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Abstractl

This repori{ summarizes cxperiments and analysis concerned with sandwich
and cast compesite snlid propellant combustion. The ingredients used in the
experiments are ammonium pershlorate as the oxidizer, hydroxy terminated
polybutadiene £s the binder and four catalysts: Harshaw catalyst CU-0202,
Fe203, ferrccene and iron blue. Cinephotomacrography and the fuze wire tech-
nique are used for combustion visualization and burn rate determination.
Scanning electron microscopy is used for quenched sample visualization.
Arcas investigated are a) snalytical and experimental determination of
synergistic catalytic effects in sandwich and propellant combustion, b) the
loading of ferroceie intc the binder at the mole;ﬁlar level ard its effect

on sandwich combustion, ¢) differential scanning calorimetry of catalyst

laden binder and d} analysis of sandwich deflagration.
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I. Introduction

This report summarizes effurts of the second year on contract ONR No.
NOO14-67-C159-0016. Prior results were concerned with the sandwich config-
uration and the individual effects of the catelysts Harshaw catalyst CU0202,
Fe203, ferrocene and iron blue. This year's effort consisted of both sand-
wich and cast propellent investigations to determine a) possible synergistic
catalytic effects whereby for the same total loading of catalyst the effect
of two catalysts would be greater than either one alone and b) the behavior
of a unique type of ferrocene loading at the molecular level into R-45
prepolymer. Differential gcanning calorineter studies were also performed
on catelyst laden hydroxyl terminated polybutadriene (HTPB) binder. Analysis
was conducted to explain synergistic catalytic effects and to improve on a
previous model of sandwich deflagration.

The remsson for investigating synergistic effects is that they were ac-
cidentally discovered on the prior year's program. Incorporation of this
effect would allow the propellant chemist more flexibility ir propellant
formulation. The investigation of loading of ferrocene at the molecular
level was motivated by prior conclusions that physical loading of catalyst
into the binder is a poor wey to obtain catalysis. The differential scan=-
ning calorimeter work was motivated by prior results that catelysts did
not appear to change the pyrolysis mechanism of the binder; a contirmation
was desired in other than a deflagration situation. Thc analysis was re-
gquired as an aid in reasnning the significance of the experimental reswlts

and to gseeto what degree a sandwich analysis may be used for a cast come

posite propellant deflagration analysis.
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I1. Determination of Possible Synergistic Effects

a. Two-Dimensional Composite Solid Propellants

Two-dimensional composite solid propeliant sandwiches were used to in-
vestigate the optimum location and the extent of the catalytic action of
four possible burn rate modifiers.(l) Both the location and the compounds
were varied independently. During that investigation it was determined
that if one catalyst was added to the oxidizer prior to compaction of the
disk and another effective catalyst was added to the binder, there was a
net increase of the burn rate over that of the sum of the independent
actions of the catalysts. This compined effect is denoted as a gynergistic
effect on the burn rate. The current study has systematically investigated
this positive synergism for all combirations of the same four compounds.

The two-dimensional composite solid propellant sandwiches were pre~
pared by the method ocutlined in Reference ? from disks of polyecrystalline
oxidizer and layers of binder. The disks were pressed from crystalline am=-
monium perchlorate (AP) ip a mold at 30,000 psi. The disks were assembled
into multi-layered sandwiches by bdinding them together with layers of hy-
droxyl terminated polybutadiene (HTPB). The thickness of the binder layer
was maintained at 150 um during the curing process by using Teflon spacers
and spring loasded sample clamps.

The four compounds investigated were Harsbaw catalyst Cu0202, (CC),
ferric oxide, (I0), iron blue, (IB), ard farrozenc, (F). Harshaw catalyst
Cuc202 is a comroreially svalisble eatalyst. Tt is a mixture of approxi-
mately 827 cupric oxide, CuC, and 17% chromic oxide, Cr203. It is used

in accelerating both oxidation and reduction processes. It is commonly

referred to ag copper chromite. Ferrie oxide, Fe203, exhibits, as do most




transition elenent compounds, a high degree of catalytic activity. It is
used primarily for oxidation processes. Iron blue is commericelly used as

a pigment. 1t is a compicx ammonium iron hexacyanoferrate with the chemical
formulsa, Fe(NHh)Fe(CN%S. It has a cubic crystalline structure. The iron

is present as both ferric and ferrcus ions in the lattice. Ferrocene is an
organcrietallic compound with the chemical neme, biscydopentadienyl iron,
(02P[5)2Fe. It is a yellow crystalline solid with relatively high thermal
stebility for an crganometallic compound.

The samples ware prepared with constant volumetric loading of the
compounds based on an addition of 2w# to the oxidizer. This amount of
catalyst was added to the AP prior to gri: 'ng and pressing and h.37w) of
catalyst was added to the HTPB.

The cured oxidizer-fuel sandwiches were cut into 8 mm by 4 mm samples.
These prepared samples were mounted in tle pressurized combustion appeva-

(3)

tus of Jones. Motion pictures of the burning sample were obtained at
a rate of 1600 frames per second at a latentimage magnification of 1:1 and
2:1. These mofion pictures were used to obtain an accurate value of the

i sample buruing rate. The sandwich vertical burn rate and the burn rate
normal to the oxidizer surface, as defined in Reference (1), were obtained

for all combinations of the four catalysts along with suitable base line

cascs at the same volumetric loading in the binder and oxidizer at & com-

bustion pressure of 600 psia.
The tabulated results for the determination of possible synergistic
; effects are shown in Table 1. The base line comparison cases for a single
catalyst present were for 2wl of catalyst added to the AP and H.37w% of

catalyst added to the HTPB. This gave a uniform volumetric loading of
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catalyst across the binder-oxidizer interface of the two-dimensional
sandwiches. The total weight of the catalyst was maintained constant for
the combinations of catalysts. OCne welight percent of one catalyst along
with 1w} of another catalyst was added to the AP and 2.2w% of each catalyst
was added to the HTPR. The results cbtained for the base line cases of
single catalysts added to the sandwiches are in agreeum=nt with previous
data.(l) It must be noted that the comparison cannot be exact since in

the previous investigation(l) the catalyst loading was discontinuous across
the binder-oxidizer interface, but in previous experiments catalyst in the
binder was shown tc be ineffective.

Ferric oxide, iron blue and ferrocene, when used alone, were burn rate
inhibitors for AP at 600 psia.(l) The burn rate normal to the oxidizer
surface was less than that of the uncatalyzed AP. This is also true in
Table 1. When these proven irnhibitors of the AP deflagration process were
used in combinations with the same total mass of catalyst present, the burn
rate normal to the oxidizer surface was increased over that of the un-
rcatalyzed AP. This was noted for the I0-IB, IO-F and IB-F systems,Harshaw
catalyst Cu0202 incressed the AP deflagration rate when used alone at 600

psia. All combinations of Harshaw catalyst CuC202 with the other three

! © compounds exhibited a gynergistic effect on the AP deflsgration rate even

though three of them acted as inhibitors when used alcne.

