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PREFACE

The work described in this report was performed by the Propulsion

Division of the Jet Propulsion Laboratory.
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ABSTRACT

As part of the Shuttle Exhaust Effects Panel (SEEP) program for
fiscal year 1973, a limited study was performed to determine the feasibility
of minimizing the environmental impact associated with the operation of the
solid rocket booster motors (SRBMs) in projected Space Shuttle launches.
Eleven hypothetical and two existing limited-experience propellants were
evaluated as possible alternates to a well-proven state-of-the-art reference
propellant with respect to reducing emissions of primary concern: namely,
hydrogen chloride (HCIl) and aluminum oxide (AIZO3). The study showed
that it would be possible to develop a new propellant to effect a considerable
reduction in HCI or A1‘203 emissions. At the one extreme, a 23% reduction
of HCl is possible along with a 11% reduction in‘A1203, whereas, at the-

other extreme, a 75% reduction of A1203 is possible, but with a resultant

5% increase in HCI.
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I. INTRODUCTION

This study was performed by the Jet Propulsion Laboratory as part of
the Shuttle Exhaust Effects Panel (SEEP) program for fiscal year 1973.
The SEEP was formed by the Office of Aeronautics and Space Technology of
the National Aeronautics and Space Administration (OAST/NASA) at the
request of the Office of Manned Space Flight of the NASA td investigate and

define necessary launch restraints for the Space Shuttle.

The objective of the task was to determine if an alternate solid pro-
pellant, other than a well-proven state-of-the-art reference propellant (an
86% by weight solids loaded ammonium perchlorate/aluminum/polybutadiene-
acrylic acid-acrylonitrile (AP/Al/PBAN) formulation), could be developed
to reduce the potentially hazardous emissions that would result from the
firing of the Space Shuttle solid rocket booster motors (SRBMs). The
emissions of primary concern are hydrogen chloride (HCl) and aluminum
oxide (AléO3). The study has been completed and the results are presented

in this report.

The approach that was followed in achieving the objective of the study
was to: (1) establish hypothetical solid propellant forrﬁulations which could
be considered practical and would result in a reduction of one or both of
the aforementioned emissions, (2) review the formulations with potential
SRBM contractors with respect to processability, performance, cost, and
experience, (3) revise the formulations as a result of the review with the
potential SRBM contractors, (4) conduct analyses, as required, and
(5) estimate the effects of uﬁlizing any one of the propellant formulations

as opposed to using the reference formulation in the SRBMs.

Only one area of the Space Shuttle launch vehicle is addressed:
namely, the solid propellant that will be used in the SRBMs. NASA has
commented (Ref. 1), "Emissions of hydrogen chloride (HC1) from the solid
boosters may create potentially hazardous conditions in the immediate
vicinity of the launch site for a short period of time....the principal

concern,...is the possibility of rain scrubbing out the HC]l from the exhaust
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cloud in concentrations sufficient to have an adverse effect.' It is also
implied (Ref. 1) that standard operational procedures will have to be adopted
to defer launches if weather conditions are such that the predictions of
exhaust cloud concentrations,. movements, and weather indicate unacceptable
environmental conditions. It was therefore deemed worthwhile to investi-

- -gate the use;of .alternate propellants to reduce the source quantities of the
potentially. hazardous pollutants, and, as.a result, __'rln;i‘ni_rni;z,en_the. ic;o.n‘s:traints

inthat: will have.to.beimposed on the Space. Shuttle launches. .

feeme aotoe IL - SUMMARY ...
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A 11rn1ted study was conducted to determme whether a Class 21 solid

.propellant c0uld be developed and used in 11eu of a wel’ proven state of the -
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. H‘_.art reference propellant an 86% by we1ght sol1ds loaded AP/Al/PBAN
,:formulat1on that contalns 16% by we1ght of Al) in the SRBMs to reduce the
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.arnount of HCl and Al 03 that would be em1tted durmg the launch 0f a Space
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+.:nrThirteen different propellant formulations were. considered, .eleven of

