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FOREWORD

(C) Under Contract No. AF 04(611)-8516, United Technology Center (UTC)
has been conducting an applied research and development program on high-
energy hybrid propellant systems., The programwas initiated in August 1962
with an eifort directed toward high-energy space-storable propellant sys-
tems. The original objectives included the development of a 5000-1b thrust
hybrid motor capable of a specific impulse in excess of 300 sec (1000/14, 7)
with space storable propellants, 20 sec of full thrust operation, multiple
start operation, and thrust modulation over at least a 12:1 range,

(C) Prior toinitiationof the present follow-on effort, all of the objectives
except throttling had beendemonstrated with a propellant eystem consisting
of OF 2 and a fuel containing 25% lithium, 10% livinium hydride, and 65% binder.
The throttleable motor development studies were, therefore, completed
using this same fuel system.

(C) InDecember 1964 a portionof the program was redirected toward the
investigation of prepackaged hybrid propellant systems suitable for appli-
cationinair-launchedtactical missiles so that the program objectives would
be consistent with current Air Force studies. The revised Phase Il pro-
gram objectives included the selaction and evaluation of candidate propel-
lants applicable to a prepackaged tactical missile system. Thie system
requires a propellant system which is storable between -65° and +165° F,
is nonsustaining so that motor shutdown and restart are achievable, and
which produces an exhaust plume with favorable radar attenuationand reflec-
tion properties. A propellant system consisting of an oxidizer containing
either chlorine pentafluoride (ClFg) and/or bromine pentafluoride (BrFg)
and/or perchloryl fluoride (C103F) with a fuel containing triaminoguanidine
azide (TAZ), boron, ammonium perchlorate (AP), and kinder have the
potential of meeting these objectives,

(U) The research activity reported in this publication (UTC Publication
No. 2098-FR) waa supported by the Advanced Research Projects Agency.
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ABSTRACT

(C) A lightweight 12-in, hybrid test motor has been developed which is
capable of delivering 5000-1b thrust for 20-sec duration and up to 90-sec
duration at reduced thrust, The motor has consistently deliverec a specific
impulse in excess of 300 sec (1000/14,7), with a high value of 316 sec, is
capable of multiple restarts, and can be throttled over a 13, 8:1 ratio while
maintaining a nearly constant mixture ratio, The propellant system, which
consists of OF anda fuel containing lithium, lithium hydride, a#nd a binder
has demonstrated its suitability to space storable mission requirements.
Further development of this propulsion system would now require the appli-
cationof the technology achieved to flightweight motor designs and to statis-
tical evaluation of fuel utilization and motor performance in multiple tests
of flight configuration motors,

(C) Injector developmentstudies have resultedin several injector designs
which will eliminate the requirement for injector shielding and reduce or
eliminate the requirement for a splash block. Other successful injector
designs include poppet-type injectors which allow injector-face oxidizer
shutoff, a dual manifold injector which permits dual thrust operation, and
regeneratively cooled multiple stream injectors which operate fully exposed
to the combustion chamber environment,

(C) Fuel system studies were conducted with a fuel containing 50% THA
and 50% binder which, because of its pressure-sensitive behavior, showed
promise asa substitute for the Li/LiH/binder fuel system. In scaling from
laboratory to 5, 0-in. motors itbecame apparentthat the pressure sensitivity
is reduced by many motor and operating parameters. Thus, the usefulness
of pressure sensitivity to control mixture ratio during throttling would be
limited without coneiderable additional study. Therefore, further work on
the development of a throttleable motor was conducted using the nonpressure
sensitive Li/LiH fuel system.

(C) A thrust control system that includes a thruat control valve, an oxi-
dizer flow-divider valve, and a control network has been designed and suc-
cessfully tested. This system distributes the oxidizer to primary and aft
injectors in vuch a manner as to produce a 50:1 throttling ratio,

CONFIDENTIAL
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(C) Formulations studies have rarulted in the selection of a potential pre-
packaged hybrid prepellant systernthat consists oi Ci1Fg and afuel containing
triaminoguanidine azide (TAZ) or tetraformaltrisazine (TFTA), boron or
aluminum, ammonium perchlorate, and a binder. This propellant system
was selected because it has high theoretical specific and density impulse
levels. Processing studies have produced castable blends of the four com-
ponents with solid loadings as high as 80%.

(C) Fifty-six 3.5-in. motor tests were conducted using CiF; to evaluate
and screen the iuel systems, Forty 5.0-in. motor tests were conducted
with five fuel blends using the components previously mentioned. These
tests evaluated the regression characteristics of pelletized and homogeneous
fuelblends and demonsirated the feasibility of pelletized nonsustaining hybrid
fuel grains.

(C) In addition, a fuel coniaining 35% TFTA, 20% aluminum, 15% AP, and
30% binder was us~d in six 12-in, motor tests, delivering up to 95% of the
theoretical specific impulse, Two tests were conducted with this fuel for
durations of 30 sec using an oxidizer consisting of 18% CIO3F and 72% CI1F ;.
Another motor was tested and restarted three times using ClF; as the
oxidizer,

(U) Publication of this Technical Documnentary Report does not constitute
Air Force approval of the report's findings or conclusions, It is published

only for the exchange and stimulation of ideas.

(U) Catalog cards with an unclassified abstract may be found in the back
of this document,

CONFIDENTIAL
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1,0 THROTTLING STUDIES — HIGH-ENERGY PROPELLANTS (PHASE I)

(C) Original program objectives included the development of a 5000-1k
thrust hybrid moicr capable of delivering a specific impulse in excess of
300 sec (1000/14,7) with space-storable propellants, a full thrust duration
of 20 sec, start-stop-restart operation, and thrust modulation over the
widest possible range. A goal of 50:1 throttling ratio was set with an cbjec-
tive of achieving a ratio of at least 12:1.

(C) Throttling studies were complet i using a propellant system consisting
of Fy + 1/2 O, (FLOX) and the 25% littium, 10% lithium hydride, 65% hydro-
carbon binder fuel. The studies have included pressure-sensitive fuel
investigation, injector development, control svstem development, and
throttleable motor development tests.

(U) As a result of these studies, a lightweight 5C00-1b thrust filament-
wound hybrid test motor has been developed which demonstrated throttling
ratios in excess of 13:1, was fired for individual test durations of 60 sec
and curnulative durations of 90 sec, and demonstrated its restart capability
on several occasions, The motor has demonstrated a high level of per-
formance in eleven tests and has provided substantial qualitative design
data that can now be incorporated into flightweight motor designs. It is
left to subsequent programs to statistically evaluate motor performance
and demonstrate fuel utilization in multiple tests of flight configuration
motors,

{C) Two iuel systems were evaluated for use with OF,, representing two
concepts in throttleable hybrid motors. The Li/LiH/binder fuel requires
that oxidizer be injected at the aft end of the motor to maintain optimum
mixture ratio during throttled operation. The second fuel system contains
a prescgure-sensitive additive, THA, which had the potential for precducing
a linear fuel/oxidizer flow relationship, thereby eliminating the need for
aft injection, When the pressure-sensitive fuel system proved unsuccess-
ful, the throtileable motor studies were completed using the Li/LiH/binder
fuel system,

i.1 PRESSURE-SENSITIVE FUELS
(C) A rew family of hybrid fuels were investigated as a possible substitute

for the Li/LiH/binder fuel system. The fuels consist of various blends of
dinder and TAZ or its double salt, THA, These fuels were of interest

 CONFIDENTIAL
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because, under certain conditions, they show a pronounced regression rate
deperndency on combustion chamber pressure. The implications of this
rnressure effect include the possible development of a hybrid fuel system
which does not require aft-end injection of oxidizer to maintain an optimum
mixture ratio during throttled operation,

(C) It can be shown (se2 appendix I) that if the fuel regression rate is
epxressed )y the anticipatsd form

t=aP G (1)

where:
r = regression rate (in. /scec)
a = constant
G = oxidizer mass flux. (lb/uec-inz.)
P = combustion chambver pressure (psi)
n = oxidizer mass flux e:coonent

m

pressure sensitivity,

a constant oxidizer/fuel (O/F) ratio can be maintained if the sum of the
exponents (m + n) equal 1. 0.

(C) The lithium fuel has an exponent, n, equal to 0.5 and laboratory
motor data obtained from fuels containing 50% THA and 50% binder pro-
duced pressure exponents (m) nearly equal to 0.5. A fuel system possess-

ing a combination of exponents equal to these would produce the desired
effect.

(C) Both fuel systems deliver a high specific impulse with oxygen difluo-
ride (OF) and are potentially suitable for space applications. As shown
in figure 1, the thesretical specific impulse of the lithium fuel syatem with
OF, is 345 sec (1000/14., 7) as compared to 341 sec for the 50% THA /50% binder
fuel. In a full-scale motor, the slightly lower perfcrmance would be offset
by simplification of the oxidizer distribu’ion sysicin, climination of aft
injectors, and flow control valves,

CONFIDENTIAL
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Figure 1. (U)Theoretical Performance of Space Storable
G Hybrid Propellants
(U) Two motor sizes were used in the evaluation of pressure-sensitive

fuels: the laboratory survey motor shown in figure 2 and the 5. 0-in. motor
shown in figure 3. Laboratory survey motors were used to screen fuel
samples for effects of variation in formulation and chamber pressure on
grain regression., The 5. 0-in. -diameter subscale motors were used with
2.0-in, port fuel grains to obtain data to develop the empirical relations
that characterize the fuels.

(C) Preliminary data were initially obtained in a UTC-sponsored program
in which laboratory survey motor tests were used to determine average
regression rate as a function of pressure for various percentages of THA
and TAZ at a constant oxidizer mass flux of 0,270 lb/sec-in? Figures 4
and 5 indicate this relative sensitivity by the slope of the curves, From
these curves it is apparent that the fuel system may be altered to obtain
the pressure exponent desired. However, these average regression-rate
data are obtained from small motors with short firing durations (up to

4 sec) and are i.dicative of relative effects only. Studies conducted ir the
laboratory survey motors on this program yielded pressure exponents (i)
equal to 0. 46 in tests using gaseous oxygen as oxidizer. An exponent of
0.46 i an extremely useful degree of pressure sensitivity if coupled with
a high mass flux exponent (n)., However, 5,0-in, motor tests conducted
with FLOX resulted in a negligible pressure exponent, Fuf"thg_.r testing

'd
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with liquid oxygen instead of FLOX yielded an exponent of 0. 39, imblying

~ that oxygen concentration in the oxidizer may be a significant parameter,

Further tests in 5, 0-in, motors also demonstrated that motor dimensions
play a significant part, The results indicated that additional fundamental
work was needed before TAZ and THA fuels could be used in full-scale
motors, The investigation was therefore discontinued.

1.1.1 Laboratory Motor Studies

(C) Laboratory survey motor studivc have demonstrated a high degree of
pressure sensitivity with fuels contai..ing 50% THA and 50% polybutadiene,
These studies were conducted to verify the test results obtained under a
program spongored by UTC becamse these tests showed a définite pressure-
sensitive effect that was not present in previous 5. 0-in. motor tests with

a similar fuel formulstion, (The results of these 5-in. mofor tests are
discussed in paragraph 1. 12,)

(C) Twenty-four additional survey motor tests were conducted during

this study to determine accurately the degree of pressure sensitivity of the
50% THA fuel system and to investigate possible motor size effects indicated
by differences between the survey motor data and the 5, 0-in. motor data.
Fifteen survey motor tests were conducted with the 50% THA /50% binder
fuel and gaseous oxygen. The gaseous oxygen flow rate was held constant
at 0. 12 lb/sec and chamber pressure and test durations were varied to
obtain curves of port radius as a function of burning time and chamber
pressures,

(U) The results of laboratory survey motor tests, shown in figure 6, dis-
close a definite pressure effect in this size motor. Regression rate is
essentially constant to a burned radius of approximately 0.575 in, The
curve of regression rate versus chamber pressure, shown in figure 7, is
taken from the initial slopes of the curves in figure 6. Included on this
curve are some of the data points obtained in the initial screening tests of
THA fuels. These data would indicate that if the regression behavior is
expressed by an equation of the form ;

-

. n_m
r=aiG P
o ¢

then the value of m is approximately 0,46, which is a useful degrea of
pressure sensitivity,

'CONFIDENTIAL
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(U) Additional tests, which were conducted in the survey motor using the
conventional lithium composite fuel system, indicated that only a minor
degree of pressure sensitivity can be expected in typical conventional fuels,
The data taken from the survey motor with the lithium fuel system agree
exactly with the established regression rate equation for the lithium fuel
system, These data are presented in figure 8, A pressure exponent, m,
of approximately 0, 09 is obtained for this fuel when data from tests with
equal durations are plotted as a function of chamber pressure (figure 9),
The pressure sensitivity of the lithium system is not considered to be sig-
nificant enough to influence grain design.