The maximum sandwich burn rate (.54 inches/sec) has been obtained with
the combination of Harshaw catalyst CuN202 and ferriec oxide. The largest

synergistic effect (burn rate change as compared with either single cata-

e bt o

lyst alone) has been seen for a ferric oxide and iron blue mixture with a

burn rate of .51 inches/sec. All combinations of catelysts did give some

ok




degree of positive synergism of the sandwich vertical burn rate. For the
combinations with Harshaw catalyst Cu0202 only ferric oxide was abie to
clearly increase the burn rate above that of Harshaw catalyst Cu0202 alone.
All cnmbinaetions of ferrocene in this corfiguration yielded relatively low-
er sandwich verticzl burn rates.

Considering these results, the most promising two combinations of
catalysts, Harshaw catalyst Cu0202 - ferric coxide and iron blue = ferric
oxide were chosen for testing over the pressure range of 300 to 2000 psia.

The results for the Harshaw catalyst Cu0202-ferric oxlde usystem tests
are ghown in Figure 1. The maximum effect is at 1500 psia. Both catalysts
were equally effective in catalyzing the burn rate when used alcne. When
half of one cetalyst was replaced by the same amount of the second catalyst
the burn rate doubled. The sandwich vertical burn rate and the burn rate
E normal to the oxidizer surface both exhibited positive synergism over the

entire pressure range.

it o

For the iron blue - ferric oxide semples the results were not as clear.

Q They are shown in Figure 2. The maximum positive effect oceurs at 600 paia .

It is not conelusive at 1000 and 15CC psig that a positive synergistic ef-
f fect has been obtained, since the combined calelysls produce a burn rate
i that lies btetween the burn rates obtained for a single catalyst present.
A negstive effect has not been produced, i.e. the burn rates have not been

inhibited. Within the experimental accuracy of the test the burn rate nor-

mal to the oxidizer surface for the combined catalysts loading has followed
the burn rate for ferric oxide.
As in previous tests the separation between the dashed and solid curves

is represcntative of the amount of catalytic activity taking jplace in the
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binder-oxidizer reactions. The tests that showed large positive syner=
gistic effects, Harshaw catalyst Cu0202 and ferric oxide at 1500 and 2000
psia, and iron blue and ferric oxide at 600 and 2000 psia, also showed sub-

stantial increases in this separation of the two hurn rates.

b. Cast Composite Propellants

Maintaining the same volumetric loading of catalysts as for the two-
dimensional sandwiches, three=dimensional cast composite solid propellant
strands were prepared to see if this synergistic effect would be carried
over to the real cast propellant. These strands were prepared from & com-
mon lot of uncured composite propellant with an 83%/17% solids to binder
loading. The oxidizer was chosen to have a bimodal ammonium perchlorate
particle distribution of 30% 40 um and 70%, 180 um. The binder was hydroxyl
terminated polybutadiene. Burning rate data are available for this un-
catalyzed propellant.(u) It was similar to propellant #78 in the Princeton
University test series. The catalyst was added to the uncured propellant
at a weight percent of 2.41. This would give the same equivalent volumetric
lnading as in the sandwiches.

The strands were cast in teflon molds and all samples were cured for
the same length of time. The strand size was .25 inch by .25 inch by 1.7
inches long. The burn rates were obtained by & fuse wire technique(h)
using seven, % ampere (~ .010 inch diameter), wires inserted in predrilled
holes which were spaced .2 inches spart. FEach fuse wire was connected in
series to & 10 K[ resistor. These seven resistors were connected in par-

allel with a 57 KQ resistor across an 18 volt tattery power supply. As

each fuse wire burns through the equivalent resistence increases and the
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voltage is recorded on an oscillograph.

The strand with fuse wires is shown in Figure 3. It is mounted on
the bas of the combustion bomb. A suffieient nitrogen flow is passed
over the sample to prevent reeirculation of the hot gases that can cause
premature melting of the fuse wires. This nitrogen flow has varied
from .7 to 1.4 ft/sec. The most stable results were cbtained at the
higher flow rates. Sample oscillograph traces are shown in Figure 4 for
an uncatalyzed strand and one with ferrie oxide added to the strand.

The burn rates for the addition of the two most promising combi=
nations of catalysts as determined from the two-dimensiongl composite
s0lid propellant tesl are tabulated in Table 2. These strands of pro-
pellant were burned at 600 psia. For the combination of ferric oxide
and iron blue, the burh rate is between the burn rates of the samples
with only one catalyst present. The ferric oxide - Harshaw catalyst
Cu0202 system showed a reduction of burn rate below that of either of
the two catelysts used alone.

The burn rates do not compare frvorably with the results obtained
in Teble 1 for the two-dimensional sandwiches. The burn rate for the
uncatalyzed strands agree with the Princeton data. The stoucturegl strength
and elasticity of the samples containing both Harshaw catelyst CuQ202
and iron blue were considerably different from the ferric oxide and pure
samples. The ferric oxlde and pure sauples wvere softer and more easily
removed from the mold while the samples containing iron blue and Harshaw-
catalyst Tu0202 were brittle and exhibited several tests with very rapid

burning. Thesc tests were not considered in the preparation of Table 2.
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b) AP-HTPB 2.41w% FERRIC OXIDE .

FIGURE 4. OSCILLOGRAPH RECORDS FOR TWO STRANDS.
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These cast propellant samples were initially prepared to contain on
average the same volumetric loading of catalyst as the sandwiches. But
for the cast propellants all of the catalyst is suspended in the binder
matrix, which constitutes 17wl of the sample. Since 2.41w} of catalyst
was added to the cast propellant samples, the binder matrix econtains

14 .2w} of the catalyst. The binder matrix for the sandwiches contained
4.4% of catalyst. This increase of catalyst in the binder effected the
cure and the strength of the binder. This high catalyst loading in the
binder may be sbove the amount required for maximum burn rate augmen-
tation. It was Jdetermined earlier(l) that the addition of the catalyst
directly into the polycrystalline structure was more effective than addi-
tion te tne binder. If the catalyst could be distributed in the oxi-
dizer erystalline structure Lo give the same volumetric loading as in
the sandwiches a more realistic comparisor could be made. This would
require a development of a n.w ammonium perchlorate production technique.
It may be possible to estublish the existence of a synergistic effect

in cast propellants if the total catalytic loading in the binder is re-
duced to a more comparable level with the two-dimensional sandwiches,

This approych will ve followed in future errorts.

