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I. Abstraet

This report deseribes a combustion research and testing
program that has achieved one of its long range goals; that of
providing new theory and praetice for burning rate eontrol of
solid roeket propellants. In addition, new understanding has
been added of the role playeda by the erystalline oxidizers used

in those propellants.

Chemieal and physieal modifications were made to the most
widely used erystalliie oxidizer: ammonium perchlorate. Mass
speetrometer, DTA and combustion tests were run. The intent was
to learn about, and then to eontrol eombustion mechanisms; that
is to: increase or deerease buraing rate, promote easier ignition,
improve safety and storage life and to bznefieially affeet

guenching and restart eapabilities.

The fundamental eombustion property studied was the sirgle
erystal burning rate. This was then related to the burning of
oxidizer powders. A simple screening test was developed that
allowed the rapid determination of powder burning rates on a
routire kasis for all monopropellant (self-sustaining eombustion)
oxidizers. This test showed that there was a wide range of burning
rates available for study when chemical and physical modifieations
were made to the basic control oxidizer; ammonium perchlorate.
Burning rates ranged over 1000 fold, from 0.02 in/see for the
slowest burning powders at atmospheric pressure, to about 20 in/see

for A.P. at 100 atmospheres.

Thermodynamic caleulations were made to determine the

adiabatic combustion temperature and final combustion products for

Wl
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the monopropellant burning eonditions at sevéral pressures.
Time~-of-flight and high resolution mass speetral studies
were run at temperatures of 80°C to 165°C ard 70 ev., eleetron
bombardmen: to get indieations of the kinds of transitory species

that might be present in the very earliest stages of eombustion.

t was found that Cl0, Cl0,, Cl10., and IIClD4 along with NH,

2! 3’

ammonia, and NH, fragments are products of primary decomposition,

2
that are not found as final combustion produets.

To corrclate laboratorvy tests with actual state-of-the-art
propellant burning rates, one of the fastest burning oxidizers pre-
pared, methyl ammonium perchlorate (MAP}, was substituted for one-
fourth of the ammonium “erehlorate in a typieal fast burning propellant.
This modified formulation gave a burning rate more tnan twiee that of !
the eontrol, and significantly higher than the fastest burning pro-
pellants using the best iron eatalysts now known. The typieal eatalyzed
figh burning rate propellant has a rate of about 2 in/sec at 2000 psia.

The propellant prepared with MAP, and with no eatalvst, gave a burning

rate of 2.75 in/sec.

In MAP, as compared with AP, there are nearly twiee as many
oxidizable atems brought into intimate eoataet with the powerful

enlorine oxide speeies.

It is theorized that the MAP-eontaining propellant, whieh
has no higher flame temperature nor finer particle sizes than the
eontrols, burns faster than even the catalyzed controls because the

flame temperature is brought mueh closer to solid surfaces.

This closer flame zone allows greater heat eoaduetion baek

to the surface, thereby ecausing faster burning rates.




II. Introduction

A fundamental understanding of the spectrum of combustion
characteristics of crystalline oxidizers is important if completc
knowledge pertaining to the combustion and stability characteristics
ui composite solid propcllants is to be attainced., This rescarch is
increasing that understarding. It involves theoretical and experi-
mental studies of the burning of crystalline oxidizers, and the
combustion dynamics of their interaction with other preopellant in-

gredients.,

One particular research gquest has received considerahle
attention over the past two decades: finding the key to practical
burning rate conérol of solid propellants. It has bcen gcnerally
believed that there must bc some relatively simple and effective
means of halving or doubling the burning rate of a practical pro-
pellant., Effective catalysts have been sought. Iron and chromium
compounds have been found to be particularly zffective. It nas also
bcén felt that the crystalline oxidizcr exercises far more control
over the propellant burn rate than the fuel binder or the mctal
powder fuel. In the past it was not possible to increase burning
rates far beyond that allowed by A.P.; nor decrcase them far below
that allowed by ammonium nitrate. This research program has specifically
souéht to explain why this was so. We have also sought to study only

cffects in the combustion of crystalline oxidizers that would be
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cirectly translatablc to modcrr high energy rocket prOpcllants,
By %?1minating each phase of laboratory and thcorctical studics
with actual propecllant combustion tests we have demonst;ated the

soundness of the approach.

Several fundamental aspects of the combustion of pure oxi-
dizers have been determincd by the combined rescarch c¢fforts of the
University of Delaware and other groups. We havc determined both
single crystal and powder burning rates for ammonium perchlorate
as a function of pressurc. We also have prepared a varicty of re-
lated compounds which closely approximate in their fucl/oxidizer
valance thc¢ range of compositions used in real propellants. Single
crystal and powder samples were supplied to Air Force, Navy, Arny
and NASA labs in connection with a wide range of fundamental pro-
pulsion studies. - We know tne phase changes these crystals go
through and their temperatures. For the conditions of mono-
propellant combustion, we have calculated the ultimate gas com-~

positions and their adiabatic flamc temperatures.

We have shown that a ten-fold change in burning rate can hc
achieved by changing the anions and cations in crystalline oxidizers.
Our studies have specialized in alkyl substitutions to NH4+. Impact
scnsitivity was found to be dircctly related to the cnecrgy available
for releasc on combustion for a given family of oxidizers. Per-
chlorates generally had faster burning rates than nitrates, and over
limited ranges, the highc¢r adiabatic flame temperature compounds had
faster burning rat¢s. Oxidizers with burning ratcs half as fast as

A.P. on the one hand, and six times as fast on the othe¢r hand, wcre

discovecred. The potential influence of factors such as the cation
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base strength were pointed out. Burning of carefully sized and
packed oxidizer granules in sample tubes was shown to

be a simple and practical screening test to determine relative
burning rates.

Further definiticn and interpretation of the relationships
between oxidizer chemical structure and combustion has been given.
With the large number of oxidizers available for study, we can vary
flame temperatures while making only miutr chemical changes, and on
the other hand, make fairly significant chemical changes while
maintaining the flame temperature. The importance of perchloric
acid in A.P. combustion has been clarified by attempting to burn
mere compounds that cannot form perchloric acid by decomposition.
Tihese tests were compared and contrasted with tests of nitrates that
could break down to form nitric acid -- and those that could not.

Preliminary analysis has been made of the importance of
radiation from the flame zone back to the solid surface of a burn-
ing oxidizer. Abcut ten vears ago, a study was made of A.P. com-
bustion -- radiation conditions. However, at that time there was
not a variety of perchlorate oxidizers available so that radiation
mechanisms could be correlated with burning rate. There are only a
few regions radiating energy from the flames -— and only a few
regions in the solid phase that are atle to absorb that radiation.
The best matching can thus give the best energy transfer. It is
generally believed that conduction from the gas to the solic surface
is the chief mode of energy transfer for A.P. burning- or for siiple
A.P. binder propellants. However, practical propellants containing

large quantities of metal oxides in their combustion gases could
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materially change this picture.