1,1.2 5,0-In, Motor Studies

(C) The 50% THA/50% binder fuel was characterized in a series of thirty-
two 5, C-in, motor tests summarized in table I, appendix V. Twenty-four
tests were conducted with FLOX to characterize the fuel system. The
motors were tested at various combinations of oxidizer flow rate and cham-
ber pressures ‘o determine the regression rate sensitivity to pressure and
oxidizer m~ss flux,

(U) Fuel regression probes were used to record the passing of burning
fuel surface, The probes were located at various depths so that a history .
of the fuel grain surface could be obtained as a fuacticn of burning time.

(U) Two methods were used to determine the pressure sensitivity of the
fuel system. The first methoua consisted of determining the avcrage regres-
sion rate for each of several firings conducted with identical oxidizer flow
rates and varying chamber pressures. These average rates were then
plotted as a function of pressure and the pressure exponent determined

from the slope of this curve {figure 10). An exponent of 0, 11 was obtained,
indicating a negligible degr : of pressure sensitivity.

(U) The second method involved the use of the regression probe data from
a series of motor firings in which both chamber pressure and oxidizer flow
rate vary. The probe data and other teet parameters arc {it to an aulicipaied

regression ratz equation o the form

' CONFIDENTIAL
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(U) From the data obtained from the initial 16 tests the regression
behavior was expressed by the equation

+ = 0.0572 p 0072 C‘o.z'le 2
c o

where:
r = instantaneous regression rate.

(U) This method is described in detail in appendix II. The value of the
pressure exponent, mi, lies between the limits of 0. 072 and 0. 145. Because
these exponents indicate negligible sensitivity, further refinement of data
was not attempted. The pressure exponents obtained by both methods indi-
cate no useful pressure effect.

(U) An unexplained difference still existed between the 5. 0-in. motor
data, which indicated negligible pressure sensitivity, and the initial survey
motor data, which indicated a high degree of pressure sensitivity, Twelve
additional tcsts were conducted to explain the discrepancy.

(U) The first four tests were conducted with oxidizer ilow rates varying
over a wide range (0.26 to 1.65 lb/sec). The results, presented in fig-

ure 11, indicate reasonable agreement with equation 2. Better agreement

is seen between the actual and predicted fuel flow rates in figure 12, Because
fuel flow rate can be expressed as a function of oxidizer flow rate by the
proportionality

m+n

the exponent (0. 42) indicated by figure 12 compares favorably with the sum
of the exponents of equation 2 (0. 388).

(U) The second series of four tests was conducted to search for effects
of motor size upon pressure sensitivity, The motors used a 0. 75-in, fuel-
port diameter and oxidizer flow rates equal to those in the original survey
motor tests, The firing "aration was varied to accurately compare the
regression behavior for a 0. 75-in, port diameter with that for a 2-in. port
diameter, The initial regression rates reproduce those of the original
survey motor tests as showrn in figure 13, However, the regression rate
diminished rapidly after reaching a port diamstcr of approximately 1.25 in,
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Figure 12. (U) Fuel Flow Rate versus Oxidizer Flow Rate
for the THA/Binder Fuel

Thereafter, the regression rates were consistent with the 5, 0-in. motor
data. The data validated the results of the survey motor tests and estab-
lished the existence of a port size effect upon pressure sensitivity.

(U) The final series of four tests were conducted to determine the effects
of the oxidizer composition and state upon pressure sensitivity. The
original survey motor tests were made with gaseous oxygen and the 5. 0-in,
motor tests used the cryogenic FLOX mixture., These four tests were con-
ducted at identical oxidizer flow rates using liquid oxygen (LOX) as the
oxidizer, E:xamination of the data disclosed a high degree of pressure
sensitivity, The data yielded regression rates which correlate closely
with the equation

$ a0 008 p ™ g (3)
; [~ o

(U) Since the only change between these tcsts and those indicating negligible )
sensitivity was the substitution of LOX for the stand: rd FLOX mixture, it

is implied that oxidizer composition has some effect upon pressure sensi-

tivity., It appeared that further investigation would depend upon use of LOX,
which is not space storable and would not yield results in time for final full-

scale motor tests; consequently, the investigation was terminated and the
full-scale motor design was based upon the HFX 2084 fuel system,

15
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1.2 INJECTOR DEVELOPMENT

(U) Injector design studies were conducted during the past year to meet
specific requirements associated with continuous throttling over a 12:1
thrust range (Phase I), and step throttling over a 2:1 range (Phase iI),

These design studies have resulted in the development of an aerated injec-
tor that maintains a uniform oxidizer distribution over thrust ratios of at
least 50:1 and that has permitted several restarts in full-scale motor tests.
The studies have resulted in the development of several other injector con-
‘cepts applicable to dual-thrust operation., These injector designs have been
evaluatedin5. 0-in. motor tests conducted under Contract No. AF 04(611)-10789
and have led directly to the development of a dual-thrust injector with a face-
shutoff capability. The studies have also resulted in the elimination of
injector shielding and reduction in the weight of splash-block systems,

which is essential for flightweight motor development.

{U)  Although each of the systems being considered have different specific
requirements, the development problems are similar, Basically, the prob-
lem is to design an injector to provide an coxidizer spray pattern that will
result in uniform fuel regression throughout the port with a minimum of
heat shielding.

(U) The objective of that portion of the injector development program,
which is related to Phase I of this contract, is to deliver a satisfactory
spray pattern as the oxidizer is throttled over a thrust ratio of 50:1.

(U) To achieve a throttling ratio of 12:1, as wae done in Phase I, the oxi-
dizer fiow ratio at the primary injector must vary by the square of the
throttling ratio, or 144:1. The injector pressure drop varies with the
square of the flow rate with a fixed-area injector; therefore, some supple-
mentary means must be used to maintain adequate injection velocity.

(U) The requirems=nts of typical advancea cactical missile designs include
two thrust levels, boost and sustain, of approximateiy a 2:1 ratio. Using
typical hybrid propellanta, the ratic of boost ts custain oxidizer flow raies
would be approximately 4:1. With conventional injectors, this would result
in a 16:1 change in injector pressure drop. Such a change would result
either in deterioration of the spray pattern at low flow rates or excessive
tank pressures at the high flow rate.

(U)  Restarting hybrid motors using aft injection also presents a rvohizin
in phasing the oxidizer distribution to prevent back flow of fuel vapors a2
subpsequent injector failure as a result of reaction with the oxidizer when
oxidizer flow in one injector may lead the other,

(U) The injector development program discussed in the following para-
graphs has solved these and cther development problems.
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f.2.1 Hollow-Cone Injectors

| {U) The hollow-cone ir.jector design has been used almost exclusively for
investigating hybrid internal ballistics and performance during this program
because of its simple and inexpensive design. However, the hollow-cone

injector has two undesirable qualities which tend to inhibit its potential for
use on a prototype motor. In its present configuration, shown in figu-e 14,
this type of injector requires both a graphite shield to protect it from the
intense radiant heat source in the combustion chamber and a splash block
to absorb the radial component of oxidizer momentum. At nominal flow
rates the injector produces unitsrm fuel utilization as shown in figure 1%;
however, a fuel-grain tapering effect has been observed at oxidizer masas
fluxes (Go) of less than 0, 05 lb/sec-in.", such as those which would be
encountered in deep throttling, This grain tapering cffect is illustrated in
figure 16. The injector development program was initiated to study these
problems and to determine the injector design best suited to meet the objec-
tives of this program.,

(U) The elimination of the injector splash block is desirable from the
standpoint of reducing motor weight. With a hollow-cone injector, the
consuinption rate of a splash block is almost independent of oxidizer flow
rates, which means that at low thrust levels the splash block can be con-
sumed long before the fuel, thus limiting the motor firing duration. There-
fore, practical hybrid motor design requires that the splash block be
eliminated. There are two possible methods of eliminating the excessive
aplash block erosion: reduction in cone angle to reduce the radial momen-
tum of the oxidizer, or use of an alternative oxidizer spray pattern. Test
firings were conducted with hollow-cone injectors having spray cone angles
of 20°, 30°, and 40° to determine the effect of spray cone angle on grain
regression prof1le All tests were conducted at an oxidizer mass flux (G,)
of 0. 15 1b/m -gec. As can be seen in figure 17, the direction of taper was
reversed between oxidizer spray cone angles of 40° and 20°, with regression
almost uniform at a 30° spray cone angle. This demonstrates that uneven
regression obtained at low oxidizer mass flux can be controlled by proper
injector design and that the effect of the injector upen fuel regression is

not necessarily restricted to the head end of the grain.

(U) . Experience had shown that an injector heat shield was required to
permit survival of injectors in the in!:nye combustion chamber environment,
It wa.s also observed that a splash block was rcguirad to prevent nonuniform
fuel utilization resulting from direct iinpingement of oxidizer on the f{uel.
Because of the desirability of retaining the relatively simple hollow-cone
injector, emphasis was placed on reducing the heat shield and splash block
requirements, Some shielding is still required, but the total weight of the
full-scale motor injector heat shield has been reduced to an insignificant
amount, Figures 18 and 19 show relative size of the heat shields for the
full-scale hollow-cone injectors,
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R-51788,

Figure 15, (U) 5.0-In, Fuel Grain After Test
Using Hollow-Cone Injector

.

Figure 16. (U) Grain Tapering at Low Go
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Figure 17. (U) Effect of Oxidizer Spray-Cone Angle on
Fuel Grain Regression

1.2.2 Aeration

(U) Aeration provides a means of maintaining the injector spray pattern
at the very low oxidizer flow rates encountered when throttling over a ratio
of more than 3:1. Aeration consists of injecting a gas, usually helium,
into the oxidizer feed system at the injectors to maintain a high volumetric
flow through the injector. The resulting spray pattern remains intact and
finely atomized over turndown ratios of 100:1,

(U) Two series of aeration tests were conducted with the injector shown
in figure 14 to determine minimum helium flow requirements. The initial
tests used water to simulate the FLOX and nrovided curaory data cn helium
flow requirements and the properties of the resulting spray patterns. The
data was refined in the second test series using LOX to simulate FLOX.

(U) The second test series vas required because the effect of a cryogenic
injectant upon helium requirements and the effects of vaporization upon the
resulting spray pattern were far from negligible. Two opposing effects

were observed: the decreased effectiveness of a given quantity of helium

due to the cooling effect of the oxidizer and the augmentation effects resulting
from vaporization of the oxidizer during injection, The net change inhelium
requirements was minimal,
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(U) The water flow tests (figure 20) indicated that a suitable spray pattern
is maintained over the entire range of simulated oxidizer and helium flow
rates and that at injector pressure differentials under 5 psi, the pattern
hegins to deteriorate,

(U) In the tests with liquid oxygen, the apray pattern is improved at low
oxidizer flow rates, presumably because of the additional benefit of vapor-
izing liquid oxygen. Calculations indicated that a 25% increase in gas flow
effectiveness may result from oxygen vaporization. Figure 21 compares
the liquid oxygen tests with water flow tests and shows the improvement in
injector spray patiern observed with liquid oxygen. Figure 22 illustrates
the departure of liquid oxygen pressure differentiais from water flow data.
The increased effectiveness with LLOX is evident, and additional data points
with LOX flow rates in the vicinity of 0.1 lb/sec indicated that a higher
njection pressure drop occurs, The closer correlation of LLOX and water
flow data is evident at higher flow rates.

(U) The results of the cold flow tests were verified later in full-scale
motor tests when a 5000-1b-thrust motor was throttled to 380 lb thrust.
Essentially, no injector pressure drop (*2 psi) existed, and yet stable
combustion and uniform cross-sectional regression behavior was obtained.
The resu's of these tests indicate that the aeration concept is feasible.
However, individual mission analyses must be used to determine the rela-
tive merits of aeraticn in specific propulsion systems.