IIT. Indian Head Ferrucene

It had been a prior conclusion(l)’ (2) that crystalline catalysts
physically loaded into the binder were ineffective in augmenting sand=-
wich deflagration rates. The apparent reason is that with the caialyst

in the binder the diffusion of crystalline matiter, once it is released

into the gas phase, toward the hot AP is toc slow to augment the binder-oxidizer
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reactions fast enough to increase heal [(cedback to the sandwich surface.
Furthermore, the dispersion of caralytic material must be greater for &
substarce dispersed at the molecular tevel rather than at a mecroscopic
erystalline level. TFollowing this hypothesisg, it *would be desirable to in-
troduce the catalys. in molecular rather than crystalline form, once the
binder had pyrolysed to the ges pheze. The diffusion of gas phase molecules
should be faster than crystallinc particles.

It was learned that the Naval Ordnance Station at Indian Head,
Maryland was working in the area of chemically loading ferrocene into R-U5

(5)

polymer. Indian Head supplied some of the polymer with 5% Fe by weight
in the polymer. Due to an advanced state of cure of the recrived material
work with this substence was limited, but one sandwich was prepared with
this material.

Figure 5 shows scanning electron microscope pilctures of quenched sam=
ples burned &t 1000 psia. One sample shown is from prior work with the
vrystalline ferrocene in the binder alone and the other sample is with the
Indian Head ferroccne. The striking effect of the chemically loaded ferro-
cene is the depression of the AP in thne vicinity of the oxidizer-binder
interface. This is interpreted, as shown by many past results, es increaged
chemical rates between the vinder and oxidizer for the Indian Head binder as
compared with the bindcr with crystalline catalyst. Because the AP is not

flat (horizontal) the vertical burh rate of the sandwich had to he greater

with the Indian iead binder. This result is cousidered to confirm the

hypothesis of molecular diffusion and greater digpersion as explained sbove,
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effectiveness is poor when the catelyst is loaded into the binder, and
there has been no evidence tha* catalysts increase the binder pyrolysis
rate, it was desired to check these conclusions by differential scanning
colorimetry applied to catalyst-laden binder. The apparatus used was a
Perkin-Elmer Differential Scenning Celorimeter, Model DSB=1B, and the
procedures used were identicel to those of Pef. 6. The binder used was
HTPE anc two catalysts, irou blue ind ferrocene, were investigated. The
nominal weight of each samp.e was 5 mg. and the amount of catalyst load-
ing was consistent with ti:at used in the sandwich deflagration tests,

L b

18
j IV¥. Differential Scanning Calorimetry
3 Sinecs prior sandwich results led to the conclusion that catalytic
ﬂ The DSC unit measures the difference in power reguired to heat two
samples, one inert and nne containing the decomposing sample, through
a prograrmed temperature rige., Sample graphs, shown -n Figure 6 are two

% HTP2 runs at a scan rate of § K/min. Tis figure shows the reproduc-

ibility attai%able between runs. The heat of gesification is

q . Ff L]
g=;Qat =¢J Q (1/d7/dt) dt where T, is the temperature at which gasi-
. c T
E. fieatiun for gure HTPE are shown in Table 3. In Teble 3 there is a high

degree of data scatter but an ummistakeable trend of heat of gasiri-
cation with scan rate depe.dent. A plot of g v.s. l/scan rate is given

in Figure 7. A line through the most consistent set of data (H1PR-IB)

shows an cxtrapolation to infinite scan rate of q = 265 cal/g. This
should be compared with 433 cal/g obtained in Ref. 7, which was obtained

at heating rates comparable to those found during propellant deflagration,
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Table 3

Heat of Gasification for HTPB and HTPB - catalyst

Scan Rate (K/min) Binder No. of Tests q (cal/g)
20 HTPR i 328
10 HTPB 3 518 = %é
2 HTPB 2 735 £ 159
20 HTPB-IB 1 345
10 HTPB-1IB 5 u1s ¢ 329
5 HTPB-1B 1 584
20 HTPB=F 1 285

which are orders of magnitude higher than may be found with the DSC unit.

The primary conclusion, however, is that within the datz scatter there ap-

pears no definite effect of IB or F on the heat of decomposition of HTPB.
Figures 8 and 9 show the actual traces for pure HTPB and HTFB-IB at

scan rates of 10 K/min. The catalyst has very little effect upon the teme

perature at the onset of decomposition activity. There does appear, however,

to be a minor effect of IB in smoothing out the roughness near the peak of

the decomposition activity. Nevertheless, the overall temperature width

of activity and the heat of gasification is affected in only a minor way.

The same conclusion may be derived from the HTPB-F run.

V. Analytical Efforts
Two major enalytical efforts have been conducted during the current
year. One task concerned an explanation of synergistic effects and the
other concerned an extension of a previous sandwich deflegration analysis.(s)

During the course of extension of the sandwich analysis, two major items

were discovered: a) the solution procedure used in the previous effort was
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in error and b) an improved solution could be found for the solid phasze

heat transfer problem. As a consequence it was found that the sandwich
burn rate, which could not be found with the old procedure, appears as an
eigenvalve to the problem. The restricted problem of an inert, dry binder
adjacent to deflagration AP was therefore solved by the new procedure., The
details are located in the Appendix.

Synergistic effects were firat treated by insertion of two catalytic
reactions in the chemical kinetics scheme of Ref. 9 for deflagrating AP.
It is believed that the details should not be presented here because it
nay Le construed that these catelytic remctions are being proposed as actual
catalytic mechanisms; whereas, they were only introduced a8 & plausibility
argunent for synergistic effect. The plausibility argument which is pree-
sented here encompasses all of the results that were obtained from the AP
deflagration model without confusing the igsue with AP details.

To explain the results of the AP catalysis model on & simple basls the

effect of two catalysts on the reaction rate, R, may be modeled sz follows:
R, =R f(Y, ) £5(Y, ) (1)

1 2

or R, =R, + gl(Yc )+ ge(Yc ) (2)
1 2

where the f's and g's as functions of the catalyst mass fraction, Y,s are

shown in Figure 10. Equations (1) and (2) merely represent twe functional

assumptions which yield expected behavior with respect to each catalyst.

There is a general rise in rate with catalyst loading to a maximum, and a

fall off in rate to zero must occur as the catalyst, which ig in inert,

saturateg the propetilant. Since the burn rate is roughly proportional to
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the square root of the reaction rateslo) Egs. (1) and (2) yield the two

options for the burn rate:

L
2

D

r,® KR,° r, = KRy (3)

where K is some constant, As long as the shape of the rate curves in Flgures

10a and 10b is as shown, the following conclusions are valid:

a) r{Y ,¥Y )>r(Yy ,0 orr{(0,Y ) forY sY
& % ¢ ) ¢ Chpax

and b) T ° r(Ycl R Yco ).
max ~ max

In this case the addition of a second catalyst will always augment the rate
gbove what may be accomplished with & single catalyst. Moreover, for &

fixed total mass of catalyst,
Y + Y = Q,
and lor equally effective catalysts so that
Hh=forg =g

riY¥ ,ec=Y ) >r(e,0) or r(0, ¢) ,
¢y ey

as long as

Therefore, with the appropriate restrictions, this simple demonstration
shows that the presence of one catalyst augments the effect of the presence

of another catalyst. This is a synergistic effect upon rate. Of course,
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this is only a plausibility ergument and no claim is being made that this

is the actual mechanism or that Egs. (1) and (2) are generally valid.

