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A'

NOMENCLATURE
Es ‘ T
Nondimensional parameter, — [l - —
RT TS
Eg T
Nondimensional parameter, — =) ==
ATy T,

Arez of burning surface

Throat area of sonic nozzle

Acoustic wave Qelocity

Nondimensional parameter {see Eq, 4.9)
Nondimensional parameter (see Eq. 4.10)
Specific heat of solid and gas, respectively
Characteristic velocity of exhaust gases
Diameter

Activation energy of the sclid and the flame, respectively

T —

Temperature sensitivity of propellant, _ '%%"
r

o

A constant, <1
Length of T-burner

Characteristic length of chamber (free volume divided by nozzle
throat area)

Distance between entropy extremes

Mass burning rate
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- -n
n  Pressure exponent in steady state burning rate law, r = bp

p Pressure
P Mean or time-average pressure

Pressure perturbation

P Reference plane pressure
R Gas constant

1 Re() Real part of a complex expression

r' Burning rate perturbation
s  Entropy
s Reference entropy

[+]
T Temperature

=l

Mean or time average temperature
T' Tempersture perturbation
Tf Adiabstic flame temperature

T Initial temperature of the propellant

o

Tr Reference plane temperature

Ts Surface temperature of burning propellant
2' T  Period of acoustic oscillation

V  Volume

v Velocity amplitude

v Velocity perturbation

<l

Mean or time-average velocity
v Mean gas velocity
! X Displacement

Y Acoustic admittance

vi
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a Exponential growth constant
o, Thermal diffusivity of aolid
¢ Ratio of maximum presaure perturbation to mean pressure
A Characteristic root of the aolid phase energy equation (see
Eq. 4.7 and wavelength in Section 5)
u/e  Ratio of masa perturbation to pressure perturbation. Also
deaignated the propellant responae function.
p Density
v/e Ratio of denaity perturbation to preaaure perturbation
v Characteriatic time to burn through a particle
b Residence time of the chamber
Tew Thermal wave relaxation time, a;
r
¢ Phase of combuation relative to preasure
¥ Phaae between preaaure and emergence of element of gaa from the
combuation zone
i Non-dimensional frequency, é;zw
w Frequency in radiana/aecond
SUPERSCRIPTS
— Bar over a aymbol {e.g., T) refera to a time averaged value
SUBSCRIPTS
b Burning aurface
g Gas
o Total
¢ Chamber
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1. INTRODUCTION

1.1. CONCEPT QF STUDIES

The research werk described in chis report is part of a continuing
program {Ref. 1) of inveatigation of the processes involved in low fre- |
quency acoustic and nonacoustic type oscillatory behavior in solid pro-
pellant rocket motors and in various aspects of steady-state combustion
and ingredient decomposition believed to be related to solid propellant
combustion instability. The present program was Initiated at a time when
there were two concurrent trends in the development of solid propellant
rocket motors. The first of these was the development of very large
solid propellant booster rockets, whose dimensions were such as to permit
oscillatory behavior in acoustic modes at frequencies down to about 10 eps.
The second was the growing interest in motors intended for space appli-
cations which possessed very high volumetric loading density and were de-
signed to operate at relatively low pressures; both of these features are
important for favorable mass ratios required for upper stage applications.
Some motors of this type were observed to exhibit oscillatory behavior in
a low frequency, nonacoustic mode, particularly in the frequency range of
10 to 200 cps (Ref. 2-4). Considering the extremely high cost of individ-
ual firings of the very large rocket motors under development and the
cost of trial and error corrections should low frequency combustion insta~-
bility occur, it was advantageous to develop laboratory scale tests which
would permit qualitative evaluation of the susceptibility of propellants
to low frequency combustion instability and to determine those attributes
of the combustion responsible for instability.

A review of the general character of solid propellant combustion and
of oscillatory combustion were presented in the previous report {(Ref. l};
that review should be considered as background information for the work
reported here.

\.2. PLAN OF THE REPORT

This repert aummarizes work that has been donc on this program from
April through September, 1967. Each section deals with a specific aspect
of the program and in some cases is complete in itself. Although the
sectlons arc independent, they are mutually complementary, results in one
area often suggest investigations that should he pursued in others.

Section 2 describes the continued investigations of decomposition
and deflagration of large single ammonium perchlorate (AP} crystals. The




sl

NWC TP 4478

work included investigations with MnO;-doped crystals and combustion of
crystals in low pressure methane.

Section 3 reports the improvements in the apparatus and techniques
for photographing propellant samples in a window bomb and also the prog-
ress in understanding the detailed aspects of aluminum accumulation in
"real propellants".

Section 4 covers the work, both experimental and theoretical, on non-
acoustic combustion instability. Experimental data was reasonably well
correlated by the models of Denison and Baum and of Hart, Farrell, and
Cantrell. A phenomenological concept ia presented which partially ex-
plains the deviation of experimental data for several bimodal oxidizer
propellants from the one-dimensional thermal theory.

Section 5 deals with the work on low frequency acoustic instability
with particular emphasis on the dynamics of the combustion zone as in-
ferred from streak photographs and gas temperature measurements taken dur-
ing vscillatory combustion.

Section 6 is a brief summary of the more significant observations
made during this reporting period and their relation to previous work on
the program.

Appendix A consists of burning rate data and tsbular experimental
data obtained on nonacoustic combustion instability. Appendix B presents
the results of testing some of the NASA big booster candidate propellsnts
in both the acoustic and nonacoustic laboratory burners snd discusses
their significance.
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2. AMMONIUM PERCHLORATE OECOMPOSITION
AND OEFLAGRATION

2.1, INTRCOUCTION

Ammonium perchlorate (AP) 1s the oxidizer and principal ingredient
in most modern composite propellants and its behavior in the combustion
wave ia an essential aspect of the combustion as a whole. The kncwledge
of the major aspecta of the low temperature decompoaition and high tem-
perature deflagration of AP was summarized in the previoua report
(Ref. 1}, Work has continued in both these areas of AP behavior. In the
thermsl decomposition ares, single crystals of pure AP were partially de-
composed and subsequently studied with a scanning electron microscope and
the interfaclal decomposition of MnOz-doped AP crystala was investigated.
In the area of AP deflagration, further studies were conducted to eluci-
date the extent of the occurrence of a melt on the surface of pure AP
crystala undergoing self-deflagration. Also, deflagration studies have
been started on doped AP single crystals.

2.2. LOW TEMPERATURE OECOMPOSITION EXPERIMENTS!

2.2.1. Surface Structure of Partially Oecompoaed AP Crystals

To Rain additional insight into the low temperature decomposition of
AP, s serles of experiments were undertaken to systematically study the
surface featuras of partially decomposed AP crystala.? The isothermal
decompoaition of single crystala of AP was monitored with a hot atape
microscope and stopped at a predetermined stage. The samples were then
vacuum coated with an Au/Pd alloy and kept under vacuum until they could
be photographed with the scanning electron microscope (SEM). Several
seriea of SEM photographs are shown of AP samples decompcsed under various
conditions. Each figure containa pictures of four different magnifica-
tions to allow the study of details as well aa bigger areas of a crystal
surface. Rectangular-shaped holea are characterisiic for decomposition

1
This work waa supported by Naval Ordnance Systems Command ORC-033 129/
200 1/R001-06-01, Problem Assignment #5 and is reported here for continuity.

2

Both the pure and doped AP crystals uaed in the studlea in this secticn
were grown by Or. W. R. McBride of the Research Oepartment, Michelson
Laboratory, NWC, China Lake, California. A description of the techniques
ig given in Ref. 1.
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sites on m-faces whereas rhombohedral-shaped holes sre characteristic
for the decomposition sites on c-faces. Figure 2.1 shows the m-fsce of
a crystzl which was decomposed isothermally at 226°C for 40 minutes at
an sir pressure of 20 mm Hg. The characteristic festure is the rectan-
gulsr structure of the holes which make up the decomposition ni~leus.
The holes have the shape of the m-face with edges running paral.el to
the edges of the m-face. They are arranged in a disk-like pattern and
eventuslly develop into s porous residue. Furthermore, the decomposition
seems to occur in lsyers with the size of the holes becoming smaller and
smaller with depth. There is & second type of decomposition site which
generslly does not develop into growing nucleli compused of holes. They
sppear immedistely sfter reaching the decomposition temperature snd were
not observed under stmospheric pressure.

'pl-—
FIG. 2.1. Decomposition Site on FIG, 2.2. Decomposition Site
m-Face of Pure AP After 40 Minutes on ¢-Face of Pure AP After 60
Decomposition st 226°C and 20mm Hg. Minutes Decomposition st 226°C
and 20mm Hg.

Figure 2.2 shows part of a ¢-face on a cryatal which was decomposedl
for 60 minutea st 226°C snd 20 mm Hg of air. Anslogoua to m-fsces there
sre two types of decomposition sites which have the shspe of rhombohe-
drons. One type consists of holes arrsnged in a streak-like pattern.

The streaks grow faater slong the b-axis than slong the s-sxis and, after
overlapping, constitute the porous residue layer. The other type com-
prises very flat rhombohedrsl holes which sre spresd sll over the c~faces
and sppear only under low pressure. Both the streaks and the long diag-
ongls of both typea of decomposition sites are parallel to the b-axis of
the crystal. If the decomposition is csrried on for a longer time the
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surfsce becomes less regular, although some of the rectsngular structure
is still preserved, as can be seen in Fig. 2.3, which shows part of an
m-fsce after 140 minutes decompoaition at 226°C and a pressure of 20 mm
Hg sir. There is s very different type of structure at tke very top of
the decomposition site in Fig. 2.3. It appears to consist of clusters

of very small AP particles. The clusters may be products of a complex
dissociation-desorption-adsorption process or may be residues of advsnced
sublimation of the porous lsyer.

FIG. 2.3. Decomposition Site on
m-Fsce of Pure AP After 140 Min-
utes Decomposition at 226°C snd
20 mm Hg.

The decomposition under atmospheric pressure does not change the
geaeral appesrance of the decomposition sites. Figure 2.4 shows part of
sn m-fsce sfter 90 minutes decomposition at 226 C and Fig. 2.5 psrt of a
¢-fsce after 120 minutes decomposition.

However, some differences from vacuum decomposition csn be seen.
First, the size of the holes is amaller although the crystals decomposed
about twice s5 long as under vacuum. This is probably due to s sup-
pression of sublimstion st atmospheric pressure. Second, there is a
great number of fine crscks not visible on vscuum decomposed samples,
snd third, there sre spots of elevated surfsce. These Bpots sre concen-
trated at the rim of an m-face decompoaition site whereas they are abun—
dant over the whole streak on s ¢-fsce,

Aa a by-product of the decomposition at both 20 mm Hg 2nd st atmos-
pheric pressure a condensste was obtsined on a cool {about 50°C) quartz
plate. Figure 2.6 shows a SEM photogrsph of the condensste obtained
during the decomposition of an AP crystal at one atmoaphere of air. The
condensste wss in the esrly stsge of developwent. An x-ray powder pat-
tern showed the condensate to be pure AP, This indicates that there waa
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¥IG. 2.4. Decompoaition Site
on m-Face of Pure AP aAfter 90
Minutea Decomposition st 226°C
and Atmospheric Presaure.

- ||

— w -

FIG. 2.5. Decomposition Site
on c-Face of Pure AP After 120
Minutes Decomposition at 226°¢
and Atmoapheric Pressure,

FIG., 2.6. Condensate of
Pure AP on Quartz Disk.
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an appreciable sublimation of AP even at atmospheric pressure. No con-
densate is obtained if the whole reaction vessel (volume) is kept at de~
composition temperature. In that case, the part of AP which sublimes
subsequently decomposes in the gas phase or, heterogeneously, on the hot
surface (walls) of the oven. In view of continuing discussions of con-
densed and/or gas phase reactions during the decomposition of AP, and in
light of the abov: observations, an effort should be made to obtain data
simultaneously for reactions occurring In the condensed phase and away
from the condensed phase of decomposing AP.

2.2.2, Interfacial Decomposition of Doped AP Crystals

Work in this area as reported in Ref., 1 has been expanded to in-
clude two additional concentrations of MnOi in the doped AP single crys-
tals. The procedure is described and results for pure AP crystals were
reported in Ref. 1.

Single AP crystals containing 0.009 weight percent, 0.04 weight
percent, and 0.11 weight percent lin0; were decomposed isothermally under
atmospheric pressure. The advance of the decomposition interface as a
function of time was obtained by cleaving the crystals and measuring the
thickness of the residue layers at different stages of decomposition.
The total weight loss after a complete partial decomposition was between
35 and 40% of the original weight as compared with 135% for pure AP and
about 30% measured by Bircumshaw and Newman (Ref. 5).

As in the case of pure AP, it was found that the decomposition
interface advanced linearly with time into the ecrystal. Figures 2.7
through 2.12 show data of m~ and ¢-face decomposition. The decomposition
parallel to c-faces is about 10-20% slower than the decomposition paral-
lel to m-faces. With the rate values evaluated from Fig. 2.7 through
2.12 one can calculate the fractional decomposition at a given time for
crystals which were cleaved to the shape of a parallelepiped. Of more
interest, however, are the kinetic parameters of the isothermal decom-
position which can be obtained from Arrhenius plots of rates versus 1/T.
Figure 2.13 shows the diagrams for m-face decomposition and Fig. 2.14
for c¢-face decomposition. The kinetic parameters calculated from these
figures are listed in Table 2.1. Values reported for pure AP single
crystals (Ref. 1) were 6.5 x 103 cm/sec for the preexponential factor
and 21.9 kcal/mole for the activation energy {average values for m- and
¢~faces). All of the doped AP had preexponential factors and activation
energies smaller than the values for pure AP. Accordingly, at higher
temperatures and under the assumption that the decomposition mechanism
stays the same, one would expect smaller burning rates for doped AP
because the preexponential term becomes more and more dominant and the
Arrhenius plots intorsect at relatively low temperatures. This was in
fact observed {(Section 2.3.2), but it does not infer that the combustion
of AP obrys the same or similar mechanisms as the lew temperature de-
composition. This would be a gross simplification of a very complex
process.

= o
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FIG. 2.7, 0.009 Wt.Z MnOj.
m-Face Decompoaition.

FIG. 2.9. 0.04 Wt.X MnO,,
m=-Face Decomposition.

I T S e’ S
(ML
FIG. 2.11. 0.11 We.X Mn0j.
m-Face Decompoaition.

: .
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FIG. 2.8. 0.00% Wt.Z MnO.
c-Face Decompoaition.

af -y
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FIG. 2.10. 0.04 Wt.Z MnO.
c-Fsce lecompesition.

FIG., 2.12. 0.11 Wt.Z MnOg.
¢-Face Decompoaition

FIG. 2.7-2.12. Penetration of the Decompcaition Interface Intc NH MnO,-
Doped Ammonium Perchlorate Single Crystals. d = distance from crystal

aurface to interface.
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FIG. 2.1i3. Arrhenius Plot for FIG. 2.14. Arrhenius Plot for
NH;MnO;~Doped AP. m-Face De- NH,MnO,-Doped AP. c~Face De-
composition. composition.
TABLE 2.1.

KINETIC PARAKETERS FOR THE DECOIWPOSITION OF NH, M0, O0PED
AMMONIUM PERCHLORATE SINGLE CRYSTALS

PREEXP, FACTOR ACTIVATION ENERGY
SANPLE {em/sech keal/male
m-face cface m-face &-face
AP 0 62.0 129 173
+ D009 WT. %
PinOy
AP 7.3 390 %8 16.7
+O04WT. %
MaOy
AP 41800 25 214 14.2
+DATWT. %
Ma0y

A theoreticai interpretation of the results has not been tried yet
in view of the uncertainty concerning the nucleatiom rate and rate of
nuclei growth. In preliminary experiments using a hot stage optical
microscope it was found that the nucleation rate of doped AP is much
higher than that of pure AP. 1In addition, the number of nucleation
sites ia orders of magnitude greater for dcped than for undoped AP if
both are compared after the same decomposition time. This may affect
the preexponentiai factors as well as the activation energies and a
careful atudy of nucieation and nuciei growth, both for pure and doped
AP, will be necessary to give an interpretation of the variety of kine-
tic parameters avaiiabie.
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2.3. SINGLE CRYSTAL DEFLAGRATION STUDIES

2.3.1. Combustion In Reactive Atmoapheres

In earlier work (Ref. 1, 6 and 7) evidence wss reported which indi-
cated that a thin layer of melt wss present on the aurface of pure AP
crystals undergoing self-austained deflagration. The studies have been
extended to determine the extent of occurrence of the melt and ita im-
portance to the deflagration process. The use of reactive atmospheres
auch as methsne and ammonis have allowed atudiea to be made at reduced
pressures corresponding to regresaion ratea intermediate between those
of self-deflagration and low tempersture decompoaition.

Single crystals of pure AP and crystals doped with varioua concen-
trations of NH;MnO; and KC10; were grown in the appsratus described in
Ref. 1. Figure 2.15 shows crystals typical of those used in the present
work. Samples were burned in the flushed window bomb described in
Section 3.2. High speed motion pictures were taken to study the quali-
tstive aspecta of combuation and to determine the burning rates. For
photographic purpoaea pure AP and K -doped cryatals were illuminated by
a 2,500-watt xenon lamp. The purple MnOz-doped AP crystals were photo-
graphed with transmitted, low intensity polarized light to prevent heat-
ing the crystals by optical rsdiation sbaorption.