1.2.3 Subgcale Aeration Motor Tests

/
(U) Standard 70° hollow-cone and colid-cone injectors were designed and
fabricated for use in subscale aeration tests. The injectors were designed
for a full-thrust flow rate of 2 1b/sec, and were designed to be throttled
to 0. 02 1b/se: by line thrcttling, using aeration to maintain injection velocity,
The hollow-cone and solid-cone injector designs are shown in figures 23
and 24,

{U) A series of {ive {irings were made with the aesated holilow-cone

injector. The fi~st four firings were made at an oxidizer mass flux of
0.064 1b/in’ -sec, corresponding to about 30% at full thrust. Helium flow
snpplied to the aeration system was diminished and grain effects were
noted, Figure 25 shows thrse typical fuel grains sectioned after firing.
Figure 26 shows the effect of helium flow on uniformity of grain regression.
A marked improvement in uniformity of regression is evident as helium
flow is diminished. Helium flows were varied between 0,011 and 0. 001 lb/sec
for these firings, corresponding to 0.7 and 0. 1% of the full-thrust oxidizer
flow rates. Helium flows below 0. 001 lb/sec could not be used withot loss
of measurable pressure drop across the injector. Minimum injector pres-
sure drops used were approximately 2 psi. An additional test was made ut
an oxidizer mass flux of 0, 006 1b/in’-sec (corresponding to 10% thrust).
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WATER FLOW .93 Ib/sec WATER FLOW

= = 0.93 Ib/sec
HELIUM FLOW = 0.0078 Ib/sec HELIUM FLOW = 0.0050 Ib/sec
PRESSURE DROP = 17 psi » PRESSURE DROP = 13 psi

WATER FLOW 0.50 lb/sec WATER FLOW

= = 0.50 Ib/sec
, HELIUM FLOW = 0,0078 ib/sec HELIUM FLOW = 0.0050 Ib/sec
PRESSURE DROP = 9 psi PRESSURE DROP = 4.5 psi

: WATER FLOW 0.10 Ib/sec WATER FL.OW

= = 0.10 Ib/sec
- HELIUM FLOW = 0,0078 Ib/sec HELIUM FLOW = 0.0050 Ib/sec
PRESSURE DROP = 3 psi PRESSURE DROP = 2 psi
. R-40827

Figure 20, (U) Cold-Flow Aeration Test Using Water (Sheet i of 2)
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0.50 Ib/sec WATER FLOW

WATER FLOW = =
HELIUM FLOW = 0.0038 ib/sec HELIUM FLOW = -
PRESSURE DROP = = 0.5 psi

4 psi PRESSURE DROP

WATER FLOW .10 Ib/sec WATER FLOW 0.10 Ib/sec

= 0 =
HELIUM FLOW = 0,0038 Ib/sec HELIUM FLOW = =~
PRESSURE DROP = 0.5 psi PRESSURE DROP = 0 psi

R-408238

Figure 20. (U) Cold-Flow Aeraiion Test Using Water (Sheet 2 of 2)
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Figure 21,

0.99 Ib/sec

ettt e A8 . LA At i

LOX FLOW .54 Ib/sec

=0
0.0078 Ib/sec HELIUM FLOW = 0.0078 Ib/sec
20 psi PRESSIRE DROP =13.5 psi

0.54 Ib/sec

0.99 Ib/sec LOX FLOW -
0.0038 Ib/sec HELIUM FLOW = 0.0038 Ib/sec
9.5 psi PRESSURE DROP =

9.0 psi

0.99 Ib/sec LOX FLOW = 0.54 lb/sec
- HELIUM FLOW = -
5.0 psi PRESSURE DROP = 6.5 psi
R-40825
(U) Cold-Flow Aeration Tests Using LOX
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Figure 22. (U) Comparicon of LOX and Water Flow Aeration Tests
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Figure 24. (U) Solid-Cone Injector
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e 23. (U) Aerated Hollow-Cone Injector
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Figvve 5, (U) Typical Fuel Grain Profiles After
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Figure 26. (U) Effect of Helium Aeration Flow Rate on
Fuel Grain Tapering

(U) Three firings were made with o solid-cone injector with a 75° spray-
cone angle. The firast firing, made at full thrust (Gg = 0. 6 lb/in?'-sec)
indicated a marked improvement over the conventional hollow-cone design.
Further investigations were made at =aduced thrust (approximately 10%)

to obtain a meaningful comparison of solid-coae injector performance.
Aeration was used to maintain injector pressure drop and good atomization,
with chosen helium and oxidizer flows duplicating conditions of the aerated
lollow-cone injector tests described above. Postfire grain measu.ements
indicate that the solid-cone injection pattern provides a more uniform
regression profile than th2 hollow-cone pattern. Figure 27 shows chre:
3ectionsd fuel grains obtained from this test series.

(U) A comperison of aerated hollow-cone .nd solid-cone patter.s at
minimum thrust (G = 0. 006 1b/in -sec) indizates that the effects of excess
fuel (approximately five times the oxidizer flow) have completely eliminated
injector effects. The absence of any appreciable regression rate at the aft
end of the grain indi:ates that with this (5° spray-cone angle, essentially
no oxidizer was available to the grain at this point. This lack of oxidizer,
conpled with the low g7s ter-perature a: the exit of the grain, caused the
aft-end regregsion rate to lag far behina the hcad-end regression rate
{figure 27 bottom photo).
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Figure 27, (U) Typical Fuel Grain Profiles After
Firing with Solid-Cone Injector
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1.2.4 Regenerative-Cooled Injectors

(U) Two regeneratively-cooled subscale injectors were tested to prove
feasibility of an injector design with a predominately axial flow requiring
no shielding or splash block.

! (U) An impinging-streamrs injector shown in figure 28 and a showerhead
injector shown in figure 29, were both fabricated of OFHC copper. The
spray pattern of the injector is shown in figure 30, Both injectors were
tested in 5,0-in. motors for durations of 15 sec at flow rates of2, 0 lb/sec.
Both injectors failed after a duration of 2 sec. The failure resulted in a
localized burnthrough that occurred in a poorly cooled section near the
edge of the injector face. (See figure 31.) In both cases the injectors con-
tinued to operate for the entire duration (15 sec) without further damage.
The fuel grain fired with the showerhead injector is shown in figure 32.

(UU) The concept of a regeneratively cooled injector was attractive; there-
fore, the manifolding within the injector was redesigned to eliminate the
hot spot, and another injector was fabricated. The modified design utilized
a 6061-T6 aluminum body and face with a 0, 0015-in. -thick hard anodized
coating on the face to increase the melting temperature of the surface,

. Again, no splash block or shielding was used. The modified injector was
successfully tested under Contract No. AF 04(611)-10789 in a 10-sec test

. with an oxidizer (FLOX)]) flow rate of 2. 0 lb/sec and a pressure drop of

: 50 psi, No face erosion or deterioration was observed. With feasibility
demonstrated, further deveclopment was discontinued because other injector

; designs described in the following paragraphs can better accomplish the
dual thrust requirements of Phase II of this programn. Because the design
can provide uniform axial flow of oxidizer without shielding and can be
aerated to allow throttling, it has application in fixed-thrust hybrids and
kybrid propulsion systems requiring continuous throttling,

1.2.5 Variable-Area Injectors

(U) Variable-area injector designs provide the only practical alisrnative

to aeration of fixed-area injectors for use in high throttle-ratio applications.

To provide a variable oxidizer flow rate over a thrust ratio in excess of 3: 1

(without aeration), it is necassary to vary the discharge area of the injection
. port to' maintain adequate injection velocity.

(U) Two types of variable-area injectors have been designed: the variable-

: area hollow-cone injector (figure 33) and movable-poppet injec.tor (figure 34).
Both injectors can be hydraulically or mechanically operated to control
oxidizer flow,
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Figure 32. ({U) Grain Fired with Showerhead Injector

(U) The hollow-cone injector was designed with a dual purpose: to inves-
tigate the feasibility of injector face throttling and to determine the effects
of spray- cone angle on fuel regression. This injector consists of an impeller
pintle assembly and an injector body. The flow rate through the injector is
controlled by injection port area which, in turn, is controlled by the axial
position of the pintie., The included angle of the conical spray can be varied
by proper choice of impeller slot and injection port areas as shown in
figure 35. Thus, for any chosen impeller area, the included angle of the
conical spray is at some maximum value (usually 75°) at full thrust, and is
reduced by throttling. It is, therefore, possible to counteract tapering of
the fuel grain at low oxidizer flow rates by reducing the spray-cone angle
at low thrust,

(U) The variable hollow-cone was successfully tested in three 5, 0-in,
raotor firings with durations up to 20 sec.

(U) The second variable-area iniector employs a movable poppet to con-

trol injection port area and a contoured nozzle to direct the flow parallel

to the surface of the fuel grain, as shown in figure 36, Tis injector was ;
also tested in 5, ()-in,. motor firings with durations of 20 sec,
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{ The succeasful test of the poppet injector demonstrated that oxidizer-
c. »led external surfaces could be used to direct the spray pattern axially
into the grain port, This design feature, visible in figure 37, wo ' incor-
porated in subsequent desigrs which completely eliminate the splash block
and shield,

1.2." Poppet Injectors

(U) Multiple starts have frequently been demonstrated on full-scale motors,
but a small helium purge has always been used at shutdown to prevent back-
flow of fuel rich gases into the oxidizer manifold and injectors, If these
vapors are allowed to enter and deposit in the injector port, a reaction
between the deposits and the oxidizer at restart could result in injector
failure,

(U) The necessity of purging has been eliminated by a poppet valve injec-
tor design which seals a. the face of the 3:.ijector when oxidizer flow is ter-
minated by upstream valves, Two such designs have been completed: the
first design (figure 38) is a simple spring-loaded poppet valve similar to
the variable-area poppet. The injector spring load is overcome by oxidizer
injection pressure when flow is initiated by upstream control valves, and
the poppet opens against a stop, preset to give the required port area. This
particular, injector is not designed for continuous throttling, However,

this poppet design and the design discussed in the following paragraph were
combined in a dual manifold poppet injector to be used for dual thrustopera-
tion with the new storable hybrid, which is to be fired under Contract

No. AF 04(611)-10789.

(U) The oxidizer flow and injector pressure drop are adjustable by present
stops and eliminate any tendeicy toward the oscillating action typical of
spring-loaded poppet valves. In addition to providing injectcr protection

at restart motor shutoff, the injector will eliminate ignition phasing prob-
lems letween primary and aft oxidizer injectors,

(U)  The poppet injcctor produces a radial spray fan (figure 39) and, in
this form, would require a splash block to absorb the radial momentum,
However, previous work with the variable-area poppet injector and subse-
quent designs indicats that the radial flow can be turned by a film-cooled
metal surface, This surface is machined into the injector body, thereby
eliminating the need for a splash block.

(U) The second injector design shown in figure 40 also provides oxidizer
shutoff at the injector face, In this design a greater spring force is used to
guarantee poaitive shutoff. To operate the injector with the heavier spring
loads, dynamic fluid pressures assist in helding the valve open, The injec-
tor also incorporates fixed-area drilled orifices to coutrol the oxidizer flow,
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Figure 38,

(U) Poppet Injector
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(U) Spray Pattern of Poppet Injector

Figure 39.
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Figure 40. (U) Shutoff Orifice Injector
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(U) Both injecturs have been tested succesefully, the former under this
Contract and the latter under Contract No. AF 04(611)-10789. The ccncepts
employed on both are being used in a dual marifold poppet injector being
developed under Contract No. AF 04(611)-10789.

:«3 CONTROL SYSTEM DEVELOPMENT

(U) The development of an oxidizer flow control system was undertaken
on Phase I of this program to provide a continuously changing distribution
of primary ard aft oxidizer flow rates as the motor is throttled. The objec-
tive of this program includes the achievement of a throttling ratio of 12:1
with a long-range goal of 50:1.

(C) Because the flow rate of the selected fuel system™ varies with the
square o" the primary oxidizer** flow rate, the primary rxidizer flow
must be varied with the square of the thrust ratio. To maintain a constant
mixture ratio duiing throttling, oxidizer must then be injected at the aft
end of the motor. The required primary and aft oxidizer flow rates for a
5000-lb-thrust motor are shown as a function of motor thrust in the flow
schedule, figure 41, Aft-end oxidizer flow is maintained at a minimum of
1.0 lb/sec at full thrust to provide for cooling of the aft injectors,

-
W
5
+
4
4

(U) The practical limit of flow variation in fluid flew control] devices is
approximately 150:1, and is determined by the machining tolerances that
can be used; hence, with a single fluid control device controlling the pri-
mary oxidizer flow rate, a throttling ratio of approximately 12:1 is avail-
able. A throttling ratio gcal of 50:1 was established; therefore, studies
were conducted to desigl a control system that could throttle the primary
oxidizer flow rate over a range of 2500:1, the required range for a thrust
ratio of 50.

