tﬁon to the gas phase when
burned in a given propellant formulation. As a result, attention
is directed toward that oxidizer crystal throughout the following
discussion.

The final reaction which was isolated in the generalized dis-
cussion of the solid propellant combustion was that of the gaseous
reaction zone. This reaction takes place above the burning surface
where pyrolyzed binder or fuel and the oxidizer decomposition pro-
ducts are reactants. It is this reaction which yields the high
temperature attributed to the combustion of a given solid propellant.
The heat generated from this reaction occurs at varying distances
above the burning surface due to the irregular nature of the
propellant surface and inhomogeneities of the reaction zone. The
energy released in the reaction could yield sufficient energy to
sustain the combustion reaction; however, the reaction does not
necessarily occur close enough to the surface to supply the energy

required for steady state combustion.



Quite clearly, a complete understanding of each of these

isolated reactions would not yield a complete understanding of the

overall combustion process. Rather, the interaction phenomena associ-
ated with these reactions must be known before any realistic conclu-

sion can be made about the combustion of a solid propellant. Inter-

actions can occur betweén the isolated reactions by means of reaction
heterogeneity and energy transfer between the exothermic and
endothermic reactions.

Reaction heterogeneity occurs as a result of any two of the
reactions combining. Fdr instance, the previously mentioned break-
age of unpyrolyzed binder or fuel particles from the surface and
the subsequent ejection of these particles into the gaseous fuel-0x-

idizer reaction environment produces a heterogenecus interaction,

Another example of‘this type of interaction is the introduction of
‘vz pyrolyzed binder as a reactant in the oxidizer decomposition flame,
; If this should occur, the altered oxidizer decomposition reaction
must show a marked change from that of the isolated oxidizer
Wé decomposition reaction.
; The energy transfer form of interaction is probably the
most important interplay between the reaction. It is that transfer
E ~ which supplies the necessary energy to the endothermic reaction and
sustains the overall.combustion process. For example, the energy

required to pyrolyze the binder must originate from some other

reaction or reactions. Also, in some pressure regimes, the oxidizer
decomposition flame is not self sustaining and a source of energy

must be available for this reaction to be completed. Thus, it can
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be seen that the combustion of a composite solid propellant is quite

i complex.

“T Upon examining this complex prob]em'with the intention of

“ representing the overall combustion process by an analytical model

which can yield insight into the combustion of solid propellant,

the question arises as to what approach should be followed in formu-

lating a model. The answer to this can be readily seen when one

observes that for a givén set of conditions, the combustion of a

solid propellant proceeds at a given rate and that this rate must
be dependent upon some controlling reaction which is sustained

by a source of energy generated dﬁrect]y/from the reaction itself

or from some other reaction. Thus, the logical approach is to
determine the controlling reaction and then examine all of the
B limiting influences which can affect the reaction.
g In an attempt to determine the location of the controlling
reactions, Gutman (15) examined the interaction of important rate
. processes occurring in composite solid propellant combﬁstion and
established the following five logical rules:

1. It is import;nt to consider whether the processes in
i question are in series or in para]]elWith respect to the mass flow.
é 2. If im parallel, their influences are added as condugt~
| ances; if in series, they are added as resistances.

3. If one of two parallel influences is much larger, it

will be controlling.

4. If the upstream of two series influences is limiting,

it will be controlling.
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5, If a do&nstream of two series influences is limiting, the
system will not work.
For an example of rule five, Gutman cites the situation of a propel-
lant burning where an upstream flow has been established and the
pressure falls so low that the reaction rate in the flame cannot
accommodate the flow without thickening excessively, causing the
flame to quench or .to oscillate. Thus, one might be led to believe
that the downstream reactions of two series influences cannot be
limiting and that only the upstream reaction need be considered.
Upon closer observation, however, it becomes obvious that this line
of reasoning is not true in the general case when combustion inter-
actions are present. In particular, the presence of energy feedback
from a downstream reaction necessary to sustain an upstream re-
action presents a situation wherettherrateu6f. theddownstream reaction
determines the position of the energy source and thereby the amount
of energy feedback to the upstream reaction. Thus, the downstream
reaction rate becomes as important as the upstream reaction rate.
It would appear that the insertion of the word "independent" before
the words "series influence" and the note that dependent series
influences must be considered jointly would correct these rules and
make Gutman's approach for determining controlling reactions more
realistic.

Several immediate conclusions can be made at this point Qithﬁ

the modified rules stated by Gutman. First, models of solid propellant
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combustion which include only the gaseous reaction zone such as
postulated in the work of Boys and Corner (16) for double-base pro-
pellants are not realistic because they consider only the downstream
reaction of a series of dependent reactions (solid zone -- foam zone --
fizz zone -- flame zone). Thus, this reaction cannot be the controlling
reaction and cannot establish the burning characteristics of the
propellant. Second, if the downstream gaseous reaction between the
oxidizer and fuel pyrolysis products in a composite propellant can
be shown to occur at a sufficient distance from the burning surface
such that heat transfer to the surface is not a factor in sustaining
the pyrolysis reactions, then the para]%é] pyrolysis reactions of
binder and oxidizer can be considered to be the controlling reaction
combination of the solid propellant and the downstream reactions can be
ignored. Third, the same parallel pyrolysis reactions can be considered
to be controlling and the gaseous reaction ignored if the existence
of a heat source due to heterogeneous reactions at oxidizer and fuel
interfaces is established with sufficient energy to sustain the
pyrolysis reactions. Lastly, if the gaseous reaction is coupled
with the parallel pyrolysis by heat feedback, all of these reactions
become important.

Thus, two basic questions arise which if answered would
yield valuable insight into the combustion characteristics of a
composite solid propellant;

1. What fraction of the heat generated in the gaseous
reaction zone is transferred back to the burning surface of the

propellant?
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2. What fraction of heat is generéted at and below the burning
surface of the propellant due to hetérogeneous reactions?

In the fo]]owing‘discussion a review from the literature is pre-
sented of experimental work that has been directed towards answering
the question pertaining to energy source location.

@

.5 Experimental Investigations

The importance of establishing the location of energy sources
in the combustion of composite solid propellants has been established.
In the past, experimental investigations concerned with the location
of the reaction zones aboye and below the[burning surface, have been
conducted. Unfortunately, no one experimental approach yields
results definiteiywestabﬁﬁshing the sites oflehérg;:re1ease which
influence the co;frﬁiliﬁg reaction of the combuéf%oh.process of even
the most simple Comﬁosfi; solid propellants. In the following, some
of the more important experimental ffndings‘are discussed in terms of
results which indicate:the energy source location..of .the combustion

process.

IR
ES

2,21 Exberiments Supporting Signiffcant Energy Transfer
From the Gas Phase to the Burning Surface

There are_FyQ cgtggories of ekpe?iments which support the
premise that the gaseous phase reaction between the oxiditer and fuel
supplies a large fraction of the energy nécessary to sustain the
surface reactions. The first is a dﬁféctvexperimental'apﬁroach in

which the gaseous reaction zone is examined and thevgasépﬁé“reactionv
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between the oxidizer and fuel is foynd to occur very close to the
burning surface of the propellant such that steep temperature gradi-
ents exist at the surface. The second is an indirecé(experimentaa
approach, in which the subsurface reaction zone is examined and a
conclusion is made pertaining to the gaseous reaction zone. In this
type of experiment, results indicate that no subsurface reaction exists
such that subsurface heating is nonexistent. As a result, it can be
inferred that the surface reactions must rely upon heat transfer from
the gas phase reactions in order to be sustained.

Considering the investigations of the gaseous reaction zone,
it is helpful to make a rough estimate of the thickness of the reaction
zone required in order that a significant energy transfer from that
zone to the surface can exist. Friedman (17) assumed that a heat
flux of approximately 400 ca]/cm2 - sec was necessary to vaporize the
surface of a typical composite so]id'prope11ant‘burning at a rate of
one cm/sec, By equating the heat flux te¢ 2 %%3 where A is the gas
. conductivity, and assuming A = 0.0002 cal/cm-sec/C and AT = 2000 C,
Friedman found that the height of the flame above the surface must be
about 10 microns. It can be seen, then, that the gaseous reaction zone
is quite small for the case of complete energy transfer from the gas
phase to the surface. |

Sutherland (5) has investigated the reaction zone of a styrene-
base polyester resin-ammonium perch]oréte propellant with an optical
- pyrometer which yielded temperature measurements in the gaseoys reaction

as a function of distance from the surface. The technique employed was
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a modified sodium 1ine reversal method which measured temperatures over
a range of 1400 K to 2500 K with a spatial resolution of 50 microns by
300 microns and a time resolution of approximately 3 msec.

The procedure followed in measuring the profile consisted of
allowing the propei]ant strand to burn by the temperature measurement
region and measuriﬁg the temperature as a function of time. The burn-
ing rate of the strand was measured concurrently by means of a beam
splitter arrangement and a 35 mm frame camera. Thus with the burning
rate and temperature~time data, the temperature profile was easily
calculated.

The results of Sutherland's experiments showed that the active
reaction zone occupies only 100 microns or less adjacent to the
propellant surface; Thus, the results found by Sutherland are con-
sistent with the rough calculations of the flame height as noted by
Friedmaniand»it would appear from these results that the gaseous
reaction between the fuel and the oxidizer is linked with the surface
reactions whereby the two cannot be considered independently when
examining the overall combustion process. Further comments on this
work are deferred to a later section.

Turning attention to solid phase combustion studies, Hightower
(18) has attempted to observe the heterogeneous reaction at the
interface of the solid binder and oxidizer crystal. In these experi-
ments two-dimensional propellant sandwiches consisting of a thin binder

layer between two single crystals have been burned and extinguished.

RS
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The binder was polybdta&ine - acrylic acid (PBAA) and the 6xidizer
was a thin sheet of ammbnium perchlorate cleaved from a single crystal.
The sandwiches were burned at pressures between 100 and 1200 psig.
After extinguishment, it was noted that in no case was the surface
regression led by the oxidizer-binder interface as would be expect?d
if a heterogeneous reaction occurred along these surfaces. A second
study of subsurface reactions by McGurk (19) seems to substantiate
Hightower's results. In McGurk's work extinguished composite pro-
pellant samples were cut to thin wafers with a microtome allowing
microscopic investigation of the subsurface reaction zones. The
crystallographic changes of the oxidizer were analyzed by means of

a polarized 1ight technique. In the examination of an ammonium
perchlorate propellant,McGurk noted that oxidizer crystals within

a few microns from the surface do not show visible effects while
protected by a very thin coat of binder.