Studies over the past several years at a number of laboratories

in addition to our own, have advanced our state-of-knowledge about
shock wave and flame propagation rates through pure single crystals
of oxidizers; and tarough powders of varying bulk density. Although
each of these teams specialized in individual aspects of combustion
phenomena - many of their results and conclusions have been merged
into a unified description of the combustion of the chief ingredient
in modern solid propellants. This entire effort has been advanced
greatly through study of the excellent micropnotography and movies
‘taken by the China Lake group. We now know the monopropellant burn-
ing rate of ammonium perchlorate as a function of pressure, we know
the phase changes the c¢rystal ¢ s through, their corresponding
temperatures, and the initial and probable rate limiting steps of
the chemical decomposition, Although the secondary stages of gas
phase decomposition and reaction are not yet known =- the ultimate
gas composition and temperatures are known. We Know that multi-
micron size dimensions of unimpeded vapor phase normal to a buraing

crystal surface are necessary for stable combustion.

Confirming the predictions of Maycock, we have found that
doping materials added to oxidizers can mocify their combustion and
stability characteristics greatly. Doping of A.P. with the divalen:
negative chromate ion increases the monopropellant burning rate.
Chemical changes, such as anion andé cation substitutions, were shown
to caise both increased and decreased combustion rates as compared
with A.P. For example, substitution of nitrate for perchicrate- to

give ammonium nitrate - gives an oxidizer with a ourning rate only

’ i . o
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one-nalf as fast as A.P.
substitution of :H1OH+ or

rates arc obtained. Most

ag=

\ihen cation changes are made, such as

eee F
N RO i ;(1)
oy

scmewhat faster

o
+

:21:
of

(44

nese changes, tended to lower thermal

stability and increase sensitivity to cdetonation and shock.

Tiie buraing rate studies accomplisied carlier

crystals anc powders gave

(2}

with

us stanc¢ard values and helped to develop

standard test tecnniques so that we would be able to rapidly and

econonmically characterize

future oxidizers and propellant additives.
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IIX Study aApproacn: liccifieations to Anmonium Perehlorate

-

As part of a long range plan in 1965, it was determined that

et

alkyl substitutions Zor the avdrogens in the Wii,+ eation would
‘s

luations. It was decided

Lot
o]

rovide matericls useful in ecombustion e
that mono~, Gi-, and trimethyl ammonium perchlorate should be the
starting eompounds made after an evaluation of A.P. was completed.
DTA data and oxidizer powder burning rates for each compound would
pe measured, and eompared with A.P. as the control. There was little
information available in the literature on these ecompounds. During
the early 1900's, there had been two studies {3,4) of a series of
alkyl ammonium perchlorates; one eoncentrating on solubilities - and
one on expolsion temperatures. Subseguently, there was a U.S. patent
issued for methyl ammonium perchlorate as an explosive(5). Our in-
terest was in combustion echaraeteristies of these materials...andé
no information was uneove od in that area. In 1966, papers were
presented by Sehmidt and Stammler{6) and by Sehmidt (7) on the
erystailography, DTA properties and prcpellant burning rates of

several amine perchlorates.

A. Preparation of Substituted Ammonium Perehloratec

The most straightforward and safest method of preparing pure
substituted A.P.'s was fel’t to be the neutralization reaction of
amine witih perehloric acid in water solution. Tiac amines solutions
(metnyl, dimetivl and trimethyl) ranged from 40% to 25% by weight
in water. The perchlorie acid wused was 24% by weight in wvater.

In the preparation of one gram mole of methyl ammonium :

[y

perchlorate, the cdropwise addition oI well-stirred dilute LCiO
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produced a maximum temperature rise of 20°C, even with ice bath
cooling of 1/2 liter reaction flask.

When reaction was complcted, a rotary vacuun evaporator was
applicd to draw off cxccss amine and water. The sanple was then
rcecrystallized several times from water and dricé in a vacuum
dcsiccator. The crystals were rhombic and resembled ammonium
perchlorate. The crystal density, mcasurcd in methyl polysiloxane

was 1.648 g/cc at 20.20°C.
)

‘

The dimcthyl;and trimethyl substituted compounds were preparcd
in esscntially the same fashion. The tctra substituted compound
was prcpared from tetramethyl ammonium hydrcxide.

The purified crystals were carcfully removed from the final
érving watchglasses, and ground in small quantities. The rcsulting
powders were screcned to obtain the -40 + 50 mesh (350 micron)

fraction and stored in scaled bottles. Methyl A.P. is more hygroscopic

than A.P.; and éimethyl A.P. and trimcthyl A.P. are less hygroscopic.

B. Differential Thermal Analvsis

The most mecaningful single analytical test for oxidizer powders
was feit te be D.T.A. DuPont Model 500 apparatus was used with a
micro sample tube, at a heating rate of 20°C/min., and‘with glass
beads as the thermal rcferencc.

Tigurc . shows the standard D.T.A. thormogram for Ultra lHigh
Purity A.P. The single sharp endotherm shewing orthohombic to
Culic transition appears at about 240°C. Tie more complication
csotherm begins gracually at apout 300°C. and peaks at about <05°C.

At about 430°C there is a sccond much smaller peak. Less pure

samples usually exhibit another broad and lower peak at about 300°C.




Figure 2 (scalc ccmpressed by 1/2) for pewiered single crystal
material, shows nearly the ultimzte in purity. Only the final exo-
therm is precsent, ané it pcazs at atovt 4353°C. This indicates a
thecrmal stability far supcrior to any available gradc of A.D.
Figure 3 for mcthyl ammonium perchloratc shows three
distinct endotherms, one at about £0°C. The final cxotherm peaks
at about 335°C. By analogy with A.P., it is cxpected that tac
exotherm could be shifted 50 to 100°C hichey with several rore

reccrystallizations.

Figure 4, the thermogram for tne dimethyl dcrivative, shows
a peak at about 330°C. Fiéure 5 for trimethyl A.P. shcws three
endotherms, like mono methyl, and an exotherm peak at about 305°C.

As will be seen from the data in the following scction on
pure oxidizer combustion therc is no obvious correlation between
monopropellant burning rates and DTA thermogram fecatures. We¢ have
found, however, that for a given compound those impurities that
tend to shift the exotherm to a lower temperature, and to sharpen
the exotherm peak, cause faster burning rates.

For precision thermal analyses, giving combined DTA/SGA
continucus recording, we prefer the methods of Maycock(8). The
additional care and expense in carrying out the Mettlcr analyses

can be well worthwhile in studies wherc thermal stability comparisons

are critical.
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bl Hodified Oxidizer Flame Temperatures and Combustion Products.

Over the past ten years we have had ample evidence of the
efficieney of ecomputer caleculations in telling us such useful para-
meters as adiapatic fliame temperature and the rocket performance
figure of merit -~ specific impulse. There have been a few rough
spots here and there when inaceurate heats of formation, inaccurate
heat capaecity informatien and programs that didn't allow for eertain
phase changes or species caused problems. Bv and large, huwever,

a nunber of computer programs have been written - and they now cheek
pretty well with each other - and with measured data. The NASA pro-
gram we use minimizes the free energy of the gas speeies in an
adiabatic combustior reaction. It relies only ;;uthe heats of form-
ation and heat capacities of the speecies it is given. It generatus
a list of gas produet speeies consistent with the conservation of

mass and energy in going from a solid erystal at 298.16°K to equi-

libriuwm gas speeies at the adiabatic flame temperature.