{swhich:were: hypothetical formulations,. _ar_ld,_:tw,o;gofi. gwh1ch( were existing fljrn:ited—
experience formulations using a hydroxy-terminated polybutad_iene (HTPB)

) blnder Other than the change of binder, the 1nvest1gat1on was concerned

{‘ w1th ;(1) the use of.cyclotetramethylenetetrahltrarrune (Hl\/IX) cyclotrlmeth-

4 ylenetrlnltrarnlne (l'j{DX) and ammonlum n1trate AN) ox1d1zers whlch do

not conta1n chlorlne as ia part1al subst1tut1on of the AP ox1d1zer ‘and

(2) varylng the amount of Al 1n the formulatlons.' Double base AN/PBAN
and AN/HTPB propellants were not 1nvest1gated because (1) the double base

- 1The hazard cla351f1cat1on de31gnat1on of a propellant wh1ch burns v1gor-

o ously with' little ‘'or no Possibility of extinguishment 1n'storage situations.
Explésions:normally will'be confined to pressure .ruptures of containers
and.will not produce prOpagat1ng shock waves or damaging blast over-
pressure beyond ‘the' magazine distances (quantity-distance storage rela-

tionships):that’are. specified for-Class-2 materials:(Ref. 2)...
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propellants are known to be Class 72, and therefore do not comply with the
present NASA requirement that the SRBM propellant must be Class 2, and
(2) an AN/PBAN or AN/HTPB propellant, which contains the maximum
amount of AN in the formulation (as constrained by mixing, casting, and
physical property requirements), would have a delivered specific impulse
and density that are both much too low to allow consideration as a practical
alternate propellant. The maximum amount of HMX, RDX, or AN that was
used in the formulations was regulated by hazard classification in the case
of HMX and RDX, and by processing and performance considerations in the
case of AN. Aluminum was retained in all of the propellants because of
combustion stability and performance.considerations. However, the weight
percent of Al was varied from 4 to 20%. Thus, by replacing a part-of the
AP with le\/_[X, RDX, or AN, a reduction would result in the total amount of
HCl that would be emitted during the launch of a Space Shuttle vehicle.
Also, by reducing the weight percent of Al in the formulation, a reduction

in the amount of A1203 would be effected.

The propellant formulations that were investigated are tabulated in
Table 1. The formulation designated as the reference propellant is repre-
sentative of a Well—prbven state-of-the-art propellant and is a prime candi-
date for the baseline SRBM. The other formulations, designated A through
K, are those that were .considered for use in lieu of the reference
propellant. Formulations E and J are representative of existing AP/Al/
HTPB propellants, with which the solid rocket motor industry has limited
experience. The rest of the propellants are hypothetical ones, which have
been formulated to provide the maximum practical reduction in either

HCI1 or A1203 emissions.

The confidence level of achiéving the established cost-time goals for -
development, qualification, and initial production of the SRBMs, using the

reference propellant, is very high. The confidence level is degraded

2The hazard classification designation of a propellant, most of the entire

quantity of which will explode virtually instantaneously (mass detonate)
when a small portion is subject to fire, to severe concussion or impact,
to the impulse of an initiating agent, or to the effect of a considerable
discharge of energy from without. Such an explosion normally will cause
severe structural damage to adjacent objects and the direct propagation of
the detonation to other separated explosives and ammunition placed suffi-
ciently close to the initially exploding pile (Ref. 2).
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somewhat with the use of propellant J, and still more with the use of propel-
lant E. The cost-time goals established by the Shuttle Project could not be

met using any one of the hypothetical propellants.