Thus, the direct observations of Hightower and McGurk do not -
show the existence of the heterogeneous subsurface reactions that
have been postulated by Anderson and co-workers, If this result is
accepted, it would.appear that all heat necessary to pyrolyze the

solids must originate from the gas phase.
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.&v: Experiments Not Supporting Significant Energy Transfer
From the Gas Phase to the Surface

Experimentsmwhicﬁ support the premise that the gaseous phase
reaction between the oxidizer and fuel supplies only a small fraction
of the energy neceéSany to sustain the surface reactions fall into
two categories. Tge fi;st is a direct experimental approach where
the gaseous réactiSn zoﬁe is examined and the oxidizer-fuel reaction
is found to occur over an extensive region such that steep tempera-
ture gradients do not exist at the propellant surface. The second
is an indirect expéﬁiméhta] approach where the subsurface reaction
zone is examined aﬁd a conclusion is made pertaining to the gaseous
zone. In this case, the existence of subsurface reactions is es-
tablished and from this. it is inferred that the energy transfer
from the gaseous reaction zone is not dominant in sustaining the
surface reactions. -

Penzias (6) has measured the temperature profiles above the
surface of a polyvinyl-chloride-ammonium perchlorate propellant, with
a rapid scanning infrared pyrometer. In this study, strands of
propellant were burned past the location of the zone of a fixed temper-
ature measurement and the infrared spectral radiance and absorptance
of the gases above the burning surface were measured in the 1-5 micron
region. From these data, the temperature was calculated from Plamidils
Law as a function of times and, in a manner similar to that of Sutherland,

these data were converted to temperature as a function of distance from
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the burning surface. The height of the temperature measurement region
was 80 microns and the time resolution of the measurement was 50'milli-
seconds .,

The results of this experiment are shown in Fig. 2 for a pressure
of 600 psig. The results show that the maximum temperature is attained -
at a distance of approximately 1000 microns. Thus, following the
rough calculation scheme of Friedman, the heat transferred back to the
surface must be reduced by two orders of magnitude. Such a reduction
would essentially eliminate the influence of the gaseous reaction
between the oxidizer and fuel on the overall combustion of the propellant.

Temperature profiles have also beén measured in composite solid
propellant flames employing fine bead thermocouples. Sabadell (7)
fabricated thermocouples from Wollanstan platinum and platinum-10%
rhodium wire of 7.5 micron diameter. The thermocouples were embedded -
in samples of a PBAA-ammonium perchlorate propellant and temperature-time
profiles were obtained by recording the thermocouple output as the
burning surface passed over the thermocouple junction. Temperature-
distance profiles were then calculated from burning rate data as
described previously. The results of this investigation yielded
temperature profiles through the solid reaction zone as well as the
gaseous reaction zone. Temperature profiles for pressures of 30 psig,
100 psig, and 150 psig are presented in Fig. 3. . As a result of the
low melting point of the thermocouple material, the profile does not
extend to the high temperatures resulting from the gaseous fuel-oxidizer

reaction. However, the temperatures recorded prior to thermocouple
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"burnup”, show that the gradient at the surface is of the order 30
C/micron which is much smaller than that found from Friedman's rough
calculation. Thus the results of this investigation aggin show that
the temperature gradient in the gas is ﬁnsuffﬁcﬁent to supply all of
the energy necessary to vaporize the solid. '

Several spectroscopic studies of the gaseous reaction zone

have been conducted in the past (20,21). In these studies the spatial

distribution of transient emitters in the ultraviolet and visible regions - -

of the spectrum was measured. These emitters give an indication both
of the reactions which are occurring and the locations of the reactions.
In the work of Povinelli (20), the intensity of CM emission at 3883 g
was measured as a function of distance above the burning surface of a
polybutadiene-acrylic acid, ammonium perchlorate (d=11u) propellant.
The CN emission was chosen because it is believed that this specie is
formed only from a reaction between the binder and oxidizer for the
propellant chosen in the experiment. The results of this experiment
showed that at atmospheric pressure, the CN emission was maximum at

a distance of 275 microns from the surface and extended to a distance
of approximately 2 mm. By assuming that the level of CN emission is
negligible past the reaction zone, Povinelli ascribes the reaction
zone thickness to be 2 mm. Unfortunately, no results were obtained

at pressures above atmospheric due to the high intensity of carbon
continuum which obscured the CN 1ines at these higher pressures;

however, the results indicate that at atmospheric pressure, the gas
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phase reaction between the gaseous fuel and binder is not occurring-- -
adjacent to the surface such that a steep temperature profile exists
at that point.

A more recent spectrographic study of the'propellant flame -
zone by Waesche (21) has extended this appreathto pressures above -
atmospheric. Waesche has examined the spectrum of NF - ammonium
perchlorate propellants over a pressure range of atmospheric to 20
atmospheres and noted the spatial distribution of the CN band. The
results of this investigation were in agreement with those of
Povinelli. At atmospheric pressure the CN emission was again found
to extend above the burning surface a distance of 2 mm. At a pres-
sure of 20 atmospheres, the region diminished to 1 mm. Thus, the
results again indicate that the reaction zone is too extensive for
the reaction between the gaseous fuel and oxidizer to be the sole
source of energy for the surface reactions.

Experiments of the indirect type which support the premise
that the gaseous reaction between the fuel and oxidizer is not the
sole provider-of energy to the surface reactions, have dealt with
the differential-thermal analysis of solid propellant samp]es;
Waesche and Wenograd (4) have examined the condensed phase thermal
decomposition reactions of -ammonium perchlorate composite propellants
using the technique of differential scanning calorimetry, In these

experiments, a small test sample and a reference inert material were
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heated at a progrdammed rate of temperature rise. Energetic reaction$
from the test sample were indicated by a differential readout of "the
heat rates necessary to maintain equal temperature rises in the
reference ‘material and sample holders. The most significant result
of this experiment was obtained when the heat release rate for |
samples of ammonium perchlorate were compared to the heat release
rate for samples of PBAA ammonium perchlorate. The results were
expressed in the form of a thermogram in which the rate of heat
evolution was plotted against the temperature of the reference and
test sample holders. The resulting thermogram for the previously
mentioned comparison of AP and PBAA-AP samples at atmospheric pres-
sure is given in Fig. 4. Integration of the two thermograms shows
that the heat release for the propellant is about four times greater
than that for the oxidizer alone. The results were found to differ
only siightly at a pressure of 250 psig. As a result of their
determination of the heat release rate, Waesche and Wenograd concluded
that condensed<phase reactions are rapid and intense enough to supply
a significant portion of the energy required to maintain the com-
bustion of a solid propellant.

Similar experiments with the differential thermal analysis
technique have been reported by Stammler (22). In these tests, the
conclusion is also made that the combustion of propellant is governed

by some solid phase reactions.



24

INVT13d08d dV-VVEd ANV dV 40 NOILISOdWOD3A TVAY3IHL v 9Oid

(0 $33493Q) 3UNLIVHILNIL

08% 10524 00t 09¢ o743 082 obe 002 09l 0

€ 3ON3INIA3Y WOH4 NINVL
dv 106 — — —

gON (fo6)ne. vvad
3¥NSS3I¥d DINIHISONWLY
ILNNIN/D S33493a0 Ol

(235 W9/71Y2) NOILNTIOAZ LV3IH 40 31vH




25

Summary and Comments

The foregoing discussion has dealt with an intuitive look at
the important reactions which occur in the overall combustion process
of a composite solid propellant. Also, the importance of interaction
between the basic reactions was emphasized. From this discussion, it
was concluded that the controlling reactions of the combustion process
are the surfacé reactions which receive their sustaining energy from
either subsurface or gaseous phase reactions or from both of these
sources. Experimental work in the past has attempted to determine the
origin of the sustaining energy; however? to date little or no agreement
in that respect can be found between the various experimental approaches.

In the case of the indirect measurements (examination of the
subsurface reactions in order to infer a result of the gaseous phase
heat release contributions) several remarks can be made which should
reduce the confusion in the comparison of the results presented. In
the case of the sandwich propellant strand investigations the criticism
can be made that the experiment does not represent the true combustion
process which occurs between small crystals of oxidizer dispersed
in a binder matrix. Also, the comment has been made that the crystal
structure of the AP slab does not agree with that found in a true
propellant. Conversely, the experiments of the subsuffacevreéctioﬁs
which confirm exothermic reactions bélbw the surface have cért&in’
limitation problems. }

For the results of differential thermal analysis, theré

is a possibility of gaseous phase reactions entering into
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the results. Since the technique monitors the temperature of a sample
holder rather than the sample itself, there is always the possibility
that gases pyrolyzing from the surface beiween the sample and the

holder are reacting and yielding the exotherms noted in these experi-

ments. Thus, the results of the indirect type of experiment performed

to date have not yielded information from which a definite conclusion
of energy source location can be made.

Probably the most perplexing results of the experiments reviewed
are those of the direct type in which the temperature profile in the
gaseous phase is measured. In the measurements of Sutherland (5),
Penzias (6), and Sabadell (7), one finds that the results are so varied
that no conclusion can be made about the contribution of the gas
phase reaction between the oxidizer and fuel to the surface reactions.
This is surprising; because, although the experimental techniques are
not the same, certain qualitative similarities should exist between
these results. Certainly the difference in techniques shou]dlallow
some variation in the temperature values measured; however, the
large variation in the temperature change and the location ofwthe region
of maximum temperature cannot be explained simply on the basis of
different temperature technique. As:a result of this discrepancy
and the importance of determining the contribution of the energy feed-
back from the gas phase to the propellant surface, it was deemed

important to reconcile these differences in this research program.
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. .METHOD OF INVESTIGATION

General Discussion

The importance of determining the structure of the gaseous -

reaction zZone above the burning surface of a composite propellant has

been established. In this research program, an experimental approach
has been employed to determine the structure of that zone. Two types
of experiments have been conducted. First, the temperature profile of
the burning surface of a polysulfide-ammonium perghlorate probel]ant
has been measured by a modified line reversal technique similar to that
employed by Sutherland (5). Second, color motion pictures have been
taken of the burning surface and gaseous reaction zone of the pro-
pellant.

The following is a general description of the temperature
measurement system designed to measure the temperature profile. In
addition, the specific experiments conducted in this research program
are described. A detailed discussion of the design criteria for the

temperature measurement system can be found in Appendix B.

The Temperature Measurement System -

A considerable amount of effort was given to determining what
experimental technique should be employed for the temperature profile

measurement. It was recognized that two measurements were necessary

ih order to measureé the temperature profile in the gases above a burning

solid propel?anﬁi viz., the temperature of the gas over a small region




28

above the burning surface and the distance from the region of tempera-

ture measurement to the burning surface. The system which was developed

for the measurement consisted of a modified 1ine reversal pyrometer -~

and a servo=controlledipropellant feedshaft that drives a burning pro- - -

pellant strand towards the temperature measurement region at the same

rate at which the propellant strand burns. To facilitate the discussion
of the temperature measurement system, the system is divided into
three parts:

1. the servomechanism . system,

2. the modified line reversal pyrometer, and

3. the combined system.