FIG. 2.15. Single Cryatsls
Typical of Those Used in the
Present Work. At left is a
Mn0z-doped crystal which hses
deep purple color and slightly
modified growth habit. At right
e pure AP cryetal snd above _
amall, clsaved segmenta of MnOy;-
doped AP in various concentra-
tion' .

High apeed motion pictures of the deflagration in methane st pres-
sures between etmospheric and 100 psis were of perticular interest.
Under these conditions a variety of surface heating conditicna end,
hence, regression retes was possible. Figure 2.16 showa s pure AP
crystal burning st 15 psie in methane., At this pressure the surface
regressed with a pronounced coning due to flsme spresd down the sidee
of the crystsl; the upper portion of the coned eurface had a regression
rate of approximately 0.03 in/sec. The surfsce had e froety, translu-
cent eppearsnce. Quenched ssmples st these lower pressures were obteined
by repidly flooding the combustion bomb with nitrogen. Figure 2.17 15 a
scenning electron microacope (SEM) photograph of the surface of a

10
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FIG. 2.16. Single Frame of
Motion Picture of Pure AP
Burning in Methane Atmo~-
sphere at 15 psia. Crystal
approximately 0.5 cm wide.

FIG, 2.17. Scanning Elec-
tron Microscope Photomicro-
graph of the Burned Surface
of Pure AP Quenched from
Combustion in 15 psia
methane.

quenched sample that wac burned in this intermediate regression rste
domain. The surface structure that results from this mode of combustion
gives the sppearance of a crystsl structure but differs from the struc-
ture of sn "undisturbed" AP crystal. Figure 2.18 shows a pure AP crys-
tsl burning at 65 psia. At this pressure the surface was clear and
transpsrent and resembled melting ice. Occasional boiling activity
could be clearly seen on the surface. At 100 psia in methane movies
taken at a magnification of 4X of AP crystsls approximately 250 micron
thick showed a definite "flowing" motion associated with portions of
the burning surface as well as patches of rapidly boiling “froth", It
was not possible to quench samples under these conditions of higher
pressure.

11
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F1G. 2.18. Single Frame of
Motion Picture of Pure AP Burn-
ing in Methane Atmosphere st

65 psia. Crystal approximately
0.5 cm wide.

The K+-doped AP, as observed in the movies, behaved eaaentially like
pure AP when burning in methane except that the tendency for surface
boiling waa more pronounced and eaally observed.

1n low pressure (15 to 50 paia) methace the MndZLdoped crystals were
observed to burn with a white porous material covering the regressing
surface. Figure 2.19 is a SEM photograph of the aurface of a Mn(z-doped

cryatal quenched at low preaaure.

This atructure is very aimilar to the

water vapor “rejuvinated" low temperature decompoaition reaidue shown in
Fig. 2.20. At higher preasure (200 psia) the poroua material sppeared
to undergo a cyclic accumulation-rapid consumption process which gave a
strsnge pulsating character to the deflagration process.

F1G. 2.19. Scanning Electron Mi-
croscope Photomicrograph of the
Burned Surface of MnO4-Doped AP
Quenched from Combustion in 15
psla Methane.

12

F1G. 2,20. Scanning Electron Mi-
croscope Photomicrograph of the
Reaidue of Partially Decompoaed
Pure AP (st 220°C) Which hLas Been
Rejuvinated by Exposure to Water
Vapor.
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Low speed motion pictures (24 to 100 fps)} were taken utilizing the
self-illumination of the AP decomposition flame. At atmospheric pres-
sura in methane a pink-orange flame approximately 175 microns thick was
observed (by visual observation the flame color was the same as was ob-
served with single crystals burning in nitrogen at elevated pressure).
The decomposition flame appeared to commence right at the condensed
phase surface.

In addition to the samples burned in methane, several pure AP
crystals were burned in an atmosphere of ammonia at atmospheric pres-
sure. The combusticvn behavior was essentially the same as in methane
atmospheres. It was not possible to burn samples at elevated pressure
in ammonia since the crystals rapidly dissolved in the ammonia.

2.3.2. Deflapration at High Pressure

Additional measurements were made of the deflagration rates for
single crystals. The rates were meaaured from high speed motion pic-
tures of the combustion and are showm in Fig., 2.21. The previously
reported AP burning rate data (Ref. 6) were repeated and verified with
larger cross-section (0.5 cm on a side) crystals.

1.0 v v v v — T
Previous pure AP single crystol dOl0 wme = h
Pure AP > samples with 05 cm cross section 1
WMnO4 doped AP @ 004 % by waight d
& 0006 % by weight
05 0003 % by waight 1
K* doped AP 0% % KCID4 in
5] [ growth solution -
- o
E -
'S Ok ’ 1
- 4
- L
0.2} s E
,d‘ g
I 0.1} 4
| . . e
l_ 10C 300 1000 3000
‘ Pressurs - psio
FIG. 2.21. Deflagration Rate of

Pure and Doped AP Single Crvstals.
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The burning rates for the single AP crystsls doped with Kt and
three concentrations of Mn{j exhibited one consistent feature even
though there was inconsistency in some of the rate-concentration dats;
that festure was thst the burning rates for the doped crystals were al-
weys below the pure AP rate over the pressure range tested. In addition,
the K+-doped AP had a pressure exponent of spproximately 1.0 as compared
to approximately 0.77 for pure AP. Motion pictures of this material
undergoing deflagration showed definite melting snd boiling om the sur-
fece with occasional ejection of molten materisl (presumed KCl) from the
surfsce.

In the case of the Mn(;-doped crystals, the burning rate data at the
lowest concentrations was too scattered to warrant drawing conclusions
concerning rate~concentration trends. In addition, it was difficult to
precisely measure the Mn0; concentration. The highest (0.04%) concentra-
tion MnUz-doped AP which would undergo self-deflggration displayed a much
lower burning rste so it is presumed that increasing MnO; concentration
results in lowering the single crystal deflagrstion rste. Light trans-
mission through the gaseous combustion products was observed to be much
higher for the MnQz-doped AP than for the pure AP. Figure 2.22 shows a
comparison of doped versus pure AP photographed under the same test con-
ditions with transmitted illumination by polarized light.

(a) (b)

FIG. 2.22. Single Frame of Motion Picture of (s) Pure AP and
(b) AP Doped With 0.006% Mn0j;. Both samples deflagrating st
800 psia, photographed with transmitted, polarized illuminstion.
Note difference in optical density of combustion products.

14
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The low pressure deflagration limit for all of the doped crystals
was much bigher thun that of the pure material (275 psia, Ref. 6) with
MnUZ being apparently more effective in raising the limit than K.
Friedman, et al (Ref. 9), also observed that NaMnQ; . 3H;0) and MnO,
raised the deflagration limit of pressed AP pellets, The low pressure
deflagration limits in the present work were found to be approximately
600 psia for the 0.5% KC104-doped AP and 800 psia for the 0.003 to
0.006% Mn0z-doped AP. The AP doped with 0,04% Mn0, could not be made to
deflagrate below about 2000 psia.

2.3.3. Interpretation and Discussion

The work here and in Ref. 1 has revealed several qualitative as-
pects of combustion that were previcusly unknown, or were matters of
speculation. The most important aspect is the decisive evidence for a
frothy liquid on the surface of the burning AP. The exact chemical
nature of the liquid is not kuiown, although x-ray diffraction tests on
residues indicate only AP. 1t is not surprising that a liquid layer
should be present at the high surface heating rates associated with self-
deflagration of crystalline AP. The temperature gradient resulting from
this heat flux is of such magnitude that it could raise the temperature
of the subsurface AP to its melting point in less time than it would
take to gasify the material. Thus, a melting point would be encountered
which would not be observed at lower heating rates, i.e., such as
asgociated with differential thermal analysis, where the sample would
gasify before the melting point was reached.

The results suggest that the melt plays an important role in self-
deflagration of the AP. There has been continuing difficulty in recon=-
ciling the amount of heat required for the initial decomposition of AP
with the amount of heat that could be supplied by the AP flame, because
the heat balance dictates a flame standing only a few mean free paths
from the surface (assuming a one-dimensional regressing surface). 0On
the other hand, a frothy melt on the surface provides opportunity for
both heterogeneous and gas phase reactions in the {roth, with a very
large area for heat transfer. Thus, it seems plausible to assume that
the liquid froth is an essential feature of the self-deflagration of AP,
and that the low pressure deflagration limit corresponds to attainment
of heating rates so low that surface material gasifies without reaching
a melting temperature. Under these conditions, a major pertion of the
exothermic reactions would occur only in the gas phase flame, which
apparently does not have any equilibrium position satisfyling heat balance
requirements.

Microscopic examination of quenched samples indicate no opticallw
detectable changes in the AP below the melt region other than the phase
transition region. This implies that there is probably no significant
contribution to the heat release during deflagration by solid phase re-
actions. This is not really surprising because the decomposition re-
actions of solids include an induction period followed by a growth and
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decay period. The induction period may be long or at least comparable
to the time it takes for the very thin thermal wave associated with com—
bustion to traverse a given layer of material. Ammonium perchlorate
does decompose in a combustion wave, and on a molecular scale the actual
decomposition mechanism may be the same as for the '"low temperature”
thermal decompositicn, e.g., a proton transfer. The kinetics of the
overall process are expected to be different if they occur in s melt as
opposed to a crystalline solid.

It aeems reasonable to asaume then, that slteration of the thermal
stability of the surface melt or auppresaing its formation would produce
a corresponding change in the deflagration behavior of AP. Earlier work
{Ref. 9) showed that a rapidly heated mixture of granular AP and lithium
fluoride produced a residue mixture of AP-lithium perchlorate. Markowitz
and Harris (Ref. 10) have shown that the decomposition rste of AP in
solution with lithium perchlorate is lower than that of pure AP at corre-
sponding temperatures. It is possible that a similar process may occur
on the surface of deflagrating crystals doped with the Kt 1on resulting
in the formation of an AP-potaasium perchlorate solution. There is also
an accumulation of liquid balls (probably KCl, a stable product of KClj
decomposition) on the burning surface of K doped crystals which may
affect the deflagration rate. In the case of MnOj-doped crystala both
the deflagration 1limit and the burning rate were influenced tremendously
by small concentrations of this ion. The preasure deflagration limit
is increased aczordingly along with a reduced burning rate.

2.4. SUMMARY

The present work (including Ref. 1) has revealed rather decisively
that the physical character of the surface residue of AP is significantly
dependent on the imposed heating rate. Under conditions of lacthermal
decomposition the AP apparently sublimes and there is no evidence of a
surface melt. Under conditions of rapid heating, a surface melt is ob-
served and in the case of self-deflagration the surface melt is frothy
and may contribute significantly to the heat release necessary to sustain
deflagration. Also, the substitution of foreign iona in the AP crystal
structure in amall qusntities reduced the activation energy of the iso-
thermal decomposition snd also altered the combustion behavior of the
crystal either by altering the thermal stability of the aurface melt
and/or the gas phase kinetics.

16
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3. BEHAVIOR OF ALUMINUM IN COMPOSITE PROPELLANTS

Certain aspects of aluminum agglomeration in the combustion zone of
composite propellants were described in detail in the previous progress
report (Ref. 1)}. During this reporting period, emphasis has been placed
on investigating the mechanism of agglomeration. In particular, the
photographic technique has been improved to increase the resolution of
the high speed motion pictures, and quenched propellant samples have been
examined in detail with a scanning electron microscope (SEM) to investi=-
gate the early (preignition) phases of aluminum agglomeration.

3.1, EXPERIMENTAL TECHNIQUE DEVELOPMENTS

3.1.1. Cinephotomicrography Improvements

The basic arrangement for high speed motion picture photography with
magnification has been described in Ref. 1. However, improvements have
been made in each of the three major components of the experimental setup.

The improved arrangement 1s shown in Fig. 3.1. The original Fastax
camera was replaced by a Hycam 16 mm high speed motion picture camera,
Model K3004E. This camera provides more uniform exposure over the entire
film frame, more versatility in speed selection and, due to its internal
optics, provides a somewhat larger magnification than the Fastax. The
original xenon arc external illumination arrangement was replaced with a
Strong X-16 xenon arc assembly which includes a 2,500 watt xenon arc
lamp, dichroie main mirror and external focusing controls. This assembly
permits better control of external illumination and can supply consider-
ably more intensity, if desired, than the previous arrangement. The
greatest improvement has been made in the window bomb itself. The new
bomb provides complete flushing of the interior without recirculation,
permits more versatility in the mounting of propellant samples (Fig. 3.2),
and provides better mechanical support for the fused quartz windows.

Figure 3.3 illustrates the details of combustion that can now bhe
resolved with the Iimprovements in the experimental arrangement. 1In the
first picture, an accumulation of several hundred 15y aluminum particles
have welted together to form a sphere of molten aluminum, as indicated
by the highlight on the sphere. Some unmelted material, including
several original aluminum particles, is visible on the left side of the
agglomerate. In the second picture (one millisecond later) most of the
remaining material on the agglomerate has melted except for the crustyv,
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FIG. 3.1. Photographic Arrangement.

FIG. 3.2. Propellan. Sample Holder.
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|e 200 |

I 1
FIG. 3.3 Selected lramen from high apeed motion picture of com-
posite propellant containing [8% aluminum burning at 100 psi.

19

T T




T T . T o v o Lo T o Do o e e e

NWC TP 4478

irregular appearing aluminum oxide surface. The aluminum oxide "smoke"
indicates the developing reaction region of the aluminum combustion. At
five milliseconds the droplet shows a well-developed combustion envelope
which flows outward with the propellant combustion products. 1n the

final picture the spherical droplet appears te be burning vigorously and
highlights from the liquid surface are wvisible through the combustion
envelope. The disc centered on the sphere in this picture is a luminous
cap which probably contains most of the preignition oxide of the original
aluminum particles. $Such oxide caps are readily discernible in the
photographs in Ref. 1 (Fig. 3.3). The final picture alsc shows the het-
erogeneity of the propellant surface underneath the aluminum agglomerate.
The motion pictures show this area to be almost entirely "uncluttered"
with pyrolysis residue. Assuming that the residue is a thermal insulator,
energy from the gas phase could be more easily transferred to this "clean"
spot and could result in a momentary increase in energy release in that
localized area. This possibility along with the energy release following
ignition of the aluminum agglomerate quite conceivably could play an
important role in driving gas oscillations.

3.1.2. Propellant Quench Technique

Quenching propellants by rapid depressurization of the window bomb
was performed earlier in this program (Ref. 11). High speed motion
pictures taken during the quench indicated that the majority of aluminum
in the later stage of agglomeration was removed from the surface during
the rapid depressurization. In order to preserve the large accumulates
during quench for later microscepic study, a new quench technique was
employed. A freshly cut piece of propellant (approximately a 1/4 in. cube
but with the top surface cut at a 30° angle to the horizontal) was placed
on a clean metal plate and ignited by a hot Michrome wire in the pressur-
ized bomb., As the burning surface approached the metal plate, the com-
bustion was thermally quenched. A small portion of unburned propellant
as well as aluminum particles in various stages of agglomeration remained
on the plate. Plates of copper, aluminum, and stainless steel were eval-
uated as heat sinks; the stainless steel plates were mest satisfactory
in that a larger portion of unburned propellant remained after quench.
Some residuums have been examined with a scanning electron microscope
(SEM) and the results are discussed in later sections.

3.2. DETAILED ASPECTS OF ALUMENUM AGGLOMERATI1ON

The preignition behavior of the aluminum in composite propellants
has received increased attention during this reporting period and the
more important processes are reascnably well understood. An exploratory
experiment which yielded the greatest insight into the agglomeration
mechanism was performed by dropping 100y spherical aluminum particles
(in air) onto a sapphire disk heated by a terch to approximately 1,400
(Ref. 12) and subsequently examining the particles using a scanning
electron microscope (SEM). A series of resulting SEM photographs with
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increasing magnification are shown in Fig. 3.4. The important feature
shown in Fig. 3.4a is that two aluminum particles are rigidly comnected
by a "bridge" of material. This interaction of the particles occurred

at an environmental temperature (< 1,400°C) well below the melting point
of aluminum oxide (2,050°C), even though the original aluminum particles
had an oxide coating. Examination at higher magnifications shows numer-
ous ridges approximately 1/2u in width which resemble welding joints.
These observations on the microscopic scale probably explain the details
of aluminum agglomeration in propellants and are interpreted in the
following manner. As the aluminum particles are heated (in this experi-
ment by conduction from the 1,400°C sapphire disk), the stresses produced
by the differential thermal expansion of the aluminum and aluminum oxide
caused the aluminum oxide covering to fracture. The particles in Fig. 3.4
were evidently heated to above the melting point of aluminum and hence,
liquid aluminum started to flow through the cracks. The aluminum was
rapidly oxidized, thus producing the "weld joint" appearance. The heat
liberated by the aluminum oxidation conceivably could produce additional
stresses and cracking if radiative heat losses, for Instance, were not
too great. As in Fig. 3.4, where the particles are in contact, a "bridge"
can be formed by the cracking of oxide and flow of molten aluminum. In
Fig. 3.4d it appears that additional "thermal cracking' occurred after
the bridge was formed. This Is indicated by the two ridges that rTun
across the bridge.