Tables I through V give a portion of the data summarized from
the ecaleulation for A.P. and three substituted A.P.'s. These caleu-
lations differ somewhat from previous tables of this kind we have
given. The current ones are based on measured heats of formation
obtained for us by Dr. G. S. Pearson of the British Embassy through
the laboratory studies of Dr. Finch at Royal Holloway College. The
values are given in Table VI. Enthalpies of solution in water were
used to determine heats of formation. (9).

The numerical differences between A.P. parameters and those

for methyl A.P. are striking and presage the large differences in

combustion behavior that we have found.
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AMNONTILU!D PERCHLORATI NMCUOPROPILLANT

COMBUSTION EQUILILREIUM DATA

Heat of Formation (Enthalpy) -70.69 ical/mole
Initial Temperature 2 8185 D ERT
Densiviy 1.95 g/cc

Pressure
Parameters 1l atm, 34 atm.
Temp., °K 1375 1397
Temp., °F 2015 2054
Enthalpy, cal/g -601.6 =-601.6
Lntropy, cal/g - °K 2.2]12 1.960
Average !lolecular Wt. 27.691 27.871
Heat Capacity cal/g = °K 0.35] 0.364
Ratio of Specific Heats cp/cv 1.264 1.259
Combustion Species
tloles/100 grams
Cl 0.0054 0.0022 0.0019
HC1 0.P168 0.7301 0.7005
clgQ 0.0001 0.0002 0.0002
Cl2 ' 0.0144 0.0593 0.0742
OH 0.0002 3.0001 0.0001
HZO 1.2537 1.3371 1.3519
S0 0.0011 0.0013 0.0013
N2 0.4250 0.4249 0.4249
o, 1.0546 1.0329 1.0254

Additional products which were considered but whose mole frac
were less than 0.000005 for_all assigned conditions: H, NH, il
N and O.

68 atm

1403
20466
-601.6
1.911
27.930
0.367
1.258

tions

27 NH3'
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O TABLE II

METNY T AMMONIUA PERCETONAL, CllaN[GClO‘l
THERMODYNAMIC CALCULATIONS G MONOPAOPLELLARNT
COMBUSTION PATAMETERS

Heat of Yormalion, ik ¢al/Mol ~ 67,82

‘Equilibrium Combustion Pressure (Atm,)

Gas Parameicr's g 34 _68_
4 Temp,, K 2733 3024 3076
Mol., WT, - ! : 24,81 25,49 25,61
I leat Capacity, Cp, cal/g/°K 1,535 0,973 0.889 3
' Gamma, Cp/Cv i ' 1,119 1,141 1,146 %
1sp, b, f, sec/lb, m, 252,3% 239, B%* 256,3%* '
C Siar, ft./sce, 4977 5118 5141
Gas Produets, Mol, Ir,
P cl 6.030 ' 0,016 0,014
W JIC1 0,159 0,177 0.180
Cils = - -
co 0,092 0,084 G,082
CO, : 0.696 0,110 0,113
1 0,015 0,006 0.005
oM . 6,029 0,620 0.638
i, 0.059 0,046 0.043
1,0 0.406 0.4%: 0,409
NG Calos 0,003 0,003
N3 0.093 0,095 0.06C
o) 0,687 0.002" 0,001
o 0,03l 0,006 0,005

*Exnanced o 0,216 psia (1/68 Atm,)
*& Expanacd 10 14,7 psia

*

—
e
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LN TADLE III .-
- TRIMETHYL AMMONIUM PERCHLORATE, (Clig)yNICIH L
'l'lIEI‘\Z\‘.iODYN;\.\IIC CALCULATIONS OI' MONOPROPELLANY
< COMDBUSTION PARAMETIERS
Heat of Formation, K cal/Mol - 65,91
Eauilibrium Corabustinn Pressure (Alim,)
Gas iramclers Ll 34 b8
Temy,, K 1647 1649 1653
Mol, Wi, ' 17,73 17,74 17,16
Heat Capacity, Cp, Cal/g/*K 0,485 0,501 0,522
Gamma, Cp/_C ' 1,293 1,292 1,258
Isp, b, I, sce/lb, m, ' 210,6* 215,1%% 216,5*%*
C Star, {t/scc, 4237 432 4347
Gas Producis, Mol, fr, i

A cl | ' - - -

¥ 1IC: ’ . 0 0.111 0,11 0,111
CH. : - ' ~ " 0,001
CcO 0,312 0,312 0,531
CO2 0,021 0,022 0,022
17 - - =
oLl - -
i 0,410 0,410 3,468
1,0 0,030 0.090 6,691
NO - c -
By 0,055 0,036 0,058
0 - - 7 -
02 - - -

*expanded 10 0,216 nsin (1/6S atm,)
. 7 psia ,

Eascnted b 14,
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TABLE IV

- EBTHYL AMMONIUM PLERCHLORAT Y, C1LNIICIO,
< S aEEE-
i THERMODYNAMIC CALCULATION O MONOPRORELLANT
COMBUSITION PARAMETERS
Iical of Fowmmaticn, K Cal/diol -~ 72,10
Lauilibrium Combustion Pressure Gudm)
wng Manuneiers ' 1 34 68
Tomu,, °N 2254 2251 2432
Nol, Wi, 20,73 20,76 20,79
Leat Ceeity, Cp, Cal/g/*K 0,565 0.495 0.450
Gamma, Cp/Cy 1,221 1,244 1.245
Isp, Ib.f, sce/ib.m, 231,7" 218,6*  221,9%"
C Sar, ft./sce, 4776 4775 4765
Grns Produeis, Mol fr
Ci 0,002 - -
3xCl . . 0,141 0, 0,143
C, Cil, ‘ - - -
CO 0,242 0,243 0,243
COy 0,043 0,042 0,042
N 0,004 0,001 0.001
Cli 6,061 - -
i, 0,253 0,256 6.256
.20 0,242 G.243 6.243
A - - -
Ng 0,071 0,071 0.073
o .. - -
02 - - -

*axnaaded to 0,216 psia (1/6S aim,)
»*axpanded to 14,7 psia
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CTHERMODYNAMIC CALCULATIONS OF MONOPROVELLANT
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CONBUSTION PARAMETERS

Heat of Formation, Keal/diol - 06,59

Gax Divameters

Temgn, h

AMol, W,

Heat Capacity, Cp, Cal/g/*K
Gamma, Cp/Cy

Isp, b, {, sec/lb, m,

C Star, {t,/secc,

Gas Products, Mol, fr,

Cl
1.C1

ve
AL

co
co,

vexpanded to 0.216 psia (1/86 atm,)
ssexpanded to 14,7 psia
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TRBLE VI

TRUDARD EEZRTS OF
OF ALKYL SUBSTITUTEZD Av0n

Ceompound

CH ClO

31\.13

(CH3)2NH2C104

(C!i3) 3NIJC104

C2h5NH ClO‘;

(c J ) ,NH c104

(C2 5) 3NHClO4

. * ok
(CthH3C104) 2

Data supplied by our. A. Finch.