... -The Servomechanism System
The servomechanism system served two purposes in the tempera-
ture measurement system. The firstwas to drive the propellant strand
upward at the same rate at which it is burning, enabling the examina-
tion of a flame zone fbr}a'controlled length of time, and the second

{isto locate the burning surface with respect to the temperature

measurement zone at any given time.
The feasibility.of employing a closed loop servomechanism

system to drive a sample of burning solid propellant at the same rate

at which it burns was first introduced by Osborn, Burick, and Panella.(23)..

That system was originally designed incorporating a gamma ray-scin-

tillation probe technique to detect the burning surface. In this

fesearch program, that servomechanism system was modified so that the

surface detection technique could be adapted to the temperature




29

measurement system. In the following discussion, the basic principles
of operation for the servomechanism are presented. |

The servomechanism system as employed in the temperature measure-
ment system consisted of three basic components:

1. the surface detection components,

2. the electrical components, and

3. the mechanical components.

A block diagram showing these components is presented in Fig. 5.

The successful operation of the servomechanism system consisted
in the DC servomotor imparting a linear yehocity to the propellant
feed shaft equal and opposite to that of the bué%ing surface of the
propellant strand. When this condition prevailed, the burning sur-
face remained in a fixed position as the strand burned.

It was the purpose of the detection and electrical components
to supply a feedback to the servomotor in order for the correct motor
speed to be attained. In particular, the detection components located
the position of the burning surface within the confines of a visible
light beam. - The detection of the surface was accomplished by a
photomultiplier tube circuit which had an output proportional to
the position of the surface within the 1ight beam.

The purpose of the electrical components was to amplify this
detection signal and provide power to the DC servomotor. Since the
detection signal increased as the surface receded in the direction of

burning and decreased as the surface was driven in the opposite
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direction (at a speed greater than the burning rate), the burning
propellant surface sought a position of equilibrium dependent upon
the gain of the operational amplifier. It should be noted, however,
that if the operational amplifier gain was below a critical limit,
established by the pfobellant burning rate,“fhe syStem was inopera-
tive; i.e., the maximum %eedshaft velocity was less than the pro-
pellant burning rate.

The Surface Detection Components. As mentioned previously, the

surface detection technique employed in the original servomechanism
system of Osborn, Burick, and Panella (23) consisted of a collimated
beam of gamma rays passing over the burning surface of the propellant

which sas detected by a scintillation-probé;, In this research program

it was necessary to employ a visible light beam position detection
system (hereafter referred to as VLBPDS) rather than a radicactive
source. The VLBPDS had the advantage of lower cost and eliminated
the hazards of the gamma ray system.

Figure 6 illustrates schematically the VLBPDS. In that
system lenseS‘L] and L, form an image of a glowing tungsten ribbon
within the combustion bomb at the plane of the propellant strand.
Lenses L3 and L4 serve to magnify this image on a razor blade slit,
S], such that only a narrow portion of the lamp image is detected
by the position photomultiplier tube (hereafter referred to as the

PPM tube). The width of the slit, S], then dictated the width
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of propellant surface seen by the PPM tube; thus, the effect of
burning surface tilt could be minimized by reducipg the slit width.
The width of slit S] and the combination of the previously mentioned
lenses were such that the PPM tube viewed a rectangular region 50
microns in width and 1800 microns in height centered within the 2
mm by 8 mm lamp image.

Thus, the feedback characteristics of the VLBPDS can be seen
readily. If the burning surface of the propellant strand is below
the tungsten strip image, the PPM tube output is a maximum. If
the burning surface is above the tungsten strip image such that the
beam is blocked, the PPM tube output is zero. By proper design
of the photomultiplier tube circuit (discussed below) and the slit
size, the output of the PPM tube will be linear with position for
intémediate positions of the burning surface.

To permit discrimination between the radiation from the
tungsten strip lamp and the luminosity of the;cambustion zone, the
light beam emanating from the lamp was chopped at a low audio
frequency (450 cps) before passing over the burning surface. By
passing the PPM tube output threough a blocking capacitor and a
full wave rectifier, the DC component due to the flame luminosity
was eliminated aﬁdifhe AC output originating from the'choppéd
lamp luminosity was converted to a PC signal, |

A typical calibration curve for the VLBPDS is presented in

Fig. 7. The plot depicts the rectified output of the PPM tubeversus
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the distance traversed by a propellant sample at the lamp image formed
within the combustion bomb. It can be seen that the curve is linear
over the central portion of the curve; however, near the edges of the
lamp, nonlinearities are observed. The cause of the nonlinearity is
primarily a result of temperature gradients existing near the edge

of the tungsten strip. Howeéer, since the operation of the system
was confined to the central portions of the tungsten strip image, no
adverse effects were derived from the nonlinearities. A detailed
discussion of the calibration technique for the VLBPDS can be found

in Appendix C. /

The fact that the VLBPDS is dependent upon the fraction of
visible light passing over the propelliant surface introduces thes
pogsibility of an error in the PPM tube output due to smoke or héie
attenuating the light beam. For this reason, a second photomultiplier
tube, termed the position correction photomultiplier tube {hereafter
referred to as the PCPM tube), was incorporated in the VLBPDS. The
PCPM tube was located adjacent to the PPM tube shown in Fig. 6,
and the ouiput from the PCPM tube was passed through a separate
photomultiplier tube circuit, blocking capacitor,fullwave rectifier,
and smoothjng capacitor. The PCPM tube viewed, by means of a“beam
splitter and slit, 52, the same narrow portion of the lamp image
viewed by the PPM tube. However, the slit, 52’ was further restricted,
over the slit S]. to allow only the upperr portion of the narrow image
to enter @he PCPM tube. That is, the PCPM tube viewed a region of

the lamp image which was not interrupted by the surface when the
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system was operating satisfactorily. Therefore, the only source-of -
light attenuation observed by the PCPM tube was that due to window -
clouding and excessive reflection and scattering in the flame zone.

By recording the PCPM tube 0utbut before igniting the
propellant strand and monitoring its output during the burning of
the strand, it was possible to determine at what time attenuation occurred
due to the previously mentioned effects. :Thus,.a means of = ¢
knowing when the VLBPDS was unre]iéb]e{was qvailable:during a given
propellant sample burning. ;

The Electrical Components. The e]eqtroniés for the servomechanism <

system is presentedinablock diagram in Fig. 8 and ﬁonsisted of the
following components:

1. the photomultiplier tube circuit,

2. the operational amplifier, and

3. the differential amplifier.

The photomultiplier tube cﬁrcuits‘and operation amplifiers
for the PPM and PCPM tubes are illustrated schematically in Fig. 9.
The photomultiplier tubes employed were both RCA Model 931A tubes and
the voltage divider circuits were designed to allow voltage divider
currents of 3 ma; The load resistance seen by each of the photo-
multiplier tubes was adjusted for maximum linearity by means of
separate 1 meg ohm potentiometers linked by blocking capacitors to

the primary windings of an interstage transformer. The function of the

‘transformei {n both cases was to isolate the photomultiplier tube
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from the respective rectifier bridges allowing full wave rectifigation

of the AC voltage developed across the load resistors.

The operational amplifiers served two purposes. First, the
gain of the photomultiplier tube circuit butputs could be varied by the

operational amplifiers over a wide range. Second, the operational

amplifiers served as a high impedance coupling between the photomulti-
plier tube circuits and other associated e]ectronics;' In the case of
the PPM tube circuit,.two operational amplifiers were émp]oyed such
that the rectified output of the PPM tube could be input:: to the dif-
ferential amplifier and one channel of an Ampex Tape Recorder. The
PCPM tube circuit output was linked to a single operational amplifier
and the output of this amplifier was input: - to a second channel of
the tape recorder.

The differential amplifier (designed and built by the Depart-
ment of Electrical Engineering, Purdue University) is illustrated
schematically-in Figs. 10 and 11. The differential amplifier
derived power for the DC servomotor armature by combining two full
wave rectifier bridges in parallel as shown in Fig. 10. Control
of the power was accomplished by employing silicon control rectifiers
(hereafter referred to as SCR) in the bridges. The SCR's were

L triggered in such a manner that the integrated voltage output to

the motor armature was linear with respect to the signal received

from the PPM tube operational amplifier.

The trigger circuit for the SCR's is presented in Fig. 11

and consists of a differential amplifﬁeﬁ (dual-transistor 2N2641): which
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controls the charging rate of the two capacitors C, and C,. Whena- -

signal is'received from the PPM tube operational amplifier, at the -

differential input, the trigger circuit fires the SCR's in the SCR

circuit and power is delivered to the armature.

The Mechanical Components: The mechanical components of the - -

servomechanism system consisted basically of the DC servomotor, a

gear reduction bo3é and the propellant feedshaft. The purpose of
the mechanical components was to convert the angular rotation of
the servomotor into translational motion of the propellant feed-
shaft such that the DC servomotor developed sufficient torque to
drive the propellant feedshaft into the pressurized cbmbustion
bomb.

A photograph of the mechanical components is presented in
Fig. 12. The angular rotation of the servomotor was transmitted
to a worm gear located in the gear reduction box. The worm gear
drove an internally'thkeaded'ggar which in turn drove the threaded
propellant feedshaft. A bar mounted on the feedshaft perpendicular
to the feedshaft axis prohibited the feedshaft from revolving when
a torque was applied tO‘the internal1y threaded gear. The gear

reduction box and threaded propellant feedshaft were of the same

design as employed by Osborn and Burick (24).

Qé Burning rates of propellant samples were measured from the

output of a tachometer which was incorporéted’in the servomotor.

The tachometer was calibrated such that the speed of the propellant
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feedshaft was known as a function of the tachometer output. The

calibration curve for the servomotor tachometer employed in the

mechanical components is presented in Fig. 13. Since the propellant

feedshaft was driven into a pressurized combustion bomb and the

motor always revolved in the same direction when a propellant strand .. "

burned, backlash was not present in the gear train.