It is believed that any one of the hypothetical propellants could be
developed and qualified for use in the SRBMs. The cost and time required
for such a program would depend upon the degree of change and the phasing
of the work with the main Shuttle program. It is roughly estimated that the
maximum cost and time required for development and demonstration, not
including qualification, would be $25, 000, 000 and 36 months respectively.
The demonstration would consist of the static firing of two full-scale SRBMs,
An additional cost and time would be required to qualify the new SRBM
design for use in the production SRBMs. The program that would Be required
to qualify the new SRBM design would depend upon many factors, which can-
not be ascertained at this time; therefore, no estimates were made of quali-

fication cost and time.

The weight of each propellant that is required per launch of a Space
Shuttle vehicle, as shown in Table 1, was derived on the basis of providing
the same delivered total impulse as two SRBMs, which each contain
544,311 kg (1, 200, 000 1b)3 of the reference propellant. A vehicle optimi-
zation study would be the accurate approach to follow to determine the
weight of propellant required per launch; however, such a study was not
required to make a qualitative assessment of the relative differences in

HCI1 and AlZO3 emissions,

The total weights of HCI, A1203, and CO4 that would be emitted per
Space Shuttle launch with SRBMs that contain each alternate propellant, in
order to deliver the same impulse as SRBMs that contain the reference pro-
pellant, are tabulated in Table 1. It is clearly shown that the total weight of
'HCI that is emitted can be reduced by approximately 10% by using propellant

3The weight of propellant which was estimated to be required at the time
this study was initiated (Ref. 1). (In this report, values in customary units
are included in parentheses after values in International System units if the
customary units were used in the measurements or calculations. )

The weight of CO emission was included because it is an emission of sec-

ondary importance (Ref. 1). No consideration was given in this study to
the reduction of the CO emission. '

JPL Technical Memorandum 33-649




formulations that contain HMX or RDX (propellants B, G, and K vs the
reference propellant). It is further shown that the total weight of HCl can be
reduced in the order of 23%, with an 11% decrease in the total AIZO3 emis-
sion, by using a propellant formulation that contains AN (propellant D vs the
reference propellant). The total weight of Ale3 that is emitted can also be
reduced in the order of 75% (propellant C vs the reference propellant), at the
expense of 5% increase in the total weight of HCI1 that is emitted. Also, the
use of propellant J (an 88% by weight solids loaded AP/Al/HTPB propellant)
would result in about a 1 1/2% reduction of the total weight of HCI that is

emitted during a launch.of a Space Shuttle vehicle as compared to the amount

of HC1 that would be emitted using the reference propellant.

As a result of this limited study, it is concluded that a Class 2 solid
propellant can be developed, demonstrated, qualified, and used in Space
Shuttle production SRBMs to effect a reduction of about 10 to 23% in the total
amount of HC1, or a maximum reduction.of about 75% in the total amount of
AlZO

3 that would be emitted per launch.

III. DISCUSSION

A study which considers the use of possibie alternate propellants for
the Shuttle SRBMs must be conducted on the basis of a relative comparison
with a possible SRBM baseline propellant system (an 86% solids loaded AP/
Al/PBAN propellant with 16% Al). Approximately 99. 9% of the exhaust that
is emitted during the operation of the SRBM, using the reference propellant,
consists of a mixture of six different gases (HZ’ HZO’ NZ’ CO, COZ’ HC1),
‘and one condensed species (A1203). The remaining 0. 1% of the exhaust con-
sists of a large number of chemical species which are present in very small
"amounts. The only chemical species in the exhaust that are subject to ques-

tion with respect to possible adverse environmental effects are HC1 and

A1203.

Both PBAN and HTPB propellants were included in the study. The
HTPB propellants were included not only for the possibility of reducing
questionable emissions, but also to offér a propellant system with perfor-
mance growth potential. It is pointed out, and emphasized, that no attempt

was made to optimize any of the propellants from a total vehicle systems
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standpoint. A description of each of the alternate propellant formulations,
with the reasons for its selection as a possible propellant for the SRBMs

follows.