(U) A preliminary design analysis has been conducted to evaluate several

means of controlling thrust with a combined forward and aft injection system,

The analysis included consideration of valve location in the circuit, the use

of fixed-area injectors with aeration, the use of variable-area injectors, .
and the use of constant pressure-drop injector designs. Figure 42 shows !
the schematics of the control circuits considered and rejected in favor of
the sy=tem used in fizurc 43, which has been tentatively chosen as the best
control system with respect to minimum valve iwurnudown ratio, simplicity,
and accuracy,

%

25% lithium. %0% lithium hydride, 65% binder
ek

OF, or FLOX, 70% fluorine, 30% oxygen

CONFIDENTIAL




r—.\w\,

AFRPL-TR-65-184

S s 17 5 8l e e i il £ i {1525 28 o0 v A IS IR 0 0 8 B
T T e e ISR EEIERN LM N TS DM o R A T
PR R o -_+ I LTEOR wrmm ‘ilws F R ,all‘_mW.JU,....l ll i -wg ﬂ 155
B RHEEE e ol i fai L _ L
W l]] | i : t: i 1 m
L it = G - Sl H
%14 _ L : 8
SR it el R b e e o e R e P T e =
I i 1 b 4 ] i :
| . : i
i S : 5 iSEARSYN
= e E b D L) S D TS
it 1] L 3 5
g U el bl Ll
. B 'y m 4 I "
P, ]
| TN Jemail
m rred 35 R W ..3...._. il '_, pod ws gt
o : s (T E //L 1 b_ £
[ i Sanul _/l aRE ;
g g f = 437 YR8 B B [ B £ N e gy e
: sai e T
i TanEeaE e e i
L =t o] Lakee) Lisapjl
1 e i ; i wﬁm e
— T o R et
_ i 2 TZ
s s TT o 1
l»uv..Hl.r <3 : T Lv| . T l : A_ llyxlﬂl .Irw [oay:
= p — e
o 33 Sl i

20.0
0.0
8.0
6.0

4.0

2.0

e

2
o o

0.4

o

0.2

295/9] ‘31vy MO ¥3Z1AIXO

8
o

8
o

0.04

0.02

0.01

0.008

0.006 |-t

10,000

400 600 000

40 & 80100 200
SEA LEVEL THRUST, Ib

20

10

R-40829

te as a Function of Motor Thrust

e
40

\U) Oxidizer Flow R

Figure 41,




AFRPL-TR-65-184

[

l

I

INJECTOR VALVE l

INJECTOR VALVE

INJECTOR VAlVE_l

|

ELECTROMECHANICALLY —
ACTUATED

ELECTROMECH ANICALLY
THROTTLING VALVE (Y Y Y ACTUATED
FIXED-AREA
INJECTOR
A

ELECTROMECHANICALLY ACTUATED =/ YYY ] THROTTLING VALVE

]

FIXED=-AREA

ABATED —=1 T ECTOR

FIXED-AREA
INIECTOR

FIXED-AREA
INJECTOR

HANICALLY
THROTTLING VALVE [ YYY¥ mcm::tnfum

T

FIXED-AREA
INJECTOR

ELECTROMECHANICALLY ACTUATED <Y Y Y [HROTTLING VALVE

[

l

SPRING-LOADED
POPPET INJECTOR

SPRING-LOADED
POPPET INJECTOR

SPRING-LOADED
POPPET INJECTOR

vy _ cLECTROMECHANICALLY
THROTTLING VALVE M -¢ ACTUATED

— 1

FIXED-AREA

INJECTOF
i) c

ELECTROMI CHANICALLY ACTUATED

THROTTLING VALVE |

]

THROTTLING VALVE

r

1

. ’
4 FIXED-AREA FIXED-AREA - T SPRING-LOADED |
ABRATE — o INJECTOR = L INJECTOR 'I INJECTOR POPPET lecronJ .
L
ELEC TROMECHANICALLY ACTUATED —m 1RROTTLING VALVE
SPRING-LOADED SPRING-LOADEC SPRING-LOADED | Ay ELECTROMECHANICALLY
POPPET INJECTOR FOPPET INJECTOR POPPET INJECTOR THRQTTLINGivALVE ACTUATED
FIXED-AREA
INJECTOR :
.
* 7T S IMRUTTUNG VALVE
ELECTROMECHANN . L ALLY ACTUATED l
FLOW DIVIDER
VALVE
| L
FIXED-AREA FIXED-AREA FIXED-AREA FIXED-AREA
ABATED— — INJTCTOR o INJECTOR - INJECTOR INJECTOR .
n.omera
. v e
Figure 42. (U) Schematics of Control Systems

49

B 7 S T Y T =,

3 o bl 3T ek PR G

L P

-

e




AFRPIL.-TR-65.184

86901 -d

YDLD3IMNI
VI3v—-Qa3Ixid

w1a3sLg [0IIU0D -MOT T Pa310219¢ (N)

JOLDIrNI
VIIV—GIXid

‘€% @andry

YOLDIrNI

T vawv-aaxia

JOLDINNI

e c— P e o————— —

vIv—aIixid Qilviv

IATVA
43dIAId MO

IATVA INIINI

i

50

diivnidov

ATTVYIINVHIOIWOY¥LDI1]




AFRPL-TR-65-184

(U) The syste'n chosen utilizes a main oxidizer flow control valve to
throttle the oxidizer in proportion to thrust, a flow divider valve to die-
tribute the oxidizer according tc (ie schedule shown in figure 41, and an
alectronic network with a flow scheduie function generator, which would
allew continuous throttling on command.

(U) The control system selected has the ‘vlivwing advantages:
A, Thrust is controlled by one valve.
B. Nonlinear aft-to-forward flow distribution can be controlled
by a single flow-divider valve independently of the main

throttle valve,

C. It requires the lowest valve area turndcwn ratio with fixed
area injectors.

D, The control system requires only two feedback signals to
control thrust and llow distribution.

E, The choice of a flow-divider valve eliminates flow distribu-
tion errors caused by unpredicted errors in valve pressure
differentials and oxidizer density,

1 The primary oxidizer flow ratio that exhibits the greatest
variation is indirectly controlled and is not used for feedback
control,

G. The system can be used with either fixed-area or spring-

ioaded constant pressure-drop injectors and can be deveioped
independently of the final injector design.

(U) The flow-contrnl valve (figure 44) is a pintle-type valve with a bellows
for the pintie shaft sea’. The actuator uses three rotary torque motors to
drive the pintle throigh a ball-screw assembly. *The flow-divider valve
(figure 45) also uses a bellows shaft seal and the same actuator as the

main control valve. Each valve wiil weigh approximately 5 lb,

(U) The throttling requirements of the two valves are shown in table I as
a function of thrust, Both valves require a turndown ratio of approximately
50:1 to obtain the flow distribution and achieve 50:1 throttling ratios.

These ratios do not introduce any significant fabrication tolerance problems.
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TABLE 1
OXIDIZER FLOW-CONTROL VALVE REQUIREMEN TS

Flow Divider

Thrust Throttling Main Oxidizer Ratio
1b Ratio Control Ratio Aft/Primary
5000 fet 1:1 0.079:1
2500 2 2:1 1:1
1000 Bt Ll | 4,4:1
500 10:1 10:1 9.8:1
100 50:1 50:1 40:14
50 100:1 100:1 106:1

(U) The control circuit consists of two control loops, one for contro:ling
the main valve and one controlling flow distribution, Figure 46 shows the
chamber-pressure control system planned for initial testing., The thrust-
control loop is closed around chamber pressure and its error sig.al is
used to control the main throttling valve.

(U) The flow-divider valve is positioned by a signal from a function

generator, designed to match the flow ratio required as a function of engine
tiirust,

(U) The flow divider valve control systein can use either valve pouition
feedback or the aft-end oxidizer flow rate as the feedback signal. The
former method should provide a more reliable feedback source because,
once the valve is calibrated, little error in flow ratio will occur with
chonges in oxidizer temperature and density. With the latter msethod, at
low thrust levals, the aft flow rate is greater than forward-end flow and
small errors in aft-end flow-rate control would produce relatively large
errors in forward-cnd flow rates. A secondary control system is incor-
porated to separately control the position of the thrust-control valve inde-
pendently of chamber pressure, Two switches are included for selection
between thrust and valve position control systems,
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CONFIDENTIAL

{U) This control system was selected because it did not have any limita-
tions imposed by fabrication tolerances. Fixed-area injectors with aeration
were selected as the most feasible means of obtaining deep throttling ratios,
The desirability of using aeration would, of course, depend on the mission
of the motor and the volume of helium required,

AFRPL-TR-65-184

(U) Although designs were completed on the thrust control valve and flow
divider valve, only the flow divider valve shown in figure 45 has been fabri-
cated during this program.

(U) Development work on the valves was discontinued when the program
was redirected toward a dual-thrust tactical hybrid propulsion system,

The remaining throttleable motor development t.sts used the two existing
venturi flow control valves shown in figure 47 to control primary and aft-
end oxidizer flow separately, As a result, the maximum achievable throt-
tling ratio was approximately {2:1, Development of the flow control system
was contiraed at UTC under Contract No., NAS 7-311, which is directed
toward the development of throttleable, space-storable propulsion systems,
The flow divider valve, shown mounted to the control valve in figure 48,
was successfully tested on full-scale motor tests conducted during the
NASA program,

1.4 THROTTLEABLE MOTOR DEVELOPMENT

(C) The throttleable motor development program has resulted in the test
firing of 7 lightweight hybrid test motors with a nominal thrust of 5000 1b,
Twelve development tests were conducted with the 7 motors using the
FLOX/ lithium composite propellant system to evaluate regression behavior
and performance at high and low thrust, In these tests a throttling ratio

of 13, 7:1 was demonstrated. Low-thrust firing durations of 30 and 60 sec
were obtained on one rnotor and performance values obtained were as high
as 94% of theoretical shifting specific impulse,

(U) The full-scale motor used in both phases of this program incorporated
a lightweight fiberglass case design shown in figure 49, The design evolved
from lLieavyweight steel-case motors used in tests conducted prior to this
program. Two heavyweight motor designs were used (figure 50) repre-
sentin; "wo different concepts in achieving ccmplete mixing of combustion
chamber gases to obtain high performance levels. A three-spoke fuel

grain motor was used in one design with a mixing baffle to create the tur-
bulence necessary for mixing of the propellant gases. The second concept
used a hubbed cartwheel grain shape and a mixer that simulated a submerged
nozzle, Mixing of the coaxial gas streams was induced by the flow direction
change in a plenum created by the submerged nozzle,
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Figure 48. (U) Thrust Control Valve Assembly
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Figure 50, (U) 5000-1b-Thrust Motor Designs
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(C) Four tests were conducted prior to the present effort with the two
motor configurations using FLOX and the lithium composite fuel. The
test results are given in table II.

TABLE II
HIGH-PERFORMANCE, FULL-THRUST MOTOR TESTS

Delivered Isp Characteristic
Grain (Corrected to Velocity (c¥)
Test No, Configuration 1000/ 14, 7 sec) ft/sec
16-0170 Three spoke 315 94% 6510 99%
L6-0183 Three spoke 302 92% 6305 98%
16-0184 Hubbed cartwheel 315 91% 6880 98%
L6-0215 Hubkbad cartwheel 305 86% 6150 88%

" (C) Both designs exceeded the rerformance goal of 300 sec. The three-

spoke design produced slightiy higher performance levels and a less com-
plex system to conduct development testing and the submerged rozzle
approach presented a more practical flight configuration design, The
three-spoke design was selected for initial development testing,

(C) Flightweight motor development was to have been initiated in Phase II
of the program with multiple test firings to statistically evaluate motor per-
formance and fuel utilization. However, this phase of the program was
redirected toward tactical missile propulsion systems in order to be more
consistent with current Air Force requirements,

1.4.1 Motor Dasign

(C) The lightweight motor design is shown in figure 51. A detaileddesign
drawing iz presented in appendix IV, The motor uses a three-spoke grain
shape and a star mixer which is fabricated of ceramic foam, The heavy-
weight mixer assembly is showa in figure 52. Both the grain and mixe-r
are similar to thoee previously tested in steel-case motor hardware,
delivering specific impulse levels of up to 315 sec. Although the filament-
wouild motor weighs only 170 lb, it is not considered flightweight, It does,
however, provide a less expensive motor case that is more easily handled
than the 700-1b steel case motor.
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Figure 52, (U) Mixer Assembly
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(U) In preparing the motor, the fuel grain is cast into a thin phenolic
liner as shown in figure 53, It is then assembled with the forward and aft
closures and mixer assembly. After assemkly, the motor is mounted on a
mandrel and a glass filament case is wound directly over the components,
as shown in figure 54.

(U) Aeration was used with the three-element, fixed-area, hollow-cone
injector (figure 19) to provide thrust control. A polybutadiene acrylic-
acid acrylonitrile (PBAN) splash block directs the oxidizer flow from the
injector to the fuel grain, Aft-end injection of oxidizer, which is needed
with the conventional fuel system, is accomplished by means of three
equally spaced hollow-cone injectors located in the mixer sectior:,

(U) A lightweight nozzle (figure 55) is used to provide data on nozzle
design concepts applicable to flightweight motors. Ablatively cooled

nozzles, with and without graphite throat inserts, were tested.

1.4,2 Throttleable Motor Test Program

(C) The overall objectives of this phase of the program include the develop-
ment of a 50G7-1b-thrust, 20-sec-duration hybrid motor, capable of delivering
a specific impulse in excess of 300 sec with a space-storable propellant sys-
tern, capable of multiple start operation, and throttleable over a 12:1 ratio.

(U) All of these objectives except throttleability and restart operation
were demonstrated prior to this program in 5000-1b-thrust motors using
the lithium composite fuel system and FLOX,

(U) The purpose of this test program was to evaluate throttled behavior
of the motor with respect to performance and regression rate and to obtain
empirical data to assist in the design of flightweight motors.

(U) A summaryv describing the essential parameters and purpose of each
test is given in table 1II.

i.4.2.1 Moicr No, 001

(U) The purpose of the test firings involving the first full-scale motor

was to evaluate the motor case venturi flow control valve and the aeration
system, The motor was to be fired for 20 sec while oxidizer flow was
varied from 5 to 100% of the full flow rate. (The full flow rate corresponds
to 5000-1b thrust,) A sea-level thrust range in excess of 15:1 was covered
during this first test, However, because aft injection was not used, the
mixture ratio shifted to fuel rich during throttling, resuiting in reduced
performance, A valve control calibration error resultad in the achievement
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: Figure 53, (U) Three-Spoke Fuel Grain

Figure 54. (U) Filamen. WVinding a 12-in. Motor Case
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Figure 55,

(U) Lightweight Nozzle
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of a maximum of 4200-1b thrust during this firing, The motor was reignited,
after valve calibration, for an additional 8,5-sec duration and oxidizer flow
was again varied from 5 to 100% of full flow, The second firing was con-
ducted without cleaning the injector or servicing the motor or control valve .
system,

(¥) Aeration was successfully demonstrated to be a simple and reliable
means of throttling with a fixed-area injector; however, minor oscillations
occurred onthe first test when aeration was turned off for higher thrust
levels. The oscillations, which were attributed to insufficient helium
pressure, were 2liminated during the second test by aerating at all thrust
levels in which the injection pressure was less than the helium supply
pressure. Postiire inspcction of the motor components (figure 56) indi-
cated the design of the motor to be sound,

(U) The erosion rate of the consumable PBAN splash block (shown in
figure 57) was comparcble to that predicted by earlier 5.0-in, motor tests.