The Modified Line Reversal Pyrometer

The theory of the line reversal technique of measuring gas
temperature is based on a straightforward application of Planck's law
of radiation and Kirchhoff's law of radiation. The technique
employs a calibrated radiation source, or a comparisdn source,
whose spectral radiance is compared to the spectral radiance and
absorptance of the gas whose temperature is toggéwmé;;&redo The
wavelength range over which the comparison is made is restricted
to a wavelength band corresponding to the resonance lines of an
alkali metal which is seeded in the gas. The basis for the tempera-
ture measurement lies in the reversal condition which results when
the spectral radiance of the comparison source is matched to the
spectral radiance and absorptance of the gas such that the source.

cannot be differentiated from the flame when viewed through the

flame over the above mentioned wavelength band. When this condi-

tion prevails, the temperature of the gas is equal to the bright-

ness temperature of the source.
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The line reversal technique of measuring temperetqre in -
. gases was first developed around 1900. Kurlbaum (25) and Fery (26)
i are commonly referred to as being the originators of the technique;

however, the basic principles for the technique date back many years

before their'work In the many attempts at emp]qying the technique

since Kurlbaum and Feny s work, various mod1f1cat1ons have been
introduced. Probably the most significant 1mprovement in the tech-
nique is the ellmlnatlon of the eye as the radlatnon detector and

the introduction of a modulated photoelectric devnce for rapid

quantitative measurement of radiation 1evels.’ It was that method,
termed the mod1f1ed 11ne reversa] technique, which was employed
in this research programg

A schemet1c of the optical system is presented in Fig. 14
which consists of the optics for examining the flame radiance, the
monochromator for dnspersxng the radiation from the flame and the
comparison source, and a sensitive photomultip]uer tube (RCA-1P21)
““““ to detect the radiation levels. The comparison source optics are
shown in Fig. 6, ‘It should be noted that the lamp employed in

the servomechanism VLBPDS is the same lamp utilized in the line

reversal pyrometer. As described previously, the lenses L] and L2

form an image of the tungsten strip lamp within the combustion bomb
é ; at the plane of the propellant strand.

~ Referring to Fig. 14, it can be seen that a beam splitter

passed a fraction of the light leaving the bomb (approximately 30

_ percent) to the objective lens system of an American Optical Company
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. .High Temperature Microscope. It was the purpose of these optics

to image the flame and tungsten strip lamp on the entrance slit
of a Gaertner Model.LZSO‘mOnochromr%&iézorn The size of the mono-
chromator entrance slit dictated the size of‘the temperature-i“ '
measurement region and w&s cdﬁstructed from the standard slit - -
jaws (in the vertica] dimension) and a pair of razofibiades (in
the horizontal &iﬁénSion;) The monochroma;ar'seréed‘fb disperse-
the Tight and afibwubﬁf&fthe band of wavelength_ﬁhéséﬁ“for the
experiment to pass out of the exit slit. A 120 cpS cﬁépper was
located between the exit slit and the temperatﬁré photomultiplier
tube (hereafter referred to as TPM tube).

The output of the TPM tube was passed through a 5 ﬁegohm
potentiometer as shown in the electrical schemafié presented in
Fig. 15. This potentiometer was adjusted for makimum VOItage
output for the low light levels detected by the photomultiplier
tube. The anode current-to-voltage-divider current’ratio of 0.10

was not exceeded as recommended by the photomultiplier tube

manufacturer (27). The voltage output formed across the potentiom-

eter was then amplified by an operational amplifier which was
capable of amplifying feeble voltagesup to 100 times. The result-
ing qmplified output was then recorded on a_third channel of the
Ampex Tape recorder.

The equation defining the temperature of the gas in terms

of the TPM tube output is derived in Appendix B and is
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I -1
= A onb L L-F T )11
TF G zn{ IF [exp(CZ/ATL) I:I -H}

where
IF = the output of the TMP tube due to the spectral radlance
of the flame-alene at the-wavelength-a.

IL-F = the output of the TPM tube due to the spectral radiance
of the comparison source passing through the flame at
the wavelength A, : :

I, = the output of the TPM tube due to the spectral radiance
of the comparison source alone at the wavelength A.
A = wavelength at which experiment is performed.
TL = brightness temperature of comparison source-at the

position of the flame.

The TPM tube output IL was obtained by recording the output of
the TPM tube before the strand of propellant was ignited as shown in
the idealized TPM tube output of Fig. 16. Following the placement of
the propellant strand and the subsequent ignition of the strand, the
choppers CH] and CHZ served to modulate the light and allow the detection
of the 1ight levels I and I, .
In the experiments, the sodium D line band was used for the

temperature measurement. To determine:the flame temperature rapidly
I -1

T
F
flame temperature was constructed for a range of comparison source

once the ratio was known, a plot of that ratio versus the

brightness temperatures. This plot is shown in Fig. 17. The bright-

ness temperature of the comparison source at the position of the flame

measurement with a disappearing filament pyrometer (Leeds and Northrup
Pyrometer Model 360). A detailed describtinnvofﬁ;he calibration proce-

dure is given in Appendix C.
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The Combined System

The combined servomechanism and temperature measurement
apparatus is shown in the photograph presented in Fig. 18. As
mentioned previously, the comparison source was a tungsten strip
lamp which served as the lamp in the servomechanism VLBPDS and -
the comparison source in the line reversal pyrometer. The follow-
ing discussion deals with the various procedures employed in the
operation of the system to measure temperature profiles.

Operation of the Temperature Measuring System. When burning

a strand of propellant, four types of data were recorded on the
Ampex tape recorder; viz.,
1. The output of the position photomultiplier tube (PPM tube),
2. The output of the position correction photomultiplier
tube (PCPM tube),
3. The output of the temperature photomultiplier tube (TPM
tube), and
4., The output of the servomotor tachometer.

A typical output of these data as a function of time for a strand of

propellant burning at 100 psig is shown in Fig. 19 as a function of

time.

At time t = 0, the strand of propellant blocked the beam
of light originating from the comparison source; thus, the servo-
motor was not operating and the tachometer output was zero. In

addition, since no 1ight was allowed to pass to the photomultiplier
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tubes, the butputsof the PPM tube, the PCPM tube, and the TPM
tube were zero.

At time t = t], the strand was ignited and the strand surface
burngd in a'direction parallel to the axis of the propellant feed-
shaft, At time t = t2,~the burning surface reached the upper edge.
of the comparison source image located at fhe'plane‘of'the'propellant
sample. As the surface continued to burn, light was detected by
the photomultiplier tubes and the servomotor started to drive the
strand in a direction opposite to that of the burning and at a speed
directly proportional to the PPM tube output. After a short period
of time, the servomechanism system stabilized and the PPM tube
showed that the propellant feedshaft was driving the propellant
strand upward at the same rate at which it was burning downward.

The output of the PCPM tube is observed to attain a maximum
value immediately after the surface passes the upper portion of the
comparison source image. As explained previously, this indication
shows that no attenuation of the light has occurred due to soot
on the windows or excessive scattering of the comparison source
beam by the flame. At time t = t3, the output of the PCPM tube
shows a sharp deviation from its maximum value. From this indi-
cation, the remainder of the run is deemed inaccurate as a result

of the reasons mentioned previously.
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Determination of the Temperature Region Size. The size of the

temperature region was dictated by the projected image of the mono-
chromator entrance slit in the flame. Since the direct measurement:

of the size of the s1it was difficult and the calculation of the pro-
jected slit in ihe flame inaccurate, a calibration technique was
devised which allowed the direct recording of the size of the tempera-
ture measurement region. The procedure was first to locate the un-
burned propellant surface below the comparison source beam chh that

the phéfbmultip]ier tubes detected the full beam of light from the

_comparison source. Second, the strand was driven upward and the out-

puts of the photomultip]ﬁeﬁ‘thbes were recorded. A typical output
of this type is shown in Fig. 20. At time t = 0, the propelliant
surface is located below the comparison source image and at time t = tl'
the strand has been driven upward such that the light entering the
TPM tube has been blocked. By measuring the output of the PPM tube
from the point where the surface first begins to block the 1light
detected by the TPM tube to the point where all light detected by

the TPM tube is blocked, a voltage change for the PPM tube is known
which can be converted to a distance change by referring to the

VLBPDS calibration curve shown in Fig. 7. Thus, in the sample shown,
the voltage change is 2.5 volts and the temperature measurement region

is 50 microns in height above the surface.
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Determination of the Distance from the Burning Surface to the

Temperature Measurement Region. In order to obtain a temperature

profile above the burning surface of a strand of propellant, it was

necessary to measure the distance from the burning surface to the

region of temperature measurement for each temperature measurement.

This distance measurement was obtained from the output of the PPM

tube as illustrated in Fig. 21. At time t = 0 the burning surface
of the propellant sample was located above the temperature measure-
ment region; as a result, the TPM tube output was zero. The mbvemént
of the surface at time t = 0 is indicated by the increasing output
of the PPM tube. At time t = t1, the surface was located at the upper
edge of the temperature measurement regioﬁn As the propellant con-

tinued to burn, the TPM tube output increased until the region was no

longer blocked. The time at which that occurred is determined from
e the change in the PPM tube output which corresponds to the size of
the temperature measurement region (see Fig. 20). For the examp]e;‘
this time occurred at time t = t,. At times greater than tos the
output of the PPM tube is utilized to calculate the distance from
the center of the temperature measurement region to the burning

surface. This is accomplished in terms of the voltage change as

indicated at time t = ty in Fig. 21. Once the voltage change is
known, the slope of the PPM calibration curve, Fig. 7, gives the
actual distance of interest. It should be mentioned that this'pro-

_cedure is only valid when the PCPM'tube is a maximum because the

PPM calibration curve is not valid when the comparison source beam

is attenuated by anything other than the propellant surface.
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The operation of the temperature measurement system is thus

established. Detailed design criteria for the line reveréal

pyrometer is given in Appendix B.
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EXPERIMENTAL RESULTS

The experiments conducted in this research program can be
separated into two phases. First, a film study was conducted in

which burning samples of ‘a composite solid propellant-were photo-

~graphed as the servomechanism system positioned the burning surface

of the propellant sample. Second, the temperature of the gases
above the burning surface of a composite solid propellant was
measured as a function 6f the distance from the burning surface
to the temperature measurement region. The temperature measurement
system was employed for these measurements.

Before the results are described, the type of propellant used
in the experiment will be discussed. Following this, the experiments

will be discussed in terms of their objectives and results.

The Solid Propellant Used in the Experiments-

The solid propellant used in the experimental program was
a poTysulfide-ammoﬁium perchlorate propel]gnt° The formulation of
the propellant was taken from Reference 28 and is given in Table 1.
The reason for using this propellant type was that it has been a
well characterized propellant in terms of flame temperature, burning

rate, and physical properties due to its extensive use in solid
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TABLE I.

Propellant Composition

SConcentrations given as_percent weight)

LP-3 (Thiokol) 32.6
p-Quinone Dicxime. 2.2
Sulfur (Flowers) 0.2
Ammonium Perchlorate 65.0

propellant rocket engines. In addition, the combustion characﬁer-
istics of the propellant are such that the proﬁél]ant burns well
over a wide range of pressure with fine oxidizer grinds of unimodal
distribution.