VI. Conclusions

1. All possible combinatiuns of the four catelysts investigated exe
hibited a positive synergistic effect on the sandwich vertical burn rate
when tested at 600 psia and a constant volumeiric loading hased on a total
of 2w} addition of catalyst to the oxidizer.

2. The maximum sandwich burn rate at 600 psia was obtained for the
combination of Harshaw catalyst Cu0202 and ferric oxide. When these samples
were investigated over the pressure range of 300 to 2000 psia, the maximum
synergistic effect occurs at 1500 psia. There was a positive synergistic
effect over the entire pressure range.

3. The maximum synergistin effect with the two-dimensional sandwiches
at 600 psia was obtained for the iron blue and ferric oxide combination.
This combination was not as effective as the Harshaw catalyst Cu(202 and
ferrie oxide over the entire pressure range.

4. The cast compusite propellant strands uid not exhibit a positive
synergistic effect when tested at 600 psia.

5. It is suspected that the heavy catalyst loading is responsible
for the sbsence of synergistic effects in the cast propellants. A lower
oversll ioading should be investigated.

6. Fromn testing of ferrocene loaded into R-45 polymer at ihe molecular
level it is concluded that molecular loading of a catelyst into a propel-
lant is superior to physicel loading of a crystalline material, as sus-

pected from previous sandwich testing.
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7. Differential scanning calorimetry of iron blue and ferrocene-loaded
HIPB confirms earlier conclusions that these catalysts do not modify the
pyrolysis mechanism of the binder to an appreciable extent.

8. For dry inert sandwiches analysis indicates tﬁat in the pressure
range of 20 to 100 atm the sandwich should burn with a nearly flat surface
and very close to the AP deflagration rate, as has always been observed for

uncatalysed sandwiches with even wet binders.
9., A sharp slope digcontinulty is predicted at the binder=-oxidizer

interface for dry binders, as has been seen experimentally for catalys~d

sandwiches.
10. For typical particle sizes of the order of 20 um and larger the

gsandwich analysis can form the basis for a composite propellant deflagration

theory, if the binder ias dry.
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SOLID PROPELLANY SANDWICH DEFLAGRATION
ANALYSIS

Warren C. Strahle*
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ABSTRACT
;

A theoretical solution has been obtained for the shape of & deflagrating
ammonium perchlorate surface when it is adjacent to an inert, pyrolysing, dry
binder. The eigenvalue, the regression rate, is shown to be independent of
binder type and very close to the burn rate of pure AP, as has been experi-

mentally cuaarved. A slope discontinuity of the surface should exist at the

binder-oxidizer interface and typical binders should incline very near to 90°

to the nearly horizonta. AP surface, at the junction of the two. The transi-
tion from AP to binder should take place on & distance scale of the ordes of

microns and all results are quite insensitive to pressure level.
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NOMENCTATURE

g+ QqRYF

pyrolysis law constant of vapor pressure constant
dimensionless pyrolysis law constant or vapor pressure constant

solid phase specific heat
specific beat at constant pressure for gas phase

flame standoff distance
deviation of ¢ from planar AP case
activation energy

T/To

deviation of temperature from planar AP case

solid phase temperature perturbation constants

preexponential factor in reaction rate law

dimensionless preexponential factor in reaction rate law

constants in eigensolution

coordinate normal to the solid-gas interface directed towara
the gas phase

pressure

reaction integral defined by Equations (18}

exothermic reaction heat in gas phase, endothermic in s0lid phase

universal gas constant

Reynolds number

burn rate and regression rate normal to surface, respectively
temperature

gas velocity in y direction

|
j
!

TP -
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Subscripts

Superseripts

production rate of NHS

coordinates
perturbed y position of solid surfacc

mass fraction of species k

deviation of mass fraction from planar AP case
1+ (ay /ax)®

thermal diffusivity, A/pe

inclination angle of binder

dimensionless activation energy, E/RT

cs/cp

thermal conduciivity

cpks/cslg

density

inelination angle of solid AP surface

binder 9

flame temperature

"

gas phase
cold solid
solid ph:ise or surface

quantity evaluated at flame standofi position

quantity cvaluated for the one-dimensional AP deflagration




3k

ordinary derivative with respect to x
* dimensional quantity

A solid phase perturbation function
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INTRODUCTION

A substantial number of experimental investigations of composite solid
propellant ingredient behavior have dealt with the sandwich configuration
(1-8). By a sandwich is meant a slab of oxidizer, usually ammonium perchlo-
rate (AP) in the cited investigations, adjacent to a slab of polymeric fuel.
This two-dimensional configuration is an important experimental configuration
for the study of phenomena taking place near the binder-oxidizer interface
during a deflagration process. By removing the difficulties of viewing the
interface details in a real three-dimensional composite solid propellant,
much information has been gathered concerning the behavior and existcnce of
binder melts, catelytic additives, the relative importance of AP-binder reac=~
tions in driving the deflagration rate, fluid mechanical instabilities during
deflegration, and the behavior of atuminum when placed into the sandwich.

In contrast to the many experimental studies there have appeared no
analyses of the sandwich deflsgration process with AP oxidizer which had as a
goal the prediction of the actual shape of the gas-condensed phase interface
Bakhman and Librovich(g) theoretically investigated a semi-infinite slab of
oxidizer adjacent to a semi~-infinite slab of fuel, but the oxldizer was not
assumed to be capable of self-deflagration. Nachba:ilo) investigated a peri-
odic, two-dimensicnal array of oxidizer and fuel slabs as a model of an act-
ual propellant. The gosl was to predict a mean deflagration rate without pre-
dieting an actusl achieved two-dimensional surface shape. Again, the oxidizer
was assumcd incapable of self-deflagration.

The need for an analytical model capable of prediction of the surface
shape for an AP oxidized sandwich becomes apparent when trying to reason the
behavior which is experimentally observed. Even in this two-dimensional con-

figuration the problem is highly complex due to a) the appearance of binder
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delts, b) threc phase heat transfer and onc phase (perhaps two phase) mass
transfer, c¢) two-dimensional heat and mass transfer, d) non-linearities in
the governing equations due to at least chemical reaction and an unkncwn sur-
face shape, e) multiple chemical reactions and condensed phase reactions,

f) a mathematically elliptic problem in an infinite region and g) the appear-
ance of an eigenvaluc - the deflagration rate. Under these difficulties an
attempt to reason on a qualitative basis, given experimental information, is
hampered by the lack of some computational framework and predictive capa-
bility.

A previous initial step toward providing a theory of the sandwich de-
flagration process(l3) failed to yield the burn rate as an eigenvalue of the
problem. Furthermore, an analytical error has been discovered in that treat-
ment and the results are consequently in error. The current treatment cor-
rects the error and recovers the burn rate as zn eigenvalue of the problem
by a more complex solution of the problem.