A, Possible SRBM Propellants

The propellants that could be realistically considered for utilization in
the Space Shuttle SRBM are listed in Table 1. The reference propellant is
representative of what could be the baseline SRBM propellant. The propel-
lants that are designated A through K are those that are considered to be
feasible systems that could be.develop'ed and qualified for use in the SRBM.
All of the propellants, with thé exception of the reference propellant (a well-
proven low-cost, low-risk propellant) and propellants E and J (low-cost,

limited-experience propellants), are hypothetical formulations.

1. Reference propellant. The reference propellant is a fully devel-

oped, well characterized, "off-the-shelf, " - PBAN propellant that contains
86% by weight total solids (70% AP and 16% Al) in a PBAN binder.

2. Propellant A, The propellant designated as A uses the same

ingredients as the reference prdpellaht, but contains only 4% by weight of

Al to minimize the amount of AlZO that would be emitted in the operation of

the SRBM. It was thought to be im3practica1 to eliminate all of the Al,
because of combustion instability considerat.ions. Therefore, a reasonable
compromise was made, and a formulé.tion that contained 4% Al was selected.
Because of the difference in density between the Al and the AP, a total solids

loading of 84% was selected.

3. Propellant B. One method which may be employed to either

reduce or eliminate the amount of HCI that is emitted in the operation of the
SRBM is to use an oxidizer, such as HMX or RDX, which does not contain
chlorine. HMZX, a high-cost material (approximately 11 times that of AP),
has been used extensively in double-base propellants, but there is only
limited experience with the use of HMX in composite propellants. RDX is
also a; high-cost material (approximately three times the cost of AP), and
there is very limited experience with the use of RDX in composite propellants.
HMX could not be made available in the quantity required (4.5 to 6. 8 million
kilograms per year) to support the expected production (Ref. 3) of SRBMs

for the Space Shuttle program, without adding additional production facilities;
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however, RDX could be made available without the necessity of providing
additional production facilities. The availability of HMX and RDX and the
relative cost of HMX and RDX to AP are based upon a cursory investigation.

A thorough investigation may yield different results.

The possibility of replacing various amounts of the AP in the referenée
propellant formulation with either HMX or RDX was investigated by discus-
sion with experienced propellant personnel in the propellant industry. It was
concluded that the replacement of more than 20% by weight of the AP in a
foi'mulation with either HMX or RDX would certainly result in a Class 7 pro-
pellant, but that the substitution of up to 10% by weight of the AP with either
HMX or RDX would very likely result in a Class 2 prbpel}ant. Therefore, to
be relatively certain that the propellant would be Class 2, propellant B was
formulated to be a modification of the reference propellant by the replace-
ment of only 10% by weight of the AP with either HMX or RDX.

4, Propellant C. The propéllant formulation designated as C is a

modification of propellant A, in which 10%'by weight of the AP has been
replaced with HMX. The modification was made to reduce the amount of
HCI1 that would be emitted, as compared to that which would be emitted with
the use of propellant A. - ‘

5. Propellant D. - Another oxidizer, which does not contain chlorine,

that was considered to reduce the amount of HC1 in the exhaust of an operat-
ing SRBM, is ammonium nitrate (AN). AN is a low-cost material (approxi-
mately 1/3 that of AP), but has a major disadvantage of being hygroscopic.
AN also has lower energy and density than AP. It is believed that difficulty
may be encountered in effecting complete combustion of the Al in propellants
that contain AN as a part of the oxidizer. The Al combustion efficiency is
believed to be a function of the weight fraction of AN in the total oxidizer. -
It is theorized that the Al combustion efficienqy decreases with an increase
in the weight fraction of AN, A reasonable upper limit of AN was therefore
assumed to be 25% of the total oxidizer, and the weight fraction of Al in the
total propellant was set at 14%. The weight fraction of total solids in the
formulation, whichwas set at 85%, is believed to be the maximum that could
be achieved with the 25% AN/75% AP oxidizer in a PBAN binder and still
possess adequate processing prbperties. Thus the formulation designated as

propellant D is a best estimate of a feasible AN/AP/Al/PBAN propellant
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formulation to provide a maximum decrease in HCl emission. There is,
however, -a strong possibiyl‘ity that it would be found necessary to reduce the
AN/AP weight fraction ratio to achieve the processing and physical proper-
ties or pebrformance (especially burn rate) required for use in the Space