The propellants.used in the experiments were supplied by
the Thiokol Chemical Corporation, Huntsville, Alabama,and consisted
of two different unimodal oxidizer grinds. The mean diameter of
the coarse grind oxidizer was 50 microns (the diameter where 50
percent of the oxidizer is greater than that diameter) whereas the
mean diameter of the fine grind oxidizer was 6 microns as measured
on a micromerograph. .The propellant samples were received in pint
cartons and were cut into wafers of 500 and 1000 microns with a
laboratory microtome (American Optical Company, Model 900) for the

film study and temperature measurement.
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As mentioned previously, the sodium D line band was emp]oyed for
the 1ine reversal temperature measurement; thus, it was necessary to .
introduce a small fraction of NaCl to the propeliant formulation. In
introducing the NaCl, it was recognized that the sodium must mix uni-
formly throughout the propellant before curing and must vaporize quickly -
at the burning surface of the propellant; thus, the NaCl was ground as
finely as possible. A micronizer (Helme Products Inc., Laboratory Model)
was employed to grind the NaCl. The resulting powder was examined under
a microscope and found to be of diameters less than ten microns. The
quantity of salt added was 0.5 percent by weight, this being the optimum

amount of salt in terms of flame emissivity as determined by Sutherland (5).

The Film Study Experiments

bescriptionfof the Film Study Experiments

The film study was conducted to determine (A) the ability of the
servomechanism system to position the burning surface of a strand of
propellant for the temperature measurement of the gases above the sur-
face, (B) the aspefity of the burning surfacé as it was positioned for
the temperature measurement by the servomechanism sysfem, and (C) the
physical characteristics of the gaseous combustion zone as the burning
surface was positioned by the servomechanism system. The first two
objectives were ﬁrimariTy intended to supply information pertaining to
the operation of the temberature measurementvsystem, while the third
was intended as an éxperimental investigation of the gaseous reaction

zone which was independent from that of the temperature measurements.
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In order to gain information pertaining to the operation-of
the servomechanism system in the temperature measurement system, -
the movie camera was mounted at the rear of the High Temperature"
Miéroécope. By mounting the camera at this point, the strand of
propellant could be viewed along the optical axis of the line
reversal pyrometer and the microscope could be empioyed to give
high magnifications of the burning surface. In this way, the
field of view of the camera included the burning surface and the
temperature measurement region. It should be noted that the
microscope as employed here included the poﬁer changing lenses
necessary for high magnification filming whereas only the fqrward
optics werenecessary in the previously described line reversal
pyrometer optics. The camera was a Paillard-Bolex (Model H16 F25)
16 mm framing camera which was operated at a speed of 64 frames

per second. The film type was Kodak Ektachrome ER film, Type B.

Results of the Film Study Experiments

Films were obtained of strands burning as their burning
surfaces were positioned by the servomechaniém system. The
strands were burned over pressures varying from atmospheric
to 275 psig for both the fine and coarse oxidizer grind propellants.

The ability of the servomechanism system to operate satis-
factorily was established by comparing the films of the burning
surface to the position photomultiplier tube (PPM tube) output.

Comparison for each run showed excellent agreement between the PPM
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tube output and the surface location as observed from the film.
Thus, it was established that the visible l1ight beam position de-" -
tection system (VLBPDS) could detect the location of the burning
surface and the output of the PPM tube could be relied upon to-
determine the location of the burning surface at any“gﬁven“timei'

A further indication of the abi]ity'of the servomechanism
to position the burning surface of the propellant was obtained from
measurements of the propellant burning rate with the servomechanism
system,. This was accomplished by recording the output of the
tachometer and PPM tube and measuring the output of the tachometer
at the point where the PPM tube showed that the propellant surface
was positioned. The tachometer output was then converted to burn-
ing rate from the tachometer calibration curve shown in Fig. 13.
Burning rates measured in this manner are shown in Fig. 22 for the
pressure range of atmospheric to 275 psig.

The asperity of the burning surface of the propellant strands
was studied from films in which thé High Temperature Micrbscope
magnification was set at 35X. This magnification corresponded to
a field of view of approximately 2000 microns over the 16 mm film
with a spatial resolution of approximately 10 m“ﬁcrdns° The films
showed that the surface roughness of strands inhibited by water
leaching the oxidizer from the propellant surface and passing a
column of nitrogen adjacent to the propellant surface would vary
from large irregularities of 100 to 200 microns dowh to a smooth

surface with irregularities of about 10 to 20 microns. In examining
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the films and the PPM tube output, it was discovered that the large
irregdlaritiés were related to the tilting of the burning”surface
either toward or away from the comparison source as the propellant
strand burned.

Quite obviousiy. the larger surface irregularities could not
be tolerated inythé‘témﬁérature measurement. Since the camera record
was not available when iemperatures were measured, a means of
identifying the surface characteristics of the strand was necessary
from the PPM tube‘output alone, Fortunate]y,‘the means of accom-
plishing that objective were present in the system. It was noted
that when the strand burned such that an irregular surface pre-
vailed, the PPM tube output became erratic when compared to the
output of that tube when the strand burned with a smooth surface.

To illustrate this, the outputs of the PPM tube and tachom—
eter are shown in Fig. 23 for a fine oxidizer grind propellant
burning at a pressure of 222 psia. At time t = t], the propellant
wis ignited and the burning surface burned past the lamp image.

As the servomotor accelerated, the strand was driven upward until

the burning surface again interrupted the lamp image at time t = t2°
At time t = t3g the surface was positioned, and the tachometer showed
the servomotor operating at a constant speed. The output of the

PPM tube in this case is smooth and the film of the burning surface
shown in Fig. 24 confirms this surface condition.

A similar example for the cOarse oxidiiér p}opellant burning

at a pressure of 207 psig is shown in Figs. 25 and 26. 'Here again
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FIG. 24

L] 200 MICRONS

FINE OXIDIZER GRIND PROPELLANT—
SMOOTH BURNING SURFACE
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FIG. 26

L1 200 MICRONS

COARSE OXIDIZER GRIND PROPELLANT—
SMOOTH BURNING SURFACE

72



13

the strand surface is smooth and the corresponding PPM tube output
confirms this condition. | |

An example of a coarse oxidizer grind propellant strand burn-
ing with an irregular surface at 262 psia is shown in Figs. 27
and 28. Here, the surface of propellant is smooth up to time
t= t4 at which time some unknown defect in the strand (possibly
a void) caused the surface to burn on a slant. From Fig. 26
undulations in the PPM tube output can now be seen, which cor-
respond to the surface roughness shown in Fig. 28.

The results of studying the films for information pertaining
to the combustion of the solid propel]apt strands were not very |
extensive due to the slow framing rate of the camera and the fact
that all of the films were of burning surfaces backlighted with the
comparison source. However, one result of the films was very inter-
esting. In the burning of both the fine and coarse oxidizer grind
propellants, it was noted that white streaks were present in the
gaseous reaction zone at pressures above about 115 psia. The origin
of the streaks was not clearly established due to the slow framing
speed of the camera. In some cases, the light emanated directly
from the propellant surface as shown in Fig. 29a. In others, the
streak appeared abruptly above the surface as shown in Fig. 29b.

In still other instances, the streak appeared faintly for a distance
of about 300 microns and then appeared bright over the remainder

of the field of view,: -
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FIG. 28

LJ200 MICRONS

COARSE OXIDIZER GRIND PROPELLANT-
ROUGH BURNING SURFACE
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The frequency of occurrence of the light streaks was also dif-
ficult to establish due to the slow framing rate of the camera; how-
ever, it was observed that the frequency increased with pressure.

For pressures less than about 115 psia, no streaks were observed.

The Temperature Measurement Experiments

Description of the Temperature Measurement Experiments
The previously described temperature measurement system was
employed for the temperature measurements in these experiments.
The experiments were conducted using both the fine and coarse
oxidizer grind propellant and the propellants were burned over a
pressure range of 115 to 215 psia. The flow settings for the strand
and windows “purges were the same as the settings found to yield

satisfactory burning surface characteristics from the film study.

The Results of the Temperature Measurement Experiments

The results of the temperature measurements over the pressure
range of 115 to 215 psia showed that the gaseous reaction zone is
very inhomogeneous. In particular, the temperature measurements
showed that no average, one-dimensional temperature profiles exist
above the burning surface of the propellant at any of the pressures
examined. The temperature measurements of both the fine and coarse
oxidizer grind propellants over the scanning range of the instrument
(up to 1000 microns above the surface) showed temperatures varying

from the lower 1imit of accurate temperature measurement (1800 K)
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to the adiabatic flame temperature of the polysulfide propellant
(about 2200 K). The size of the temperatuke meésurement zone in pre-
liminary measurements was about 60 microns in height by 40 microns

in width and the propellant thickness was 1000 microns. Since the
results were so erratic, the height of the temperature measurement
region was increased to 120 microns in order to averagefthev
temperature over a larger.vegion. This situation again resulted in
the erratic temperature results. A further attempt to measure a
temperature profile was made by reducing the thickness of the strand
to 500 microns; however, again the results were of a very erratic
nature.

A plot of the temperature measured for a fine oxidizer grind
propellant burning at a péessure of 215 psia is shown in Fig. 30.
Here it can be seen from four separate runs that there is no spécific
distance from the surface at which a high temperatire is favored.

At distances of about 100 microns from the surface, the adiabatic
flame temperature was recorded, however, this was not found consist-
ently. In some cases the temperature was below the lower limit of
the instrument (1800 K). The accuracy of the distance measurements
was + 15 microns and the temperature measurement was about + &0 K,
which does not account for the scatter shown here.

A similar plot of the temperature measured above the burning
surface of a coarse oxidizer grind propellant burning at a pressure

of 215 psig is showﬁiin Fig. 31. For this plot, the results of two
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separate runs show that the temperature varies from the previously
mentioned lower 1imit to that of the adiabatic flame temperature
over the entire scanning range of the instrument.

In 1ight of the discovery that the temperature measurement
system did not yield a temperature profile as found in previous re-
search programs (5,6) the attempt was made to measure profiles in
the same manner that had been employed in those investigations.

That i{s, the servomotor was turned off and the burning surface was
allowed to burn by the temperature measurement region. Results of
this type for the fine oxidizer grind propellant burning at 215 psia
are shown in Fig. 32. Here the temperatures were measured as a
function of time and by recording the output of the PPM tube con-
cufrent%y with the TPM tube, the instantaneous burning rate couﬁd

be caﬂcu?atéd as the propellant burned by the temperature measurement
region from the VLBPDS calibration curve shown in Fig. 7. The size
of the temperature measurement regﬁon was 120 microns in height and
40 microns in width. The propellant thickness was 1000 mﬁcronso’
The results show that a profile could be inferred where the maximum
temperature is attained at a distance of about 300 microns.