From a practicai standpoint there are two major reasons for treating
this problem. The first is to obtain an idea of the distance scales in-
volved in the problem. That is, how far do the influence of the binder and
oxidizer penctrate into each other? If these distance scales are small
enough, this interface theory may be used in theory of an aciual propellant.
Secondly, the actual burn rate is desired. Is the influence of the binder
on the self-deflagrating AP strong or weak? The current analvsis addresses

thase issues.
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ANALYSIS

Model Construction and Assumptions

Given the complicated nature of the problcem, a model is first sought
which uses available expcrimental information liberally but which still does
not overly restrict the model in interpretation of experimental results.
Accordingly, the initital model uses the following cbservations:

a) Far from the binder-oxidizer interface the AP regresses as pure AP.
Furthermore, for binder thicknesses of the order used in some of the ex-
perimental studies (a 150 pm) there is little effect of one side of a sand-
wich upon the other side even when dissimilar materials are used. There-
fore, the initial model development is concerned with a semi-infinite slab
of AP against a semi-infirite sleb of binder.

b) A steady state is achieved experimentally with AP oxdizer. Conse-
quencly, time dependencc is assumed absent,

¢) For uncatalyied sandwiches the experimental results show very little
effect of the binder-oxidizer reactions upon the surface profile. That is,
the heat feedback from the binder-oxidizer reactions does not drive the ovar-
i all deflogration rate; the AP self-deflagration is responsible for the over-
all deflagration rate at pressures removed from the low pressure deflagra-

tion limit and below 2000 psia., The initial model is therefore constructed

3 assuming binder-oxidizer rcacticns tc have negligible rate. This does not

: | mean that a diffusion flame between the binder and oxidizer is abseni, dut

R N

it means thiz flame is not ¢lose enough to the interface to play a role in
the deflagration behavior. Furthermore, the effect of catalysis is not trecat-
[ : ed.

The initial modcl therefore asks the question of the surface shape
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attainel by a semi-infinite slab of AP which pyrolyzes a ¢-~mi-infinite slab
of binder. TIosed in this manner it is immediately recognized that the prob-
ler has neither a unique sclution nor a sceady solution because a) the final
shape would depend upon the geometry of ignition and b) it would take an in-
finite time to establish a steady profile in a semi-infinite slab of inert
binder. The ignition problem i8 seen by imagining two cases - one in which
ignition is achieved by & line heat source (say an ignition wire) and a sec-
ond in which ignition is achieved uniformly over the entire AP surface. In
the firat case the AP would take on the shape of ever-increasing circular
radii from the ignition point. In the second case the AP would deflagrate

in & planar fashion except in the vicinity of the binder. However, these
comments neglect the fact that the inert nature of the binder may affect the
shape attained by the AP, even far away from the binder. Surely, at long
enough time the profile in the interface vicinity will have become shape-
invariant, but it is not obvious that the AP will be horizontal (assuming
top-to-bottom deflagration). 1In fact, this is to be determined by the solu-
tion. Concerning the binder, it appears clear that after a sufficiently long
time the processes in the interface vicinity will not depend upon processes
teking place at a large vertical distance from the interface. Consequently,
locsl steadiness may be presumed, as, in fact, experimentally occurs.

For this initial model the ebsence of binder melts will be assumed. The
Jinits of validity will then be determined by comparison of the model and
experimental results. For the AP deflagration process the Guirao-Williams
modcl(ll) is accepted with an equilibrium assumption for the gas-solid (or
viscous liquid) AP interface. Some minor modifications arc introduced into
this model ror computational convenience; these will be described below. Use

of this model will restrict the sandwich theory validity to the pressure
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ranga 20-100 atm, because there is no AP theory capable of an explanation of

ooserved phenomena above 100 ailm and Lhe low pressurc deflagration limit of
AP ogeurs near 20 atm.

Other usual assumptions are made to simplify the analysis which, while
thev lead to numerical error of order unity, do not alter significantly the
scaling rules developed with respect to other variables. These assumptions
are: a) the thermal and transport processes of the solid AP and binder are
identical, b) .he thermal and transport properties of all gas phase species
are identical, ¢) the lewis number is everywhere unity in the gas phase,

d) the deflagration process takes place at constant pressure, e) heat con-
duction and mass transfer take place by temperature and concentration gra-
dients, only, respectively, and thé transport coefficients are independent
of temperature in both the gsolid and gas phases. A final major assumption
is that on any vertical line parallel to the binder-oxidizer interface the
pv product (density times velocity) is that as determined in the solid phase
and all lateral velccities are zero {strictly true in the solid phase). This
is in the spirit of the Burke-Schumann approximation as expounded in Refer-
ence (2). This does yield error in convection effects upon heat transfer,
but exact treatment of the problem appears too complex at the present time.

The configuration is shown in Figure 1, in which the coordinate system
is rendered stationary by a translation of the interface in the y direction
at the rate r. Under the stated assumptions the equations for solution and
the boundary conditions are:

(fas Phase Spceies Continuity

* *
* 3" F 3 F 'R %
M lTwmtTwmF ot e -w (1)
& (Bx 2 Ay 2)> ay* -

L
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Rate lLaw % %
x o x2 -E/R'T
wp = -k Yge

Gas Phase Heat Transfer

1\* (aer.r_-* aET*) * *c* aT* * *

g ax*2+ay—*2=pv Pg
Solid Phase Heat Transfer

N (ﬁ . ﬁ'i): RN 3T
e ax*2 ay*2 g ay*

Boundary Conditions

Tp(%y%) =0 Yo(-=y) = To(3)
* * * -
T (x,-®) = T, T (-=,¥) = T (y)
* * ¥ ¥
T (=,¥) = T T (x,%) = T
-E_/R'T
* ...n-zu-' . 3y 8
r. = g = bye
% ar" * % * 37"
A — T pal . Qo + A —%
- 8'n"s g ..¥
on 'S_,_ an Ia
oY
* ¥ * *
oD’ —& = -pr, (3 - Y )
on s+, AP
*D* aYB e
P an*l Ps™n Bs
5+, AP

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10}
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* *

-E_ /RT
; sF 5
(11)

*

¥*
7" continuous, VT continuous within a phase (12)

The products of AP gasification are assumed NHB and HClOu which are assumed
identical molecules for mass transfer computation. k* is a rate coef-
ficient for the assumed second order reaction; as written in Equation (3)
X is not a fundamental preexponential constant but already hes molecular
constants and a factor p*2 gbsorbed into it. The factor 2 in front of
q;w; in Equation (4) oceurs because q; will be quoted per unit mass of AP
ragther than per unit mass Nﬁé' The equilibrium interface on AP is spe-
cified through Equation (10). The formulation, as far as the AP defla-
gration process is concerned, differs from that of Reference (11) in the
following respects: a) no dilution of the NH3 and HC10) is assumed at tht

solid-gus interface, although it is tacitly accounted for by the choice

*

ofpalauskprs L6 95: 1) caleulations are simplified by taking the molecular
weight of all species to be the game. The constants k* and b; will be so
chosen to recover the same burn rate and surface temperature results as
in Reference (10).