{U) The regression behavior of the fuel grain (shown in figure 58) indi-

cated the need for injector modificatione in future motor designs. A web

of 1/4 in. can be seen near the aft end of the motor, while the grain has :
been burned to the case line. material at the head end. The higher regres-

sion rate at the head end on the outer web was attributed to the radial

component of oxidizer momentum imparted by the splash block, Figure59

shows the oxidizer flow path, A design change was made which solved the

problem by aligning the injectors with the fuel grain port. The change is .
shown in figure 60, Further benefit ia obtained by reducing the weight of

the splash block and eliminating the grain undercutting seen in figure 58.

(U) Performance information was not obtained for the throttled tests
because the tests involved only head-end oxidizer control, and the O/F
ratio varied widely as thrust was decreased. It is apparent from these
test results that the design of the mixer section is conservative and can be
reduced by inore than 20 lb, Further weight reduction can be achieved
when the mixer is redesigned to a more compact size for flightweight
motors,

(U) Equally important gqualitative data was obtained for future hybrid

nozzle design. The lightweight nozzle used on this test is fabricated from .
silica-phenolic cloth and a graphite insert., After 28,5-sec duration at

various thrust levels, the nozzle showed only minor throat erosion, .
although some erosion occurred just downstream of the nozzle throat,
The nozzle is shown in figure 61.
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Figurr-e 58. (U) Fuel Grain of Motor 001 After Test
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PBAN SPLASH BLOCK

GRAPHITE
INIECTOR SHIELD

R-31793

Figure 59. (U) Original Injector Installation

['PRIMARY INJECTOR

PBAN SPLASH BLOCK R-51794

*  Figure 60, (U) Modified Injector installation
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(U) Reignition of the motor without servicing and the excellent condition
of the lightweight injector after the second test indicate that multiple
restarts pose n> problem, The injector is shown in figure 62 with deposits
of combustion products on the face.

1.4.2.2 Motor No, 002

(U) Motor No. 002 was tested to evaluate the feasibility of aft injection,
to measure performance, and cbserve the fuel regression behavior at full
thrust,

(U}  The test was conducted at 5700-1b thrust for 14.2 sec of a planned
15-sec test. Termination of the test waes planned at 15 sec rather than the
full duration of 20 sec to allow sufficient fuel web to observe localized
regression rates due to injector eff~cts, etc.

(C) However, an U-rirg failure at the injector caused a hot-gas leak at
the hzcd cnd of the motor. The injector is seen in figure 63. Although no
performance data were obtained because of the case failure and subsequent
loss of fuel, it is estimated from calculated fuel flow rates that the per-
formance of this motor exceeded, by a substantial margin, the delivered
specific impulse of 315 sec (1000/14, 7) delivered by an 1den tical steel
case motor without aft injection.

1.4.2.3 Motor No. 003

(U) The firing of motor No. 003 was an attempt to repeat the full thrust
performance test of motor 002, The motor was igaited but thn test was
terminated 0.5 sec after ignition when the aft oxidizer iajcction manifold
developed a leak. The fluorine/oxygen mixture sprayed from the manifold
and damaged an aft injector as well as the manifold. The leak apparently
resulied from an internal reaction between contaminants and the oxidizer.
Sequence camera coverage recorded the failure, which is shown in fig-
ure 64. A subsequent attempt was made to fire motor No, 003 to com-
plete the full thrust performance and evaluation test, However, the
repaired ait injector installation faiied after 3.5 sec duration.

(U) The motor was again repaired and successfully tested in a 5. 0-sec
ignitioa test at 20% thrust without benefit of the gaseous fluorine lead used
for ignition in previous tests. The tesi was conducted to verify safe igni-
tion with FLOX fnr the impending throttlezble motor test (motor No, 004),
Smooth and rapid ignition was observed with FLOX at -310° F, In 5-in,
motor tests conducted in privious years, ignition spikes have been observed
with FLOX at low oxidizer temperatures and stronger ignition spikes were
observad with OF,. The spikes occurred at intermediate flow rates and
Jiminished or disanpeared as tests were conducted with extremely low or
higher oxidizer flow rates,

CONFIDENTIAL
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(U) Injector After Test

Figure 62.
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Figure 64. (U) Test Sequence Showing Aft Injector Manifold Failure
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1.4.2.4 Motor No. 004

(U) Variable thrust over a throttling range of 6:1 was demonstrated with
motor No. 004, Motor thrust was varied ia five steps of 3 sec each (fig-
ure 65) from 750 to 4500 1b for a total duration ot 15 sec. Primary oxidizer
flow was varied between 0,53 and 13.2 lb/sec. The flow divider valve dis-
cussed in section 1. 0 was not fully developed at the time of this test; there-
fore a fixed oxidizer flow rate of 1,2 lb/sec was supplied to the aftinjectors,
The resulting mixture ratio shift over the thrust range was considerably
reduced,

(U) As shown in figure 66, a reasonable mixture ratio can be maintained
at an oxidizer flow rate of approximately 1,0 lb/sec and, because that flow
rate provided a nearly optimum mixture ratio at the limits of the intended
throttling range, it was selected for the aft-end oxidizer flow rate for this
test, The design of moctor No. 004 included an improved aft injector design
as shown in figure 67.

(U) This improved injector is a conventional hollow-cone type with an
injection port extension to direct the flow into the combustion chamber,
The injector is threaded to facilitate installation and removal on the test
stand, thus minimizing the possibility of contamination, A nozzle with an
area ratio of 1,0 was used to allow operation at a chamber pressure of
30 peia without nozzle flow separation, Chamber pressures as low as
51 psia were obtained during the test,

(U) Specific impulse calculations were conducted to determine the relative
performance of motor No. 004 at each thrust level, In these calculations,
all of the motor weight loss (including consumed splash block material,

the fuel grain, mixer, and insulation materials) were !rcated as fuel, The
calculated motor periurmance at fixed thrust (where an essentially constant
mixture ratio is obtained) is not significantly affected, although the conser-=
vative design of the test motor produces a significant quantity of nonpropel-
lant combustible materials, These include splash block, mixer, and
insulation., An accurate calculation of performance for each thrust step

of a variable thrust test is extremely difficult because the distribution of
these nonpropellant fuels as a function of thrust level and duration cannot

be treated analytically., The problem is further complicated by the difficulty
in ascertaining the mixture ratio and hence theoretical performance, espe-
cially at low thrust values where small differences between actual and
assumed distribution of nonpropellant fuels can produce large errors in
calculated performance,

(U) Performance was calculated three times using three different assump-
tions concerning the consumption of the nonpropellant fuels. The fuel grain
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Figure 67. {U) Full .Scale Motor Aft Injector Design
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consumption rate was calculated with the regression rate equatioa of the
lithium fuel system = 0, 17 Go''® where G, is the oxidizer flow rate divided
by the fuel port area., The three assumptions were that the rate of con-
sumption of the nonpropellant fuels is proportional to oxidizer flow rate,
proportional to thrust level, and constant, The results of the three sets
of calculations are given in table IV, '

(C) As the results in table IV indicate, the calculated performance at
each thrust level varies widely for all three assurptions. Therefore, an
average weighted performance was calculated for the tests using the results
of each assumption, These calculations produced performance values of
92.6, 93,7, and 93. 9% of theoretical specific impulse, respectively, for
the three assumptions.

(U) The calculated average weighted performance is probably the most
accurate means of estimating the performance of this test. This parameter
is calculated by multiplying the performance by the total impulse delivered
for each step, adding these products for all five thrust steps, and dividing
that tntal by the delivered total impulse of the motor.

(U) The average weighted performance cannot be considered as an absolute
measure of motor performance; it is the only means of obtaining a reason-
ably consistent measure of the relative performance of the motor under the
circumstances of varying mixture ratio and thrust. The reproducible resulis
obtained with the three assumptions give cause for optimism as to the accu-
racy of these results,

1.4.2.5 Motor No., 005

(C) ' Two motor tests were conducted with motor No, 005 to determine
performance and regression behavior at low thrust, This motor was fired
at a chamber pressure of 32 »si (approximately 10% thrust) for 30 ==c and
was restarted for another 60 sec without servicing the injectors in any way.
This injector is shown in figure 68. Phenolic injector shields were sub-
stituted on these tests for the graphite inserts previously used., The
phenolic shielde were almost complately consumed but retained sufficient
thickness to prevent injector failure, The motor produced a characteristic
velocity (c*) of 6150 ft/sec, which was 95% of theoretical. Thrust data
from both tests was lost because of an instrumentation failure,

(U) Fuel regression was slightly higher than normal at the injector end

of the reotor as shown in figure 69, Similar effects have been observed in
subscale motor tests conducted with comparable oxidizer rmass fluxes.

This problem is not serious with the oxidizer mass flux values encountered
over a 12:1 throttling range because the effect can be controlled by reducing
the injector cone angle,

CONFIDENTIAL




A ]
-y o " T TN TR SRR S S R S e AT S LS O BTSSRI A,

crivom.saie CONFIDENTIAL

B S TS TR TR, PR ————

TABLE IV
CALCULATED SPECIFIC IMPULSE PERFORMANCE

Thecretical
Delivered Specific Impulse
Thrust Specific Impulse sec Percent
~1b sec ‘ (€ =1.0) of Theoretical

I. Assuming Nonpropellant Fuel Flow Rate Proportional to Oxidizer

2600 234 38 100
4500 216 250 86
740 257 188 137
1780 204 . 228 89
3350 210 239 83

II. Assuming Nonpropellant Fuel Flow Rate Proportional to Thrust Level

2600 229 232 99
4500 221 252 88
‘ 730 247 : 186 133
1780 MG . . 222 95
3350 N e 88
LI, Assuming Constant Nonpropellant Fuel Flow Rate , .
2600 232 232 100
4500 229 253 91
730 189 165 113
1780 204 224 92
3350 218 243 ' 90
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Figure 68.

(U) Full-Scale Motor Injector After Test
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\
Figure 69. (U)Full-Scale Motor 005 After Test

(73') Aft injection in full-scale motor tests has resulted in increased end
burning of the fuel grain, as can be seen by comparing the photo of motor
No. 005 in figure 69 to motor No. 001 in figure 70, which did not use aft
injection.! However, the addition of low regression rate fuel or 2 thin sheet
of insulation material to the aft end of the grain eliminates the problem.

(U) The splash block in motor No, 005 performed perfectly during the
90-sec test, Figure 71 shows the splash block afier test. Although the
consumption of the PBAN splash block material does not seriously penalize
performance when burned with FL.OX, large splash blocks make efficient
fuel utilization difficult and, therefore, will he greatly reduced or eliinirated
in flightweight motor designs,

(U) C=zriing of foamed-ceramic plenum chamber walls after 90 sec was
less than 3/ .a. ¥igure 72 shows the section of the mixer with one aft
injector in position, Figure 73, showing the mixer after test, indicates
that only a trace of the spoke still exists. This figure also shows the effect
of erosion on the mixer caused by the burning fuel. It has been observed
in previous tests that the leading edge of a mixer plenum changer is con-
sumed at about the same rate as the fuel, producing a tapcred appearance,
A close-up view of the ceramic-foam plenum wall is shown in figure 74
which clearly shows a postfire cross section of the wall, The original
uncharred thickness was 1,0 in,, which indicates that a char buildup has

actually taken place, g




Figure 70. Full-Scale Motor 001 After Test

{U) An ATJ graphite nozzle with an expansion ratio equal to 1,0 was again
used, Figure 73 shows the nozzle that survived the total 90-sec duration
without erosion or cracking,

1.4.2.¢ Motor No. 006

(U) A throttling ratio of 13, 7:1 was successfully demonstrated with motor
No. 006 in a {4-sec-duration firing in which the thrust was varied from
388 to 5300 lb. The motor was ignited with FLOX at 1000 1lb thrust, The
chamber pressure at the lowest thrust step was 32 psi. The throttling
ratio was the largest that can be achieved at sea-level pressure without
increasing the rnaximum chamber pressure, The thrust trace is shown in
{figure 75,

(C) The calculation of motor performance is again hampered by variation
in the nonpropellant flow rates as described in the discussion on motor

No. 004. However, if motor specific impulse is calculated on an overall
basis (i,e., by dividing the total impulse delivered by the weight flow rate
of all materials passing out the nozzle), a specific impulse of 208 sec is
calculated which, with an expansion ratio of 1,0, is 90% of theoretical,
Characteristic exhaust velocity is 5933 ft/sec or 92,8% of theoretical,

CONFIDENTIAL




AFRPL-TR-65-184

1891 1933V do1d yserds (n)

"1L @anBig

89




AFRPL-TR-65-184

s0505-8

189, 1933V J030°ful IJV Yim wnua[g ISXIJ]N PouoI}dag (n)

‘zL @an3rg

90




AFRPL-TR-65-184

189J I217y L[quassy IaxIIN ()

‘gL @andr

a1




AFRPL-TR-65-184

92

(U) Close-up View of Mixer Wall

Figure 74.
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(C) If performance is determined as described previously, where fuel
flow rate is predicted by the regression rate equation r = 0, 17 Go°'5 , and
the nonpropellant combustibles are assumed to be consumed (1) at a con-
stant rate, (2) in proportion to oxidizer flow rate, or (3) in proportion to
thrust level, the calculated performance values are 95.5, 93.2, and 93. 2%,
respectively, of theoretical specific impulse, Again, these values are not
intended to relate, with certainty, the performance of this motor; they
indicate an approximate level of perforinance.