**  Ethylene diamine diperchlorate

TORMATION®
...RCI .‘O:z.nx...s

ILX

LEEEN -]

298) Keal/Mole

-07.82
-66.59
~65,01
~72.10
-80.5¢
-93.64

-110.61
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We are now begianing to pay particular attention to the
changes in these parameters as combustion takes place at 1, 34 and
68 atmospheres. We have already demonstrated thz effeects of
chemical composition on burning rate. Ve are now anxious to probe
into those chemiecal and physiecal factors affeeting thie slove of
the rate-pressure curve. We believe slope might be related to the
degree of shift in flame temperatures and produect composition ~ as
pressura is varied. Note that methyl A.P. is .carlv stoieikiomctrieally
balanecd for maximum heat release - and Has wide variations in flame
temperature and composition as pressurc is varied. Trimetinvl ALP.,
on the other hand, is a good bit removed towaré the fuel side of
optimun stoichiometry. t shows very little change in paramuters
with pressure. We want to determine vaether it also has a much

lower rate-pressure siope.

For the future we intend to manipulate cemputer programs Lo
give eqguilibrium mixes of intermediary combustion preducts - at ;
temperatures between the burning surface temperature - anc tihe final

aciabatic flame temperature. We want to get as many Cl.culilud and

measured checks as possible on what is happening mueh ncarer L0

the surface of a buraing A.P. crystal.
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V. Mass Soecetrometer Analvses cf Oxidizer Decomposition

During this period we have initiated both low and high
resolution mass spectral studies of A.P. We consider these and
further studies we plan to be the next most logical steps in
clarifying AP combustion mechanisms. We are aware of the relatively
low temperature and very low pressurc operating aspects of mass
speetrometry ~ as comparcd with conditions inside an operating
rockct motor. However, we fecl these studies will provice infor-
mation to be picced together with that from other experimentation

ard caleculation.

One thing we feel is that products we find in the mass specetra,
naving been impacted with eleetrons, vaporized and reacted in their
travel to the detector - would probably be able to exist for very
short but important lengths of time at and near the solid surface-
at rocket operating pressures. We intend to look for produets that
can provide a liéuid-like surface, and that would have resulted from
exothermic reactions. Identification of potential liquid surfaece

roducts is essential to allowx the mecchanism to conform with th
pnotographic findings of Price, Boggs and coworkers at Caina Lake.
Icentification of a variety of possible porous surface exothermic
reactions is important since over the last few years we have scen
inecreasing evidence that there may not be enough heat transfer fros

the gas zone to the solid surface to kecep the recaction seli-sustaining.

A. Prior Work - Maycock{ll) has described the importance of mass
spoctrometer source, sampling and analvses regions in influeneing

the kinds of data to be obtained for A.P. decomposition. Pellett (12)




has described the use of ruby and CO, lasers in the flash piotolysis
heating of A.P. to cause deccmpesition. lils proaucts were analyzed
by time of flight as were ‘laycoci's. !iost investigators, other than
Pellett, have used conduction heating of tive A.P, sample to cause
decompcesition. Mack and Wilmot tsed cold matrix isolation - infrared
spectroscopy up to 130°C te trap A.P. Gecomposition products.

Guillory and Xing {13) have investigated A.P. decomposition between

200 and 400°C, finding Cl0, to be an important surface product. -
Guillory, Mack and Aing (14) have gone on to the substituted AWP.'s

c

sing the time-of=flight. Isotope tagged compounas like N have
been uscG by a feow investigators to helpn separate and identify species

. ¥ s
llﬁe il

, and 1,0 that have similar masses.
“a -

4. Luperimental Goals = Ve see that there are several types of

problems facing us as we work to relate Gecomposition data to com-
oustion models:

1) We must be able in some studies to simulate the combustion
temperatures; i.e., 500° to 600°C at the solia, liguld or
porous surface, and 1100°C in the ecquilibrium gas phasc.

2} Ve must be able to predict the effects on the reactions
of increasing pressure to several hundred atmospheres.

3) We must be able to relate electron impact cracking in tne

[y

mass spectrometer to pyrolytic reactions in combustion.

4) We must apply methods like cold matrix trapping followed
by Raman or EPR spectrometry in order to detect frec radicals.
We intend to begin by making as complete specie analyses as

possible using time-of-fligiat and high resolution spectroscopy= and 1
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setting up reaction paths that will explair the findings. These
results will be related to results of other investigators using

other experimental conditions. Then we will begin using the modified
ammonium perchlorates to learn the effeets of hydrocarbon interaetions

with A.P.

C. Eauimment and Cxperimental Proeedures = A Bendix NModel 12-101

time~-of-flight mass spectrometer was uscd for these low temperature
studies. Temperatures ranged from 80°C to 165°C. The sample probe
molecular leak, and heating elements were eonstrueted as deseribed
by Guillory (14}.
The Typieal Operating Conditions Were:
Ionizing current - 70 eV

Capture Sensitivity - 10-8 amps.

Sample heating rate was eontrolled by a Bendix Model 843 Hot Filament

Sample Controller.

A typical run eonsisted of sample selection (approx. 5 mg to

20 mg); speetrometer preparation and run; and data reeorcing. A

M

. =5 -
the system down to 1O

background scan is run irmediately after pumping
torr, Heat was turned on to the sample and the eraeking patterns i

continuously monitored until desired temperature was reaehed.

Where mass numbers were similar, speeies identity was finally

determined on a Varian high resolution mass spectrometecy.

D. Data and Analvsis - Table VII presents the species founc¢. figures

6 through 10 show the relative abundanees for species from nitrogen E
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TABLE VII

SPECIES DZTECTED FROM SUBLIMATION AND CRACKING OF A.P.

MASS/CHISIGE SPLCIES
14
16 0, i,
17 o:, NIIB
+ a4 +
18 1.20, .\d.:
22 NZ’ CO
30 NO
2 O,¢ N i
3 0, \2 h_;
35 c1°”
36 '1:
37 1
38 1
b
51 b
53 C1
67 e
69 1
B3 Cl
85 1
160 icL”

102 nc13?;4
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to perchloric acid; and at temperatures from 80°C to 165°C. 1In

these studies we focused attention on the chlorine species.

In exanining the table and speectrometer scans we find agreement

with all other investigators, that therc is no NH,ClO. in the gas
2 b

phase. In addition there-is rno C104 found. ICl as shown by masses

36 and 28 was the most abundant ehlorine speecice-followed by ClO.,

nc104, Clo? and Cl0. Cl was a minor speeie 2and Cl, was not found,
Aosence of Cl2 may be an axrtifact of the low pressure - as it is
Anown 0 exist at about 1/10 the mole pereent of IICl as a final

product at 68 atmospheres. MNost of the possible nitrogen spoeics

were found. Of particular interest was the presence of dotectablae

amounts of NH,. We want to particularly follow this aspeet

It may be that the Cl0, ion or the CIO4 radical either werc
(]

formed in large gquantity under these conditions; or that thev further

react so rapidly that none can be detected.

Since we found more Clo3 than either ClO or Ci0.,, and sufficent
OH to go with it, we are drawn toward the conelusion thas:

KC104 ———$>-C103 + 0l was a most important seeondarv roaction.