Equation (7) is the pyrolysis law for the binder, Eguation (8) is
the energy conservation law at tht solid-pgas interface, and Equations
(9) and (10) arc the interface diffusion laws. Note in Equation (8) thst
q; undergoes a discontinuity at the binder-oxidizer interface and Equa-
tions (9) and (10) are only valid on the AP side of the interface. Shown

in Table 1 are typical values used in this work for the various parameters.
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Table 1

Numerical Values for Various Parameters

Quantity Yaluc Reference

T 300 K Assumed

*

Pg 1.95 gn/cad 1

c; .3 cal/gm®K 1

O .3 cal/gm°K 11

q; 173 -al/gm to yield flame

- temperature of
12059K of
Ref. (11)

ag ~100 cal/gm 11

AP P :

Ay 10™" cal/em secOK 11

K: 9 x 11.0_1‘L cal/cm sec®K 1

Eg 15 kcal/mole 11

E: 30 keal/mole 1n
E* 8.7 - 17 keal/mole 1k

B o

b; 1 - 150 emfsec 1k

a.* 160 - 100k cal/gm 1k

B

Mathematical Character of the FProblem

Equations (1) - (5) define an elliptic problem in the sensc tha: what
happens at one point in the field aifects every other point. Further-

* % * %
more an eigenvalue appears, p v = p_r .

s

If the binder is hard to decompose and it essumes a near’y vertical
surface, it appears obvious that the picture becomes one of a (nearly)
flat plate of binder cver which hot AP gases are flowing. If the Reynolds
number based on distance along the binder werc large enough this would

revert to a paravolic problem becausc 3/3x >> 3/3y would result. However,




exactly at the binder-oxidizer interface, the Reynolds number is zero.
Since it is vrecisely this regicn that is of interest, the full ellip-
tie problem must be solved. In order to gain an idea of magnitudes in-
volved here the equations are nondimcnsianaiizcd with respect to a dis-
tance scale r:/r% and temperature T:. Heats of gasification are made
dimensionless by c;Tz and activation energies by R*TZ. In order to lo-
cnte the condenscd phase - gas phase interface at 2 constant position
the y varisble is replaced by N =¥ - yS(x). The resulting dimension-

less equations and becundary conditions are
_m 2 € /8
I[YF] = Klp e %
L[YIJ =0

(Gas) I{g] = -2qﬁ§ YF2 e'eg/g
{80lid) L[g] = {1 - € g.
I = 32 2 32 ‘ 32 ¢t O o
"ER Y TR s Eex Vs S
YF(x?m) =0 YF("“’:y) o YF(Y)
g{x,-=) =1 gl-2,y) = é(y)
gley) =1 g(x,®) =1
~ aSB/gs
l/zB = be
ag/anls+ o §[q5/z + Tlagfan‘s_]
BYF‘/an[s+AP = = -E(%; = YFS)
ot /on| . = 7
g/ on S+p =5 z
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YF = 'bFe
5

g continuous, Vg continuous within a phase (13)
Sinece y' and y;' are urnknowns, the nonlinear character in Equations (132) is
apparent. Nonlinearities also arise from the chemical reactiun terms.

- N * * s " » 14
The dimension as/r is known to be the "thickness" of the thermal wave
which would occur in a planar regression. It is the reference dimension
here. The parameter E in Equations (12) is nothing more than the ratio

%, %

of a characteristic solid phase dimension (aé/r ) to the characteristic

%, *
gas phase dimension (aé/v }. If there were no modification due to the

! reaction rate term, the gas phase diatance over which significant heat
transfer would oeccur would be of the order of az/v*. Using the para=-
meters of Table 1, € = 9.0, showing that the gas and solid phase charac-
teristic scales arc quite different. Furthermore, constructing the
Reynolds number based upon y, it is found that Rey = £y, so that when

y is of the order of 1/€ a transition is taking place between "low"

and "high" Reynolds numbers. If importaut field quantity variations

are taking place only vver a gas phase distance of the order of 1/§,

the problem must be treated as clliptic with no simplifications pessible
through a boundary layer assumption. However, s rather simple methed
of solution will emerge if at some point in the flow field the boundary
layer approximation may be involved. The use of this approximation will

be illustrated below.

: Solution by an Integral Technique

Pure Al Deflagration

! Far from the binder the AP must undergo a planar deflagration hut

3 the angle 0 is unknown; it is the eigenvalue of the problem, A1l

e



x-derivatives must vanish and Equations {13) become nonlinear ordinary
differcntial equations in 1 along with the appropriate boundary condi-
tions. ‘lhe equation for the solid phase heat transfer may be solved

exactly. ‘the solution is
2
E-1=(g -1 eV? (14)

An overall energy balance yields the adisbatic flame tesperature

Bp =8, + 9 - 9 - g, - 1) (15)
A first integral of the gas phagse hcat and mass transfer equétions,

subject to the boundary conditions, is
a(m = &M + 297 (M = &, = g, + 297, (16)
8
The solution is completed by assuming a functionasl form for g(7) as

(3, -8) 2 M<3
C

M - g

B0 = &, 23 an
where ¢ is the T position where YF(T]) vanishes, i.e. reaction is complete.
Now integrating the gas phase energy equation between T = 0 and 7 = ¢
using the assuwed form fur g{7) from Equation (18}, using the sclid-gas
interface boundary conditions and the equilibrium condition from Equations

(12) , the solution for the AP deflagration is completed as

¢ = ——
g3 - ¥5)
)
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1
a(e) = EEFQE j
5 o

- - - Ti
(1 ) g)ee‘eg/[ss + (g - &) g-l d( 2 )

= YFS(§?+ g) = Ef2

_ . _esF/ 8g
YFS = Fe

(18)

An extremely important point to note from Egs. (18) is that they imply
that the regression rate normal to the gas~-solid interface 1s independent
of §, the inclination to the horizontal. For note, Q{(c) is an invariant.

For a fixed Es’ 'Y'F is fixed and & & z°. Therefore, @ % 'ﬁi ¢ «%z°. But

K= 1/1-2 so that rs“ zeand r =r cos @ = r/z is an inve.ria.n:. Conse-
quently, for any sandwich vertical regression rate, r, which is the eigen-
value of the problem, the AP far froa the binder will regress normal
to its surface at a fixed, unigue valuc. The pertinent values for AP
combustion are eqnsequently only presented for § = 0. To numerically com-
plete the solution the following procedure is used. a) és as a function
of pressure is taken from Reference (11); b) Equation (14) yields Ef
{which is actually constant here because =1 and g and q, are assumed
independent of pressure); c) Equation (16) determines §F ; d) Equations (17)
determine c, '];'F and k. °

From the nondimensionslization procedure it may be recalled that X =
pzﬁ'a. Therefore, if the rate, r, is known at one pressure, it is known
as a function of pressure. Shown in Table 2 are complete calculations
for two smmple pressures.