(U) A rippled fuel grain surface resulted from this test, as shown in
figure 76. This rippling is attributed to inadvertently high helium flow
rates. The rippling effect was not observed in motor No. 001 (figure 58),
which was also throttled with helium aeration, and subsequent tests with
the same injector at fixed thrust did not result in rippling.

(U) Postfire inspection of the injector revealed an error in installation
of the sonic orifices controlling the helium iflow, substantiating the sus-
picion of an excessively high flow rate.

Figure 76. (U) Fuel Grain from Motor 006 After Test
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1.4.2.7 Motor No. 007

(C) The final motor test of this phase was conducted using OF; as oxidizer
in a full-thrust performance test. The motor design was modified to elimi-
nete the mixer baffles, thereby relying only on the aft injeciors to prcduce
the mixing. The motor was tested for 10.8 sec at a thrust of 4723 1b and

a chamber pressure of 281 psia, The motor delivered a specific impulse

of 309.8 sec (1000/14.7) or 90% of theoretical without using mixing baffles.
Characteristic velocity (c*) was 6227 ft/sec or 92. 8% of theoretical,

(U) Fuel grain regression was as predicted with only slight injector effect,
shown in figure 77, increasing the regression rate near the injector.

(U) The nozzle used on this test incorporated a single material (impreg-
nated carbon cloth-phenolic) without the usual ATJ graphite insert, The
nozzle throat shown in figure 78 survived without significant dimensional
change as did the expansion skirt. However, the higher thermal conduc-
tivity of the carbon cloth material resulted in the delamination of a fiber -
glass reinforcing layer as shown in this figure, Improved nozzle design
would, therefore, incorporate an insulation reinforced with carbon cloth
on the interior,

Figure 77A. (U) Fuel Crain from Motor 007 After Test
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Figure 77B.

(U) Fuel Grain from Motor 007 After Test
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Figure 78A.

(U) Carbon Cloth-Phenolic Nozzle
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Figure 78B. (U) Carbon Cloth-Phenolic Nozzle
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1.5 QUALITATIVE PREDICTION OF THE REL!ABILITY AND MAIN-
TAINABILITY OF SPACE-STORABLE MOTORS

(U) Based on experimental data presently available, an estimate can be
made of the relative reliability and maintainability of space-storable hybrid
rocket motors should they be reduced to opcrational use utilizing the tech-
nology acquired unier this program., This specific program has been pri-
marily concerned with developing technology relative to the thrust chamber
assembly (TCA), which includes the oxidizer valve, injectors, fuel grain,
and nozzle. Of these components, the two most significant items pertinent
to the reliability and maintainability of hybrids are the injectors and fuel
grain; the remaining components being based on state of the art liquid and
solid rocket technology. ‘

(U) The primary injectors used in the full-scale motors have injector
port openings approximately 0. 4 in. in diameter, This relatively large
opening is expected to lead to greatly simplified maintenance and increased
reliability, Injector openings of this size are virtually immune to plugging
by particles in the oxidizer supply and from manufacturing defects.

(U, The HFX 2081 and HFX 2084 fuels developed under this program do
not sustain combustion in the absence of oxidizer; therefore, there is little
or no possibility of inadvertent ignition or fire and no possibility of detona-
tion. In addition, because the hybrid burning process is controlled pre-
dominantly by liquid flow, the solid grain surface does not determine the
combustion pressure, Therefore, unlike solid propellants, cracks or
voids in a hybrid fuel grain do not lead to faster or uncontrollable burning.
During this prograr-, numerous HFX 2084 fuel grains ccntaining voids

and cracks have been fired without affecting the operation of the motor.
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2,0 PREPACKAGED HYDBRID .- ROPELLANT SYSTEMS (PHASE 1I)

(C) This investigation was initiated to investigate potential prepackaged
hybrid propellant systems that may have application in tactical missiles.
The investigation has resulted in the evaluation of five fuel systems in
forty 5-in, motor tests and fifty 3.5-in, motor tests. One cf the fuel
systems was also tested in three 12-in. motor tests. One of the fuel sys-
tems was also tested in three 12-in. motor tests using ClFj and ClO3F.
As a result of this experimental work, a fuel system ( ontaining TFTA,
voron, AP, and binder ha: been selected for further : valuation under
Contract No. AF 04(611)-10789 and for use in 5000-1b-thrust motor tests
to be conducted under that contract.

(U) The iavestigation has consisted of evaluation ard selection of candi-
date propellants, formulations and processing studies, 3.5-in, and 5. 0-in,
motor tests to evaluate the fuels, and the six 12, 0-in, motor tests with
three filament-wound test motors of the type described in paragraph 1. 3.

2.1 PREPACKAGED HYBRTD PROPELIL.ANT STUDIES

‘'U) Several hybrid propeilant combinations were selected for study for
pplication in typical tactical air-launched missile systems. In order that
hese propellants be consistent with the requirements of the missile, certain
riteria raust be met, The propellants must deliver relatively high specific
impulse and possesgs a high-iemperature bulk density adequate to obtain the
total impulse requirement (200,000 lb-sec) within vehicle weight and volume
limitations. The fuei must not sustain combustion on termination of oxi-
dizier flow because multiple start operation is required. The propell: i':s
should provide smooth and reproducible hypergolic ignition and efficient
combustion, and should produce an exhaust plume whic!. possesses favor-
able radar attenuation and reflection properiie..

(C) Propellant investigations were initiated witl a fue! systen consisting
of TAZ, boron, AP, and binder. Of the available propellants, this fuel,
with an oxidizer consisting of a mixitre of ClFg, ClO3F, and Br¥sg,
showed the most promis¢ of fulfiliing the requirements of a prepackaged
hybrid propulsion system.

(C} Eased >n information obtained from formulations work and subscalc

motor testing, several compos.tions of the sclected fuel formulation were
evaluated for further developmeat. A primary fuel syste.n was choeen as

101
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the ultimate goal with emphasis on obtaining high specific impulse. Alter-
natives were considered to cover each of the possible development problems
anticipated. These alternatives include the substitution of TFTA for TAZ,
aluminum for boron, and the substitution of Cl1O3F in the oxidizer for
reduced AP loading in the fuel. The factors which necessitate consideration
of these alternatives are discussed in paragraph 2.2, i, Table V lists the
fuel systems, in the order of decreasing performance, that are in pre-
'ir..inary development, As problems are overcome or are found to be non-
existent, development work on the respective zlternative fuels will be
discontinued. In the event of any serious problem, timely development of
an alternative fuel is ensured.

2.1.1 Propellant Evaluation

(U) A preliminary survey was made to determine which candidate storable -

propellant systems offer significant performance gains over current pre-
packaged propellants. Only those propellants suitable for application in
advanced tactical missiles and considered to be state of the art for the

1965 to 1968 period were studied, The initial candidate propellant systems
are listed in table VI,

TABLE V
HYBRID PROPELLANT COMBINATIONS SELECTED FOR EVALUATION

Fuel plgp
Type of Fuel Composition Oxidizer O/F Igp sec

A Pelletized 33 TAZ/20 B/ CIFg C 2.3 294 495
27 AP/20 binder

B Pelletized 22 TFTA/20 B/ ClFg 2.3 293 494
38 AP/20 binder

G Homogeneous 35 TAZ/20 B/ 90 CiFg/ 2.5/ 293 475
15 AP/30 binder 10 C10; 2.9

D Pelletized 60 TFTA/20 B/ 75 ClFg/ 3.5 297 468 .

' : 20 binder 25 C103F

E Homogeneous 45 TFTA/20 B/ 75 ClFg/ 3.8 295 461
35 binder 25 C103F

F Pelletized 22 TFTA/20 Al/ CIFg 1.5 289 486
38 AF /20 binder

G Homogeneous 35 TFTA/20 A1/ 30ClFg/ 2.2 288 455

15 AP/30 binder 20 Cl1O3F
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(C) These two propellant systems were subkjected to further study to
determine which system {or systems) showed the greatest potential for
performance, versatility, and rapid development. Resulte of these studies
showed the most promising propellant system to be a combination cf one

or more of the interhalogen oxidizers (ClFg, Br¥gs, and ClO3F) with a
TAZ/boron/AP/binder fuel, This system offers high specific impulse,

an adequate bulk density, and can be formulated to maximize specific
impulse or density impulse or to optimize to a cornbination of those quan-
tities. In its initial formulation, this propellant system offers the following
capabilities: For weight-limited missile systems, where maximum specific
impulse is required, the TAZ /boron/AP/binder system oxidized by a
ClFg5/ClO3F mixture will provide a specific impulse of 294 sec; for velume-
limited systems requiring high density fuels and an engine restart capa-
bility, the TAZ /boron/AP/binder system could be oxidized with BrFy to
produce 540 g-sec/cc density impulse at 77° F and 508 g-sec/cc at 165° F;
for other applications, where high specific impulse is required, the oxidizer
composition could be varied to produce specific impuls= levels between

243 and 298 sec,whiledensity impulse can be maintained between 540 g-sec/cc
and 480 g-sec/cc as tradeoffs are being made,

(U) All of these propellants are storable over the required -65° to +165° F
temperature range., Most tactical missile propulision systems carnot tolerate
the production of an exhaust plume that will attenuate or reflect radar sig-
nals; therefore the use of the lithium-lithium hydride (fuel No. 7, table V)
fuels is questionable, However, this fuel is of special interest for weight-
limited vehicles, where high specific impulse is required.

2.1,.2 Temperature Effects

(U) The effects of temperature on propellant selection in:lude its effects
on density and vapor pressure of the oxidizer and its effects on thermal
stability o’ the fuel within the limits of -65° to + 165° F,

(U) No significant problems are anticipated with any effects of tempera-
ture on oxidizer vapor pressure or thermal stability, The vapor pressure
of all three oxidizars originally considered for this prograin present no
problems zt the system operating pressures, The vapor pressure, critical
pressure, and temperature for the three oxidizers are shown in table VII
and figure 79,

(U) Temperature effects on the stability of the fuel system is not con-
sidered to be a problem because differential thermal analysis (DTA) tests
conducted with each of the fuel system constituents have indicated that all
are stable to temperatures in excess of 392° F,
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TABLE VI
OXIDIZER PHYSICAL PROPERTIES

Oxidizer

Parameter ClFg BrFg ClO3F
Boiling point, °F 8 105 -53
F_eezing point, °F _ -153 -80 -231
Critical pressure, psia 605 624 778
Critical temperature, °F 246 386 203
Heat of for.mation,*kcallmole -58 -109.8 -10. 1
Density at 77° F, g/cc 1. 74 2.47" 1. 42
Density at 165° F, g/cc 1.55 2.28 1.13

* Liquid at 77° F

(U) The effects of temperature on propellant density is an important con-
sideration in the selection of propeliants for prepackaged hybrid systems
because a reduction in propellant volume yields a minimum tank weight and
reduces aerodynamic drag. The density of the o:xtidizer at the highest opera-
tional temperature reached by the propellants during storage or flight is the
most significant consideration for design purposes because this value will
dictate the minimum tank size,

(C} The effects on density cf ClFg5, BrFs, and ClO3F with temperature
are shown in figure 80; however, adequate density impulse levels are
possible with both C1Fg and BrF5 at elevated temperaiures. The additicn
of Cl1O3F to the oxidizer system is attractive for use with iuels containing
hydrocarbon binders because such a mixture provides oxygen to oxidize

the carbon, This will maximize specific impulse for a given fuel blend.
The major disadvantage to the addition of C1O3F is the reduction in bulk
density, When used in quantities of less than 20 to 30% of the to'al oxidizer
at temperatures up to 165° F, ClO3F significantly improves performance
while maintaining a reasonable value of density impulse, However, for
use at higher operating temperatures and in higher percentages, additional
investigation is required to compare the value of increased specific impulse
with the added vehicle weight accompanying a lower oxidizer bulk density,
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Figure 80, (U) Efiect of Temperature on Oxidizer Density

2,1.3 Fuel Components

2.1.3, 1 Ammonium Perchlorate

(C) The alternativs method for providing oxygen to the system is the addi-
tion of AP (NH4C103) in the fuel system. Maximum theoretical performance
is obtained when the oxygen content is sufficient to oxidize all carbon to
carbon monoxide (CO).