: A similar plot for the coarse oxidizer grind propellant is
shown in Fig. 33, Here again, the temperature distribution is such
that a profile could be inferred where the maximum temperature lies
in the vicinity of 300 microns from the surface. Again the tempera-
ture measurement region was 120 microns by 40 microns and the strand
thickness was 1000 microns. These results will be discussed in more

detail in the next section.
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One observation which was evident over the pressure range -

examined was that the fluctuations of temperature in the coarse -

oxidizer grind propellant were much more pronounced than those of

the fine oxidizer grind at a given distance from the propellant

surface. An illustration of this can be seen by comparing the-

temperature plots shown in Figs. 34 and 35. In these plots, the -
temperature has been recokded, with uncertainties, as a function of
time as the servomechanism system positioned the strand such that
temperature measurement region was approximately 500 microns from
the burning surface. The temperature measurement region was 120 -
microns by 40 microns and the strands were 1000 microns thick. In -
the case of the fine oxidizer grind propellant, the temperature can
be seen to fluctuate from a temperature of about 1950 K to 2150 K
over a time period of 140 milliseconds. However, in the case of

the coarse oxidizer grind propelliant, a fluctuation of about 1800 K
to 2230 K exists over the same time period. The variation shown is
typical of the temperature behavior over the pressure range of 115

to 215 psia.

Summary of Experimental Results

The results obtained from the experiments performed in this

research program can be summarized as follows:
1. The servomechanism system is capable of positioning the

burning surface of the solid propellant strands such that temperature

measurements can be made over a flame zone for a controlled length of
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time. Furthermore, the VLBPDS is capable of locating the burning
surface within the detection zone at any given time.

2. Light streaks have been observed for the coarse and fine
oxidizer grind propellants at pressuresof 115 psia and greater.
These streaks appear to emanate from the burning surface, however,
the precise location of the streak sources is not possible due to
the low framing rate of the movie camera.

3. Temperatures close to the adjabatic flame temperature
exist very close to the propellant surface {within 100 microns)
over the pressure range of 115 to 215 psia for both the fine and
coarse oxidizer grind propellants.

4. The temperature of the gases fluctuates over a range
of 1800 K to 2200 K at distances of 100 to 800 microns above the
surface of the propellant at pressures of 115 to 215 psia.

5. The temperature fluctuations occur more frequently for
the coarse oxidizer grind propellant (d=250 microns) than for the
fine oxidizer grind propellant (d=6 microns).

6. A temperature profile can be inferred provided the

temperature measuring system is operated without the servomechanism.
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DISCUSSION OF RESULTS

The following discussion is concerned with the interpretation

of the results found in this experimental program and the comparison
of those results with the results obtained in previous investigations.
In particular, an attempt has been made to explain the differences
between the experimental work of Sutherland (5), who found a steep
temperature gradient in the gas phase adjacent to the surface, and
the work of other researchers (6,7) who did not find a steep tem-

perature gradient adjacent to the surface.

Interpretation of Experimental Results

The experimental findings from this research program have been
summarized at the end of the preceding section. Included was the
result that high teémperatures, of the order of the adiabatic flame
temperature of the propellant, have been measured at distances of
100 microns and less from the propellant surface. It has been

shown previously that in order for the gaseous reaction between the

fuel and oxidizer to supply the total energy necessary to sustain
the surface reactions, a steep temperature gradient must exist adjacent

to the propellant surface such that the flame temperature is

attained at a distance of about 10 to 50 microns from the propellant
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surface. Thus, the above-mentioned result of temperature measurements -

at distance; 100 microns and less from the surface tends to substantiate

the premise that the gaseous phase reactions are supplying a large

fraction of the energy required to sustain the surface reactions.

However, the experimental results show that the temperatures within

the 100 micron zone are subject to violent changes wheréin the temper-
atures recorded were observed to range from an upper limit of the
adiabatic flame temperature (2200 K) down to the temperature at which
the measuring instrument would no longer give reliable results

(1800 K). Thus, it appears that the location of the high temperature
zone is not restricted to a thin zone which is smaller than the
temperature measurement region.

Turning attention to the results obtained above the region
close to the surface, it is possible to see further evidence of
temperature fluctuations.  For the measurements at a distance of
100 to 1000 microns from the surface, the temperatures again have
been observed to fluctuate over a broad temperature range.

As a result, it appears that the gaseous reactions between

the fuel and oxidizer are occurring both very close to the surface

and at distances well above that estimated thin reaction zone which

precludes the need for subsurface reactions. Thus, a very in-
homogeneous reaction zone where inhomogeneities are of the order of

hundreds of microns has been found above the burning surface of the

propellants examined in this experimental program.
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Unfortunately, an accurate detailed description of the gaseous--

phase reaction zone is not possible in terms of structure or dimension -

from the experimental results due to the averaging effect which results
from looking through a finite depth of such an inhomogeneous regime.

In particular, the temperature and distance meaéurements in the zone -

which is 100 microns or less from the surface are subject to inaccura--
cies which deserve attention here. First, the problem of defining-

the surface is difficult for a medium which is a composite of oxidizer-
crystals and binder. It is not practical to believe that the surface
burns in a perfectly rectilinear planar fashion. Rather, it would be
more realistic to believe that undulations of the order of oxidizer
crystal size exist across this surface. In the case of the fine
oxidizer grind propellant, this would mean that the irregularities

are of the order of 6 microns which is not excessive for measurements
of distance in the zone less than 100 microns from the surface. How-
ever, for the coarse oxidizer grind propellant, the surface would be
of the order of 50 microns. In this case the roughness of the sur-

face cannot be ignored and spatial resolution in the sense of a one-

dimensional profile within a distance of 100 microns from the sur-

face is meaningless. A second factor which must be considered is

the effect of the surface tilt which has been mentioned previously.
For a strand of 1000 microns thickness, a large error in distance

measurement could result due to excessive surface tilt. However, the
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results of the film study showed that surface tilt could be identified"
from the output of the PPM tube; thus, runs with surface tilt were
not considered in the final data analysis. |

" In the case of errors in temperature measurement close to:_'
the surface, the possibility of error in the ratio EL;%LSE-due to
the gradual uncovering of the projected image of the monochromator
entrance slit {or the temperature measurement region) by a tilted
surface has been recognized in a previous experimental investiga-
tion of solid propellant flame temperatures (5). However, since
all of the runs with surface tilt were disregarded, this error-is
not considered to be present in this experimgntal-pvngﬁ%n. A related
error is that of:méas&rfng temperatures as the température measure-
ment region is uhcbvéfed by a non-tilted surface. Indeed, tempera-
ture measurements cannot be made as the monochromstar slit is un-
covered because the reference output of the TPM tube, IL. is known
only for the case wheme}the monochromator slit is completely il-
luminated with light from the comparison source. Hence, the out-
put of the TPM tube was not considered for temperature measure-
ments in the experiments until the surface had burned past the
temperature measurement region. Considering the height of the
temperature measurement region, this means that the gas temperature
was not measured until the surface was a distance equal to one-
half the height of the temperature measurement region from the

center of the temperature measurement region. Since that region
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was approximately 120 microns and 40 microns for the experiments
reported, the averaging over the region of 100 microns or less from
the surface is evident.

From the above described error and averaging effects, it
can be seen that the temperatures measured in the zone 100 microns
or less in distance from the surface is at best an average over
that entire zone. However, it is certain from the results pre-
sented that the gaseous reaction zone does originate very close
to the surface (within 100 microns) and extends up to a distance
of about 1 mm above the burning surface for combustion pressures
of from 115 psia to 215 psia. Considering the estimated thin zone
necessary for complete-energy transfer from the gaseous phase
reactions, this is further interpreted as evidence that the
gaseous reaction between the fuel and oxidizer is not the sole
provider of energy to the sustaining surface reactions.

Evidence of the importance of the gaseous reaction zone
on the overall combustion process can be inferred from the find-
ing of more frequenct temperature fluctuations in the gases at
distances of about 500 microns above the surface of the coarse
oxidizer grind propellant when compared to the fluctuations in
the fine oxidizer -grind propellant at about the same distance.

The indication here is that the gaseous reactions between the
fuel and oxidizer are-occurring farther from the surface for the

coarse oxidizer grind propellant. As a result, the energy transfer
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from the gaseous phase reactions to the surface is less for the
coarse oxidizer grind propellant. Since the burning rate for the
coarse oxidizer grind propellant is slower than that of the fine
oxidizer grind propellant as shown in Fig. 22, the indication is-
that the energy contribution from the gaseous reaction zone is still
significant and must not be ignored completely.

The 1ight streaks observed in the motion picture study have
been considered as the source of the sudden temperature changes
noted in fhe ‘gaseous reaction zone of the coarse and fine oxidizer
propellants. In the past, similar light streaks have been observed
in film studies of the gaseous reaction zone of composite propellants
by Marxman (29). ‘In that study, the phenomenon was attributed to
the explosive deflagration of single ammonium perchlorate crystals.
If this is indeed the case, it would stand to reason that the path
of the 1ight streak would be of a higher temperature than that of
the surrounding gases; thus, if the streak passed through the tem-
perature measurement region, a temperature fluctuation would occur.
Confirmation of this is unfortunately not possible from the motion
picture study of this research program because of the slow framing
rate of the camera. However, the results of Marxman show that the
deflagration of single crystals appears in less than 1/2% of. the
ammonium perchlorate present. If this is also true for the poly-
sulfide propellants used in this research program, the possibility

of the streak passing through the temperature region is remote.
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Thus, it appears more probable that the temperature fluctuations"
are not a result of the observed light streaks; rather, they are
indeed .a result of the more extensive gaseous phase reactions which

are occurring above the burning surface.

Comparison of Results to Previous Experiments

The one important result that arises from the postulated -
~gaseous reaction zone structure is the key to understanding the
discrepancies of previous investigations. Because, if the re-
action zone is of an inhomogeneous nature where the inhomogeneities
could be of the order of hundreds of microns, the experimental
approaches of previous attempts to measure temperature profiles
could lead to erroneous results. In all of the past experimental
approaches, the procedure followed has consisted of fixing the
temperature measurement point (or region) at a point below the sur-
face of the propellant sample. The propellant is ignited and the
surface then burns past the measurement point such that a single
temperature scan of the gaseous reaction zone is obtained. Since
the gaseous reactions are occurring at various points throughout
the zone traversed by the temperature measurement point and the
locations of these reactions are changing constantly as the sur-
face regresses away from the temperature measurement point, it is
conceivable that almost any shape of temperature profile is pos-

sible above the burning surface. Indeed, the results of the
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temperature measurements in this experimenta)l program with the
servomotor off show that temperature profiles can'be inferred as-
shown in Figs. 32 and 33. Thus, single scan temperature measure-
ments can lead to serious errors in the study of the combustion
zone structure. | V

From Sutharland‘é temperature measurement (5), the following -
results are noted. First, the adiabatic flame temperature was reached
at a distance of 100 micfons from the surface. The second is that
the flame zone was microscopically inhomogeneous with inhomogeneities
of the order of at least ten microns, a situation which was inferred
from the rippling of the signal when the radiation from the flame
was recorded.