Shuttle SRBMs. -

6. Propellant E. In addition to the propellant formulations that used
PBAN as the binder, formulations which employed HTPB é.s the binder were
considered. It is recognized, from the standpoint of processing limitations,
that the HTPB binder can incorporate a higher solids loading than is possible
with the PBAN binder. Itwas expectéd, and was confirmed, thatthe resulting
HTPB propellant formulations, using relatively the same percentage ratios
of AP/Al, HMX/AP/A1l, and AN/AP/Al that were used in the PBAN formula-
tions, would result in higher performance (delivered specific impulse X
density) than the PBAN propellants. Therefore, it may be. possible to
reduce the amount of propellant required, as cémpared to that needed for an
SRBM using the reference propellant, and thereby effect a reduction in the
amount of the HC1l, Al,O

273
SRBM. Propellant E is a 90% by weight solids HTPB formulation that con-

or CO that is emitted in the operation of an

tains 20% by weight of Al. The formulation is not considered to be optimum
with respect to performance or cost. A lower weight fraction of solids, and
a different ratio of AP to Al in the formulation, could result from a detailed
Space Shutt1e> systems optimization study. The propellant industry has con-
siderably less experience with HTPB propellants than it has with PBAN
propellants. To date, less than 450, 000 kg of HTPB propellant has been
processed, and a few large motors, which contained up to 17, 237 kg of
HTPB propellant, have been fired. In contrast, over 7';, 000, 000 kg of
PBAN propellant has been processed. The PBAN propellant has been used
in many successful motors; for instance, forty 3.048-m (120-in.) diameter
motors, which each contained about 192,777 kg (425, 000 1b) of propellant,
have been used, without a single failure, in 20 operational flights of the
Titan III-C and D launch vehicles. Also, three 6.604-m (260-in. ) diameter
- motors, which each contained about 725, 748 kg (1, 600, 000 1b) of propellant,

have been fired in ground level tests.
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7. Propellant F. The formulation designated as propellant F is

the HTPB counterpart of propellant A, and is formulated to reduce the
A.IZO3 that is emitted. It is a 86% by weight solids loaded propellant.

8. Propellant G. The formulation designated as propellaﬁt Gis a
50% by weight solids loaded formulation like propellant E; however,' the
formulation has been modified to reduce HCl emission by replacing 10% by
weight of the AP with HMX. -

9. Propellant H. The formulation designated as propellant H is the

HTPB counterpa¥t of formulation C and is formulated to reduce both the
A1203 and HCIl emissions as compared to that associated with the use of the
reference propellant. The formulation has a 2% by weight higher solids

loading (86% vs 84%) than its PBAN counterpart.

10. Propellant I. The formulation designated propellant I is formu-

lated to perform the same function as its PBAN counterpart (propellant.D).
It has, however, only 1% by weight more total solids loading than

propellant D.

11. Propellant J. The formulation designated propellant J is an 88%

by weight solids loaded HTPB formulation. The formulation is included in
the list of propellants because it is believed that it could be developed for
use in the SRBM with less difficulty than that associated with the developrﬁent
of propellant EA. Propellant J is considered to be the most probable choice
of an HTPB propellant for use in the SRBM.

12, Propellant K. The formulation designated as propellant K is a

modification of propellant J, in which 10% by weight of the. AP has been
replaced with either HMX or RDX.