It is felt that this phenomens is the first step in the agglomer-
ation {or sintering together) process., Combustion residues obtained
from thermal quenching (Section 3.1.2) were examined with the SEM for
evidence of the "bridging"” phenomena. Figure 3.5a is a series of SEM
photographs of an agglomerate from a composite propellant containing 16%
of 15u diameter aluminum. The successively larger magnifications show
the pattern of the aluminum flowing to form a large agglomerate. For
comparison, Fig. 3.5b shows an analogous situation of agglomerate for-
mation with !00u aluminum particles rapidly heated to l,AOOOC on a
sapphire disk in atmospheric air. The details of oxide cracking and
healing are not at all evident in the agglomerate from the propellant.
This agglomerate was formed in a more complicated environment and un-
doubtedly there are numerous pyrolysis and oxidation products present
which could greatly modify the appearance of the agglomerate. However,
efforts are continuing to conclusively demonstrate this "bridging”
phencmena because of the Importance of relating the metal particle be-
havior with behavior in propellants.

3.3. 1INTERPRETATION AND SUMMARY

A detailed, qualitative description of the behavior of aluminum in
composite propellants can now be made based on (1) high speed motion
pictures of aluminized propellants, especially the observations of a
liquid phase on the propellant surface for the early stages of accumu-
lation, (2) on interpretation of and deductions from the observations of
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(b)

(c) (d}

FIG. 3.4. SEM Photographa of "Bridgea" Joining 100u
Aluminum Particles. Aluminum particles were dropped
onto sapphire plate heated to 1,400°C in air.

the behavior of rapidly heated single particles in Section 3.2 and
similar, though less conclusive, studies of residual accumulates from
propellant quench tests, and (3) on high speed motion pictures (Section
3.1.1 and Ref. 1 and 13) of burning propellants as exemplified by the
four frames shown in Fig. 3.3.

The sequence of events in the agglomeration of aluminum is believed
to be as follows. The original aluminum particles with thin oxide coat-
ings are distributed in the binder of the propellant. As the combustion
front movea through the propellant, the temperature of the aluminum par-
ticlea begina to riae as the thermal wave proceeds. As the binder and
the ammonium perchlorate pyrolize, the aluminum recedea with the aurface
until it comes into contact with other aluminum particles. The decom-
posing surface of the propellant ia liquid and thus the individual
aluminum particlea are readily retained on the surface. Aa the aluminum
particles accumulate in the melt, they are heated by conduction to at
least the local surface temperature (typically on the order of 400°C-
700°C) and probably reach a somewhat higher temperature due to oxidative
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self-heating., In this situation with the aluminum particles in contact
with one another and with the aluminum at a temperature above its melting
point, the adjacent particles interact as described in Section 3.2. The
molten aluminum flows through the thermal expansion cracks in the aluminum
oxide ahell and is probably quickly oxidized. When cracks roughly coin-
cide with the contact pointa with adjacent particles, the flowing aluminum
can "wet" the adjacent particle. Thua, the aluminum particles are joined
together at their contact points by aluminum and aluminum oxide "bridges".
The agglomerate as s whole can be described as numerous drops of liquid
sluminum encspsulated in aluminum oxide shells., These drops and ahella
are linked together by oxide 'bridgea™. Figure 3.4 representa thia type
of structure, As the binder and AP recede beyond thia region of the
sluminum agglomerste, the aluminum-aluminum oxide atructure haa enough
atrength to physically withatand the flow of binder and oxidizer gases
away from the aurface and, nence, remains on the surface until it ignites

or is completely undermineé and drifts away with the flow of gsa from the
aurface.

In the case where the sgglomerate is not undermined and removed,
oxidative self-heating, oxide cracking and aluminum flow continues until
the molten aluminum from one ahell joins with aluminum from another and
a large molten ball of aluminum has formed. The latter stage of the
formation of a large molten ball of aluminum is shown in the "t" portion
of Fig. 3.3. The next picture (t + 1 msec) ahows the ball increasing in
aize to engulf the entire agglomerate contained in that particular binder
"pocket". These two picturea alao show that the aluminum oxide on the
large molten ball ia irregular in ahape indicating that the oxide has
not yet melted. In the t + 5 msec picture the oxide has melted (no aharp
irregularities) and vigorous combustion of the aluminum has begun as
indicated by the pronounced aluminum oxide smoke that has developed. The
molten aluminum oxide cap characteristic of burning aluminum droplets ia
distinguishable in the t + 8 msec picture.

Future effort in thia area will be directed at obtaining even more
conclusive evidence on the aluminum sintering proceaa and the tranaition
to a large molten ball in experimenta closely simulating the propellant
combustion situation.
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4. NONACOUSTIC INSTABILITY

4.1. INTRODUCTIOX

A general review of the statua of nonacoustic combnstion inatabil-
ity (NAI) in aolid propellants was presented in the previous report
(Ref. 1). The principal effort during this reporting period has been
(1) to compare nonacoustic experimental resulis with one-dimensional
theories and (2) to examine the effect of oxidizer particle size on NAI.

In the past, theoretical models describing the interaction of the
pressure perturbations with the combustion zone have mainly been applied
to acoustic inatability (for example, Ref. 14-17). However, the combus=
tion inatability models that describe the dynamics of the combustion
zone and are applicable in the low frequency rcgime should apply to non-
acoustic as well as acoustic instability. Several recent papers (Ref.
18-20) have discussed NAI in terms of the response function normally
assoclated with acoustic instability which evolved from the above models.
In the previous report (Ref. 1) the analysis relating to the combustor
was separated from the analysis of the combustion so that theoretical
combustion modela could be combined with the combustor analysis quite
readily. A method was also presented for reducing NAI data (obtained
from L* burners) in terms of the response function and the phase of the
combustion. In the present report, some of the same NAI data are com-
pared with response function curves calculated from models which are
directly applicable to the low frequency regime but which have normally
been applied to acoustic instabilitv. For this purpose the model of
Denison and Baum (Ref. 16) and 2z recent model proposed by Hart, Farrell
and Cantrell (Ref. 17) have been chosen as being representative and have
been utilized to compare the relative applicability of these types of
models.

Experimental experience plus the understanding obtained from studies
such as outlined above have advanced the level of understanding of NAI so
that predictions can be made as to the general behavior of a given pro-
pellant. However, there are many instances where the behavior has been
different than expected. For example, the one-dimensional models predlct
that for a given propellant and a given set of conditions, pressure os-
cillations should occur at one particular frequency. However, two pre-
vioua instances are known (Ref. ! and 21) wvhiere propellants have oscil-
lated at two different frequencies, under essentially the samc conditions,
and in each case one of the frequencies was much different than expected.
A close scrutiny of the propeltant chavacteristics and the conditions
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under which the anomaties occurred has led to the belief that the oxidizer
particle size was a major factor producing the unexpected frequency. This
provided the motivation which led to the atudy which ia outlined in
Section 4.5.

4.2. NONACOUSTIC COMBUSTOR ANALYSIS

In WAI it asppesrs that the combustion couplea with the flow out of
the rocket chamber in order to induce and sustain instsbility. Thua, the
maas balsnce for a rocket motor contsining burning propellant snd ex-
hauating through a sonic nozzle can be written

pA
—t 4
B T (pg V) (4.1)

where c* ia the charscteristic veloci:y for the products of combuation.
Assuming ideal gaa conditions, a thin combust!on zone, s spacewise iso-
thermsl gas, and the density of the propellant to be much greater than
that of the gas, Eq. 4.1 can be written (For a more complete derivation
of Eq. 4.1 and 4.2, aee Ref. 18 and 22)

I S (¢ 7/ (4.2)
P

ch dt

Hqﬂ

Applying standsrd perturbation techniques snd conaidering an exponen-
tially growing, sinusoidal perturbation such as

— 4 - i
reT (14 (£ Ll i .3
Equation 4.2 reduces to

/X
i L+ar , + 4wt (4.4)

where a is a growth coefficlent and 1.} representa the residence time of
the chamber and is directly proportional to L*. The left hand aside of
Eq. 4.4 13 the response of the mass flow rate in the combustor to the
pressure of the combustor and is equal both in magnitude and phase to a
sinilarly defined response of the combustion. All of the terms on the
right hand aide of Eq. 4.4 are quantities that can be determined ex-
periemntslly in an L*-type of burmer. Thua, the nonacoustic response

of the combustor can be determined experimentally snd compared with the
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response of the combustion as determined from models such as those of
Denison and Baum and Hart, Farrell and Cantrell.

Figure 4.1 is a schematic of an L* burner {(Ref. 18, 21, and 22)
from which nonacoustic instability data can be obtained, Data have been
obtained for two propellants and reduced to the format suggested by
Eq. 4.4 in order to make a comparison with cone-dimensional models. Both
are composite propellants but vary widely in compesitions and properties.
A-35 is a polyurethane-AP propellant, containing 75% AP, while Utah-TF
is a PBAA-AP-Al propellant containing 5% Al, 18%Z PBAA, 2% copper chromite
burning rate catalyst and the remainder AP (see Ref. 1 and 21).

PROPELLANT

N
T {/§

EL[

2

N\

Eeniatl G PRESSURE TRANSDUCER

FIG. 4.1. The L* Burner.

4.3. COMBUSTION DYNAMICS MODELS

The model of Denison and Baum (denoted DB) was chosen to provide a
basis of comparison for several reasors. First of all it applies specifi-
cally to the low frequency range that is of interest in NAIL. Secondly,
as has been pointed ocut by Culick (see Appendix A of Ref. 1), the form
of the derived response function is extremely simple, containing oniy two
parameters (A and Bpp) and the independent variable fi, Culick has also
shown that virtually all of the one-dimensionai models raduce to the same
function as the DB model. The model of Hart, Farrell, and Cantrell
{denoted HFC) was also chosen because it too is directiy applicable to
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the low frequencies of interest in the present study, and because it
contains the effects of a pressure dependent surfsce reaction.

4.3.1. Comparing the Models

The assumptions involved in both of the analyses are very similar.
Both assume a homogeneous, one~dimensional solid, quasl-steady gas phase,
and are applicable in the same low frequency range. The principsl dif-
ference in the models (other thsn the actual method of analysis) is that
Denison and Baum arrive at a burning rate lsw by starting with the con-
servation equstions and reducing the complexity of these equations with
several assumptions. In so doing, the effects of diffusion in the gas
phase sre included (however, the Lewis number is sssumed to be unity}.
In the original Hart=McClu.e model (Ref. 14), snd in the HFC model, the
burning rate is assumed to be a function only of the pressure and the
temperature gradient in the gas phase and the latter is then related to
the initial temperature of the propellant. By so doing, diffusion in
the gas phase is circumvented. The HFC model also takes into account
the effects of a surfsce reaction between a gas phase component and the
solid surface. However, the resultant response function can easily be
reduced to what will be referred to here as the thermal case (essentially
the results derived by Bird, et al (Ref. 15) snd in the same form as the
Denisor-Baum results), or in other words, the snalysis without the pres-
sure dependent surface resction. Throughout the remainder of this sec-
tion the HFC model will be considered as containing two separate cases,
one with and one without the surface reaction.

I1f the response functions of both models (initially considering the
thermal csse for the HFC model} sre reduced to a common set of nomencla-
ture and put in the form suggested by Culick (see Appendix A of Ref. 1),
it is found that there is very little difference. The DB response func—
tion is

1 ox'fr | ABpp 4.5)
n p'fp A - ’
ABDB +3+ A= (A+1)
and the HFC response function is
, A-1
1 o'fE ABurc * o .
n p'/P ' A - (At )
A Bhfc + X\ +A-(A' +1)

where A is the characteristic root of the energy equation for the solid
and is equal to
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A= 1/2 [1+ (1 + 4i) (4.7)

It ia apparent that the two response functions are essentially the same
except for a term in the numerator. This term results from the fact that
the HFC model includes pressure dependent surface reactions. If the
thermal case of the HFC model is considered (i.e., neglecting the sur=-
fsce reaction) the response function reduces to

AB

1 r'/r HFC
EREY AR, +- i - @+ 1) “®
HFC A

Equations 4.5 and 4.8 are identical, differing only in the definition of
B, For the two models the definition of this parameter is

Cp Tf
BDB = - Eq {4.9)
E‘(TE-TJ n+1+2_?-"f;
and
To
B B == (4.10)
HFC j(T _ Tj
s o

The differences in the two definitions can readily be traced to the
basic difference in the two models involving the form of the burning rate
law. In the DB model (as has been mentioned) a burning rate law is de-
rived from the energy and species conservation laws which relate the burn-
ing rate to the pressure and the flame parameters. In perturbation form
the term

n+ 1+ Ef/ZRT

Te

f

is introduced. It has also been pointed out that in the HFC model the
burning rate is assumed to be a function of the pressure and the temper-
ature gradient in the gas phase. The burning rate is then written as a
perfect differential in terms of the appropriate pressure and gradient
terms. The latter is then related to the initial temperature of the
propellant which results in the factor leo
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Thus, the conly real difference in the two models being compared {(consider-
ing the HFC thermal case only) is in the burning rate law that ia em-
ployed, and for the sake of numerical calculations, the models are identi-
cal. The only difference lies in relating the original parameters from
the respective models to the value of B.

4.3.2. Comparing Calculated Respense Functions and Data

The purpose of this section is to compare the predictions of the
chosen inatability models with the resulta obtained from actual NAI data.
In order to evaluate Eq. 4.5, 4.6, and 4.8, values for A and B must be
obtained. Values of the individual parameters have been measured or ob-
tained from the literature wherever possible, and most probable ranges
of values have been obtained where a precise value is not available.
These are tabulated in Table 4.1, with literature references given, where
available. The corresponding parameter values are also tabulated in
Table 4.1 where poasible.

TABLE 4.1, Valuea of Parametera for
Numerical Caleulation

Corresponding
Representative Valuea used in parameter
values calculations valuea
T, 300°K 300%k .
a 0.462 and 0.49° 0.50 C
c
T, 750 to 1,000°%23»24 900°K Ce
E, 222° and 30%% Keal 22, 30 Keal A=8, 11
i 0.6 to 0,727+28 0.65 Buec = 077
T 21609 ana 2860°%° 2160, 2860°% Sce Fig. 4.2
Ee 10 to 50 Kcal 10, 30, 50 Kcal See Fig. 4.2
8 Measured for A-35 propellant.
b Measured for UTAH-TF propellant (See Ref. 22),
€ Superscripta refer to referencea.
d Caleulated adiabatic flame temperature for A-35 propellant.
€ Calculated adiabatic flame temperature for UTAH-TF propellant.
a0
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Figures 4.2, 4.3, and 4.4 show how the nondimensional paramctera A
and B vary as functions of the physical parameters. In determining Bpp
it was assumed that the specific heat of the gas phase is equal to that
of the solid, and that the mean flame temperature, the mean surface
temperature and the burning rate exponent, n, are all constant. Substi-
tuting the values of Table 4.1 into Eq. 4.9, the range of Bpp is from 0.55
to 2.0 for the two propellants. This range of values reflects the un-
certainty in the value of the activation energy of the flame which ia the
parameter having the greatest uncertainty. This is graphically demon-
strated in Fig. 4.2.

20

i [ 1
06 20 ' 30 : %0

E¢ (Kcal/mole)

FIG. 4.2. The Denison and Baum Gas Phase Parameter B as a

Function of Ef With the Flame Temperature as a Parameter.

From Fig. 4.3, it is seen that the parameter BHFC does not vary
greatly but is close to 0.8 for reasonable values of the parameters.
The values of the parameters in Table 4.1 result in Bype = 0.77 which
was subsequently used in all the calculations for that model. In Fig.
4.4 A would appear to have a value on the order of 10. Combining the

31




NWC TP 4478

12
08—
™
B
HFC ~
- ~
0.4
!
i Burc * Ty - 1)
V"% ——®

Te CK)

FIG. 4.3. The Hart, Farrell, Cantrell Parameter B as

a Function of T With the Temperature Sensitivity j
aa a Parameter.

values of the various parameters given in Table 4.1 results in valuea of
approximately 8 and 11 for the nondimensional parametsr A, and these

=Tl iy

values (for a constant aurface temperature of 900°K) have been used in
the calculations for both models.

Using the values of the various narametera aa noted above, the real
part and the phase of the response function have been calculated from
Eq. 4.5, 4.6, and 4.8 and are compared with the data for one of the par-
ticular propellants in each of the following figures. Thus, Fig. 4.5
and 4.6 contain the data of A-35 propellant (Ref. 1) and the curvea cal-
culated from the models using the parameters that are indicated in the
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T, = 800 °K___
[T + 900
T, * 1000 *K
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A RET‘(ra )

I
|
|
|
|
|
|
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U'JL_ g0 30 40
Eg (Kcal/moie)

FIG. 4.4. The Solid Phase Parameter A Plotted Versus Eg With
the Surface Temperature as a Parameter.

figures. It shouid be noted here that even though the scatter in the
data is considerable, the fact that a comparison can actuaiiy be made
between data of this nature and the theoretical models is considered
significant. In comparing the two different cases for the HFC modei, it
is apparent that the addition of a pressure-dependent surface reaction
greatly enhances the predicted response of the propeilant.

Of the calculations for the DB model, oaly the curve corresponding
to the fiame-activation energy of 30 Kcal/mole is included in the two
piots. The curves for E¢ = 10 Kcal/moie resulted in responses that were
entirely too iow to predict instabiiity, whiie the curves for Eg = 50
predicted exponential instability (nonsinusoidal instabiiity; see the
discussion in Ref. 16 on this subject). Therefore, these curves were
not included in Fig. 4.5 and 4.6, Although each of the curves is quite
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different from the others it would be impossible to judge from the data
which set of parameters more nearly predicts actual behavior. However,
the phase has also been calculated for these parameters and 1s compared
with the L* burner data in Fig. 4.7 and 4.8. Again, the scatter Is con-
siderable, but a much more definite trend is apparent. On the basis of
these latter figures, it can be concluded that for both models the
curves corresponding to Eg = 22 Keal/mole and, in particular, the purely
thermal part of the HFC model, provide the better fit with the data.