The technique for measuring temperatures as employed by
Sutherland was basically the same as that employed in this investi-
gation. The major difference was the employment of a single
temperature scan technique in Sutherland's experiments instead of
a surface controlling technique as employed in the present experi=
mental approach. As a result, it was expected that th;re would
be agreement between the experimental results. Upon comparison
of the results, it appears that there is agreement in the existence
of high temperatures close to the surface. At zones farther from
the surface, temperature fluctuations are noted which is also in
ag}eement with thisexper'ﬁment° Thus, the experimental results are

in agreement.
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However, the conclusions drawn from the experimental results

are not in agreement. In Sutherland's work, the conclusion is drawn -

that the results lend support to a gaseous flame adjacent to the burn- =

ing surface precluding the need of subsurface reactions to sustain
the overall combustion process. It is evident from the results of
this investigation that such a conclusion is unfounded if it is
based upon results obtained from a single temperature scan experi-
ment. If Sutherland had introduced a means of measuring the tem-
perature over a fixed region with respect to the burning surface |
as done in this experimental approach, the presence of temperature

fluctuations over that zone would have been established. Thus, he

would not have been led to the conclusion of a steep temperature

~gradient at the surface.

The results of Penzias (6) are of the type which substantiate
the results of this experiment. Two comments appear to be necessary
before discussion of those results. First, an infrared technique
was employed in the experiments of Penzias which involved measure-
ments of absorptivity and radiance of the propellant flame at 23
different wavelengths. The results were based upon separate strand
burning in which each measurement yielded information at only one
wavelength. Second, an indirect means of measuring the distance
from the measurement region to the burning surface was employed

which required the independent measurement of the burning rate under
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experimental conditions. As the propellant surface burned by the

detection region, the measurements of emissivity and radiance were

made as a function of time. The data were then converted by the

burning rate value from a time to a spatial distribution., As a

result of these comments and the fact that‘this was again a single

scan technique, it is emphasized'that tbe possibility of error is-
present in locating the distance where the maximum temperature occurs.

An interesting result included in Penzias' work is an ob-
served temperature fluctuation measured at a wavelength of 3.30
microns, which is shown in Fig. 36. Here, Penzias has noted the
extremely violent temperature fluctuations that were observed in
the burning of strands of propeliants in this research program.
Thus, the results of Penzias at this wavelength are consistent
with the results that the gaseous reaction zone is of a very
inhomogeneous nature,

The results of Sabadell's thermocouple experiments (7) are
again based on a single temperature scan of the gaseous reaction
zone. The results of the study are again consistent with the postu-
lated extensive gaseous reaction region. In fact, Sabadell sug-

gested the existence of such a reaction zone (7) to explain the

very slow rise in temperature experienced by the thermocouple after
emerging from the burning surface. The absence of temperature

fluctuations from the thermocouple is not surprising due to the

thermal lag present in the thermocouple output.
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Finally, the results of Povinelli (20) and Waesche (21) -~

from the spectroscopic studies of the flame in which sites of CN
3 radiation were measured confirm the results established in this
investigation. The results of both of these studies showed that

the reaction zone extended to distances of about one to two mm~

the spectrographic technique is not suitable for drawing meaningful
results. The radiation is recorded on a photographic plate which
integrates the total radiation from the flame over the time the
strand burns by the detecting slit. Thus, the output is not known

for very short time intervals.

9

above the surface. In regard to fluctuations in the reaction zone, - -
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CONCLUSIONS

The main result of this investigation has been the conclusion
that the gaseous reaction zone of a composite propellant is not
confined to a very thin layer adjacent to the propellant surface
such that the gaseous reaction between the fuel and oxidizer is
the sole source of energy for sustaining the controlling surface
reactions. Also, it has béen found that previous attempts to
measure the heat transfer characteristics of the gaseous phase by
means of single temperature scans of that zone have led to erroneous
conclusions in some cases. Furthermore, it has been determined that
the gaseous reaction zone cannot be represented by a one-dimensional
temperature profile.

In regard to the overa]lycombustﬁon process of composite
propellants, the results of this investigation indicate that heat
generation at or below the propellant surface is necessary in order
to supplement -the energy transfer from the gaseous reaction zone to
the propellant surface. However, the finding of greater temperature
fluctuations in the gases above the surface of the coarse oxidizer
grind propellant when compared to the fine oxidizer grind propellant
indicates that the gaseous reactions between fuel and oxidizer must

not be ignored completely.
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In 1ight of the findings of this research program, it is con-
cluded that one-dimensjonal theoretical and experimental approaches
to the steady state combustion of a composite solid propellant will
never supply the answers to the more coﬁp?icated areas of non-steady
combustion. In particular, it appears that studies in the gaseous
phase must now be directed towards understanding reactions that occur
in a zone which is at least 1000 microns thick and contains {nhomo-
genieties of the order of several hundred microns; as a resu]t,‘a
three-dimensional approach appears necessary to represent the com-

bustion process.
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APPENDIX A
NOMENCLATURE
Symbo1l
A] area of the monochromator slit illuminated by radiation
- from the source.
A2 area of the monochromator slit illuminated by radiation

from the radiating specie in the flame.

B (T) total radiant energy emitted over the wavelength interval S .

C] first radiation constant.
C2 second radiation constant.
I output of photomultiplier tube.

J (A,T) emitted blackbddy radiant energy.

K calibration constant for photomultiplier tube output.
T temperatufe.
T brightnéss température°

Greek Symbols

a {2,T) spectral absorptivity.

&g e (A,T) spectral emittance.
A wavelength.
% transmission coefficient of the optics between the compari-

son source and the flame.
T, transmission coefficient of the optics between the flame

and thé photomultiplier tube.
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solid angle for the radiation from the source as it enters

the collimating:lens of the monochromator.
solid angle for the radiation from the radiating species as

it enters the collimating lens of the monochromator.

Subscripts

L lamp.

F flame.

L-F lamp transmitted through flame.
Abbreviations

AP ammonium perchlorate.

PEAA polybutadiene-acrylic acid.

PCPM position correction photomultiplier.
PPM position photomultiplier.

SCR silicon control rectifier.

TPM temperature photomultiplier.

VLBPDS visible light beam position detection system.
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DESIGN CRITERIA FOR THE LINE REVERSAL PYROMETER

The temperature measurement technique chosen for the tem-
perature measurement system was a line reversal technique. In
the following discussion, the theoretical basis for the line
reversal is presented. Included are the important ass&mptions
in the theory which lead to design criteria necessary for the
fabrication of a line reversal pyrometer. Following that dis-
cussion, the pyrometer employed in this research program is dis-

cussed in terms of the design criteria.

Development of the Line Reversal Theory

The line reversal technique of méasuring flame temperature
consists of -introducing an atomic radiating specie in the flame
and comparing the absorption and emission characteristics of that
radiating specie to the radiant energy characteristics of a
calibrated light source {(or comparison source). The validity of
the technique depends mainly upon the existence of thermal
equilibrium between the flame and the radiating specie.

The measurement is actually that of the effective g]ectronic

107



108

excitation temperature for the particular specie used in the flame.
Thus, if the specie is not in equilibrium with the translational
degree of freedom of the gas molecules or atoms, the temperature

measurement is meaningless.

Developmentiof the Theory

The radiant energy emitted at a given wavelength and tem-
perature from a blackbody is given by Planck’s radiation law.
Hence, the radiant energy emitted from the comparison source over
the wavelength interval at which the specie added to the flame

radiates and absorbs, &1, is given by
J’A
BL(TL) = “"WA eL(AJLML(A.TL)dA (1)
where
EL(A,TL) = spectral emittance of the lamp filament

JL(A,TL) = blackbody radiant energy emitted from the lamp

filament as expressed by Planck's law.

In the same mamner, the radiant energy emitted from the radiating

specie in the flame is
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A
1
BTy = [T TR OLT (2)
F''F A1+61 F***F'°F F
where
eF(A,TF) = spectral emittance of the flame

If the radiant energy from the comparison source is passed

. through the flame, a fraction of that energy will be absorbed by
the radiating and absorbing specie over the wavelength interval
8\ resulting in a reduced radiant energy over that wavelength

interval. Thus,

A .
BL-F(TL,TF) = IA:*GAE'QF(R’TF)—-ZEL(A’TL>JL(A’TL)dA (3)

where
uF(A,TF) = spectral absorptivity of the flame.

The condition for line reversal exists when the radiant
energy over the wavelength interval 61 from the comparison source
is viewed through the flame such that the radiant energy of the

flame equals the radiant energy of the lamp before entering the

flame. Hence,

B p(TLsTE)Be(Te) = B (T)) (4)

|- =eeea E
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Introducing the Planck radiation equation

G
J(1,T) = =
where C] = first radiation constant
C2 = second radiation constant

into equations 1, 2, and 3 and substituting that group of equations

in equation 4, after cancellation of like terms, yields

A C,/AT A -5
] =5, V27 7L L4=1 1 ex(A,Te)A
T-a (0, To) e, (3,7, "5 e 7 la s f FsTg
J)«]'ﬂ'ts}‘[ F Fj L L A-I'HSA

C,/AT
e &

; C,/AT
" Foyla = JA] e, (LT )12 (e 2/* Liyla (s5)
+8A

|
In order to simplify this relationship, the assumption is
made that the quantities aL(A,TL), eF(A.TF), and czF(A.TF) are .
constant across the wavelength interval 6x. In addition, the

assumption is made that Kirchhoff's radiation law is valid in the

flame such that

EF(A'TF) ¥ a F(A'TF) (6)
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Thus, equation 5 can be integrated by the trapezoidal rule to give

/AT, C/AT.
2 L-l)]a(ez F_Ul

C
EL(A’TL)(e (7)

Introducing the concept of brightness temperature (that is the
temperature of a blackbody at a given wavelength with the same

radiant energy as the lamp filament surface at the same wavelength)

equation 7 becomes

2y L (T
or
Te = TL° (8)
where
TL' = brightness temperature of the lamp filament,

Thus, the measurement of the flame temperature with the line
reversal technique invo]veé matching two radiant energies as de-
scribed in equation 4 by adjusting the comparison source intensity.
Once the match is obtained the system is said to be reversed and
the flame temperature is equal to the comparison source brightness
temperature.

The method of measuring flame temperatures as described above
is too slow for the measurements made in this research program.

However, the modified line reversal technique increases the speed
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needs of the temperature profile study. The modified line reversal -

nz.o

temperature measurement to a rate which is compatible to the -

technique was first introduced by Silverman (30) and has had wide-

spread

application in measuring gas temperature (31, 32, 33). In

this approach a photomultiplier tube is employed to measure the

previously defined radiant energy levels.

levels

where

The outputs of the photomultiplier tube for these energy

are given by

A
] .
I, = ty1,w,AK I e, (A,T,)d, (A,T, )da (9)
L 1721 xlﬂs)\L ARG
I. = wowAK [ ec (AT )dc(r, T )da (10)
F 2272 ‘A],mr FIFMF
M

Lp = tramAK JA s [1- o g0 TE) e 0TI, (0, Jer
1

(1)

transmissibﬁ coefficient of the optics between the

comparison source and flame

1, = transmission coefficient of the optics between the
flame and the photomultiplier tube.

wy = solid angle for the radiation from the source as it

enters the collimating lens of the monochromator.
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w = solid angle for the radiation from the radiating

specie 1in the flame as it enters the collimating

lens of the monochromator.
A] = area of the monochromator slit illuminated by

radiation from the source.