B. Effect of Using Possible Propellants for the SRBM

The effect of utilizing any one of the propellants, as listed in Table 1,
on (1) propellant properties, (2) HC1, AlZO3, and CO emission, (3) delivered
thrust, (4) propellant mass fraction, (5) hazard classification, and (6) devel-
opment time and cost for the SRBM were ascertained by analysis, estimated,
or at least considered in this limited study. The effects are diécussed in

the ensuing text.
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1. Propellant properties. A tabulation of the pertinent theo-

retical and predicted properties of each propellant is shown in Table 2,
whereb TfA is the theoretical, adiabafic combustion flame temperature at
689.5 x 104N/rr12 (1000 psia) and IS > is the theoretical standard specific
impulse, calculated by assuming eqsilibrium conditions throughout, and
expanding from a chamber pressure of 689.5 X 104N/rr12 (1‘OOO psia) down

to 101 X 103N/m2 (14. 7 psia) (i.e., sea level optimum). The density of
each propellant was calculated from the known densities of the individual
propellant ingredients. The term n; defined as the specific impulse effi-
ciency, is the ratio of the measured specific impulse to the theoretical
equilibrium-flow specific impulse, calculated at the motor firing conditions,

multiplied by 100. It is derived from the following equation:

n=X-Kaoe-0Q
where
A = nozzle efficiency
K = an empirically derived constant
‘@ = the mass fraction of condensibles in the exhaust

Q = heat loss

Isp (del) is the predicted deli\./ered specific ‘impulse fzr the respe?’c'tive2
propellant fired under standard conditions : 689.5 X10" =101 x 10" N/m
(1000—’14.7_psia), using a 15° half—angle nozzle. The Isp (del) value is
derived by multiplying Ispo' by . The equation has been used extensively
at the Jet Propulsion Laboratory to predict the potential performance of
different propellant systems in a number of different motors, and the agree-
ment between predicted and measured values has been excellent. As a case
in point, the predicted IS “value for the reference propellant, obtained by
use of the eﬁuation above, is 2,400 N-s/kg (_244.7 lbf-s/1bm). The refer-
ence propellant is essentially the propellant used in a currently produced

large solid rocket motor, which has a delivered specific impulse of approxi-

mately 2,403 N-s/kg (245. 0 1bf-s/lbm) at standard conditions.

2. HCI1, A1203, and CO emission. The percent by weight of HCI,

and CO of the total weight of emissions from a solid rocket motor,

Al,0;,

using each of the propellants, is shown in Table 3. The data shown in
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Tableé 3 were used: in the ‘calculation of the total weight of HCI," AIZO and
* CO that Wwould be emitted in ‘the operation of an SRBM using each -of the
propellant formulations. The resulting data are tabulated in Table 4, The

total weight. of propellant. that is requ1red for an SRBM usmg each propel-

.....

lO ‘N- s(293 64 X, 106 lbf s) (the dehvered total 1mpulse of a nypotnetmal

~SRBM,, Wthh contalns 544 308 kg (1 200, 000 1b) of the reference propel-
lant), The we1ght of each propellant requlred by the SRBM to de11ver the

. required total 1mpulse was .calculated using the dehvered I sp data in
‘Table 2.. It is. recognized that the method used to calculate the total welghts
of HCI, AlZO3, and CO that would be emitted in the operatron of an SRBM
using. each propellant formulation,. is overs1rnpl1f1ed and, does not result in_
an absolute evaluation from a Space Shut_tle. system,pmnt of view, However
‘an absolute evaluation was not requ1red to make a. qua11tat1ve assessment
of the relative differences 1n HCl or, AlZO3 em1ssmns The data contalned
in Table 4 clearly show that it is poss1ble to reduce the total amount of
HCI or A1203 that is emitted either by mod1fy1ng the reference propellant
formulation or by. usmg HTPB propellant formulations in 11eu of the PBAN
formulations, . The type and extent of em1s51on reductlons are d1scussed 1n

.....

Section II (Summary).