The results from these latter two curves will be used later in a com-
parison with basic NAI data.

Figures 4.9 through 4.12 contain the Utah TF propellant data and
are compared with the thecretical curves., Two curves for the DB model
have been included,’ corresponding to Eg = 30 and 50. 1In Fig. 4.9 and
4.10 the value of 50 provides the better fit with the data. The curves
for E; = 30 are both much lower than the data. Based on these two
figures, it would appear that the surface-activation energy of 50 in
both models provides the better fit of the data. Turning again to the
calculated values of the phase, Fig. 4.11 and 4.12 provide additional
information upon which a judgemen: msy be based. In Fig. 4.11, the
curve that most closely fits the data corresponds te the DB medel with
Eg = 30, but this set of parameters has already been rejected on the
basis of Fig. 4.8. From Fig. 4.12 it is again concluded that the best
fit of the data is obtained for E, = 22 for both models, utilizing the
thermal part of the HFC model (B = 0,77) and Ef = 50 for the DB model
(B = 0,8),

In summarizing the results of this section, it seems appropriate to
choose the sets of psrameters for the calculations that result in the
best fit of the data for the two medels to be coupled with NAI combustor
theory. The only parameter that was varied in the HFC model was the
surface-activation energy and the results indicate that the value of
22 Keal/mole (A = 8) gives the best results for both propellants. It
also appears that the thermal case of the HFC model is more applicable
than the pressure-dependent case. This observation is not apparent from
an examination of the response function results alone ss the real part
of the two cases does not vary much at low frequencies. However, the
phase is dlfferent over the range of frequencies and upon this basis,
it is possible to draw the conclusion that the thermal case is more
applicable. With the DB model the surface-activation energy of 22 Kcal/
mole also gave the best results for both propellants. This would be
snticipated because the surface-sctivation energy ie contaired in the
psrameter A in exactly the ssme manner for both models. However, for
the TP propellant a flame-activation energy of 50 Kcal/mole gave the best
fit while the value of 30 Kcal/mole was best for A-35. A mechanistic
argument explaining the difference between the two propellants {5 beyond
the scope of this report snd will not be attempted at this time. This
difference in flame-activation energy is not so dramatic when the pro-
nounced differences of the propellant compositions are taken into
sccount,
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It should be noted here that the value of B in these two cases is
0.8 and 0.7, respectively, while Bypc was 0.77. Due to the numerical
identity of the models there is essentially one set of nondimensional
parameters that give the best fit for both propellants and for both
models, i.e., A= 8, B = 0.7-0.8.

4.4, NAI CHARACTERISTICS FROM THEORETICAL MODELS

If the various parameters discussed in the previous section were
known a priori, the response function could be calculated directly from
the models. This information could then be combined with Eq. 4.2 to
glve the nonacoustic instability characteristics of a rocket motor or a
laboratory burner.

In the following, the NAI characteristics for the two propellants
studied will be calculated utilizing the models and the apparently best
parameters as determined from Fig. 4.5 through 4.12. This will permit
the direct comparison of the one-dimensional models with experimental
data from an L* burner. Because of the numerical similarity between the
two models only one set of parameters was used in the calculations for
each propellant {for A-35: A= 8, B = 0,77 and for Utah TF: A = 8,

B = 0.8), From Eq. 4.4

T,
Re (p'/i) 1+ LA (4.11)
and
T
tan ¢ = T—:%— (4.12)
ch

where ¢ represents the phase of the combustion relative to pressure.
Combining these equations and nondimensionalizing them with the thermal
wave time constant after solving for Ton yields

/T r'/r
Re(p'fﬁ) tan ¢ Re( ) tan &

T PP
__Tch - — - - (4.13)
tw tw

The right-hanli : de of the equation can be completely determined theo-
retically from tne models, thus relating the nondimensionalized L*

(Tep = L*) to the nondimensional frequency. Similar relationships have
been derived previously (Ref. 22), but without considering the detalls
of the gas-phsse combustion. Utilizing the parameters for the given
propellants as discussed above, values for the response function and
phase as a function of the nondimensional frequency can be substituted
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into Eq. 4.13 to give the nondimensional, L*-frequency relationship,

In Fig. 4.13 theoretical curves of this nature are compared with the

actual data for the two propellants. The theoretical curves are much
more curved than one would expect from the trend of the actual data,

but other than this, the agreement is quite reasonable.

Because of the intimate relationship between the growth constant
and the stability of the system, it would be worthwhile te have a theo-
retical relationship deseribing the growth conatant. Thia can be de-
termined readily by solving for a from Eq. 4.12 obtaining

"] 1
Tan S T, (4.14)

a =

Evaluating t.y from Eq. 4.13 and dividing through by the frequency
ylelds

Re(-izb -1

—_—-— (4.15)
w Re(—-C) tan ¢

Again, all of the terms on the right-hand side of the equation can be
determined froim the theoretical models. Using the parameters noted
above, resulta obtained from Eq. 4.15 are compared with actual data in
Fig. 4.14. Within the limits of the data scatter, the theoretical pre-

diction is excellent.

If the growth constant 1s now set equal to zero, the atabilicy
limit for MAI is obtained. From Eq. 4.4 and 4.15 this condition 1a
aeen to be

[Re(ELE) = 1]

p I_ 1 stability limit (4.16)

From Fig. 4.14 and the equations for the response function it is appar-
ent that Eq. 4.16 will hold true for a particular value of the fre-
quency (i.e., ncr) for any given set of parameters. Substituting these
reaults inta Eq. 4.13 ylelds

- (tan ¢
Teh { o )cr Ui (4.17)

Thus, it should be posaible to represent the stability limit aa a
straight line paaaing through the origin on a plot of 1. veraus 7.
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Figure 4.15 contains such a plots-again comparing the results of the
models with the actual dsta. The solid circles represent firings with
@ <0 (l.e., in a stable regime where developed oscillations decayed).
Considering that data can only be obtained in the unstable region and

up to the stability limit, a line drswn along the left-hand edge of the
data should represent the stability limit. For the Utah-TF propellant,
the theoretical results sgree quite well with the data. However, for
the case of the A-35 data, it would be virtually impossible to draw such
a line and hsve it pass through the origin. Apparently something occurs
with this propellant which 1s not accounted for by the models.

4.5, THE EFFECT OF OX1D1ZER PARTICLE S1ZE ON NAl

In order to make the models mathematically tractable certain ss-
sumptions such as s homogeneous solid burning in one dimension with a
quasi-steady gas phsae were made. 1n an effort to assess the validity
of the assumption of one-dimensional burning of a homogeneous solid, a
progrsm was initiated to study the effects of oxldizer particle alze
distribution snd binder type on the nonacoustic combustion instability.
The following sections present the effect oxidizer particle size has on
NAL.

4.5.1. The Lsyer Frequency Concept

An idealized propellant can be wviewglized ac consisting of oxldiee:
particles stscked one on top of snother, surrounded by binder. The
characteristic time to burn through one particle is the particle diameter
divided by the burning rate (i.e., T = Dfr). 1f the particles are in-
deed stacked in layers then this characteristic time will be repested at
a frequency of one cycle per particle, or £ = 1/t = r/D (Fig. 4.16). 1f
the entire surface of a burning propellant regressed so that each oxi-
dizer particle was exposed at the ssme time and burned "in phase" with
enough other oxidizer particles, then this layer frequency would become
a measurable phenomenon, contributing to combustion instability. This
phase correlstion? concept 1s schematically pletured in Fig. 4.17.

ln sn actual propellsnt the oxidizer psrticles are rsndomly dis-
tributed and therefore the phase correlation of the entire surface would
be somewhat difficult to schieve and would most likely result in s fre=-
quency less than noted above. That 1s to say,

f = K/t = Ke/D (4.18)

3 This "phase correlation" concept was first proposed by Price (Ref. 29)
in connection with the shedding of sgglomerated metal from a propellant
surface.
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Direction aof Burn

oxidizer particie size
burning rate

characteristic fime =

T 3 -lrl {sec)

{constant) (one cycle/particie)

frequency characteristic time/particle
re K LK
T D

FIG. 4.16. The Lsyer-Frequency Concept--The Frequency at Which
a Combustion Wave Burns Through Layered Particles is Directly
Proportional to the Burning Rate and Taversely Proportional teo
the Diameter.

Phase correlated
surfoce with
particles burning
in phase

FIG. 4,17, Phase Correlation—-If the Burning Surface Arranges
Itself Such That Sufficient Oxidizer Particles are Exposed
Simultaneously, Then the Surface is Sald to be "Phase Corre-
lated", and Measurable Oscillations will Occur at the "Layer
Frequency'.
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where " < 1 due to the fact that the oxidizer particlea are not atacked
uniform.y one on top of the other but are randomly oriented. The poasi-
bility of having a phaae correlated aurface can be explored by examining
the surface of a quenched propellant. Figure 4.18 is a photomicrograph
of the surface of a propellant that extinguished itself while chuffing.
The protruding surfaces of the oxidizer particlea are readily apparent
and it is not unrealistic to imagine that the aurface was indeed phase
correlated to aome degree., The extent to which a surface must be "corre-

lated" in order for instability to be obaervable ia a queation that could
be pursued in the future.

F1G. 4.18. Photomicrograph of an Extinguished Sample of A-155
Propellant. The large, protruding crystala had an initial,
mean diameter of 400p.

It was pointed out in Section 4.1 that a dual frequency nature had
been exhibited by two different propellanta, and that thia duality had
been attributed to the oxidizer particle aize. According to the layer
frequency concept outlined above, any propellant containing a bimodal
blend of oxidizer should, under the right conditions, display this dual-
frequency behavior. To check this poatulate 2 series of bimodal AP pro-
pellants was made having 25% polyurethane binder and 75% selids (1%
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carbon black was used to reduce the translucence of the propellant).

Part of the AP in the propellants was a coarse oxidizer and part was
finer oxidizer, with the oxidizer particle size distribution for each
propellant given in Table 4.2. The AP that was used was the special
spherical AP produced by the American Potash and Chemical Corporation,
and all blends except the 15y were screened to give either +18 or #25%

of the mean particle diameter. Chemically, the propellants were the
same; only the physical nature was changed by varying the oxidizer parti-
cle sizes. In the remainder of this section the results obtained with
these propellants and their relationship with the layer frequency will be
discussed.

TABLE 4.2. Bimodal Propellant Compositions.

Ingredients and weight percent
Propellant
designation| Ammonium Perchlorate Binder Other
A-146 37.5% 15p | 37.5% 80u | 25% polyurethane nopac
A-148 37.0% 15p 37.0% 200u | 25% do 1% carbon black
A-149 37.02 90p | 37.0% 600u | 25% do 1% do
A=151 37.0% 45u | 37.0% 200u | 25% do 1z do
A-133 37.0% 45u | 37.0% 400w | 25% do 1z do
A-156 51.8% 15y | 22.2% 200u | 25% do 1% do
A-157 22.2% 15p | 51.8% 200u | 25% do 17 do
A-158 37.2% 90p | 37.5% 600u | 25% do } ...
A=-159 36.0% 15u 36.0% 200u 25% do 1% carbon black
1% n=-butyl ferro-
cene
A-160 36.0% 45v | 36.0% 400w | 25% do 1% carbon black
1% n~butyl ferro~
cene

4.,5.2, The Non-one-dimensiona) Nature of Propellant

The models available (Section 4.3) to predict the general behavior
of a given propellant all assume that the propellant is a homogeneous
solid burning In a one-dimensional manner. The degree of validity of
these assumptlons may be investigated by examining the heterogeneous,
non-one-dimensional nature of the propellant with respect to thermal
wave penetration and oxidizer particle size. Figure 4.19 is a schematic
showing the relative dimensions of typical oxidizer particles and
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r20.0 IN/SEC rz 05 INZSEC
8y~ Bup~ Tn
bpmop= 434 Sppop~ W

FIG. 4.19. Thevmal Waves in Heterogeneous Propellants--The
Circles Represent AP Crystals (Drawn to Scale) and the Dashed
Lines Represent the Tempersture Profile snd the Distance thst
the Profile Penetrates Into the Crystal. The upper profile
was calculsted from the properties of AP alone end the bottom
one 1s based on the gverage propellant properties.

temperature profiles for two different burning rates. The thermal pro-
files which have been included are tased on the thermal properties of

AP alone (top profile) and on the average properties of the propellant
{(bottom profile). At low pressure and low burning rate, the thermal

wave thickness is quite large, and for small oxidizer pariicle elzes

the propellant can be considered homogeneous and burning may essentially
be considered one-dimensional. However, at a burning rate of 0.1 in/sec,
the thermal wave thickness i1s the same order of magnitude as the oxidizer
particle sizes used in this atudy. Hence, the homogeneoue and one-
dimensional arsumptions neceasary to the analyticai modele would appesr
to be tenuous under these conditions, snd et the same time these ere the
conditions where the layer frequency would moat likely be observed. If
the thermal wave thickness just matches the particle size, then as the
particle burns the combustion wave will soon be passing into preheated
AP and the local burning rate of the particle will increase as the
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particle burns out. This repid burning of the remains of an oxidizer
particle has been observed in movies such as those described in Section
3. It can readily be imagined rhat if such a phenomenon could be "phase
correlated" over the entire propellsnt surface, pressure oscillations
would be produced.

4.5.3. Regults From Bimocdal Propellants

From the above discussions the greatest departure from one-
dimensional theory would be expected st high values of burning rate
(smaller thermal wave) and for large oxidizer psrticle sizes. This is
indeed the case as illustrated by the trends of the data plotted in
Fig. 4.20. Test data as well as the burning rates of the various pro-
pellante are tabulated in Appendix A. The cross-hatched parabolic band
represents the prediction of one-dimensional theory, and the data are
for tre various propellants. At low vslues of the burning rste,

r < .09 in/sec, the dsta agree mederately well but at higher burning
rates (r > .10 in/sec), the experimentsl values deviate quite signifi-
cgntly from the one-dimensionsl thecory.

Whereas Fig. 4.20 18 a composite plot, Fig. 4.21-4.26 present the
data for each individual propellsnt. 1ln the figures the shaded areas
bounded by straight lines represent the mapping of the equation of
f = r/P for the psrticle size distributivn used in the formulation of
that propellant. These shaded areas show where the layer frequency
should show the strongest effect (for K = 1).

Figure 4.2]1 prasents the dats for the unimodal, 90u AP propellant,
A-35. Tor this propellant the data agree well with both the layer
frequency concept (the line labeled 85p) and the one-dimensional theory
as the two are coincident for the range of burning rstes available for
testing.

Figure 4.22 presents the data for the bimodal (90 snd 600} pro-
pellant A-149. Since the large particles of AP tend to decreane the
burning rate, it is to be expected that the layer frequency concept (for
the 20p AP) and the one-dimensional theory are mutually applicable for
this propellant. Apparently the layer frequency corresponding to the
600u AP was so low that it was unobservahle,

The one-dimensional theory parabola devistes quite significantly
from the experimental results for the A-151 propellant (45 snd 200u) as
shown in Fig. 4.23. As was mentioned earlier for a burning rate of
0.10 in/sec, the thermal wave thickness for the propellsnt is approxi-
mately 45u which coincides with the fine oxidizer particle size for this
propellant. Hence, non-one-dimensional behavior was expected for this
range of conditions. 1t should be noted here as well as with the other
propellants that the range of conditions for which data may be obtsined
is very limited in an L* burner. At low burning rates where the steady-
state thermal wave penetrates deeply into the solid there are ignition
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FIG. 4.20. Frequency Veraue Burning Rate for the Propellanta
Teeted. The data for the reference, unimodal propellant are
indicated by the shaded area and the predicted behavior (baeed
on one-dimenaional modela) ie included.
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FIG. 4.21. Frequency Veraus Burning Rate for the Reference
Propellant, A-35. The straight line represents the layer
frequency concept based on the median of the particle dis-
tribution of the AP.

problems in establishing this profile and igniting the propellant. Also,
there are aimilar problems as the low pressure deflagration limit is
reached. At high burning rates, data acquisition is restricted by the
stability limit of the L* burner, and by the physical limit of the burmer
(i.e., the smaller values of L* that would be below the stability limit
are physically impossible to attain in the burner).

Figures 4.24 and 4.25 are quite similar as might be expected, due
to the similarity in the propellant compositions. Both contain 15u AP
and both oscillated at frequencies two to three times what normally
would have been expected., It appears as though there i{s a transition
occurring from one-dimensional behavior at low burning rate to a layer
frequency behavior st the higher burning rate.

In Fig. 4.26, propellant A-155 not only exhibits the Ligher trend

in frequencies but also, under certain conditions, oscillated at very
low frequencies. The low frequency corresponds very closely to the

55




s i | P

i

e A

NWC TP 4478
e
A-14%
90s , BO0W
-
d

U] 00 6ig 013
1, INFSEC

020

FIG. 4.22. Frequeancy Veraus Burning Rate for A-149.

layer frequency c{ the larger oxidizer particlee. This representa the
dual frequency nature thet wae aought at the outaet of tha study.
Apparently e sufficient number of the lerge oxidizer perticlea ware
burning in phese with eech other to cauae en cacillation of sufficient
magnitude that it could be meaeured. Figure 4.27 ia a preesure~time
trece of one of the rune vhere the low frequency cacilletion cccurred.
The chuffing end oscilletions thet occur at the initial part of the test
ere at a frequency of 52 cpe while the low amplitude cacilletiona later
in the teat ere at e frequency of 2.7 c¢ps. Thie ia the moet conclueive
evidence aveileble thet the leyer frequency concept ia velid end producea
en cheervable affect under certein conditiona. Subsequent test records
have elao exhibited thie dual frequency phenomenon.
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FIG. 4,23. Frequency Versus Burning Rate for A-151.