In liclO, the symmetry of the perehlorate ion is upsct. Tihe

Ci-0 bond, whieh was 1.408A° for cach of the oxygens, is lengthonoed wo

a Cl-OH bond length of 1.630A°. This sets the stage for HCI0,

1)

cecomposition to clo3 and OH radicals. Chlorine trioxide is very

.o

unscable and decomposes bimolecularly to Cl0, and 02. nt anvy race,

1t ¢an be seen that the very reactive ClO3 ané Oii radieais ean
reacily form. This beginning reaction sequence, if accurate, ecan

explain the rapid and stable burning of all oxidizers that can
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decompose to give HCIO,. Ve, of course, IZoundé considerable NH3
“a

and HClO4 to confirm the widely aceepted Zirst step:
wi,Cl0, -7\' Niia 5 e o), Reproduced from
g G 3 “ best available copy.

[F]
)
(9]
ot
-
0
=i

Je believe there is littie doubks 4Lihat 4his is an important v

e

H

lity

[}
J
O
(713
0
-
[on
[

However, as discussed above, we Co not vet want to ignore t

of:

4

sutclol —= xm + Cclo.
L] iy ‘2

or
e ¥ = 0 0
oceurring under combustion conditions of much higher temperatures and

ressures. We found so little ClO ana no ..:C1l, such that recactions
P

tnat have been proposed like:

cio, + Clo, —3» Clo + Clo,
and
Niy + ClO - > NH, + HOCL

cannot have been verv important uvnder the conditions we studied.

Rather, our results would lead us toward
NH. + C1 N - + i
\h3 C 03 —_— \H2 Clo2 ok

and

NH3 + ClO2

~—> KH, +HCl + O,

In other words, any reactions that could lead tc HCl and O,,
without involving ClO or ;OCI; and using hvdrogens from xus. In fact
the hydrogens seem to readily strip off the nitregen forming Oi and

d,0 with all available oxvgen. lowever, somewiat analogous to not

2

e Laais
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£inding Cl0O, is the absence of Nii in our studies.

Our prior studies with deuterated A.P. (ND,C10,) showed that
s “+

its combustion reactions were no slowcr than those of A.P. From

this we concludc that thce NH; or 5n3 reactions are not rate limiting.

Table VIII shows the general order of rcactions tha%t would

tend to cxplain our analytical findings. They are arranged in in-

creasing numerical ordecr to indiecatc roughly what we believe to be
carlier and later reactions.

Table IX shows several reactions that are not supported by our
findings.

tarlier studies of other investigators have shown that, at the
temperaturcs we have studied, purely thermal input to ammonium per-
chloratc, followed by rapid trapping, would lead to enicfly perchloric
The additional products we have found arc largcly

acid and ammonia.

duc to electron cracking. DBy varying tempcraturcs and elcctron

cncrgics, however, we should be able to rclatc thc two eiffects.




TARBLE IX

TYPICAL NONJUSTIFIED A.P. CECOMPOSITION

REACTION STEPS

NH:«‘. + e —>~ NH + HCL

o + Cl ——>= HOCl

cL + €1 — Cl,

C.'LO2 g ClO2 —>= 2Cl0 + O2
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VI Oxidizer Combustion ILxnerimencs

Tne screening test Zor combustion rates of new compouncs usecd
in this laboratory is the soda straw burning of the pure powdered
material. The precautions used to achieve reproducible results have

.

baen described in past reports(2) Table X presents the results of
testing ten perchlorates; starting with A.P. Good rato data was
obtained for all but tetrametiyl A.P. We believe its difficulty is
twofold. First it is a gquatcrnary ammonium salt and has that family's
Ligh crystal stability. Sccondly, it cannot readily decompose to
produce perchloric acid. Most lavestigators are now convinced that
inability to form perchloric acid interferes greatly with the ultimate

liberation of the powerful chlorine oxides. We hope to show these

decemposition differences by mass spectremetry.

Tetrabutyl ammonium perchlorate did burn, but showed the
slowest rate of all the perchlorates. It is far on the fuel-rich

side of stoichicmetry.
It can be seen that dimethyl ammoniun jperchlorate is the
fastest burning of the simple alkyl substituted ammonium perchlorates.

This is surprising because the dimethyl compound is not at the optiimum

fuel (Rr NH q) oxidizer (C104J balance point for maximum cnergy rc- i

§-
lease and flame temperature. We are,therefore, led to thoorize ihat
although fuel/oxidizer balance is generally of greatest importance,

in this case the weakening of ionic nature in going £from methyl to

limethyl A.P. has overshadowed it. The lower crystal stability

-

to thernmal energy - as shown by the slightly lower DTA ciotlher




and only one encotaern Lo ansoro energy - causes dimethyl A.?. to

actually burn faster.
The more complicated diperchlorates shown below the solid iire,

taylene diamine déiperehlorate and piperazine dipcrchloratqjare the
fastest burning perenlorates we have found. We are still investigating
the adiabatic combustion temperatures anc products but believe they
&re no aigher than metiayl A.P. It does look like the ability to form
mechylene or cthylene radicals as compared with methyl or ethyl is

important.

Methyl A.P. was cnosen as the starting material for propellant

. |
buraing rate tests. . i




:‘ TABLZ X
OX!D!ZER POWDER ZUANING RATES™
AMMONIUM PERCH z.,o ATE SERIES
RnNi(4.0)CI04 r, IN./SEC
NHg ClO4 e - 0.032  {5.35@ 1033 PS!
CH3 NHj3 ClOs 0.103
(CHa)o NHo CIO; 0.132 ‘
{CHz)3 NH ClO4 0.055
{CH3)a N ClOg QUENCHES
O Ct3 CHoy NH3 ClOg4 | 0.087 i
CH3 CHo CHo NH3 ClO4- 0.077
I:CHS (CHZ)SL; N CiO¢ C.027
(H3 N Crip CHp NHg] [CI04], _ 0.143 :
/CHZ—'CHZ
NH [Ci0el 0.203
HaN— ol —cHy 7 T2 &2

(*AT AMBIENT CONDITIONS !N COMBUSTIBLE TUSES, 4VM i.d. AND
-40+50 MESH DRIED POWDER)

— r— . = 0 oo o - oo oo

qu
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VII Propellant Burning Rate Coanfirmation

Cnee it was determined that the combustion differenees between
ammonium perehlorate and the substituted ammonium perehlorates were
real and reproducible in the powder burnilng sereening test, proncllant
burning rate tests were plannced. Sinee many laboratory tests o.
prepelliant burning rate have given non-reprodueible results beeause

of poor ehoiec of propellant system, improper fabrication of pro-

" .
-

pellant strands and inadequate testing, speeial eure was takon
eaeh of these areas.

The propellant formulation ehosen as a eontrol was:

Comoosition wE. £
Polymeric binder 15.0
Aluminum powder 10.0

Ammonium perenlorate

2 mieron particle size 36.80
15 micron particle size 22.00
180 mieron partiele size 16.2C
100.00

This formulation has a burning rate at 2000 psia of 1.20 in/
sec. It is balaneed to give waxim:. o»raetieal eontent of A.P. and
aluminum., The aluminun provides combustion stability. The higher
the A.P. content, and the finer the A.P. partiele size, the higher

the burning rate. However, the limit of the liquid polymeris binder's

0
ct
o]

ability to wet all solid partiele surfaees - and thus to be abl
mix properly with the solids and provide hemogeneity - I1s reaehec at

approximately the A.P. content, and particle sizes shown.