(C) Parametric studies were made to determine the effects of AP loading
on specific impulse and density impulse. These studies showed that the
optimuin AF loading resulted in a specific impulse of 294 sec and density
impulse of 495 sec. The theoretical performance curves from this study
are shown in figure 81, Based on these studies, a fuel containing 3% TAZ/
20% boron/27% AP/20% binder (Fuel A, table V) was selected for use with
ClFs,

(C) The addition of the required amount of AP to a fuel blend would result
in self-rustained combustion, However, subscale motor tests described

in paragraph 2. indicate that nonsustaining fuel grains can be formulated
with pelletized AP, These tests indicate that the rnaximum AP loading in
an homogeneous nonsustaining fuel blend :s 15% However, because the
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Figure 81,
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maximum AP loading in nonsustaining fuels is a function of particle size,
fuel development with coarse-particle AP should allow a significant increase
in the AP loading of the optimum homogeneous fuel blend, Based on these
results, a fuel system (Fuel C, table V) containing 35% TAZ/20% boron/

15% AP/30% binder was selected as the optimum homogeneous fuel blend,

2.1.3.2 Nitrogen-Containing Additives

(C) Crystalline materials that are high in nitrogen have been used in
several hybrid fuel systems developed at UTC, These additives ircrease
the fuel regression rate and the hydrogen-carbon and nitrogen-carbon
ratios, a decirable change for systems using interhalogen oxidizers,
Besides being high in hydrogen and nitrogen, these materials all have a
positive heat of formation and high heats of combustion. This indicates
that the material would tend to decompose relatively easily, supplying
significant quantities of working fluid (especially nitrogen) along with suf~
ficient energy to augment the specific impulse, The interhalogen oxidizers
do not oxidize carbon readily; therefore the low carbon content of these
additives is attractive in hybrid fuel systems used on this program.,

(C) Three nitrogen-containing additives have been under investigation:
TAZ, THA, and TFTA. However, investigation of THA has been discon-
tinued for this application because of the high-temperature fuel stability,
Initial fuel development work used TAZ as the nitrogen additive, However,
TAZ has become unavailable because of supplier problems, and substitu-
tion of another nitrogen additive has been made. This alternative additive
is TFTA, Initial calculations indicated that the performance levels would
be comparable, but some uncertainties existed in the heat of formation,
The values in question were heats of combustion and heats of formation
obtained from Food Machinery and Chemical Corporation (¥'MC), *

(U) The heats of combustion and formation were verified experimentally
at UTC (see appendic lII)by oxygen bomb calorimeter tests, and physical
properties were siudied. Results of the studies described in appendix 1
showed that TFTA was a good substitute for TAZ, In addition, TFTA was
found to be insensitive to impact and lees toxic, Thermal stability also
was good over the required temperature range. .

3 Annual Progress Report, 1 June 1961 to 31 August 1962, Contract
No. AF 04(611)-5689. Food Machinery and Chemical Carporuation,
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2.1,3.3 Metal Additives

(C) Two metal additives, aluminum and boron, are being used in the
developmert of high-density fuels. Theoretical performance calculations
indicate that boron-containing fuels deliver a higher specific impulse and
density impulse than aluminum-containing fuels. Because of the relatively
higher performance and favorable radar reflection and attenuation proper-
ties of boron fuels, only boron is being seriously considered for use in
full-scale motor development. Aluminum fuels provide a high level of
performance and will provide operating motor environmental conditions
comparable to those of boron systems; therefore, aluminum fuels were
retained as a possible substitute fuel for motor development tests.

2.1,3,4 Fuel Binders

(C) Since interhalogen oxidizers, in general, are poor oxidizers for
carbon-containing fuels, it has been found desirable to minimize the carbon
content and increase the oxygen conten* of the binder. This consideration
has resulted in a change in the choice of binders from the R-~45 hvdrocarbon
binder, which contains 86% carbon and 10% oxygen, to a binder designated
as )X 3812, which contains 61, 5% carbon and 26% oxygen.

(C) Experimental results indicate that an increase in solids loading by

10% has been achieved as an added benefit, The area of binder formulations
will be the subject of continued investigation on Contract No, AF 04(611)-10789,
both with respect to improving the stoichiometry and solids loading of hybrid
fuels,

[4

2.1.4 Formulation and Processing

(U) The objectives of the formulations studies conducted during this pro-
gram were to determine the maximum solids loading that can be contained
in a castable fuel systcm and to develop techniques for processing the fuels.
The formulations which proved castable were then tested in 3, 5-in, motors.

2.1,4.1 Solids Loading

(U) The maximum achievable loading for nonpelletized castable fuels
varies from 60 to 80%, depending on the constituents and their respective
particle sizes, It appears that elemental boron is limited to a loading of
60% in binder alone where coarse boron is used. In similar fashion,
TFTA and TAZ are limited to approximately the same percentage. Thus,
the combined TFTA and boron loading limit in binder is also 60% or
approximately 2:1 solids tc binder ratio, Lower loading ratios result
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with finer particle sizes. The addition of AP to the fuel does not appear to
alter the relative ratios of boron-to-binder or TAZ-to-binder, Therefore,
at present, the level of maximum leoading achievable in a four-coraponent
fuel system in a homogeneous mix is establishec. when the TAZ or TFTA
and boron percentage is approximately twice that of the binder. To com-
pensate for this, a technique in processing of the TFTA has been developed
in which the material is precompacted. This precompacted or lightly
pressed TFTA is then broken into random distribution of particles, which
enables considerably higher solids loading in the fuel.

(U) By selectively pelletizing or compacting the fuel components, it is
possible to attain 80% solids loading and still retain castability, Experience
in formulation and testing of pelletized motors have demonstrated the
feasibility of pelletizing, When AP and TFTA are pelletized together, the
resultant pellet is impact sensitive, However, AP and TFTA can be used
when pelletized separately, When TFTA/boron/AP pellets are used, poor
combustion behavior of the boren resulted as was evidenced by glowing,
unburned boron particles being ejected through the nozzle. Itis apparent
that AP must be pelletized separately if combustion efficiency is to be
obtained. By a judicious distribution of the four fuel components through-
out both the matrix and the pellets, efficient combustion should be attainable.

2.1.4.2 Processing

(C) During the investigation of four component fuels containing TFTA, a
scaleup in processing batch sizes was required from 8-1b laboratory size
batches used for 3.5-in, mo:ior tests to 80-1b production batch sizes used
for 5, 0-in, motor tests, As a consequence of this rapid scaleup, problems
were encountered in the processing of a four-component fuel system

(35% TFTA/20% boron/15% AP/30% binder) for the initial subscale fuel
evaluation tests,

(U} These problems were manifested by soft cure or noncure behavior
of the fuel and by gross swelling or gassing of the fuel at the usual cure
temperaiure of i60° ¥, Concurrently, afire occurred that destroyed eight
5-in, motors and badly damaged a cure oven, The nature of the circum-
stances surrounding the incident tend to indicate either an autoignition of
the fuel or an ignition of the gaseous mixture in the oven that resulted
from a giradual fuel degradation at elevated temperatures.

(U) In an effort to locate and describe the source of the protlem, an
extensive compatibility study has been carried out using the four-component
fuel system involved in the incident. The comporents were aluminum pow-
der ("as received"), AP, TFTA, and the binder (QX 3812 resin/cured
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with DER 332 resin). During this study, the following factors were con-

sidered to be of prime importance: : .
A, The purity of TFTA
B, Vacuum treating of the QX 3812 resin
C. The chemical equivalence ratio of QX 3812/DER 332

D, The compatibility of components alone and in combination
at both 160° and 195° F,

Fuel samples wcre mixed in each possible combination of ingredients using
binder curative (QX 3812/DER 332) in three equivalence ratios:

At 040, 7
B 4o0e9
oA

These fuel samples were cured at 160° and 200° F. The results of these “R
processing studies are shown in figure 82.

(U) The following conclusions can be drawn from these tests:

A, The TFTA must be free of impurities to avoid both out-
gassing and soft cure,

B, Increased fuel stability is obtained when the QX 3812/
DER 332 equivalence ratic os 1.0/1. 1,

C. Incompatibilities at elevated temperatures are minimized
when the QX 3812 binder resin has been vacuum treated
prior to fuel rnixing,

D. Minor incompatibility exists between the solid oxidizer (AP)
and the nitrogen additive fuel (TFTA) in long-term storage
at 195° F, ” ’ }

(U) Particular emphasis was placed on making astute observations with
regard to cure behavior and sample swelling or gassing so that trends
might be established, indicating the primary sources of difficulty, As a
result of this study, fuel processing was altered to include a complete
degassing of binder components in the presence of the powderec metal.
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Figure 82. (U} Fuel Compatibility Samples
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Alsc, the order of compnnent addition to the fuel mix was modified s0 that
the A} was the last constituent added. Fuel curing temperatures of 135°
“)* F have ensured a good, gas-free, well cured fuel grain, A quali-
- acceptability test has been developed to ensure the purity of TFTA
-duct workup. The test consists of washing the TFTA with a non-
until the wash ] quids are no longer alkaline to methyl-red indicator.
By employing these var. * s techniques that have developed as a result of
this study, it has Lzen possible to prepare forty 5-in. motors and three
12 -in, test 1notors with single fuel grains weighing 130 1b, Further studies
in this general area will be directed toward seeking a binder system that
will increase thermal stability of the fuel at temperatures above 200° F,

2.2 SUBSCALE MOTOR TEST PROGRAM

(U) Candidate fuel systems were evaluated in two subscale motor sizes.
A 3,5-in, motor (figure 83) was used to screen fuel samples from laboratory-
mixed batches, A 5,0-in. motor (figure 84) was used to ck. racterize the

regression rate behavior of fuels that had previously been screened in the
3. 5-in. motor.

’

2.2.1 3. 5-In, Motor Tests

(U) Fifty-six rotor tests were conducted during this program in the
investigation of prepackaged propellant systems, These tests were con-
ducted to determine the effect of AP loading on regression rate, to deter-
mine the AP level necessary to reach the threshold of self-sustaiaing
combustion, and to evaluate pelletized fuels,

(U) The tests were conducted at chamber pressures from 500 to 1250 psia
using ClF3 at a flow rate of 0.3 lb/sec. Test durations were nominally
12 sec, The data shuwn in figure 85 indicate that the regression rate is a

function of the AP loading and is augmented by the presence of TFTA and
TAZ,

(U) Self-sustaining combustion has been found to occur with homogeneous
fuels with AP loading levels in excess of 20%, and the presence of other
fuel ingredicents lowers the maximum AP loading, As a result of these
tests a maximum AP loading of 15% was selected for homogeneous non-
pelletized fuel blends. A typical homogeneot - fuel grein is shown after
testing in figure 86.

(U) Thirteen pelletized fuel grains were tested to evaiuate the concept of
pelletiziag to obtain high AP and TFTA or TAZ loading in a nonsustaining
fuel grain, Initial tests with fuels containing pellets of TFTA demonstrate
that smooth and uniform regression is possible with pelletized fuels, as
shown in figure 87,
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Figure 84.
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Figure 86. (U) 3.5-In, Homcgeneous Fuel Grain After Test
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Figure 87. (U) 3.5-In. Pelletized Fuel Grain After Test
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(C) The 3.5-in, fuelgrains were formulated and tested with 20% TFTA/

15% boron/45% AP/20% binder in which the TFTA and AP were in the form

of 1/4-in, -diameter pellets. These and other tests indicated that pelletizing
was feasible and that it may be possible to develop a nonsustaining pelletized
fuel that conteins as rwuch as 45% AP, 1t was felt that the motor size was
influencing the data; therefore, the peiletized concept was transferred to

a 5. 0-in, motor for more complete cvaluation,

2.2.2 5,0-In, Motor Tests

(C) Forty 5.0-in. motor tests were conducted to evaluate the regression
behavior of five fuel systems that are of interest to this program, The
fuels included the following furmulations:

A, 35% TFTA/20% boron/15% AP/30% binder
B, 35% TFTA/20% Al/15% AP/30%binder

C. 22% TF1TA/20%borcn/38% AP/20% binder
D, 22% T¥TA/20% Al/38% AP /20% bincer

E. 45% TFTA/20% Al/35%binder

(C) The tests were conducted at chamber pressures from 200 psi to
1250 psi with oxidizer flow rates from 0.66 to 2.25 lb/sec. The tests
were conducted to evaluate the regression behavior of the fuel sysiems
with respect to oxidizer mass flux and combustion chamber pressuxe.