4.6. THE RELATIONSHIP BETWEEN THEORETICAL MODELS
AND THE LAYER FREQUENCY CONCEPT

In order to put the results of this study in perspective with
Section 4.3, the data have also been reduced to give the response func-
tion and the nondimensional frequency. Figure 4.28 contains the re-
sults of the data for four of the bimodal propellants and compares these
with reaults obtained using the Denison and Baum model. The parameters
used Iin the theoretical calculation were determined for A-35 propellant
in the manner outlined in Section 4.3 and also by the method recently
proposed by Beckstead and Culick (kef. 30, Utilizing this latter
technique to determine the parameters neceasary to fit the datu for the
bimodal propellants resulta in parameters that are totally impractical
(f.e., A < 0)., This again indicates that these propellants osclllate
in a manner that cannot be predicted from one-dimenaiocnal theories.

Another way of looking at the data ia in a stability plot aimilar
to Fig. 4.15. Utilizing the data for A-155, which seemed to show the
most dramatic dual frequency results, Fig. 4.29 waa constructed. The
data for a > 0 should lie to the right of the stability limit line, the
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FIG. 4.25. Frequency Versus Burning Rate for A-14B.
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FIG. 4.26. TFrequency Versus Burning Rate for A-155.
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s
FIG. 4.27. Oscillograph Trace for Propel~
lent A-155 Showing Dual Frequency.
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FIG. 4,29, Stsbility Limit Ploc of 1, Versus 1, for A-155.
Dsta t8 the right of the lines are in the unstable region.

o = U points should lie on the line, snd the a < 0 lines should be to the
left of the limit in the stsble domain. In the figure all of :the points
with a > 0 1ie to the right of the sclid line that intersects the ab-
scisss et 1., = 20 milliseconds. The majority of the date lying to the
left of this line are the dste et very low frequency. This seems to
indicete the possibility of two different stability limits, one corre-
sponding to the very low frequency dste end the second for the remsinder
of the date. It will be recalled from Section 4.4 that the theories
predict e streight line through the origin es the etebility limit. In
Fig. 4.29 the very low frequency dete seem to give a stability limit
that would egree with theories arnd yet the frequencies ef the oscil-
letions ere much lower than would be predicted. This anomaloue behavior
needs further inveetigetion in order to und:zretend the relstion between,
snd the reletive effect of, the leyer frequency end one-dimensionel
theoriea.
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From the ahove discussion it is apparent that the one-dimensional
theories available at present are not adequate to predict the unstable
behavior of propellants in a quantitative manner. Nor is it possible
to do so with a simple mechanistic argument such as the layer frequency
concept. However, by combining aspects of each of these a greater under-
standing of the problem may possibly be attained. In the following dis-
cussion it should be kept in mind that the layer frequency concept re-
sults in a range of frequencies under which oscillations occur but gives
no indication as to the magnitude of the oscillations, whereas the one-
dimensional models give both the frequency and an indication of the
magnitude of the oscillations (in the form of the response function).
Therefore, the two concepts cannot be combined in an exact sense, but a
qualitative combination of the results is very informative. A plot
similar to Fig. 4.20-4.26 has been constructed in which the results of
the one-dimensional models can be readily included. Figure 4.30 is a
log-log plot of the burning rate and the frequency with the layer fre-
quency lines corresponding to A-155 propellant included as well as the
line representing the maximum in the response function for A = 14 and
B = 0.8 (see Fig. 4.28). If a third axis extending outward from the
plane of the paper is considered to represent the real part of the re-
sponse function, then Fig. 4.30 takes the form of a contour map. ©On the
map there will be three ridges, two corresponding to the layer fre-
quencies, and the third corresponding to the maximum in the one-
dimensional theory. By taking a section of the contour at a constant
burning rate (r = ¢.09 in/sec), a modified foim ot the response function
can be postulated as in Fig. 4.31. The dashed lines represent the approx-
imate effect that could be caused by the layer frequency, and it has been
assumed that the two effects would be additive. The magnitude of these
ridges due to layer frequency effects are unknown before a series of
tests are conducted, but Fig. 4.32 may be used to obtain the frequency
that might be expected, given the oxidizer particle size and a particular
burn rate. This figure also chowa how this result would differ from that
expected from a simple one-dimensional analysis, such as the Denison and
Baum todel.

4,7, SUMMARY

Two prevalent analytical models of sclid propellant combustion in-
stability which are relevant to the low-frequency regime have been re-
duced to a common nctation and found to be numerically identical. Non-
acoustic data for several propellants have been reduced to a format common
with the models, thus allowing a quantirative comparison between theoreti-
cal analyses and experimental data of this nature. The possibility of
utilizing combustion dynamics models to predict nonacoustic instability
behavior has been explored: only qualitative agreement between experi-
mental data and model predictions has been found, and even then several
large discre;ancies have been discovered. One such discrepancy, the
effect of oxidizer particle size, has been explored in detail. A very
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FIG. 4.30. Burning Rate Versus Frequency for A-153 Propellant
With Shaded Areas Representing the Layer Frequency Regimes.
The heavy solid line is the maximum of the response function
calculated from the Denison and Baum model.

simple, phenomenclogical argument relating frequency of oscillation to
the particle size of the oxidizer has been postulated snd experimentally
examined. This was accomplished by formulsting s series of propellsnts
containing bimodsl oxidizer blends snd testing them in the L* burmer.
The results obtained can only be explained by considering aspects con-
tained in the models as well as sspects of the layer frequency concept
which is reluated to the oxidizer particle size.
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FIG. 4.32. Burning Rate Versus Frequency With the Layer Fre-
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5. ACOUSTIC COMBUSTION INSTABILITY

Experimental equipment has been devised which permita the investi-
gation of acoustic instability in the low frequency range characteristic
of very large rocket motors {Ref. 31, 32, 33 and 34) snd recent modifi-
cations to the eguipment permit control of the experimental parameters
and acquisition of quantitative information including acoustic response
function data {Ref. 1). A cutawsy diagram of the burner used in this
investigstion is shown in Fig. 1.

Activity during the present report period included assessment of
stability characteristics of several metallized and nonmetallized pro-
pellanta, initial tests to determine the acoustic response function of a
nonmetallized polyurethane propellant composition, tests with pressed
AP-Al pellets which indicate that these spontaneously unstable formu-
lations will couple with and drive acoustic wave modes, and an investiga-
tion of nonisentropic phenomena in low frequency acoustic instability of
solid propellants,

53.1. TESTS TC DETERMINE RANGE OF UNSTABLE BEHAVIOR

Tests were conducted to determine unstable combustion behavior of
tvo compositions for big booster applications (ANB 3105 and ANB 3254),
a metallized and a nonmetallized AP-polyurethsne propellant {(A-147 and
A=-35), and a nonmetallized AP-PBAN composition (A-13). Results of the
big booster propellsnt tests are discuased in Appendix B.

An investigation previously conducted with a family of metallized
AP-polyurethane propellants (Ref. .) to determine the range of unatable
behavior was expanded to include a new composition. Previous tests on
A-139 snd A-91 propellants revealed that A-13%, although unstable over a
much wider range of pressure and frequency than A-91, was much hsrder to
ignite (information on propellant compositions appears in Table 5.1).
Since the AP psrticle size was the only parsmeter vsried between A-139
and A-91 it was expected that a propellant with an intermediate oxidizer
size might offer a wider range of instability than A-91 and at the same
time be easier to ignite than A-139. A 50-pound mix of A-147 was made
using 45u spherical AP. Tests to determine the range of instability
were conducted and the results are shown in Fig. 5.2 with A-139 and A-91
included for comparison. The rsnge of instability for A-147 appeared to
be less than that for A-91 and ignitability of A-147 did not appear to

be greatly improved over A-139; hence, further tests with A-147 are not
planned.
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FIG. 5.1. Cutaway Diagram of the 5.5-inch T-Burner.
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FIG. 5.2. Range of Unstable Combustion Behsvior for A-147 Propellant.
A-139 and A~91 compositions are included for comparlson. Dashed bor-
dera indicate uncertain dsta while conditions of msximum acoustic
pressure are indicsted by the broken line in the unstsble srea.
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TABLE 5.1. Compositions Used in Low Frequency
Acoustic Instability Resesrch
Oxidizer Aluminum
Desiggation Binder {spherical AP) (spherical) Other
composition | Type We % | Mesn dis.} Wt % |Mesn dis.| Wt 2 | Type we 2
A-13 PBAN 24.0 80 u 76.00 - - - --
A=35 Polyur- | 25.0 BO u 75.00 - - - -
ethane
] A-91 do 25.0 80 u 67.00 5 p 8 - -
A-139 do 25.0 15 v 67.00 5u 8 - -—
A=147 do 25.0 45 v 67.00 5w 8 -- ==
A-152 do 25.0 BO 74.60 - - NaCl 0.4
20,1 54 23.85 - - NaCl 0.05
PU do - - -- -
45 u 56,00
J-30 -- - 80 u 94,00 5u 4 [Cu0202 2.00
J=-81 -- - 80 u 88.00 15 u 4 Cul 8,00

quency range in the 5.53-inch burner.

A notsble festure of tests with A~13 was the simultaneous presence of

seversl sxisl acoustic wmodes during tests when the fundamental mode frequency was
below 90 cps.

Two unmetallized propellants, A-13 snd A-35 {Tsble 5.1), which have been ex-
1 tensively tested in the 1.5-inch T-burner, were chosen for study in the low fre-
Testing of these two compositions to dste
hes been primsrily to determine the range of unstable combustion behsvior.
Results are shown in Fig. 5.3.

Vslidity of the response function determinstion depends on pres-

i ence of s single scoustic mode 8. :+st A-13 response function tests sppesr to be
limited to frequencies sbove sbout 90 cps.

Tests with A-35 over s range of fre-

quencies similsr to the A-13 tects did not reveal presence of modes higher than
the fundamentsl axisl mode snd there dues not sppesr to be s combustion-imposed
lower frequency limit ss with A-13.
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FIG. 5.3. Ranga of Instsbility Behavior
for Two Unmetsllized Propallants.

5.2. PRESSED PELLET INSTABILITY

Spontsneous combustion oscillations observed with AP-Al pressed
pillets have been previously reported (Ref. 1). Investigstions with
metsllized propellsnts which sppeared to hava a preferred frequency ba-
havior hava also bean published (Ref. 35), but the correlation of s pre-
ferred frequency charecteristic with metsl combustion $n propellsnt com-
positione has been indirect. Thus, preseed AP-Al materisls sppear to
offer e means for conducting s definitive study of the relstionship be-
tveen metsl combustion snd preferred fraquency combustion oscillstions.

The relevance of pressed pellet combustion oscillations to scoustic
inetability hae not been tested until recently. At leset two sspecis
ave involved which determina whether epontanacus combustion oscills:ious
will excite an acoustic wava moda oscillation: (1) vhether the combustion
oecillations generete e pressure perturbation, end (2) whether the com-
buetion oscillations ere capsble of being coupled with flow disturbsnces
in a manner which will result in amplification of sn scoustic mode
(Ref. 36).

Initial tasts to determine the extent to which preesed AP-Al ma-
teriale exhibit ecouetic instebility hsve been conducted with J=30 (see
Teble 5.1) in the 5.5-inch burner. The probleme of etteining lerge
pellet size and of mounting the pellets without the uee of organic
bindere or potting compounds which inhibit spontsnecus instability,
were eolved by utilizing sn exieting die of spproximately 1-1/2-in.
diameter and erranging the pellets in en errsy such that seven pellete
vare sccommodeted in esch end of the burner. Mounting wes sccomplished
by pressing the pellets into a mersl disc (Fig. 5.4). The metsl disc-
pellet aseembly wse then hcid in plsce in the bottom of the burner end-
cep by & bscking of silicona-gless sdhesive tspe. Ignition wss sccom-
pliehed by use of the eame paint-on msterisl used for propellants.
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F1G. 5.4. Pressed Pellet Mounting
Arrsngement for the 5.5-inch Burner.

Test results indicated that coupling did occur and that the pressed
pellet material ia a good medium for atudy of the role of metsl behavior
in preducing preferred frequency inatability. Further testing, however,
will be more resdily accomplished by choice of a pressed-pellet formu-
lation that exhibits spontsneous oscillatory behavior st lower pressures
than J-30. J-8! (Table 5.1) sppesrs to be a suitable candidate, a- noted
in Ref. 1.

5.3. 1NVEST1GATION OF NON1SENTROPIC PHENOMENA
5.3.1. 1lntroduction

knowledge of the reaponse of propellant combustion processes to flow
perturbstions is vital to any quantitative description of acoustic inata-
bility. The acoustic admittance appears as a boundary condition.in so-
lution of the wave equation and it describes the flow of energy into or
out of the acouatic wave. The admittance ia defined as

Y 5 - — 5.1
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where v' 18 s velocity perturbstion normal to the propellsnt surface and
p' is a pressure perturbation. When written in terms of variables re-
lsted to propellant combustion, the admittance becomes (Ref, 34)

TR A o1

where Vv is the mean gas velocity, 7 ia the mesn presaure, u/e ia the ratio
of mssa perturbation to pressure perturbation, and o/e¢ is the rstio of
denaity to preasure nerturbation. It is assumed that the above quanti~-
ties are cslculated at a plane near the propellant surface but at a loca-
tion outaide the chemical reaction zone, It is further assumed thst gsa
velocity and presaure fluctuations arc described by s stsnding acoustic
wave mode, that the flame zone is of a thickness small compsred to other
dimensiona in the system, snd that the gss-phase rcaction timea are ahort
compared to a period of acouatic oscillation snd to the transit time of
sn element of gas through the combustion zone. It should be noted that,
in geneisl, Y is a complex quantity. However, the real psrt of the com-
plex admittsnce determines whether or not an acouatic wsve will be ampli-
fied; the out-of-phase (or imaginsry) component of the combustion re-
sponse csnnot amplify a pressure perturbation.

The ratio u/e ia commonly referred to aa the “reaponse function" aid
considerable theoretical snd experimental investigation has been devoted
to determining its magnitude. Values of the response function, according
to T-burner resulta, typicslly fsll in the rsnge between unity and 5.
Less emphasis hsa been put on evsluating o/e since theoreticsl studies
indicste that it is of the order of unity in magnitude. It is this rstio
which is sensitive to the nature of the gss processes in the_combustion
zone. If the combustion zone behaves isentropically, ofe -+ 1/?. while it
spprosches unity if the combuation zone behsves isothermally, This latter
situation is often referred to as the "zero-frequency caae". Actual
values of this rstio probably lie between these two extremes, varying
according to conditions.

Tn spite of the reduced importance of ofe to determination of the
admittsnce, interest in experimentel investigation of conditions under
vhich nenisentropic behavior sppeers has persisted. Attempts to verify
nonisentropic behavior during scoustic instability have, until the present,
been negative or inconclusive. In theory the isothermal case sssumes
thst the flame tempersture in an oscillsting environment is constant.
Under typical rocket motor operating conditions the fisme tempersture is
reiatively insensitive to pressure s. the sbove assumption would appear
to be ressonably vslid. Under these conditions, successive elements of
gse enter the ecoustic field with different values of entropy which is
given by the equation (Ref. 37)

5 =5 +cR(sin [we=n]), (5.3)
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where a, is a reference value of entropy, € 18 the ratic of maximum pres-
aure fluctuation to mean preaaure, R ia the gaa conatant, w 1s the angu-
lsr frequency of the acouatic wave, and t repreaenta time.

Entropy veriations are detected aa temperature fluctuationa given by
the relation

-1
T(x,t) = Tf{l + 2 [1;-) ain gf; coa {wt - %%—)} (5.4)

where Tg {a the flame temperature, x is the distance from the propellant
surface, and Y is the gas velocity (Ref. 37)

It waa noted in Ref. 37 that st any inatant in time there would not
only be a ainuaoldal temperature variation in apace, with amplitude
Tg ¢ (v=1)/y, but that there would alao be a time-varying temperature
obaerved at fixed pointa on the burner. In additien, 1f one were to ob-
gerve the magnitude of temperature fluctuationa at varioua pointa along
the burner, it would be found that the amplitude of temperature fluctu-
ationa variea with diatance from the propellant aurface. Maxima in the
temperature fluctuation would be found at locationa given by

Xpt = (n + k%) ng. (5.5)

max

while the tempe:ature fluctuaticn would be zero at pointa located at

=avT (5.6)
xT‘min g’

where n repreaenta any poaitive integer and T ia the period of acounatic
oscillation. The amplitude of temperature fluctuation (Eq. 5.5) ia
equal to 2 Tg e(y-1)/y, i.e., twice the value of the spatial temperature
variation.

Equationa 5.4, 5.5, and 5.6 provide a atandard for comparing the
foregoing theory with experimental obaervationa. The obaervation of gaa
temperature variationa aa a function of apace and/or time coupled with
knowledge of the acouatic frequency and the gaa velocity ahould be auffi-
clent to verify exiatence of the entropy wave phenomenon. Sufficiently
detailed knowledge of the relationahip between the temperature fluctua-
tions and the acoustic presaure would also permit a determination of the
o/¢ term through the “temperature responae function" aa diacuased in
Ref. 37 and 3B.