©:3, " sizDelivered thrust.:, No' attemptiwas made in this limited study to

evaluate the variation in delivered thrust of the SRBM, using any of the

poss1ble propellant formulations, with respect to that delivered using the

basehne propellant formulatmn It was assumed that the burn rate of each
possible propellant could be adJusted to the requ1red burn rate by proper ‘

oxidizer, particle size .selection and/or use of a burn rate catalyst

(O

4. Propellant mass, fract1on . The propellant mass fractlon that

could be realrst1ca11y ach1eved in the SRBM ‘using ‘any .of the poss1ble :
propellant formulatmns, was not ?determ1ned in th1s 11m1ted study The
determ1nat1on~ of the. opt1mum propellant mass fraction for the SRBM _using
any of the propellants that were cons1dered would 1nvolve deta11ed deS1gn
evaluat1ons beyond the: scope of this. study It is of interest, however, that
an SRBM usmg propellant B wh1ch 1s considered a feasrble approach to
_ reducmg the amount of HCI- em1tted per launc¢h, could have a propellant

‘mass fractlon equal to that of an SRBM employmg the reference propellant

JPL Technical:Memorandum 33-649 : | 11
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This is true because (1) the delivered specific impulse, (2) the adiabatic
flame temperature, and (3) the density of propellant B are all about the same

as those of the i‘eference propellant,

5, Hazard classification, The gfound rule with respect to propel-
lant hazard classification employed for this study was that only Class 2
propellants would be considered, Therefore, all propellant formulations
listed in Table 1 are believed to be Class 2 propellants. There is, however,
some doubt with respect to the classification of the propellants that contain
either HMX or RDX, The amount of either HMX or RDX contained in propel-
ants B, C, G, H, and K are within the limit established by consultation with
experienced propellant personnel. Little or no experimental work has been
conducted by industry to establish the hazard classification of either HMX
or RDX propellants as listed in Table 1. It may be possible to increase the
HMX /AP or RDX/AP ratio over that shown for 'pfopellants B, C, G, H, and
K and still retain the Class 2 classification. The critical diameters of
grains made from é.ny of the propellant formulations listed in Table 1, with
the possible exception of the reference propellant, is not presently known,
It will be necessary to conduct experimental (possibly full-scale) tests to
establish the critical diameter, These tests may show that the criticé.l
diameter; using any of the propellants, including the reference propellant,
is smaller than that of the propellant grains presently contemplated for use
in the SRBM (Ref. 4).

6. Development time and cost, All of the possible alternate pro-

pellanté; listed in Table 1 can be developed, demonstrated, and qualified for

5The critical diameter is the diameter of a right solid circular cylinder of
propellant (grain), which if subjected to sufficient shock, impact, fire, and
mechanical failure (either individually or in any combination) will result

. in steady-state detonation and/or thermal explosion of the grain. Detona-

tion is an exothermic reaction characterized by a rapid combustion or
thermal decomposition reaction zone, which is preceded by a shock wave
and propagates through the material at a velocity greater than the sonic
velocity in the material. An essential feature of detonation is the movement
of product gases toward the burning surface and unreacted material. The
propagation mechanism is shock compression. Steady-state detonation
proceeds at a constant velocity. Thermal explosion is the violent con-
sequence of an exothermic reaction that releases heat at a greater rate
than the rate of heat loss from the reacting medium, reaching the point
where the reaction produces an explosion because of the increasing temper-
ature and reaction rate (Ref. 4).
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use in the SRBM. The maximum estimated time and cost for development
and demonstration would be that required to develop and finally demonstrate,
in two full-scale SRBM static firing tests, the propellants that contain eithe'r
AN or RDX. It is roughly estimated that the development and demonstration
efforts could be accomplished in 36 months at a cost of $25,000, 000, It is
also roughly estimated that the propellants which contain HMX coﬁld_be
develéped and demonstrated ih two full-scale SRBM static firings in