- Reproduced from
best available copy.

Wihen prouper care is not given to thesc factors, oropecllants

containing voilds, and subiect =0 eracking during combustion testing
result. This leads to nigh and nonrepsroducible burning rates.

The srtrands pregared for tals testing woro cured pronellants.

ri P . P S - e T e et B Oy 3
Boaptere d-sauvel Brjor o tast, @i ony void comtalizning soctions

WCoXe QlSCarXLcd.

polybutadiene polymer, ¢poxide cured with cure catalyst ussistance,
and containing 2% plasticizer. The aluminum povder usci was
leynolds il-5.

The most practical current method of increasing the burning

rate of the control propellant is the introduction of iron compourds

r

substituted for a few percent of the coarsest oxidizer fraction.
Ithen more than two or three percent of these compounds are used, the
incremental increcase in burning rate becomes very small, and rocket

performance begins to suffer from the high molecular weight of the

iron combustion products.

Generally a blend of iron oxide and substituted ferroccnes
gives the best effect, while partly avoiding the relatively high
vapor pressure of Ferrocene itself. Ferrocene tends to migrate witiin
the curcd propellant mass- and actually to vaporize from exposcd
surfaces. Unfortunately, even the substitutec fer»c¢.ones nigrate
somewhat - however, they are superior in catalytic effect to iron ouide,

apparently due to the better utilization of atomic iron and its oxides

by their release in an activated state when the hydrocardon portions

of the ferrocenes burn.
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Wiaile tie control propellant has a buraing rate of 1.2 in/sece
' at 2002 psia, substitution of 29 F020; for 2% of the A.P. (120 microu
fracticn) gives a propellant with a rate of 1.8 in/see. Substituting
a hlend of iron oxide and substituted forrocenes can raise thic rabte
to 1.9 to 2.0 in/secc.
To test the cffeect of methyl ammonium perchlorate, two levels

£ substituticn in the coatrol formulation were used: replacement of

(o}

T of the 180 micron A.P. with MAP, and replacement of all of ihe

t

150 micron A.P. fraction with MAP. The several control and test
formulations are given in Table XI together with the strand burning
rates at 2000 psia. All strands were burned under érv nitrogen.

The fact that the 2% substitution of MAP for AP gives little Lurning
rate effect indicates that MAP is not producing a catalvtic eifecct

like that of the iron compounds. The fact that substantial substitution
of MAP for AP procduces morec than a doubling of burning rate shows that

¥“AP's intrinsically faster burning rate properties do carry through to

increase propellant burning rate.
P g

Further testing will delineate the practical limits of MAP

substitution for A.P.

i ek 2 el n T

k
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finaliv to Lo abie to cuench £0iIid propeilant mOtors and thon roignite

Lhum On COmTanu. e Of those eiforts have suffcred from tive inability
to speciliy in o clear stepwise fashion what nappens chemically and

hinctically when ammonium perchiorate, and its propellants are sub-

~

jected to thiermal enecrgy. This research at the University ol Deolaware
is sneciflically designed to provide new cata so that more direct metihodls
of s0.id rochct motor control may Le Geveloped.

in dovolioping more rational theory and models it wilil be useful

Lo cstablish pressure ranges ©f interest and delineate the kinds of

Giscrete zones that arc present. We then want to assign dimensions
and¢ tomperatures. Finally, we want to specify reactions, rates, and , ﬂ
products within the zones. 4

A. Solid Phase Reactions

Considerable discussion has bceen generated over the past
fow vears aoout the relevance of laboratory thermal analyses to com-

bustion phenomena. Those decomposition studies are conducted at some-

et S

what lower temperatures, over far longer time periods, and generally
at lower pressures than the conditions used in rocket propulsion. One

najor goal we have is to give quantitative explanations of tie

importance of solid phase reactions on combustion.,




It is our belief that laboratory methods, like: LTA, TGA,
DSC and various methnods of isothermal decomposition, will cach
provide important bits of information in filling out the overall
picture. Tney may have greatest applicability to the phase cehange
toking place beneath the crystal surface and the decomposition
processes.taking place in the pcrous zonc that appears to cutend
botween 10 and 1000 microns down into the condensed phase during
ccabustion. The sccond concern of our research is clarification of
what is happening at the inﬁerface between the ccmbustion gases and

the porcus solid or melting zone for a bursning crystal of ammonium

perchiorate. A melt-like 2zone occurs on the crystal surface,

th

QCcL

Ht

especially during low pressure combustion. In addition, tihis e

is mueh stronger with added impurities like potassium salts. The
potassium compounds probably form lower melting eutectics which then
boil away from the surface. It is also believed that cnloride and
chlorate impurities cause strong effects. Tnhe photographs of crystals
that have been guenched during burning snow the formation of thesc
melts. The high speed, high magnification movies of crystal burning
at pressures up to about 6,000 psi, taken by Boggs and Pricc nave
amply shown this effect. We neced to provide better chemical eox-
planations for the effects secen in these movies. We alsé Know that
where the existence of surface melts has beern definitely proved, and
these melts are present in larger proportion than in pure A.P., the
combustion is strongly affected. ilightower and Boggs have shown that
burning becomes very erratic as globules of the melts coalesce ard

then break away or vaporize from the surface. Under these conditions,
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energy wransier is cennlicated. Thero are two Gifferoent

phase reaction domains; one, in Zhe mol:, and one a DOYouUs ZONC 1
beneatn. The presence of tie melz, therefere, Is a sericus cemplica-

tion in analyzing the reaction moechanicms.
Lowever, again from these Iilrms woiancw that sonowihere above

2000 psi, and especially above =000 psi, thce melting beoeomes almost
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100 and 1000 microns shick, witih the solic o

¢f leng cylinders-mostly with their axes. parallel to the burning axis, |

now in addition to the change in the suriace character,

s a pronounced change in the character of the gas phasc.

-

taere
pnase is the third major concern of our proposed rescarci. At the

-

lower pressures there are various vapors visiole and eitiier no flamc
at all, or elsc a light blue flame, llowever, in the 2,000 to 4,000
psi range (again from the NWC £ilms) a deifinite bright orange flame

P e

anppears and'it establishes itself much closer to the suriace tian the
light blue flame. Since our combustion equilibrium calculations
show very little difference in flame tcmperaturce when the pressurc

is varied from ambient pressure to ovaer scveral thousand psi, wc know

that there is difficuliy in correlating visibie flame characteristics

with calculated flame temperaturcs at lower pressures. We assume that |
4

combustion must be incomplete within the near flame zone at the lower -h
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pressures. ¢ has been known for some time that there have been
many cases of rocket combustion inefficiency at pressures around
500 psi; and this might be part of what we are seceing in the low

S

pressure A.P. combustion.

\.c are most interested in being able to understand effeets
in the pressure reqime most important to propulsion, and the one
wiiieh can be more readily modelled. We will, thercfore, foecus
on stucdies in whieh the adiabatic gas phase calculations of
temperatures and reaction products are applicable, and studies in
whaieh the reaction is taking place at a porous solid surface with
the procducts going directly to the gas phase. We will, therefore,
be studving what happens when erystalline ammonium perchlorate is
struck by radiant energy of high intensity, and thermal enrnergy by
gas condcuction. Under these circumstances we will be most interested
in deteeting all of the initial decomposition produéts, and parti-
cularly fincding out whether or not radiecals sueh as Cl0 and Ol

exist as important species.