Several attempta have been made in the past to detect nonisentropic
behavior but theae efforts did not yield a positive reault. Recent

73




NWC TP 4478

theoretical studies indicated that the previous experiments may have
failed because they were conducted at frequencies ill-suited for display-
ing of the phenomenon (Ref. 39). Since the NWC 5.5-in. burner was capa-
ble of operating within the frequency range of interest, it was decided
to attempt to obtain evidence of nonisentropic behavior in that apparatus.

Two types of experiments were conducted: (1) a series in which
photographic recording was utilized to obtain space-time records of the
light intensity variations in ths gas after it left th2 combusti.n zone;
(2) a series in which high-speed temperature meacurcments was made
using an adaptation of the brightness-emissivity technique. Three pro-
pellant compositions were used in the two seriee of experiments: (1) a
bimodal polyurethane-AP composition prepared at Princeton University
(designeted PU in this report), and cast into metal cups, (2) a modified
version of A-35 containing 0.4% NaCl which was designated A~152, and
(3) A-13 propellant. Comoosition of these propellants appears in Table
5.1.

5.3.2. Photographic Studies

The series of photographic experiments utilized a special burner
test section which was fitted with a nitrogen-flushed slit window (Fig.
5.5). An optical bench was used to mount a 70 mm streak camera and a
long focal length objective lens. A cathode ray oscilloscope and mirror
were arranged so that the oscilloscope ecreen was focused on the film
plane in the camera in line with the image of the window slit image.
Thus the acoustic pressure trace, which appeared on the cathode ray
screen, was recorded simultaneously with the radiant intensity variations
that appeared in the slit window on the burner. This arrangement per-
mitted a detailed comparison to be made between events occurring in the
burner gas and the acoustic pressure. A block diagram of the equipment
arrangement used in the photographic studies is shown in Fig. 5.6.

A portion of streak camera record is shown in Fig. 5.7. The acous-
tic pressure and approximate poeition of the propellant surface have
been added to the figure as an aid in interpretation. Major features of
interest have been inked ontv the figure to the left of the photographic
record [or the same reason. The photographic portion of this figure is
a positive ao that high and low temperature regions in the figure appear
as light and dark arezs vespectively. Calculatione from Eq. 5.5 and 5.6,
based on an estimate of the mean value of the gas velocity as it leaves
the propellant surface, were made Iin order to locate the positions of
the maximum and minimum temperature variatione. These are designeted in
the figure as T’max and T'min respectively. Note also that a time and
distance scale are provided in Fig. 5.7 and that time runs from right to
lefe.

Major features in the reconstructed portion of the record are iden-
tified with letters as follows:
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FIG. 5.5, Test Section Containing Nitrogen Flushed
Slit Window Used on the 5.5-Inch T-Burner for Photo-
graphic Studies of Nonisentropic Phenomena in Low
Frequency Acoustic Instability.
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FIG. 5.6. Blo:k Diagrsm of Streak Camers Arrange-
ment Used for Photographic Study of Nonisentropic
Phenomena in the 5,5-Inch Diameter Burner.

A. Perlodic vertical darkened zones appear in the record which
occur st times when the acoustic pressure is a minimum. These areas
appear to be related to adiabatic cooling of gas throughout the Lurner
section covered by the window csused by Jowering of the acoustic pres-
sure. (Note thst there is also a general brightening at acoustic pres-
sure maxima related to adiabatic hesting from compression of the gas in
the burner by the acoustic wave.)

B, Dsrk disgonsl lines, designated "B", sre relatively persistent
in their trsvel across the section covered by the window. These repre-
sent elements of relatively cold gas which appear to have originated
from the propellant surface st a time when the acoustic pressure was a
minimum. This sssertion of the origin of theie elements of gas is
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FIG. 5.7. Portion of Streak Camers Record from Test with PU Pro-
pellant. Mean burner pressure was 75 paia, acoustic pressure
amplitude waa 9 psi p-p, time after ignition was 2.3 sec. The
position of the burning surface, the scoustic preasure, and some
of the major features of the record have been reconstructed for
clarity. Points of particular interest in the reconstructed
portion of the record sre designated by lettera in the figure,
with appropriate description in the test. Locations of maximum
snd minimum tempersture fluctuations, designated T'p.. and T'yy,
respectively, were calculated from Eq. 5.5 and 5.6.

based on an extrapolation of the informstion on the photographic record
back to the propellant surfsce as indicsted in the inked reconstruction
to the left of the photogrsphic portion of the figure. It waa assumed
in making the extrspolstion that the gas velocity in the region of ex-
trapolstion is relatively unaffected by the scoustic wave, If the in-
terpretation given here ia correct, a phenomenon is present in these
tests that the theory in Section 5.3.1 does not take into account.

C. Apparent inflection points occur in the motion of cold gss
elements (designated "C". The photographic record auggests that a aig-
nificant fluctuation occurs involving, perhaps, s momentary flow re-
versal. It should be noted that the theory described in Section 5.3.1
sssumes uniform gaa flow and does not provide for a flow perturbation of
the sort indicated in the record.

D. Dsrk areas designated "D" represent regions of cold gas, which
st any instsnt in time occupy a position midway betwesn “B'" elements of
gas. Since these appesr between areas of gas ("B'" designation) which
originated at acoustic pressure minima, it seems that the "D" regions
sre related to the entropy fluctuationa referred to in Section 5.3.1.
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There are several difficulties related to the above discussion.
First is the problem of identification of the cold gas that appears to
leave the propellant surface at an acoustic pressure minimum. The ex~
trapolation of an element of gas back to the surface has to be done over
more than an inch for which there is no photographic record. In doing
the extrapolation, the assumption has been made that the acoustic velo-
city perturbation in this region is negligible since it is so close to
the propellant surface, relative to the acoustic wavelength. Second,
the film was overexposed causing a diminishing of the relative import-
ance of cocler regions in the gss. Some of the effects of overexposure
have been counteracted by printing on high-contrast material but this
may have introduced further distortion of the quality of the photograph.
Problems in photographic record interpretation can probably be resolved
by repeating tests with altered burner parts which allow the propellant
to be moved up to the end of the window and by using a camera lens with
smaller aperture than was used in the first test series.

5.3.3. High-Speed Temperature Measurements

The second part of this investigation invelved acquisition of high-
speed gas temperature data from a region near the propellant surface.
The measurement technique utilized an adaptation of the brightness-
emissivity approach mentioned in Ref. 37. The apparatus is shown in
Fig. 5.8 and consists of: (A) a ribbon filament lamp of known bright-
ness temperature, (B) a syatem of lenses and slits to focus and colli-
mate the light, (C} a rotating perforated metal wheel which periodically
interrupts light from the known source, (D} a special test section which
fits between the burner and an end cap containing propellant that con-
tains two small nitrogen—flushed windows which permit light from the
known source to pass through the burner, and (E)} a monochromater
equipped with a photomultiplier tube which receives and detects radi-
ation in the sodium D-line portion of the optical spectrum. The photo-
multiplier signal was recorded on an oscillograph simultaneously with
the chawber pressure. Prior to each run, the source was calibrated with
a precision pyrometer and a short calibration record was obtained on the
oscillograph giving the deflection due to the lamp intensity. During the
test, the radiation received by the photomultiplier tube alternated be-
tween that from the flame and that of the flame plus radiation from the
source. A portion of a test record is shown in Fig. 5.9.

Data reduction following a test was accomplished by making deflec-
tion measurements of the pre-run source calibration, and measuring the
signal deflections from the photomultiplier and the pressure transducer
over one or more cycles of oscillation at selected portions of the test,
A typical plot of temperature-pressure data is shown in Fig. 5.10.

Data from selected tests appear in Table 5.2, Columns {[a] through
[h) represent data derived from the oscillograph recordings. Alphabeti-
cal suffixes to the test number are used to identify the portion of the
test record from which the data was taken., The time at which the data
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FIG. 5.9. Portion of Test Record From a Test in
Which High-Speed Temperature Data was Acquired.
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FIG. 5.10. Temperature-Pressure Data Reduced
and Plotted on a Common Time Base From Test
Record Similar to That Shown in Fig. 5.9.

79




NWC TP 4478

“yus)|edosd
ZSL-y 0} |8d/) 50°p = § puo Jus||edDsd g soy 18/ £'P| = S ‘sanssesd o) suniesede) Jo AANISURE B € ,,,
ey
sinjpiadwe; o seIp31pus LBIS sanpBeN ‘volEMN AN sintsesd By 04 BALIDIE VOLIDNIN) raniRIsdwel O el ,,
‘uayo) St WIDP YI|Ym o swyt ,
it 190" - 080 $91 11414 re SLT L8l | 8i'E | 92ty ey
iz o0 - érg” o0l [ 1 ]¥4 £l L'9% {0'18 | 88°T | vIEEr
16§ \FAF3 soL” 8lo” SEI ELT [ XA} o'ey | SIS | ST | sikwr
L4901 99l (44 S€0° ozt onz 14 08'0S | 0'9r | 8C°C | AVEEP
576 rol 920" 4€0° 4] ozIT i6°1 $6°SS | 0°9r | £L°T | DOVERF sy
Ler 9L sor - rol- 1111 0881 s Sor | el | 09°T | GSTEr
ser T’ls sy - [:14 o6l 800z ool o'rr [ 901 | OC°T | vSIEr
osé rer 100" ~ 860" ool 11444 sT's LS | 0LE | 0L°T | 96Zar nd
oL oer 84070 90170 rr L4414 1134 9r (O°SL | \EE | ¥OTOr
. L
Lo | e | B3 (52 5w |5d oo
Ca Ay |eg24a jo » opriyjdus C | eprayawe a |92 | 2es ‘o ediy
d-d 3, s £ uelyapsy | veo||13s8 voriog1asg | wsy | vorie|jiasg | voen 3. 1 iset | svoj|edosg
ses?S -4 1 @ EYLIT P bosg | pwng
=laa®20iyy | 40 KiLinasg sisedwe | [YLITT VP
‘o40¢] sinjosedwe | -eanssard “Z-¢ 3T19Y L
&

R e e e e

80




g e o gt

NWC TP 4478

was taken appears in column [a] and is the time elapsed after ignition.
Frequency was determined by measurement of the oscillograph record
(column [b]) while the pressure and temperature data were obtained from
plots similar to that shown in Fig. 5.10. Column {g] was calculated by
taking the ratio of the pressure oscillation amplitude to the mean
pressure. The phase between temperature and pressure (column [h]) waa
computed from measurements of the pressure-temperature plets (as in
Fig. 5.10). Columns [1] and [j] are computed temperature fluctuations
thst will be discussed in some detail below.

In general, the tabulsted pressure-temperature data show quite a
diversity of behavior. The A-152 data represent the most comprehensive
complilstion of information available at preaent, but the question of
whether the data fits a consistent pattern must awalt completion of the
data analysis. One outstanding feature, for which there is no explana-
tion at present, is the surprisingly high amplitude of temperature os-
cillation observed in the testa above 40 cps. A comparison of observed
temper—ture fluctuation amplitude with calculated amplitudes, baaed on
two rather different assumptions suggests that neither of the explana-
tions for the temperature oscillatlons advanced so far can explain what
is observed in the burner. The first comparison is with the temperature
fluctuation predicted on the assumption thst the gas in the burner be-
haves isentropically. This assumption leads to the calculated temper-
aturea entered in column [1{]. Comparison of the isentropic calculation
and the observed temperature oscillations indicatea the increaaed
difference between the isentropic prediction and the observed vslues.
If the assumptions of Section 5.3.1 were valid, the observed tempera-
ture oscillation amplitude would not exceed the isentropic vaiue by
more than a fsctor of two., As one can aee, the observed amplitudes
from tests with frequencies above 40 cpa far exceed the expected range.

Another fscet of the temperature oscillations was considered,
namely the effect of a fluctuating flame temperature. It was noted,
in comparing mean temperature and mean pressure from PU snd A-152 data,
that the temperature was a function of pressure. The dependence of
temperature on pressure for these two propellants is indicated in
Fig. 5.11. Assuming that the temperature follows the presaure oscil-
lations in the ssme manner as indicated in Fig. 5.11, one can aasign
a sensitivity of temperature teo pressure which can be used to compute
the tempersture oscillation raused by an observed pressure fluctuation.
Computations based on the above aaaumptions are entered in column []]
of Table 5.2 and the temperature sensitivity for the two propellants
appeara In a footnote in that table. Compariaon of the obaerved and
computed dsts Indicatea a large disparity and that the temperature
senaitivity to pressure does not offer an adequate explanation of the
large temperature oscillations observed at the higher frequenciea.

A detailed report is in preparation which describes the photo-

graphic and high-apeed temperature measurementa in greater decail.
The in formation will be released as a NWC report when completed.
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FIG. 5.11. Plot of Messured Mean Gas Temperature
snd Mesn Pressure for PU and A-152 Propellants.

5.3.4, A New Mathematics] Model

Detsiled interpretstion of the streak photography and the temper-
ature dats is hampered by presence of phenomena not sccounted for in
existing theories., It was felt that a mathematicsl model could be de-
vised which would account for a variable flame temperature snd non-
uniform flow of gsses. Steps In that direction were taken lste in the

report period.

A new theory is presented here which describes the history of a
gas psrticle from the time it leaves the reaction zone as a function of
a parameter ¥ vhich denotes the phasing of the pressure and velocity
fields at the emergence of the particle from the combustion zone.

The oscillating components of pressure and velocity were treated
as first order perturbation quantities and since the amplitude of the
oscillating component of velocity wes of the order of the mesn v-locity,
a point clearly shown by the evidence of flow reverssl in some of the
photographic test records, the nonconvective wave equation was used to
deecribe the acoustic flzlds. Pressure antinodes at each end of the
chamber were used as boundary conditions with the resulting oscilisting
prsssure and velocity flelds given by

p' =T € cos (ux/L) cos (wt + ¥) (5.5)
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and

ke

v' = V gin (mx/L) sin (ut + ¢) {5.6)

respectively. In Eq. 5.5 and 5.6 ; is the mean pressure, ¢ is the ratio
of the maximum value of the pressure perturbstion to mesn pressure, V is
the velocity amplitude, x is the distsnce from the resction zone snd L is
the T-burner length. The particle velocity is given by

vav+uy' (5.7)

and the relationship between temperature and pressure given by

P= P
P

Il
T [Y] - (5.8)

in which p, was the pressure at a reference plane immediately outside of
the flame when the psrticle in question entered the acoustic field and
Ty 18 the temperature at the reference plane, which 1s sssumed to be
constant for this discussion. The reference pressure given by

P, " T + pc cos ¥ {5.9)

wes obtained by adding the mean pressure p to the acoustic pressure with
x and t set equal to zero. The following expression for relative tem-

persture 0
(]
p O UL
T = T
r r
y -1 cog (nxfL) cos {wt + ¥) - cos ¥
1 Y ) el 1+c¢cos¥ ) :(5'10)

wss obtained by substitutfon of Eq. 5.7 snd 5.9 into Eq. 5.8. 1In order
to evaluate T/T, it 1s necessary to determine the relstionship between
x and t for s given ¢. This {s readily obtained from the relation

t

x = jv dt = S[Tr'+-\7 sin [{5 sin (ut + ¢)] dt (5.11)
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Solution of Eq. 5.11 thus gives the trajectory of a gss particle leaving
the aurface at time zero for the assumed boundary conditions and phase
angle y. Equations 5.10 snd 5.11 together give the tempersture history
and the trajectory of a gas particle subsequent to leaving the surface
as a function of the psrsmeter §.

Additional steps in modifying the analysis to provide a more sde-
quate description of significsnt parametera in the problem of ncnisen-
tropic behavior need to be undertaken. These include replacing the
rigid solid boundary condition st the combustion zone with sn scouetic
sdmittance and replacing the constsnt flame temperature with one which
1s pressure sensitive.

It is plsnned to present solutions of the equations in the form of
dimensionless plots. With these avsilable, psrticle trajectories and
constant temperature lines may then be superimposed on experimental test
records, the phsse sngle ¢ being resdily obtained from the pressure
record. The relative brightness patterns in the streak data will then
provide a qualitative test of the mathematical model.

beb,  SUMMARY
Tests to determine range of unstable combustion behavior on one

metallized and two unmetsllized propellants wse sccomplished prior to
more definitive testing. It is anticipated that extensive responee

function testing on the two unmetallized compositions will be accomplished

in the nesr future.

Preliminary testing with a preseed AP-Al composition in the 5.5-
inch diameter T-burner demonstrated the feasibility of using such mate-
riale in inveetigating the role of metal combustion in preferred-
frequency instability.

Tnveetigation of nonieentropic behavior in the low frequency range
revealed that, under the conditions teeted, the flame temperature may
fluctuate eignificsntly with the acouetic preseure., While it appeared
that the flame temperature of two of the propellants tested wae a func-
tion of the mean preeeure, the resulting temperature variation wae not
large enough in many caeee to explain the olLserved temperature fluctu-
ations. The magnitude of the temperature oscillations and the evidence
from the photographic recorde atrongly auggeeted that factore other
than thoee discueeed above were involved. One plaueible, but ae yet
unevaluated, explanation wae that the binder and oxidizer were consumed
at different rstee which vsry over a cycle of preesure cecillation,
reeulting in a fluctuation in the fuel-to-oxidizer ratio.

The observatione of nonisentropic behavior etrongly suggeeted that
preeent mathematical models which eeek to describe unstable combustion
may need edditional refinemente in order to accuretely deecribe the
phenomena that app2ar to be invelved.
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6. SUMMARY

Each of the preceding sections contains its own extensive discus-
slon, and the major accomplishments of each section are summarized here
in order to provide a comprehensive view of the entire program.