In Table 2 it will be noted that bF is not quite constant. This is

duc to the use of a slightly higher Es than in Reference (10) . Furthermore,
F
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is not quitc proportional to (p/E)g. This is due to the fact that r

in Table 2 is the experimental valuc and it is known that between the twa
values of pressurc of Table 2 the theory of Reference (11} slightly over-
estimates the presswre sensitivity of the deflagra'icn rate. These de-
tails are not considered important for the current theory because a pre-
cise model for AP deflagration is not sought; cnly the deviations from a
planar regression, due to the binder presence, are required and the above
theory appears adequate to serve as a baseline for perturbations due to
the binder.

Teble 2

One Dimensional AP Deflagration Results

P T a's/r Ts és TFS éf ¢ v ¥
(atm) (em/sec) (wm) (°K) (ata)
54 .4 .735 20.9 880 2,93 .285 L.022 1471 4,38 x 108 2.62 x 108
200.0 1.000 15.3 911 3.04 .258 4.022 .1183 4.06 x 10° 3.39 x 10

Perturbed Solution

It is noted that there is only a very weak variation of the dimensionless
parameters with pressure in Table 2 (because Es variations are weak with
pressure) and therefore Egs. (13) are nearly pressure invarient. Conse-
quently, all further work will be carried out for the conditions that
g = 2.93 corresponding to p = 5k.l atm. = 800 psia.

Upon extensive investigation of the partial differential equations
for small deviations from the one-dimensional regression it was determined
that a) the deviations from the planar case in thc gas phase could be cx-
pceted to be simple deviations from the planar solution, but b) the solid
phase deviations may be complex. By "simple" it is meant that the de-
viation is not oscillatory. fThus, if g(x,y) = g(x) +G (x,y) where g (x,y)

is the deviation from the pure AP case, G (x,y; may be expected to have
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nonatonic behavior in ;- between the two end values(?{x,yf(x)]. There-~

fore it wus deeided Lo atterpt an integral solution where

T
Y, = YFs(x) El - E%Ebj N<e
Y=Y +(Y, -Y ) 3 N<e
B By B, B, ¢
YF=O M>»c
g8 - g,(7) =[gl(x) - 8,(x) ]-J,%- M<e (19)

are guessed forms of the solution for the gas phase.

If the Egs. (19) are placed in Egs. (13) and integrated from
T =0 to e{x) the result is three nonlinear ordinary differential equa-
tions in the unknowns YFB, YBS, YBc, ¢y Fys Eg» y; and the 7 deriva-
tives of g and ¥B at M = ¢. These derivatives appear because no func-
tional form is specified for T > c. It is anticipated that these de-
rivatives will be vevy small peyond thc reaction region and one pos-
sible assumption is that they are zero. An alternate assumption has
been employed and is discussed below. The diffusion btoundary conditions
and the equilibrium iuterface boundary condition provide three more rela-

tions for the nine unknowns. At T = ¢ which is ot the order of magni-

tude of 1/E, the Reynol4s number is making a transition from low to high

values, and it appears at this point reasonable to assume that g% >> 3/dy
d

M. Making this assumption in Zgs. (13) there results
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Zas. (20) eliminate two of the abovc unknowns and onc further relation
is necded. For algebralec simplicity another difrerential cquation is
chtainced by vaking an T - moment of the equation
L[a] =0 a =g+ eqRYF5

deriveable from Eqs. (13), and integrating from o to c.

In order for a numerical integration to procced smoothly to x = -w
an asymptotic solution is desirable. Consequently, a solution was first
sought which is a small perturbation about the planar AP deflagration

state. Letting

Y, =Y, +vy_ (¥ g, =g +6,(x%)
S 1= & TV
g, =& *G_(x) e =e fc(x)
¥, =Y, Y, =vy (%)
S ]
Y, =y (%)
c c

substituting these forms into the nonlinear ordinary differential equations
and boundary conditions, making use of the AP solution properties, and
neglecting prodrcts and sguares of perturbation quantities, there results

the following linearized set of equations and boundary conditions

.o+ "T+y"T, +35) = '
ZLin ¥ =4 G+ Y, +@ C+Q G (21)
s Fs FB g Fs & QYFs F; (] g 8

2
- 1t Z

2
ooy v a6, v e (B, - &) ] +F 6" = (6 -6) (= + ) +2F! (6] -6))
c

-2Y'f: 220 g
- { =+ =2 (g, - &) +Y (3 -&)-29(a, v, +Q G, +QC
a 52 1 3 1 5] RQYF FS gll (]

5]

+ QgSG 5(22)
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(23)
22 -,
— iy T R -
(v - vg) T -¥yg =8y (2k)
& g @ s 5
- o
= ¢ i CYFS - ! 52 (
Vv =By, +—=2-2y'E ¥ -y 25)
s Fg F -2 s 'F, s P
YFs EsF
Yo =2z Gs (26)
8 g

Gy(-m) = g(-m) = Vg (-9 = vy (=) = % (=a) = Y'(-e) = C(-®) =0 (2D)
o & [+ s

Here Q. Q@ @ and Q,Y are partial derivatives of the reaction rate
gl C, gs F
integral whieh may be ° numerically evaluated. Note that Egs. (23)

and (2L4) are decoupled from the rest of the system. Because Egs. (21)-
(27) are linear snd homogeneous, they possess solutions like, say, Gl =
AG e . Sinee 2YF + YB + Yp = 1, the binder equations must also have so-

1 :
lutions B = I\/ e™ where the m is the same. So there are two sets
¢

of equations whiiﬁ mnay be investigated. Since the equations are homo-
geneous, the determinant of the coefficient matrix must equal zero for
a solution to exist. From Egs. (21}, {22}, and (25) m = ml(é) is there-
fore developed. From Egs. (2}) and (25} m = m2(§) is developed and the
results are shown on Fig. 2. Only real values of m were nuterieally in-
vestigated because the only unigue solutions which will properly attach
to the binder are for real m, as will be seen later, It iz seen that
there is & unique § for
m=6.4 8 =20
That is, an eigenvalue exists. The AP assumes a neerly horizontal sur-

face fur from the binder so that the burn rate is only sligh*ly higher
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and the physical properties of thebinder. A question now to be usked is whe=

ther or not this linear solution may be used instead of a full nonlinear
solution for binders of practical interest. The usual physical ex-
vectaticn is that a linearized theory will be reasonable if the pertur-
bation quantities remain within some prescribed fraction of the cor-
responding baseline quantity. Vi~wing Fig. 3 and focusing on gy > for
example, if an arbitrary limit of validity is set that (g, - él)/él