70 better describe the important ererqgy transfer modes, from
gas to solid surface, we will be analyzing first the gas »hasc
raciation in the infrared region that is striking the erystal surliace;
and secondly gas-solid thermal cdonduection. This radiation wicn it
is from a combustion gas zone is far from blaei body radiation, and
in faet the assumption of gray body radiation is even very nocr.
waat we want to caleulate, then confirm with measurements, is tic

spectral radiation from just above the visible up to about 8 or 1

microns. The peak energy transfer is uncdoubtedly in the 1 to 5 mieron

infrarec¢ wave band. We would expect the ultraviolet to have iittlc
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impoitanee unless we study metallized propellant flames. We must

then cdetermine how the erystalline struetures of a family of

oxidizers ecan absorb specifie regions. Thermal eonduction cal-

eulations can be rather straightforward if we can correctly specify |

temperatures at various stations within the solid and gas phases.

Gecod cstimates have been made by others already of solid surfaee and

subsurfaec temperatures--but the gas phasc temperatures-and gradients

car the surface are only poorly understood.

i C. Initial Combustion Produets

o . {

Among the iiterature of A.P. decomposition and combustion,
| tiere are a nuwwer of refercnces dealing with overall reactions like: ]
' NH4C10, ———2s Final products
(]

i
! t is important that we fully understand what has been
[ predieted and formed in these eirecumstances so that we ean attaex

the preliminary or initial steps morc intclligently.

J' .
For example Simehen (J. Appi. Chem., 1963 13 3063} ealeulated

the equiiibrium gas composition for zero pressure:

l 5
|

2 X}z‘:ClO‘:‘T—— 41120+02+C;2+:.‘Cf‘

and for high pressures:

s
— B O+502+45Cl+2x5
'

4 Nh4ClO 5

“

t was assumed that any given eombustion pressul

give cempositions between these extromes. In lfaet

oiet report 372-01F Marech 15, 1983} Las preposed 2y

i

(39

| {AC

s a andé b represcnt t.

capirical equation, in which the tern:




experimental valucs determined fer IC1 and i, respectively, and

arc rclatcd Lo ¢ by the expression:
a+o+c=2/3

The eguation is:
::i.,clo4 s (a/2+5D/4) +¢/G O+(C 30/2)N0+

(1/2-3a/2)C12+3aHC1+[3(b+c)/2 +1]} H20+ (17/12-5c/4)02
it has been found to bc in cxcellent 2grcement with experimental
values.
Iarlier in this report, wc have tabulated data on the calculated
mbustion species for A.P. combustion at atmosphecric pressure, anag at
24 and (68 atmosphcres. Taere was general agreement with Chesclike's
data - and good agrecment with Simehen's “"high pressure" data (when
ccmparing with thc University of Dclawarc 6B atmosphcre data).
Simchcn's "zcro pressure" Gata differs considerably from our one
atmosphcre data...indicating the great importance of carefully
specifying psessures, when working in vefy low pressurc combustion.
Possibly the best practical check of the computer gcnerated spccies,
tesperatures, ctec. is thai of the thousands of calculations that have
pecn made of propcllant spccific impulse, practicalily ail have checxed
within a few percent of the mcasurecd valucs derived from the impulse
generated during test rockect firings.
The data shows that in the equilibrium flame such active species
as Cle and OH are practically nonexistent for A.P. or its homologs.,

liowever, we are more interested in the initial rcaction taking placce

far closcr to thc crystallinc surface...say within onc to ten micron:.
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In scarching for the critieal first steps in the combustion
of A.P. and A.P. propellants, we believe that mass spectroscopy holds
promise as a combustion simulant and as an analytical tool when uscd
with pure and substituted ammonium percillorates. Various methods of
raciant and hot gas heating should be compared with th2 results of
mild sample heating and electron bombardment. We are also interested
in the kinds of radicals that pyrolysis produces with hydrocarbons,
and their interaction with Cle and OH., We would expect Ch,, CH,
and CH to be readily formed at the extremely nigh combustion temper-
atures. In our substituted A.P.'s , we essentially have one un;t of
“binder" in each unit cell. New the particularly fast burning of
trhose compounds is due to at least three factors; 1) weaizened’
crvstal forces providing a more ready rciease of HC104, Z) the addéition
of the active CH3 radicals to the combustion process, and 3) the

higher local flame temperature due to mucit higher heat relecase becausc

of the fuel/oxidizer balance.

<

J. Deternination of Combustion Zone Radiation Effce%ts on

Propellant Burning Rate

In the study of single ingredient and compositc propellant
burning rates, the importance of radiation tramsfer from the not
combustion zone to the so0lid surface has not bheen made clcar as yet.
Although for years it was thought that enly sublimation of .
occurrec at the surface, recent studies indicate the possiiiliuvy tha

some exothermic reactions are taking place at the solid suriacc.

iiowever, we know that in arc or laser ignition of preopellant, ail

energy input to the surface, at least initially, is radiation. At
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the usual combustion temperatures, the major part of thermal radiation

ctween about one and ten microns.

o3

U

takes place in the wavelength region
t nas been shown (13, 16) that tle cgascous produets in tihe much thinner

recaction zone (first gaseous zonc above solic surface) would probably

have very little effcet on the overail radiation picture. They also

Iy

snowed that for all practical sizes of strands, only about 1/20th of
the flame zone radiation energy could be striking the surface. This
caiculation was applicable to combustion pressures of 25 and 300

atmospheres. This faet in itself makes it hard to understand why

propellants burned as strands in a strandburaner, andé nropellants burned

in a rocket motor, can have burning rates so nearly the same. t would

[ 2]

secem that in long cylindrical, central perfcrate, solid proncllant
rociet motors tiere would be aimost no radiative loss since praetically
all of the soiid surface seées only the flame zone. In tuc stranchurner,
on the other hand, almost all {19/20ths) of the radiatiwve enciygy should
be lost to cool surrouniéings. From these and numerous othor studies,

we hknow that radiant c¢nergy transfer balance {losses vs. gains) is

critical to the stable burning of strands of ammonium perchlorate helow

300 psi., Uninsulated strands normally would not burn below 300 psi,
sut have been made to burn down to atmospneric pressure when addicional
raGiant cnergy is supplic.d by an outside source; like an arc r .« &g
Also, insulated strands that can coanserve thermal energy, burn beld

300 psi. Our studies curing 1966-19 1AV own that malldn B, 2.
loosely loaded into sample tubes will burn staonly ang reproducibly down

to 14.7 psi. We belicve this can happen lazgely due to tie faet tac

s

the oxidizer burns as a zone, and the portion of the zone beaiow tic




gas-solid surface interface conscrves radiant encrgy. The cxcellent
studies by Penner and Williams that are referenced above were con-
ducted when data only from ammonium perchlorate was available. Since
we now have available a series of perclilorates and nitrates with
widely diffcrent chemical compesition, and flame temperatures ranging
from about 1000°K to 3000°K, we believe that far greater information
about the influcence of chemical composition on radiation and burning

rate can be dtermined.