6.1, DECOMPOSITION AND DEFLAGRATION OF AMMONIUM PERCHLORATE

Past and current work has shown that the physical character of the
surface residue of AP is significantly dependent on the imposed heating
rate. Ammonium perchlorate apparently sublimes under conditions of iso-
thermal decomposition and there is no evidence of a surface melt; under
conditions of rapid heating such as burning in a methane atmosphere, a
surface melt is observed on the AP; and in the case of self-sustaining
deflagration, the surface melt is frothy due to the entrapment of tran-
spiring gases. This frothy melt is probably the site of the major heat
release necessary to sustain deflagration,

6.2, BENAVIOR OF ALUMINUM IN COMPOSITE PROPELLANTS

Current work has indicated that an important step in the aluminum
agglomeration (sintering together) process is characterized by the frac-
ture of the aluminum oxide coating (below its melting point) due to
stress produced by the differential thermal expansion of aluminum and
aluminum oxide as the particles are heated by the combustion wave and
oxidative self-heating. Molten aluminum flows through the cracka, joins
with adjacent particles and 1s oxidized, thus forming aluminum/aluminum
oxide particles. By including this important step of the agglomeration
process, 1t is possitle to give a detailed, qualitative description of
the behavior of aluminum in composite propellants from the unheated con-
dition in the propellant to the condition of molten balls of aluminum
with oxide "caps" burning by a vapor transport mechanism in the gas
phase above the propellant surface.

6.3. NONACOUSTIC COMBUSTION INSTABILITY

Two analytical modela of solid propellant combustion instability
applicable to the low frequency regime have been reduced to a comuon
notation, were found to be numerically {dentical, and have been compared
with experimental data. Only qualitative agreement betwe=n experimental
data and model predictions was found, and even then several large
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discrepancies were discovered. One discrepancy assoclated with the
heterogeneous nsture of the propellant was experimentally explored in
detail. A simple, phenomenological argument relating oscillation fre-—
quency to oxidizer particle size was developed and, when applied in con-
Junction with the analytical models, was found to be useful in inter-
preting the experimental data.

6.4. ACOUSTIC INSTABILITY

Experiments with pressed AP-Al material in the NWC 5.5-inch T-burner
indicate that auch material can be successfully used to investigate the
interaction of acoustic waves with spontaneously occurring combustion os-
cillstions.

Investigation of nonisentropic behavior has shown that pehnomena
were involved which were not considered in presently svsilsble mathe-
matical models. Experimental information acquired during this report
period indicated that flame temperature variations and gas velocity per-
turbations were of the same order of Importance as the temperature fluc-
tuations induced by variations in entropy. Steps were initiated to syn-
thesize a more relevant mathematical model which will include consider-
ation of nonuniform gaa velocity and a variable flame temperstures, as
well as improvements in the methods of obtaining experimental measure-
ments.
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Appendix A

BURNI... RATE DATA AND TABULAR EXPERIMENTAL DATA OBTAINED
WITH RESPECT TO NONACOUSTIC COMBUSTION INSTABILITY

TABLE A.1. Data Obtained With A-146 Prapellant.

Dimensionlese Reol part
Burning | Growth frequency Phase | e
Run ||+ ;| Frequency, Pressore | rote cnn:rulrn, Tehs 2w wte | shift e
na, cps sia . - meec i
P P in/sec sec 2 rodians function
906 20 168 168 62 ) . 850 7.3 B9 e ] e
32 55 195 P LT T 1.340 2.2 A49
907 18 162 145 154 765 8 g o .
44.8 158 PRI N 1.904 PR R
908 15.9 165 141 153 97.3 076 8.0 499 [ 580 1.07
170 150 148 155 14 727 71 684 | 563 1.08
19 13 153 157 39.1 .808 6.1 b61| .570 1.03
21 1 153 157 ~37.8 892 6.1 JIN| 647 936
910 | 4.6 172 121 144 13 621 9.5 £69 | 559 1.07
161 150 130 148 343 684 8.3 479 578 1.04
18.5 133 131 149 3.7 786 6.8 655 | 567 1.03
24.2 104 130 J48 | e 1.029 5.4 .70 [ (RSP [
899 | 45 56 95 129 7.2 1.913 3.8 471 568 1.05
901 13.8 171 15 40 L 587 08 L29 ] e | e
15.1 165 125 1465 55.5 542 8.8 665 571 1.04
6.8 133 125 1465 70 T 7.1 594 515 1.05
12 | 4.0 158 120 43 80.5 595 8.9 590 513 1.05
15.1 148 125 L1465 85 642 7.9 595 | 513 1,65
16.5 139 127 47 51.8 Jo1 7.3 L1253 1.04
18.9 127 124 148 38.5 .803 6.8 L42 | 557 1,03
235 105 2 44 [ 599 5.8 L59 ] e
28.4 97 122 145 1.2é 5.3 JW] o ] e
14 12.4 160 98 AR 139 527 10.7 529 | .458 1.07
130 162 105 135 126 553 10.2 562 | 483 1.07
?15 14.1 148 102 133 95 599 9.4 555 | .483 1.06
15.8 128 106 136 96 672 7.9 5391 AeB 1.07
P16 | 23.6 100 93 27 67 1.003 7 628 | 532 1.07
2.2 98 101 133 53.3 .14 6.3 683 | 573 1.08
17 | 293 83 98 131 *45.8 1.245 5.5 648 | 550 1.06
f18 | 39.2 72 94 130 =17.5 1.666 4.875 753 600 0.97
42.4 58 85 A2 - 53 1.802 4.450 455 584 1.00
87
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TABLE A-1. {Contd.).

Burning | Grawth Dimensianiess Phoss | Real part
Tehe fraquency
Run [L*, in | Frequency, Pressure, | rate con:!:.lri, e wre | shift aof the
ne cps psia in/sec | seoc e rodions | respanse
- functian
L
919 8.9 nz 101 .133 59.2 Jig 7.573 527 | 488 1.04
18.6 m 108 135 40.8 N 6.875 550 | .487 1.04
20.8 102 104 L134 7.4 874 6.50 559 [ 488 1.06
920 15.0 140 %0 126 51 4538 10.08 60| 497 1.03
20.5 127 97 130 a5 AN 8.50 495 574 1.07
1.7 128 100 132 46,8 | 1,007 8.40 810 .859 1.05
21 8.5 95 101 L33 .8 La2n 6.15 J23) .577 1.12
922 | 23.5 91 95 129 51.5 599 6.25 S70 | 497 105
26.2 a4 97 130 5.7 1.114 5.675 58 | 504 1.06
923 | 7.9 75 ag 24 338 1.18s 5.575 558 [ 493 1.04
3.8 i 95 129 355 1.352 5.425 S68 | .568 1.10
3.5 65 92 A7 319 1.551 3.25 J20) .599 1.05
925 | 5.4 52 87 J23 | .. 1.972 3.90 S43 | ...
50.7 4 %0 24 2.155 3,175 S8 ...
54.1 46 %0 125 .99 33 580 [
58.3 42 a3 120 20.7 2.478 3.325 450 | 554 1.05
58.3 42 83 .120 -18.2 2.478 3.325 4501 597 95
927 | 23.0 80 84 an 39.8 978 §.25 A0 | L4 1.04
U3 80 90 12 45.5 1.033 5.75 5221 462 1.05
928 | 7.2 65 L]} L1188 57.2 | 1158 5.30 A7 A8 1.06
349 88 87 L1235 32.8 1.483 4.95 Sl ca 1.05
929 | 45.3 49 84 A1 18.7 | 1925 3.025 SR 519 1.04
45,3 49 &d BF -17.7 1.925 3.025 S 549 0.98
930 738 34.5 76 A4 -18.2 3937 3.025 A75 1 80 0.94
956 |~3s 63 70 Jog | 1.49 5.075 S8 ...
957 [~53 48 85 Jud | L .25 5.075 L85 | ...
958 l~a5 | 63 Jdes | L ) [T P o
960 [~ 45 &0 0995 | L. 2.04 5.2 574
55 33 52 1015 o .34 3.675 A851 . | L
%2 8] 2 65 104 3.44 2.950 L0270 L.
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TABLE A-2, Data Obtained With A-148 Prapellant.

Dimensioniess

. Reol port

Run { . |Frequency,| Pressure, Buming | Growth Tehe frequency of the
no, | L°in cps prio rote :onllolnt, miee oy T response
s ree =2 function

10011 19 150 114 e ) e .80& 13.2 7591
20.1 125 114 116 855 11.0 YA IR -

222 127 115 7 66.2 98 1.2 781 1.07

228 ne 11 16 57.2 1.01 10.5 754 | 1.06

4.9 1né m 115 36.0 1.08 10.4 772 1,04

27.2 108 108 115 22.3 1.16 9.74 786 1.03

1.2 100 105 A1 0 1.33 9.23 k1 1.00

2.7 98 104 BAK 0 1.2¢ 9.04 .855 L0

40.2 7 90 107 28.7 1.71 7.58 783 1,05

1002 25 100 Bl 02 | e 1.08 1.4 L6 oo

25.6 | ~100 85 A05 | e 1.09 1.0 486 | e

26.5 97 85 105 s 113 10.7 488 | e

70 &7 82 103 1.15 9.9 428 |

8.2 91 84.5 08 | 1.20 9.99 485 | e

8.5 89 B4 04 ) 1.26 9.78 T4

0.6 85 86 06 ) e 1.20 8.70 A94 1

2.2 80 83 [ R R— 1.27 8.48 488 |

2.4 81 80 02 | e 1.42 9.47 728

5.0 80 80 A02 ) e 1.49 9.34 T8

1003 22 72 70 0985 | .. 1.42 9.49 LA2 [
3.6 70 0955 | .. 1.5 | e e b

0.2 | en &5 0915 4.3 B [ == e 1.06

45 57 &7 0935 27.2 1.91 7.70 684 1.05

1124 17.5 115 9N A07 | e T4 1.5 [ 1 [ TR
18.2 120 94 08 ) e 78 1.8 588 | ...

19 10 93 08 1 e a1 10.8 560 | o

19.7 120 91 JA08 | .83 1.8 b26 | e

07| e 94 08 | e B8 | e ] e | e

2 | e 94 108 L7 T I (U (-

1125] 28.1 a0 82 Jdod | 1,20 8.48 A02 ] e
29.8 a0 94 .108 84.0 .27 7.8 L8 111

.8 87 97 109 29.2 143 8.35 L) 1.04

40.6 75 94 108 25.8 L7 7.35 815 1,05

1126]| 44.7 n 94 .108 19.0 1.9¢ 6.96 47 1,04
nzaz| 9 100 102.5 13 28.2 809 8.92 508 1.02
22 110 107.5 A1 5.2 94 9.81 450 1.0

25.9 105 105.0 12 =16.2 1.10 9.56 T2 98

11281 18.3 115 107 A5 e 78 9.89 583 e
20.4 173 uz N7 78.7 87 1.1 J26 ) 107

25. ~ 6.7 120 e 0 1.0 .55 045 100

1129| 50.7 72 93.5 A0 e 2.1% £.78 R/ —
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TABLE A-2. (Contd.).

Dimensionless
R F Burning | Growth fraquency R::lfhp:tf
un L, in requency, Puu.ou, o constont, Teht ayw wTe
ne., cps psia in/sec sec—] msac response
—'? function
A-148A (different burning rote) aso
1215]32.2% ~ 5.8 265 i~ 17 ~0 1.36- .23 60 |~1.0
1.46

1216 28 ~ 14 70 ~17 ~0 1.19 43 19 [ ~1.0

1217 180 170 120 .15 3.0 76 8.65 812 1.02

2.2 143 123 152 -24.3 94 7.09 Add 98

5.2 18.5 120 N H low omp. | 1.50 K1 R 17T —

j~d5 62 92 138 1.91 3.89 Jid o

1218] 4.1 140 9d 135 + 40 8.7% 527 .

4.5 179 109 Jdd 42 9.89 497 [

15.7 175 108 43 ~ 81 47 9.78 JI¥ |~1.08

191 135 m 145 ~78 J7 7.38 4653 |~1.08

20.7 133 110 J45 ~70 .88 7.24 738 A8

.1 134 106 J42 ~58 1.02 7.58 459 |~1.06

74 17 101 139 ~85 115 6.91 A4S | ~1.08

36.3 108 1] A37 ~57.% 1.29 4.50 A75 | ~1.07

17 109 93 138 wonem 1.43 4.28 891 -~

1219 2% 133 114 147 ~0 1.23 7.0 1.027 1.00

» ~ 9.5 108 143 low omp. | 1.57 ~ 53 094 -

45 72 94 R kL) 2.2 1.91 4.53 845 | 1.05

48.7 42 L 128 41.5 .07 434 Al 1.08

1220] s0.1 40 7é AN ~ 60,5 .13 4.67 803 1.18

1221] $3.4 &7 [.1] BAL) e 2,27 4.04 470 cueron

571 L] FA | A7 0.z 2.43 3.84 702 1.08

40.5 50 [1] A2 4.0 .57 4.55 807 Ln

1222] 38.5 [¥ 7 A2 ~31.0 1.64 3.4 A28 |~1.05

1225] 28.6 m 7 130 5.0 1.22 6.88 J18 1.06

355 93 L1} 29 46.0 1.5 6.37 882 .07

dd.d L] ] 1] .130 47.5 1.89 6,17 1.079 1.69

20
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TABLE A-3, Oata Obtained With A-149 Propellant,

. Dimsnsionless Real port
Aun | L Frequency, | Pressurs, B”':":‘ Gro:ﬂh' L frequency aof the
| . r constont,
e n cps psio in/sec voc-] msec it @Te respanse
=2 function
1016 ) 106.3 10.8 68 064 eeees 4.51 3.0 306 e
116 10.7 &9 064 o 493 3.0 .332
1019| 4 30 130 084 s V.74 4.86 .328 oo
54.5 234 150 .089 2.32 3.38 34 &
61.4 20 158 091 2.61 2.77 Jic . I (R
64.4 7.3 158 .09 e 2.74 3.78 AT0 |
1020 | 57.5- 151.5 088 | ... 2.42. R
107 4.52
1021 35 13.8 108 077 | e 1.49 3.64 A76 e
37.7 25 114 078 | 1.60 4.7 251 .
1022| &0 20 103 075 2.55 4.07 7))
1023 70.3 13.3 55 058 542 |29 4.5 249 1.04
89 13.2 58 .059 -4.46 |2.78 4.45 3 .98

9]
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TABLE A-4, Data Obtained A 151 Propellant.
Dimensionless
Real
Burning | Growth frequency :: m’:"
Run Lt in Freguency, Pll:'lul'l, . “"‘""i"- -rd,‘c aw w7 | reapenne
no. ’ cps . = me —_
P 4 i"’”‘ LD -'1 M:'I“
1074] 38.5 12 101.5 A L] 1.55 59 7001 o8
1a78| 21.% 7o ke 108 0.8 1.5 a0 650 | 1.04
294 72.0 76.5 108 anenn 1.68 1.5 g7 .
1080] 35.0 a7.6 bR 104 4.2 (1) 6.60 Ad2 | 107
100 24.5 u.s 65.0 o9 e 1.04 4.60 154 -
| Mo 50 60.5 099 409 Ld8 582 A8 | 108
101 48.3 40 61.% .9 . 1.92 53 482 oy
513 ” 658 098 U8 2.18 .45 507 | 1.08
5.5 56.5 63 | 0% LL¥ ] .44 5.1% 380 | 1.7
103 69.7 3.5 .S 050 415 2.94 4.7 4201 112
n3 as 3.5 050 .2 1.0 4.0 5% | 107
04| 3.2 22 538 084 "1 1.9 I S48 Lok
107 4.2 30 75 104 [ 0.60 5.29 A
15.¢ 55 T4 108 o 0.46 L2 28] ... -
17.0 50 L 108 aane 0.72 5.1 224 | 102
23.4 au 733 103 228 0.9 4 2M e
us 42 7.0 | 100 128 1.48 4.90 A00 | LOD
1M5| 44 0 0.3 100 ~0 1.7 4.58 A0 ]
0.4 n 4.5 098 ~0 .14 .45 S —m
593 LR ] 455 087 ”e 2.52 n A¥ | 104
ny| ¥2 0 415 .09 22.5 1.24 LN K] S0 o4
5.2 L] 4.5 098 L] 141 443 AB7 | 107
aH 50 0.3 103 L T 54 7| 10%
1132| 196 w 104 128 = .02 585 A7 e
M4 40 725 104 6.4 K ) 4.2 473 1.02
1133 w.s 4.5 4.0 A0 W] 0.7 5. AM | .02
2.1 ns L A ~0 " 0. 0728
.3 n LL A1 ) 1.03 5.45 45
N8| 44y .0 4.8 o9 o 1. 5.30 AN .
0.8 M 543 L% 253 ALY s00 408|108
42! ... a7 188 |=~0% eess — .4 o= e
N4p 25 40 s 0% 15.4 1.0¢ 4.32 24| L02
295 45 4.5 100 . 156 s.13 .1 1) [—
1145| .2 4.6 51.5 .09 40 145 5.87 A04 | 104
w1 428 " 00 14.4 1.42 5.55 A% | 102
4| $r4é 7.2 528 0 14.2 U 1.4 AU 104
. 55.4 1.8 |~0% e - 9.2 = ==
M| L8 a5 510 { .OM - 2.58 4.5% A7 .
nr2j s n 413 L T (. 2.4 &2 302 -
1m| 8 25 [L] A2 140 5,30 L1 —
1| s "0 % 104 2 0.7 .12 3521 Loz
".2 70 108 128 ~0 0.77 12 33 s
244 15 [LH) B kK] 0 1.04 0.97 0 ==
ne| »03 &7 753 O “ 0.0 7.00 .43 o
73 5 115 o — 0.M 7.08 A .
a7 8.5 (2] 102 e 1.0% 5. e
74 4.5 5.3 108 =194 117 5.08 A% ) v
42.2 43 740 | 10 ».s L7 [K ;] AB ] 10
“w.s 2 315 | 040 ey 197 19.47 B ) —
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TABLE A-5, Dato Obtained With A-155 Propellant.