< 10%, it appears that the solution might be expected to be valid for

X < 0.6. Adopting this eriterion, a procedure to match to the binder
is required for the linearized solution.

location of the Binder

It will be noticed that the above solution is independent of the so-
lid phase solution. In fact the heat transfer condition of Egs. (13)
and the surface temperature of the gas phase solution form bhoundary
conditions for the solid phase heat transfer. Since the attempt here
is to work with the asymptotic solution to a linear set of equations,

the consistent linearized solid phase eguation from Eqs. (13) is for

g = g(M + 6(x,™

2 2 -

3G ,9G <G R-]:
e et L == o ¥ (28)
ax? ane o7l o7

vhere the simplifying assumption of i;ﬁa has been made in accordance with

the sbove gas phase solution. Letting G =g + Y %%, Eq. (27) vecomes

2A 2A A
_a..&+§.§-§£=o
an®  ax® 90
which has the solution
~ W2 mx
g=e'“e Ecb cos o, M+ Gy sinmy 1] (29)
m, = (m2 -4 2

o
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This solution has a fcature that

e o c;oemx + Y g-% (n)

which dctermines Go from the gas phase solution. A most important feature
of the solution is the creation of an oscillatory ripple of very short
wavclength (of order l/mg s 1/m) superimposed on the monotonically vary-
ing tcmperature of the undisturbed solution. What happens, therefore,

is that in both the solid phase and gas phase the distance scales over
which rapid transitions are made are now of the same order of magnitude
(of order 1/€). 1In a sense, the short distance scale of the gas phase is
imposed upon the solid phase,

To complete the solid phase solution Eq. {28) is substituted into the
interface heat transfer condition of Egs. (13) and Gl is determined. NoW at
any x position in the eigensolution to the AP problem the heat transfer vec-
tor in the gas and solid phases is known. Since this must be a contin-
uous quantity and the temperature is a continuous quantity, but qq under-
goes a discontinﬁity, there must be a surface slope discontinuity at the
binder. In the interface energy conservation relation of Equations (13)
the solid and gas phase heat transfer vectors may be computed from the AP
solution and this equation becomes a relation for the binder heat ot gasi-

fication as a function of its surface slope. The result is

q, =6 yg (—)+(l+y3}'){ 1

G
'(gs'l) (1+I)-?°-mgcl} (30)

The pyrolysis condition of Equutions {13) gives an additional relation be-

tween the surface slopc and the binder properties
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f‘—:ge (31)
B

At any x position, then, Equations (29 and 30) together with the AP
eigensulution define an allowsble binder attachment end a functional

eguation

b, =b (e 4 ;x>
B B Sp” 8y

1)
Yy =¥ (e x| ;X)
B~ VB \"ayMs,

For the case of p = 54.4 atm these results are shown in Figures 4 and 5 for

two values of € witich correspond closely to HTPB and CTFB binders.(lh)

Also, knowing quand bB for HTPB and CTPB(lh) the actual point at which
these two binders would attach iz shown on Figures L and 5.* There are
several points worthy of note. First, for these binders, the x posirion
of compatabiiity with the AP solution occurs where very little change from
s flat AP surface has taken place. Consequently, the linear AP eigensolu-
tion can be used with confidence as a good approximation to the solution
of the nonlinear problem. Polyurethane, shown on Fig. 4 would also at-
tach to a nearly flat AP surface. A check of the fluorocarbon binder
data of Ref. (14) also shows an attachment at negative x. The second
impurtent point is that the binder slope is very nearly wvertical at the
attachment point. This is the primary information desired, in addition

to the AP surface profile, so no attempt is made to continue the solution

to the right of the attechment point to find the binder profile. The

third major point, refering back to Fig. 3, is that the solid phase heat

*

e activation cnergies for HTPE and CTPB do not exactly fit the
nurbers of Figs. 4 and 5. What has been donc is to compute a b_ to fit
vie known binder pyrolysis dataz at a temperature g , assuming tﬁe acti-
vation cncrgies of the figures. 8
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trausfor vontor points from the binder %oward the AP. This indicates that

at least for a short distancc above the interface the binder temperature
must be increasing, probably due to the fact that the highest temperature

AP pascs are at positive T.
DISCUSSION OF RESULTS

A solution has been obtained for the shape of the deflagrating AP
surface when it is adjacent to an inert dry binder. The eigenvalue, the
vertical regression rate, has been found to be independent of binder type
and to deviate only very slightly from the pure AP burn rate, as has been
experimentally observed. FExcept for selected binders there would be very
little visible effect of the binder upon the surface shape and the result
is virtually independent of pressure. The distance scale over which a
visible transition would take place from planar AP to the binder is of the
order of microns. The current theory assumes a dry binder; it is known,
however, that binder melt flows exist for all binders tested heretofore
in the sandwich configuration aad that these melt flows run several hun-
dred microns onto the AP surface. Murthermore, surface roughness demen-

«
sions of the order of micronsdevelops during deflegrations. Consequently,

few‘ of the predicted phenomena are capable of being observed. A theory
including the effects of melt flows is necesgsary.

The thcory predicts, however, that if the melts do not occur there
should be a sharp discontinuity in slope at the binder-oxidizer interface.

(15) for which the melt

This has recently becen seen for catalyzed sandwiches
cxtent is markedly reduced (for unknown rcasons). Although the current
theory iz not dircectly applicabl2 to catalyzed situations the interface
conditions responsible for the slope discontinuity arc applicable. It

appecaas  thut melt flows dominate the development of the
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surface shape if melis occur.

‘e current theo:y shows that the heat flow vector near thc gas-
solid interface and Af-binder solid interface is from the binder toward
-ae Ai' in the solid phase. Consequently, there must cxist a weak (hot)
vortion of the binder slightly up from the four-corner interface and into
the binder. This might account for the appearance cf '"notches" in the

(2,2,4,15) The violence of the

binder sometimes seen in quenched samples.
quenching process may eject the part of the binder which is weaker than
surrounding parts.

The current analysis shows a very weak dependence of surface shape
upon pressure. This independence has been observed experimentally, but
the comparison between theory ani experiment cannot be made precisely be-
cause binder melts have occurred in all the experiments.

If the AP particle size is sufficiently large the current analysis
2y form the basis for a deflagration theory of a heterogeneous propellant,
if the binder wcre dry. The largest natural dimension which occurs in
this theory is the thermal wave depth which is of the order o v um at
800 psia. Consequently, for AP particle sizes larger than this dimension
there may be some merit in applying this technique to a real propellant.

An extension to the case of a finite binder thickness would be required,
however, unless AP particle sizes substantially in excess of the thermal
wave depth were considered because the typical binder widths would be less

than the typical thermal depth in the binder. Such an extension is not

deemed difficult to attain.
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Pigure 1. Sandwich Schematic and the Coordinate System
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Flgure 2. Roots of the Linearized Sets of Equations
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