The following are steps in the basic investigational approach
being followed:

1. Wle can calculate with confidence the equilibrium concentrationé
of the combustion products (flame zone composition) at their
respective flame temperatures. (17)

2, Then, using the spectral emissivity characteristics for thesec
products we can determine the wavelengths in which significant
amounts of thermal energy will be radiated to t.e solid surface.

3. Using IR absorption curves and/or fundamental vibration, bending,
etc. freguencies, for the pure solid compound, we can find
those wavebands in which the solic compound is capable of
absorbing energy.

4. Then, by matching the two sets of wavebands and knowing the
radiance from the combustion flame in watits per square ceniimetox
(using references 1 and 2 and the calculations above, Ior ie
given bands, we will have an estimate of the relative ameunt of

energy that can be transferrcd into the solié surface that is

undexrgoing combustion.
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In a preliminary set 0f ealculations using a simplifica

black body and tie rsclative

)

rmodel, the flame zone was treated as
ability of scveral compounds to atcerd energy from blaei bodlces at

are Y e

their own rflame temperatures was . ulatcd, %The data is given in

ol

Table XII. It can be secn £rom this table that there is some
correlation between the "relative encrgv received' value andé the
burning rate. In fact the lowest energy received value was for
tetrameshyl ammonium perchlorate, andé that compound does not burn
as a monopropellant in our tests. Although the tetrametiivl A.P.

flame temperature is the lowest of the components examined, it is

nly 125°K below that of ammonium perchlorate; which burns steadily.
This fact, plus the fact that methyl AN has a higher flame temper-
ature than A.P., and yet only burns half as fast, shous that

rclative energy rececived is a better indicator of burning rate than
flame temperature. The relative energy received value for the
tetramethyl compound was only about 40% of that of the slowest of

tha other three compounds. This might indicate that there is just

not enough energy being radiated to the surface to fecd the endothermic
decomposition reactions that precede sustained combustion. In looking
at the IR absorption spectra for the tetramethyl compound, it is
irmediately seen that the lack of an N~l band in this compound remecves

the ability to absorb energy at about three mierons. There is far

mecre radiation available in this wavelength than at .onger wavelengtns,
In fact tne peak wavelengti for radiant energy is between onec and two

microns. Also, it can be scen from the IR curves that the N-I

absorption for methiyl ammonium nitrate is ratheyr weax in comparison

]
te the perchlorate compounds. Tnerc is also nothing to compensate Tor
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the lack of the strong péreilcrarce assorgtica in dze 8.5 to 16

€
t

00~ mant i o 5 g o 3 e . 2
SECRIE FaTNOTENT LI tERER 15 ome Ol th' silguiest

nierons region.
burning compounds tested. It mavr be zhats the .onee, even though

small, of an absorption sand at the twe Lo three cron region is

the significant factor in allowing combustion Lo taite place at all,

“hese are oaly preliminary ccenelusions from relatively rough
caleulations. They neglected tihc speciiic radiatioa bands for the
combustion products, trcating them as a black bodyv. The whole problem
will be adapted to computer solution becausc of the otherwise tremendously
compiex problem of matehing emission curves Zor complex mintures with
the absorption curves for given compounds so0 that a "relative encragy

reocived" valuce can be obtained.

It is anticipated that this kind of a correlation, that is
reclative energy received versus burning rate for a range of chemical
compounds might prove to be tihe strongest correlation of high temper-

ature factors to burning rate.

We still believe that there are lower tenmperature factors that
will effect what happens to the absorbed energy at the solid surface.
Lowever, we believe that differential thermal analysis, which describes
the thermal response of the solid compound from ambient temperature up
to the fast exothermic combustion point will provide thesc analyscs.

«n tie DTA analvses, we will be looking for the temperatures and sizes
of endotherms, and the temperature of tiie final exotihern.

2t 1s then believed trhat the proper ccmbination of the nigh
temperature radiation characteristics, and the lower temperatuare

L enaracteristies, will qgive a far hetter cxplanntion of why

han the burning rate thnt is ity charactoristic; amud whnt tae ¢ g
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are of altering it by practieal reasures. l

™

E. Determination of Combustion Zone Conduction Dffceis on

Propgliant Burxning Rawe |

It nas long been assumed that the majority of the encrgy

f e

sustaining combustion of propellants was provided by conductive heat

transfer from the combustion gases to the solid surfacec. This may

wall be so. llowever, the exact or even approximate quantity has

always beern in doubt duec to our inability to spceify temperatures at

various stations in the combustion gas phase. We all know how hot

the cguilibrium gases are for A.P. We also know that they reach that

E
temperature for sure some 500 to 1000 microns above the surface. But

l the real question is: at what minimum distance above the surface do

: the gascs reach the 1400°K equilibrium temperature.

E During 1971 we intend 40 begin calculating minimum distances |
that would give the acceptsble amount of heat transfer uncder two con-

F citions. The first is with no generation of heat at the surface;

| .
that is the surface reaction is totally endothermic, sublimation
cecomposition generating ammonia and perchloric aeid gascs. The {
second is with limited exothcrmic.breakdown at the surface. We I§

aiso intend to conduct eguilibrium thermodynamic calculations for

ey

selected gas species-~so we can find what produects would be in the
| , T .
gas pnase at temperaturcs less than thne final combustion temperature.

Tnese caleculations should be especialiy valuadle in establishing

.y

temperature stations in the gas phase.




serchloric acié {lame.

further in lic t of tae

metrically balanced and

Reprodut
best avai

ad from
lable copy.

corlier

“‘on Tlbe

of a wide variety of stoicihio-

Yddz@ss

thocorics o

within the

£ v'gn Llbe

.
T o b
(’-.....‘ i {\

should be pursuca

.

for CxXpcrim

cntation.




’I
- L

— Reproduced from
ix Conclusions beS available copy.

-
b

1. A rnew approaci to iAigh buraning rate prepelilants is through

crs having hydrocarbon con-~

t)

di

L

L G

$a-

usc of mornopropellant crystall
taining cations.
2. Tho aiiyl substituted ammonium perecalorates arc cxecllent

cxamples of tihils class of oxicizers.

3 study of the reactions of these materials - in comparison

=N

with those of pure A.P. - provides capability of unlocking more of

| the sccrets of AP combustion meclhianisms than herctofore possible.

&. Mass Spectrometry of cecomposition products at various
temperaturcs combined with equilibrium calculations of combustion pro-

ducts, is providing data on intermediary combustion reactions.
5. A.P. samples exposed to less than 200°C, and 70 ev electron,
start decomposing as follows:

&H Clo4 S NH3 + dC104

4
HClO4 ———%7 0d + ClO3

~ o

C103 + C103 — Auluz + 02

6. ClO ané NH are probao.y not formed.

7. Some NH4 is found, out no c104.




X Future Work

1. Continte mass spectral studies of A.P. to get Letter

measures of relative guantities of species produced.

2. -Initiate mass spectral studies of substituted ammonium

percnlorates.
3. Propose reaction mechanisms based on 1. AREE & .

4. Establish single crystal combustion model with appropriate

zZones or regions specified.

3. Calculate zone temperature and energy transmission

pathways.

6. Calculate intermediate temperature and end product

equilibrium species for the gas phase.
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