A2 = area of the monochromator slit illuminated by
radiation from the radiating specie in the flame.
In the modified line reversal technique, it is convenient

to group the three photomultiplier tube outputs to give

A 2(“1“1 L (13)
Ig why J(e? L2
Where TL‘ = brightness temperature of the comparison source at
the flame.

Solving equation 13 for the flame temperature yfelds

A why L I-T ] ,
TF = c2 n [“’2"2 IF EXP(CZ/”L )wﬂ +1

By the proper optical design, the ratﬁo'“iAllu?Az is equal to unity.

Hence,
L=1, ¢
D NS B S e -
TF = G, m{-—-—-————-—IF [exp(CZ/ATL") ﬂ +1} (14)
Thus, the temperature of the flame is measured in terms of the three

photomultiplier tube outputs and reversal is not required'in the
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modified line reversal technique. Discrimination between the radiant

energy levels is accomplished by introducing two choppers in the

pyrometer optics. One chopper interrupts the 1ight path between the

comparison source and flame while the other interrupts the light path

between the flame and photomultiplier tube. Thus, the number of tem-

perature measurements over a given time is determined by the chopping

frequency.

Pyrometer Design Criteria

Several important criteria for accurate temperature measure-
ments with a modified line reversal pyrometer can be established
from the above theory déve‘lopmem° These can be summarized as

) follows:

1. Thermal equilibrium must exist between the radiating
specie and the flame gases.

2. The quantities sL(A,TL), cF(k,TF)D and mF(k,TF) must
be constant over the wavelength interval éi

3. Radiant energy from the comparison source can be reduced
only from absorption by the radiating specie: in the flame. Solid

particles which could cause scattering of that radiant energy must

not exist in the flame. Also, the windows must be maintained free
of dirt or soot throughout the period of temperature measurement.

4. The design of the pyrometer optics must be such that
Ay = Agup:

5. The photomultiplier tube output must be linear with

input radiant energy.
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The Design of the Pyrometer

The importance of thermal equilibrium between the radiating
specie and the flame has been emphasized previously. In this research -
program, the radiating specie added to the flame was sodium and the"
wavelength interval was centered about fhe sodium D lines. This
wavelength band has been used in the past (31,32} and was selected
because sodium is generally accepted as being in thermal equilibrium
with the flame (34, 35, 36). Although there is no way to prove that
thermal equilibrium was present between the sodium atoms and the
flame, previous examinations have shown satisfactory agreement be-
tween theoretically predicted and experimental flame temperatures.

The comparison source employed in the p&rometer was a GE
tungsten strip lamp. The spectral emissivity of the tungsten
strip is constant within the accuracy of experimental data for the
spectral properties of tungsten (37). Thus, the requirement that
EL(A,TL) be maintained constant over the experiment wavelength
was realized for the pyrometers.

The spectral emissivity and absorptivity of the radiating
specie in the flame are a function of the concentration of radiating
specie in the flame. However, the width and shape of the spectral lines
are also important in establishing the emissivity and absorptivity.

As a result, the egﬁt slit of the monochromator was adjusted

carefully to allow only the'spectra] lines emitted by
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tﬁe sadium atoms such that eF(A.TF) and a F(A.TF) were constant over
the experiment wavelength.

The problem of scatter in the flame was not present for
the simple nonmetalized propellant used in the research program.
However, the problem of clouded windows was present in some in-
stances. The frequency of occurrence of that problem was reduced
by purging the windows with ni’trogeﬁ° The detection of dirty win-
dows was accomplished by monitoring the position correction
photomultiplier tube (PCPM tube) as described previously. Thus,
although this problem was not eliminated in the pyrometer, a means
was available to detect when the problem was present.

The design of the optical system for the pyrometer is
illustrated schematically in Fig. 6 and 14. In order to satisfy
the fourth design criterion, the optics were designed such that
the areas of the monochromator slit illuminated by the fiame. A],
and the comparisons source, AZ’ were equal. This was accomplished
by ensuring that both the radiant energy from the comparison
source and flame completely covered the slit opening. In addition,
the requirement on the solid angles wy and w, Was met by intro-
ducing an iris diaphragm between the flame and the photomultiplier
tube as shown in Fig. 14. Since the f number of the lens Lz shown
in Fig. 6 was smaller than that of the microscope objective lens,
the iris diaphragm served td limit the solid angle of both the

flame and comparison source radiant energy. As a result, the solid
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angles w) and vy were gqual. Thus, the fourth design criterion
was met in the pyrometer.

The temperature measurement photomultiplier tube (TPM tube)
was designed such that the ratio of the voltage divider current
to anode current was always less than 0.1 for maximum linearfty
as specified by the photomultiplier tube manufacturer (27). A
Kodak neutral density step tablet was employed to check the TPM
tube linearity. The check confirmed that the TPM tube output
was linear for the radiant energy levels entering the photo-
cathode of the photomultiplier tube.

Thus, the previously defined design criteria necessary for
fabricating a modified line reversal pyrometer have been realized

in the pyrometer employed in this research programm
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APPENDIX C

CALIBRATION OF THE COMPARISON SOURCE

The comparison source was a tungsten strip lamp (GE Model
18A/T16/2P). The lamp served two purposes in the temperature measure-
ment system. Firsf, the lamp waé employed as a continuous light
source for the line reversal pyrometer. Second, the lamp was
employed as the source of light necessary for the operation of the
servomechanism detection system (VLBPDS). Current was supplied
to the lamp from six 12 v storage batteries wired in parallel.
Regulation of the current level was accomplished by a one ohm
rheostat (Ohmite Model T 12) wired in series between the lamp
and the battery output. In order to achieve maximum lamp sta-
bility, the lamp was annealed at a current of 12 amp for a period

of several hundred hours.

Temperature Calibration of the Comparison Source

As discussed previously, the brightness temperature of the

comparison source must be known at the flame location in order to

calculate the flame temperature from equation 14. Calibration
to find the brightness temperature of the lamp was accomplished with

a disappearing filament pyrometer (Leeds and Northrup Model 360).
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The pyrometer was mounted and focused such that the image of the

tungsten strip lamp was observed through the telescope of the pyrom-

eter. Values of the lamp brightness temperature were obtained as a

function of lamp current from 8 amps to 13.5 amps. The brightness

temperature measurements were for a wavelength of 0.653 u. Since

the experiment wavelength was 0.5893 u, it was necessary to calcu-
late the brightness temperature corresponding to the experiment wavelength

A

from the measured brightness temperature.
Representing the radiant energy of the tungsten lamp by Planck's
radiation law, the true temperature of the lamp can be expressed

in terms of the brightness temperature of the lamp. Hence,

Clweo’ . Celrrelimey o
where
“““ ARED = wavelength of pyrometer measurement (.653 u)
TL = t{rue temperature of the lamp
T

'RED brightness temperature of the lamp at ARED

eL(ARED’TL) = spectral emissivity of tungsten

Solving equation 15 for the true lamp temperature required
a trial and error solution. As a result, a computer program was

written in which the true lamp temperature was calculated for a given

brightness temperature. The values for the tungsten emissivity
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were obtained from (37). Once the true lamp temperature was known,
the brightness temperature of the lamp was calculated at the experi-
ment wavelength. This was done by replacing the value of the wave-
length, Apepe @nd emissivity, e (ApepsT))s with the. values cor--
responding to the experiment wavelength. Thus, the brightness
temperature of the lamp at the experiment wavelength was expressed
by

C,

T = C, /AT (16)
L A 2n {i + e (0LT)) [e 2 L] -{} *

A plot of the measured and calculated lamp temperatures

for the above mentioned current range is presented in Fig. 37.

Calibration of the VLBPDS

The calibration of the visible 1ight beam position detection
system (VLBPDS) was important in obtaining the plot of position
photomultiplier tube (PPM tube) output versus distance as shown
in Fig. 7. The calibration technique involved advancing the
surface of a propellant strand (not burning) into the image of
the tungsten strip lamp at known intervals of distance while
the output of the PPM tube was recorded after each advancement
of the prope]]ant strand. The height of the lamp image was
approximately 2 mm and the interval of advancement distance was

114 + 5 microns. This small interval was attained by revolving
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the servomotor driveshaft in one-quarter turn steps. Thg small
error in position resu]téd by applying a downward pressure to the
propellant feedshaft aﬁd revolving the servomotor driveshaft

such that the feedshaft moved upward only. |

Linearity of the VLBPDS ca]ﬁbratﬁon¥cur§e was important for

the operation of the servomechanism and the gtéuraéynof measuring
the distance with the output of the PPM tube. In order to obtain
linearity, it_was found that the 1amp current could not exceed

12 amp. At higher currents, the output.of the PPM tube was
saturated when the strand was not blocking the lamp image. When
saturation prevailed, the slope of the VLBPDS curve, as shown

in Fig. 7, was zero at small distances and was more negative at
distances closer to 2000 micronso_ The optimum lamp current was
about 11 amp. This then dictated the lamp current and brightness

temperature for the temperature measurement (approximately 1850 K).
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APPENDIX D

DESCRIPTION OF COMBUSTION BOMB SYSTEM

The experiments were perfokmed in a combustion'bémb which was
incorporated in a purge flow system as illustrated schematically in
Fig. 38. The combustion bomb and purge components, termed the com-
bustion bomb system, were located in a test cell having reinforced
concrete walls. Operation of the combustion bomb system was
accomplished from a control room which was remote from the test
cell for safety purposes.

The combustion bomb was fabricated from a stainless steel
forging and was designed to operate safely up to a pressure of
2000 psia. The inside diameter of the combustion bomb was 9 1/2 in.

~and the length was 8 in. A 1 in. diameter plexiglas window was
located at each end of the bomb in order to allow the photomultiplier
tubes to detect the radiant energy from the flame and tungsten stri p

lamp image.

A nitrogen supply was used to pressurize the combustion bomb
and purge the propellant strand and windows during a firing. The

supply consisted of six nitrogen bottles coupled to a manifold. The

flow of nitrogen to the combustion bomb was regulated by a 1/2 in.

dome loaded flow regulator and a parallel combination of three
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hand operated needle valves. The dome loaded regulator supplied a
fixed upstream pressure to the needle valves; whereas the needle
valves adjusted the flow rate of nitrogen to the strand and window
purges.

The combustion bomb was vented with a 3/4 in. variable
position pneumatic valve. That valve was adjusted such that the
bomb pressure was constant and equé] to'the desired pressure
during a firing. The pressure in the combustion bomb was measured

with a 0 to 1000 psi Heise gauge.
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