- 24 months at a cost of $22,000,000, The latter progrém would not be as
difficult to accomplish as the AN or RDX propellant program, in that a
moderate amount -of effort is in progress within the solid propellant industry
to develop 88 to 90 percent solids loaded AP/HMX/Al/HTPB propellants for

use in solid rocket motors, Further discussion on the subject of time and

cost required to develop, demonstrate, and qualify the alternate propellants

for use in production Space Shuttle SRBMs is included in Section II

(Summary).
1IV. CONCLUSIONS

As a result of the limited study, the following conclusions are drawn:

(1) It is possible to develop a new. propellant that could be utilized
in lieu of an assumed baseline SRBM propellant to effect a con-
siderable reduction in the amount of HCI or A1'203 that would be

- exhausted into the atmosphere during the operation of the SRBMs
in the Space Shuttle program. At the one extreme, a 23% reduc-
tion of HCl is possible along with an 11% reduction in A1203,

whereas, at the other extreme, a 75% redu(_:tic)n of A1203 is

possible, but with a resultant 5% increase in HCl,

(2) The estimated maximumn cost and time that would be required
to develop and demonstrate, in two full-scale SRBM firings,
any one of the new propellants that were considered are
$25, 000, 000 and 36 months respectively. The cost could be
reduced considerably if the development and demonstration
program were conducted by the selected SRBM contractor con-
currently with the design, development, and qualification of the
baseline SRBM,

JPL Technical Memorandum 33-649
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Table 3. Percent by weight of HCI1, A1203, and CO in the exhaust of a Space
Shuttle solid rocket booster motor using possible propellants

Weight percent of total emission
: at 101 X 103N/m2 (14. 7 psia)
Propellant
HC1 Al1.0O co
273
Reference 21,70 30.22 , 22,74
A 24,83 7.52 17.14
B 19. 54 ~30.02 25,87
C 22.34 7.56 20.69
D 16.52 26. 45 23.45
E 21. 21 37.74. 17.67
F 25, 45 7.56 15.77
G 19,49 37,74 20,32
H 22.90 - . 7.56 18,80
I 16,53 28. 35 23,78
J 21.39 33,97 21.46
K 19,52 33,99 24,11
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Table 4. Total weight of HC1, Al;03, and CO emitted in the operation of a

Space Shuttle solid rocket booster motor using possible propellants

Propeilant Weight emitted per SRBM
required kg (1bm)
Propellant per SRBM
kg (1bm)(@) HCl AL0, Cco
Reference 544,311 118,115 164,491 123, 776
(1, 200, 000) (260, 400) (362, 640) (272, 880)
A ‘550, 839 136,774 41, 643 94,414
(1, 214, 392) (301, 534) (91, 808) (208, 147)
B 542,758 106,055 162, 936 140, 411
(1, 196, 577) (233, 811) (359, 212) (309, 554)
C 552,667 123, 466 41,782 114, 347
(1, 218, 423) (272, 196) (92, 113) (252, 092)
D 551,067 91,036 145, 757 129, 225
(1, 214, 894) (200, 700) (321, 339) (284, 893)
E 547,668 116, 160 206, 690 96, 773
(1, 207, 401) (256,089) (455,673) | (213, 348)
F 548,119 139, 496 41,438 86, 438
(1, 208, 395) (307, 536) (91, 355) (190, 564)
G 544, 533 106, 129 205, 507 110, 649
(1, 200, 490) (233, 975) (453, 065) (243, 940)
H 549,022 125, 726 41, 506 103, 216
(1, 210, 387) (277, 179) (91, 505) (227, 553)
I 549, 702 90, 866 155, 841 130, 719
(1, 211, 886) (200, 325) (343, 570) (288, 186)
J 544,756 116, 523 185,053 116, 904
(1, 200, 981) (256, 890) (407, 973) (257, 730)
K 542,096 105, 817 184, 258 130, 699
(1,195, 116) (233, 287) (406, 220) (288, 142)

(a) To deliver the same total impulse,
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