Dimensionless Real part
Burning | Growth fraquency of the
ﬁ:ﬂ LY, in F":::HC)’; P"P:::"'r -ru;: . C(:l:l:_or'. m:c.h.t o @7 | respanse
. in/se M -
+2 function
1165 18.2 83 87.5 092 575 J72 n.72 402 1.04
20.8 62 B1.5 090 38.4 885 9.15 344 1.03
2.7 57 80.5 87 -2 425 B.40 a1 .98
M5 50 90.5 93 8.6 1.04 6.682 337 .01
26.6 50 85.0 09 | ... 1.13 5.12 L1 N [—
! .48 s0 88.0 | 092 |-88 [1.22 6.9 .383 99
45.¢ a3 79.5 087 2.8 1.94 £.50 512 1.04
: N&s | 31.2 40 76.5 .0B5 7.5 1.3 5.48 an 1.04
] 40.8 41.5 735 .092 34.0 .73 7.08 451 1.06
: 47.6 7.0 735 82 241 2.02 6.30 49 1.05
I 1167] 69 30.0 66.5 079 18,1 2.94 5.32 553 1.05
75.8 9.8 62.5 075 [ 3.22 5.06 602
148] 53.7 32.3 72.5 082 161 2.28 5.5 A3 1.04
65.3 30.8 47.5 079 22.7 .78 5.3 537 1.06
n7ro] 3is 40 835 090 ~24.7 1.43 59 359 97
59.5 29 75.0 .08d 28.3 2.53 4.82 480 1.07
1188| 82 33.3 78.5 08¢ 3.48 5.14 e - ¥ B [R—
96.4 333 77.5 085 | ... 4. 5.26 857 | e
101.6 3z 78.5 oee | .. 4.33 4.9% .B70 e
189 58.2 ».o B1.5 087 .47 437 A50 | .
66.0 26.7 77.5 085 9.3 .80 4,25 470 1.07
69.4 5.3 80.5 .087 2.94 3.80 MAET | e
N0 874 2 80.5 .087 o 372 3.32 513
Ny N2 2 Fal 081§ .. 4.75 3.82 Y1 0 R—
1203] 23.4 55.8 109.0 A0 | 1.02 5.7% 356 |
43.5 3.9 110.5 106 . 1.85 .39 [T L —
1205 72 w3 7.5 079 1 3.06 5.25 BTN I
74 268 44.0 074 26.0 u 5.30 Sdd 1.08
1206 | 112 0 51.5 069 -15.3 4.67 4.80 .588 .93
e 19.5 53.5 069 6.2 4.92 4.7 .605 1.13
125 0 58.5 073 . 5.3 n .658
1226 241 52 93 098 -54.8 1.025 5.45 .335 R
39.4 2.67 100.5 A0 e 1.67 .30 078 0
1232( 20.8 56.0 83.5 0% =41 .885 7.9 312 .96
2.7 55.0 B8.0 094 =32 1.05 7.1 370 R
.o 54.5 ?1.5 095 1 1.32 6.90 A51 ]
[ 459 3.0 97.5 09 | 1.95 .35 037 wenens
53.0 349 Bé.2 11 S R .25 4.7 A93 ] L
1
| 93
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TABLE A-6. Doto Obtoined With A.156A Propellont.

Dirfnlnlion'lc" Loul part
Burning | Grawth requency af the
R « o |F P . 7
nu:. 5 [ ":::"‘Y "p’"i:" . rate :onsl_urf, m::: f G response
in/sec sec -'2 funetion
1227 L] 15 175 ddd | e 2.34 A28 0.220 | ..
1229 | 50.8 40 [ 1] .105 2.14 4.15 543
128 | 25 ns 68.5 .108 7.8 1.04 11.3 J66 | 1.08
35 100 738 109 35.0 1.49 9.65 936 | 105
1241 0.4 n 7.5 ad0 ] e 1.29 7.00 575 -
2.5 77 0.5 .102 1.38 8,45 1.7
4.0 47 7.0 100 - 1.44 1.65 406 | ...
M7 67 57.5 g0 ] e 1.47 1.50 619 -
154 A 50.5 102 - 1.50 7.80 K11
1242 | 36 85 u o072 ] .. 1.53 8.8 817 -
1243 | sS ad 1] 072 e .34 14.2 RL) .
1254 | 120 n 152 140 ) LA J35 Als | 1.0
1258 | 86 189 A48 . 1.48- . sn .
124 5.27
1256 | 159 ] 104 A | 474 1.06 594 -
1257 9 L 116 A ] e 08 5.05 A92 | e
20- 4 130 A28 | e .250- 975 078 e
3 1.40 4
1250 | 42 s 10 A e 1.79 v
1259 | 40.3 42.3 n 10 2.4 .71 4.1% ASd | 104
44.0 43.5% T0 107 -13.7 1.7 4.35 SN | oW
46.4 44.5 &9 107 bl ) 1.97 4.45 55 1.0
1260 | 56 - 80 PR 1 [ I S 23| ... e
75 Ly
1262 15.7 50.0 74 109 + .57 4.0 210
14.1- 50.4 74 109 ~0 &8 488 218 1.0
19.0 80 254
207 40.0 n 108 9.y . kR 7] 2211 .01
20 45,5 72 10 22.4 09 4.45 254- | 1.02
25 1.06 .30
1261 19.3 L L) 108 L1258 6.4 02 695 A9 | LD
43.4 57 [ 1] .M 27.0 .88 5.30 AE2 1 105
44.5 4.5 n A0 ~0 1.89 an 516 | 1.00
1264 .0 5.4 no 125 -~ a7 6.27 Al -
19.0 an.d 109 128 n 6.43 A0 | e
wn.o 3.5 10 125 . .5 6N A | -
1265 | 7).7 2.2 &0 Lol [ .13 1.62 622
” 9.4 1) 104 S .70 3.00 A8 | ..
94
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TABLE A-6. {Contd.).

Dimensionless Reol vort

r

Burning | Growth fraquency :nf '::

§:n L, in an:n:cy, Pf.:ll:l'l, .roh conu_om, m-r:..': ayw wre | response

. P Pl infawe (123 =2 function
1266 | 901 14.3 66 a0 | e 3.03 1.46 44 ]
94.0 14.3 66 Jd00 ] e 4.00 1.46 359 | e
104.0 19 66 s ] 4.42 1.94 527 e
107.6 15.4 61 a0 1 e 4.57 1.69 M2 ]
1267 ] 26 735 94 A8 7.6 1.10 6.25 508 1.03
7.6 60.4 90 BAH] 40.0 1.7 5.0 Add 1.05
1268 51.5 25.6 61 101 0 2.1% 2.87 .352 1.00
55.4 40.0 74 108 2.5 2,35 3.94 590 1.05
1269 | 80.9 42.9 78 a0 1 344 4.12 -3 —
1270 7 92 106 [ 17 T I 2 6.84 A
19 ar.s 103 123 8.4 8 6.62 A4S 1.02
12708 37 13.4 14 126 o .57 965 [ 7 I (-
40 16.6 119 B I I I 1.70 L AT e
44 14.3 141 A3 | e 1.87 .885 68 |
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TABLE A-7. Dato Obtoined With A-157 Propetlant.

Dimensionless

Burning| Growth frequency R::t::"
Run L*, in Frequency, Pra".uu, ) rote cmn_g[n, 7::.; L o7 | response
ne. cps psic in/esc sec m _rz funetion
1159 | 3.9 45 78 A7 7.3 1.34 3.84 393 1.037
1| 53 n 9.5 A1) . 2.25 3.2 L4685 [
163 | 241 §2.5 735 1S 1 | T 1.02 5.40 401 -
25.9 70.0 83.5 A0 | e 1.10 5.54 AR
11941 20 47 91.5 g s 1.28 .73 378 1.04
197 | 271 51.5 :1: 120 31.8 1.15 4.09 72 1.04
30.0 55.0 88.5 Jd20 32.0 1.28 4.3% A4l 1.04
KR &1 90.5 a0 ) . 1.34 4.85 KA I -
34.9 50 §7.0 120 38.4 148 .9 A83 1.06
39.0 50 835 120 7.0 1.66 1.9 523 1.06
1198 | 45.8 2.8 43.0 R 1 T - .94 1.48 278 e
1200 | &8 7.5 63.5 03 1 1.8% .97 LA99
73 33.3 60.5 Jd00 1 310 .72 S49 o
1202 | 66.1 36.0 72.8 A4 3.4 2.81 3.8 635 1.07
4.1 15.2 75.5 15 | e 315 1.4 94
79.3 n.o 58.5 098 o 337 3.9 A58
121 | 200 a5 98.5 Jd0 | e L 8.75 LT I
7.0 75 96 120 1.15 5.94 542
122 7.8 82 90.5 120 17.2 75 4.51 .88 1.0
26.2 1] %0.5 120 45.2 1.1 4.38 358 1.07
m3| 29 83.5 82 120 79 1.23 &.64 845 1.10
1214 | 70 333 41.5 <7 SR 2.98 4.25 X7 1 N .
1235 1 148 a5 85.5 Jw | . 1 6.7 P i1 3 R—
17.4 1] 84.0 g0 | 75 5.40 Ja21 -
18.7 &6 85.5 120 51.0 79 5.25 A5 1.04
20.0 1) 84.0 120 e .85 5.32 L3258 1.04
F1A &5 84.0 20 48.8 .50 5.18 388 1.04
2.9 X ] 831.5 120 46.8 .97 5.00 L384 1.05
I W] 55.5 84.0 .120 51.5 1.04 4.41 .363 1.03
B4 [ 83.0 .120 46.0 1.08 4.83 AW 1.05
».7 52.5 83.0 120 .2 1.24 4.7 A5 1.04
34 41.5 8e.0 120 1.34 4.88 S17) 0 e
39 5.0 85.5 120 o 148 4.68 S48 .
3.4 55.5 84.0 d20 | e 1.56 4.4 S43 )
3s.é 48,5 82.0 .120 1.64 3.8 500
1237 | 288 40.0 77.5 119 1.13 4.85 AW .
7.3 &1.0 78.5 5 1 2 I 116 4.93 Add s
8.0 7.5 78.5 R AL I IR 119 5,45 505 e
i X 57 79.0 Bl - 1.28 4.40 .52
3 50.0 7.5 a7 L6 1.32 417 AlS 1.06
32.3 5315 73.5 .15 3.2 .37 4.4 481 1.03
u0 53.2 785 19 - 9.7 1L44 4,30 AR K.J
384 48.9 78.5 N9 ».2 1.56 3.94 LAk0 1.04
39. 46.2 20.0 .120 31.9 1.68 366 488 1.04
43.6 46.3 76.0 a7 ne 1.85 3.87 537 1.05
45.4 49.1 73.0 Jd .93 41 5%
96
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FIG. A-l., Burning Rate for
Propellant A-35.
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FIG. A-3. Burning Rate for
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FIG. A-5. Burning Rate for
Propellant A-181.
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FIG. A-2. Burning Rate for
Propellant A-146.
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Propellant A-149.
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FIG. A-6. Burning Rate for
Propellant A-155.
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Appendix B

INSTABILITY TESTS ON CANDIDATE
BIG BOOSTER PROPELLANTS

Two propellants that had been designed for snd were candidates for
use in the large solid booster program were tested in both the L*-burner
and the low-frequency T-burner. They were not tested in the convention-
al T-burner because of the high metal losding in the propellsnts which
would csuse high-frequency oscillations to be completely sttenuated.

Testing in the L* burner wss more extensive than that of the "big
pipe" due msinly to the ease of testing snd the smaller amount of pro-
pellsnt used in the L*-burner. Instability was observed for both pro-
pellsnts with the bounds that are normally observed in this burner. The
propellsnts both behaved in what would be termed a "normal" fashion and
on this basls sre considered as being typical, i.e., nothing occurred
that would indicate that they would be more prone to instability thsn
any other propellsnt, The dats thst were obtained sre included in
Tsbles B-1 snd B-2.

TABLE B-l. Data Obtained With ANB-3105

Growth
Run Frequency, Pressure, constsnt,
no. L*, in. cps peia sac™1
1008 11.4 59 80 <0
1009 7.8 58 66 >0
8.7 53 70 -0
1010 13.6 44 48 >0
15.2 46 50 >0
16,7 44 55 <0
1011 25.1 39 52 -0
1012 25.1 37 50 -0
26,2 37 57 "0
27.9 39 67 -0
1013 17.8 43 48.5 "0
22.3 45 56.5 -0
1014 8.86 52 71.0 19.8
9.62 52 70,5 ]
10.4 51.6 70.0 -12.7
16.56 53.0 83.5 "0

929
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TABLE B~1. ({Contd.)
Growth
Run Frequency, Pressure, consta&t,
no. L¥*, in. cps psis sec”
1047 10.56 65.5 46 12.8
11.41 65.0 50.5 - 7.52
1048 1.7 75 73.5 vens
8.0 68 70.5 22.3
8.4 66.7 73.4 9.5
9.1 60.0 73.2 17.7
10.5 70 80.5 "0
1049 13.9 717.3 80.0 il.l
14.3 68.0 78.5 25.6
14.9 62.0 76.5 24.1
i6.1 60 70.0 14.7
18.8 58 72.5 -0
1050 6.1 55.5 57.5 17.6
7.5 54.5 67.0 =-21.9
8.4 58.0 71.5 ~0
1051 11.2 80,0 69.5 cens
12.1 70.0 bC.5 28.0
13.0 66.7 56.5 vaee
14,2 335 50.5 50.5
15.8 50,0 47.5 32.9
16.4 50.0 43.4 ceee
17.7 47.6 42.5 48.8
1052 26.3 40 39.5 32.3
28.2 40 40.5 18.8
1053 35,7 kK| 47.5 7.0
36.8 36.4 46.5 8.1
40.1 31.0 38.0 23.2
41.5 32.1 35.0 14.5
1054 20.3 22.0 25.5 21.0
21.3 25.0 29.5 18.5
22.4 26,2 33.4 22.1
25.0 29.2 7.5 vene
1090 21.3 60 71.5 22.6
9.7 62.5 71.5 -22.9
1092 11-31 T 160 vaes
i0y3 10 62 35 "0
1094 14.7 40 46.0 12.8
1095 20-33 veus 112 cvee
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TABLE B-2. Data Cbtained With ANB-3254 Propellant
Growth
Run Frequency, Pressure, constant
no. L*, in. cps psia sec”
1039 22.4 50 60.5 70
21.8 54 78.5 0
1061 ceen cees 87 cies
1062 8a0a SN 98 cies
1070 35 35.6 70.5 24.b
cees AN 100.5 RN
1072 38.5 30 50.5 -14.7
1073 47.5 33 67 -13.5
1081 27.8 40 67.5 e
26.4 37.5 70.5 ~16.3
30.7 1 62,5 29.5
1082 "35 41 67 -0
1083 “69 klyj 57.5 -10.9
1084 7.6 65 92.5 =25.7
1085 "12 55 68.5 -21.8
1086 -~ 7.2 15 105 33.0
1087 1.6 15 95 -29.0
1088 20.9 50 73.5 32.4
1089 =27 43 83.5 -18.2

LOW FREQUENCY ACOUSTIC TESTS

Seven tests were conducted in the 5.5-inch T-burner rsnging from
15 to 250 cps. The pressure control system wgs progrsmmed to provide
for a progressively incressing pressure during burning of the propellsnt.
The high burning rate of these two propellsnts resulted in s tendency
for the relstively grest volume of combustion products to override the
pressure control system snd to create a burner pressure-time history
thst deviated considerably from that which wes desired, No oscillstory
behavior was observed which could be assigned to combustion-driven pro-
cegses, except In one test with ANB-3254. Some mild oscillstions were
ohserved in nther teste which appeared to be caused by vibration of
pressure transducers or induced by the pressure control apparatus. Test
informstion is detsiled in Tsble B-3.

CONCLUSIONS

As a result of testing these two propellants, it was concluded that
the possibility of either of these propellsnts experiencing pressure
coupled acoustic instability or nonscoustic instsbility in the 260-inch
motor configurstion would be rather remote. The possibility of velocity

101




NWC TP 4478

coupled instability waa not tested for and cou'd not be ruled out. How-
ever, althougn the poaaibility of thia type of Instability occurring
exists, it waa considered unlikely in the 260-inch configuration.

TABLE B-3., 5.5-inch T-Burner Tests
Preaaure
Burner |Pressure| range
Propel-| Test | length, | range, of Osc.
lant ne. ftr psig psig Freq. Remarka
4820 12 20-63 “ee - Low amplitude signal
" 250 cpa at end of
burn
ANB 00
1105 4776 24 24-70 . > Low amplitude 300 cpa
signsl above 25 paig
4777 24 0-35 “es + (May be trsnaducer
scting up)
4821 6 0-72 55-72 250 | Small amount of high-
er frequency preaent
ANB 4819 12 40-90 tes Stable| Poor preasure control
3254 4778 24 30-63 000 Stable| Poor preasure control
4818 48 0-55 oog Stable| 2nd mode in last por~
tion of teat-probably
due to alr controller
102
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