(U) These formulations represent the state of the art in castable pre-
packaged hybrid fuels. Fuels A and B (above) contain tke highest practical
loading in a nonsustaining, homogeneous AP-loaded fuel grain, Aluminum
has been substituted for boror in three formulations to provide a lass
expensive, but also slightly less energetic, ingredient. The use of alumi-
num in the selected fuel formulations will be limited to early motor develop-
mens tests,

(U) Fuels C and D (above) represent the maximvin performance attainable
with the four components that must necessarily irclude pelletized AP tc
qualify as & aonegustaining fuel system,

(C) Fuel E (above) represents the fuel system that would produce a high-

performance level (295 sec) without AP, but must use an oxidizer containing
ClO3F that provides a density impulse of 461 gm-gec/cc.
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(U) Twelve light-sensing probes (fi yure 88) were used in each motor
test to charzcterize the burning fuel surface as a function of burning time.
A ccmputer program is presently being used to fit the probe data by a
method of least-square error to an anticipated regression behavior that is
expressed by the relation:

F =aP G (1)

This computer program was used with notable success with the Li/LiH/
binder fuel system in Phase I of this program. Although it is of assistance
in the evaluation of the fuel systems discussed here, its accuracy was
diminished because of nonuniform buraing of the pelletized fuels and by
light transmission through TFTA crystals, which produced false signals,

{U) Analysis of the results of these tests is discussed in the following
paragraphs. A summary of the tests is given in table 5 of appendix V,

(C) Eight 5, C-in, motor tests were conducted with the fuel system con-
taining 35% TFTA/20%boron/15% AP/30%binder. This fucl used precom-
pacted TFTA to increase solids loading, The tests were conducted using
ClF 3 at nominal flow rates of 0.6, 1.3, and 2.3 lb/sec. Nominal chamber
pressures of 250, 500, and 750 psi were achieved.,

(U}  Although the compurew program cannot accurately obtain an expres-
sion for the regressici: behavior, esufficient data was obta'ned to determine
that no pressure sensi!.vity exists anl that the behavior is reasonably well
characterized by the relationship

o9 185 "
(o]

It can be seen in figure 89 that all of the data obtained at each nominal flow
rate is essentially unaffected by chamber pressure, The equation predicting
fuel regression as a function of burning time produced the solid lines super-
impoesd on the data, Because of data scatter, the above equation is not
congiderex 1o be a completcly accurate analysis of the fuel regression
bek:vior, but would be sufficient to scaleup to full-scale motors for the
purpose of verification,

(U)  Six of tha sight motor firings sustained combustion on termination

of oxidizer fiow rate, Tne data and postfire condition of the fuel graina
from this and other tests suggest that the presence of boron decreases the
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maximum AP level for nonsustaining fuels, In addition, the effective
loading level of the AP is increased by compacting the TFTA. The two
nonsustaining fuel grains were both at higher flow rates, which suggests
that heat soak of the grain at lower regression rates may contribute to
sustained combustion.

(C) Eight5.0-in. motor tests were conducted with the fuel system (B)
containing 35% TFTA/20% Al/15% AP/307 binder. A typical fuel grain after
testing is shown in figure 90,

(U) In contract to the fuel system (A) centaining 35% TFTA/20% boron/
15% AP/30% binder, this fuel did not sustain combustion after termination
of oxidizer flow, although the only change in ingredients was the substitu-
tion of aluminum for boron.

(C) The regression probe data shown in figure 91 were not amenable to
accurate analysis. However, the data indicate that no pressure dependency
exists and that the regression behavior can be approximated by the
relationship

Figure 90. (U) Typical 5. 0-In, Hybrid Fuel Grain After Test
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Figure 91. (C) Regression Behavior of Fuel Containing
35% TFTA/20% Al/15% AP/30% Binder
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However, full-scale motor testing discussed in paragraph 2. 2 indicates
that this relationship is in error by 10 to 15%.

(C) Thenextfueltested was the system (C)containing22% TFTA/20% boron/
38% AP/20% binder, This {fuel requires pelletizing of AP and will deliver
the optimum combination of specific impulse and density impulse. Tkis
test series, with the fuel systern (D) containing 22% TFTA/20% Al/*8% AP/
20% binder, was intended to demonstrate the feasibility of pelletizit ;| AP

to prevent sustuined combustion and obtain an optimum formu'ation. Ei¢ht
tests were conducted with each formulation, with three oxidiz. r flow rea s
and three chamber pressures.

(U) The boron-containing fuels sustained combustion, leaving a sintered,
hard structure of fused boron (figure 92)., Apparently, the transpiration
cooling effect of the other combustion products in the grain is sufficient to
prevent melting or vaporization of the boron. The sustained combustion
may be caused by this sintered structure, which stores energy in the form
of heat and transmits it to the grain after shutdown. It appears that the
boron content in the matrix is an important factor in producing a sintered
structure. The boron content in the matrix of these fuel grains was 50%,
although it represented only 20% of the total fuel. Investigation of the
sintering phenomena will continue under Contract No. AF 04(611)-10789,

Figure 92, (U) 5,0-In. Fuel Grain, Postfire,
Containing Boron and Pelletized AP
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(C) The fuel system (D) containing 35% TFTA/20% Al/15% AP/20% binder
also uses pelletized AP. In the eight tests conducted, the tendency toward
sustained combustion of the boron fuels was not exhibited with aluminum
fuel. These tests demonstrated that nonsustaining fuels are feasible with
a relatively high loading of AP if the AP is pelletized. No pressure-
sensitive regression behavior is evident in three tests conducted at an
oxidizer flow rate of 2.25 lb/sec. Figure 93 shows the fuel grains after
testing. The difference in burned web indicates a slight pressure sensitive
behavior, which can be expressed by the following proportionality vhen
considering only the pressure extremes:

At lower flow rates, any existing pressure-sensitive behavior is hidden in
the limited accuracy of the data. This result is caused by the relative size
of any pressure effect produced as compared to the diameter of the AP
pellets, which is the limitation in data accuracy.

TEST L40278
Wo = 2.25 Ib/sec CTF

Vi 9.59 sec
Pc = 266 psig
w = 0.453 Ib/sec

L

% : » B Ug"w
. B0 & 3300- 0 o d""-‘,’;"”,"ﬁ'
Ty O T ek

'
R-S1167

Figure 93. (U) Pressure Effects on Pelletized Hybrid Fuels
(Sheet { of 2)
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P 1 . TEST 40277
] W_ = 2.2 lb/sec CTF .

t =8.74sec

: b

ST P =489 psig

a ¢ .

¢ =0.595 Ib/sec

R-81168

: TEST L40276
# Wo = 2.23 Ib/sec CTF

W 10.1 sec
Pc = 764 psig
Wf =0.649 lb/sec

(Sheet 2 of 2)
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(U) Similarly, the fuel regression behavior as a function of oxidizer
mass flux is inconsistent when comparing the behavior at different flow
rates, However, the extremes in average regression rates at common
chamber pressures can be expressed by the followir.g proportionality

These relationships cannot be used to accurately predict fue. flow rates,
but they do represent approximate pelletized {-el behavior and can be used
in preliminary motor test calculations.

(U) No attempt was made to fit this data to a form of the anticipated
behavior r =a PJ® GJ® because it must deal in instantaneous rather
than average regression rates, and precise knowledge of the fuel port
area duriny the test is not known. These tests indicate that pelletized
fuels are enti~aly feasible, Although fuel regression was not uniform
(figure 94), separation of the AP pellets by a coating should produce a
uniform regression profile in the grain.

(C) The fuel system (E) consisting of 45% TFTA/20% Al/35% binder uses
precompacted TFTA and is intended for use with an oxidizer containing
ClO3F. The test results shown in figure 95 indicate that it burns with a
relatively low regression rate (0. 04 in, /sec) ar compared to 0, 07 in. /sec
for the four-component fuel arnd 0. 12 in. /sec for the pelletized fuels. The
tests indicate that a low degree of regression rate sensitivity to oxidizer
mass flux and very little, if any, sensitivity to chamber pressure.

(U) The regression behavior is smooth and uniform as shown in figure 96.
Precise determination of the mathematical relationship for regression is
limited by the compacted TFTA graing which are translucent and produce
false signals, These errors, coupled with the low rate of regression, can
produce completely erroneous trends in the behavior of the fuel., However,
the regression rate was found to be insensitive to chamber pressure and
related to oxidizer mass flux by the expression, xGg*%?, when the
extremes in average regression rate are evaluated.

2.3 TWELVE-IN, MOTOR TESTS

(U) Six tests were conducted with three 12-in. filament-wound motcrs of
the basic degign discussed in paragraph 1.4, The tests were conducted to
evaluate processing techniques, regression behavior, fuel utilizatior:, and
relative performance of multiple cumponent fuels. In addition, the tests
were used to evaluate lightweight rnozzles and injector designs.
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R-51170

Figure 96, (U) Three-Component Fuel System with Compacted TFTA

(CY}  The fuel system consisted of 35% TFTA (compacted)/20% Al/15% AP/
36% binder, A typical 12-in, fuel grain is shown in figure 97. Four tests
were conducted with motor No. 008 using ClF3 as oxidizer, These tests
were designed to evaluate motor behavior as a function of burning time. .
The two remaining tests were designed to evaluate fuel utilization and

motor performance in single-start 30-sec duration tests, The oxidizer

used in these tests was an 82% Cl1F3 and 18% Cl1O3F mixture,

(U) The test rzsults indicate that relative performance levels were
attained, which are consistent with test data for the Li/LiH/binder fuel

and FLOX. Predictable fuel utilization was obtained with the first motor.
Lightweight injectors and nozzle designs were demonstrated on all three
motor tests, However, motors No, 009 and 010 sustained combustion on
termination of oxidizer flow. No change had been made in the fuel formulation.

2.3.1 Motor No. 008 : ;

(C) This motor was fired in four tests of 5, 5, 5, and 15-sec duraticn,

The motor configuration (figure 9%) was identical to those used in Phase 1, :
A conventional hollow-cone injectur, splash block, and mixer assembly

were used, The motor was ignited w.ith ClF3 at a flow rate of 12, 651b/sec,

of which 1,0 lb/sec was injected through the aft injector, After cach test,
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Figcere 97, (U) 12-In, Hybrid Fuel Grain
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the moter was removed from the test stand, weighed, and reinstalled for
the subsequent firing. No difficulty was encountered in shutting down the
motor., Internal inspection of the motor was coaducted to evaluate the
regression behavior as a function of test duration,

{C) The motor delivered relative performance levels from 90 to 95%, as
shown in tablz VIII. The performance leveis are entirely consistent with
those obtained in 12-in. motor tests prior to Phase 1I.

TABLFE VllI
RELATIVE PERFUOHMANCE LEVELS

Test Thrust (avg) Pe ib (10015/1')14. 7) Performance
_No. . 1b psia sec . sec %
298 4079 245 4.86 251 95. 4
299 3611 2213 4,92 239 G4.3
300 3402 214 5. 02 229 91.3
301 2656 169 14.81 211 90.9

(C) The high performance levels compare favorably with the previous
high of 94% obtained with the lithium fuel system and FLOX, The decay in
performance with burning time is attributed to the eronsion of the mixer
lobes, which were nearly gone after the final test. The performance level
at 30-sec duratio:: (90, 9%) is consistent with motor No, 607, which did not
use a mixer but relied only on aft injection to induce mixing.

(U) The fuel flovr rates and regress.on rates were slightly lower than
predicted by the subscale data, The error in average regression rate
amounts to approximately 15%, and probably results from inaccuracy of the
5.0-in, mctor data. With the exception of a slight contouring near the
injector, fuel regression was uniform and as predicted, both axially and
laterally. The fuel grain is shown in figure 99, viewed through the nozzle
after each test. The near complete fuel utilization is evident, as shown
in figure 100. The only fuel remaining that could not be accounted for, as
precicted, was a sliver of consumed fuel located at the head-end rear the
injector. The motor burned 82% of all fuel available, of which approxi-
mately 9% was left in the sliver and 9% was agsociated with the contoured
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15.0 SECONDS R-51792

Figure 99. (U) Photo Sequence of Motor 008 —
Fu:zl Grain After 5, 10, and 15 sec Duration

134




RS SORTORAR R SRR R Y

AFRPL-TR-65-184

P R s T S i v )
-. 2 -- § AR LR R R VR

Figure 100. (U) Fuel Grain From Motor 008 Aiter Test
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grain near the injector. The gliver loss can be reduced to approximately
3% in flight-configuratior: grain shapes by elimination of the splash block
and proper design of injectors, Thus, an increase in fuel utilization to
better than 95% should be feasible in a flight-configuration motor design.

(U) The =plash block (figure 101) shows evidence of a significant quantity
of PBAN having been consumed during the test. The PBAN insulation in
the aft cloeurz was completely consumed during the first 5, 0-sec test,

The splash block ard aft closure insulation contributed to produce a
decreasing thrust indicated in table VIII. An il'uminated exhaust plume
shown in th: first frames of a sequence-camera coverage indicate that
large quantities of carbon in the form of PBAN were consumed in the first
few scconds of operation,

(U) The :nixer assembly shown sectioned in figure 102 sustained little
erosion in the cylindrical portion, which accumulated only 0. 3 in. of char,
but the ceramic-foam mixer spokes were nearly consumed.

(U) A carbon-cloth phenolic nozzle with a= ATJ graphite nozzle insert
was used in each test, In this test, as in the others, the nozzle throat
dimer.sions remained essentially unchanged during the motor test. How-
ever, high conductivity of the material in the nozzle ski.-t assembly resulted
in complete charriag of the skirt and burning of the overwrap glass-epoxy
structure, Althsuegh the nozzle remained intact throughout the test sequence,
the completely charred carbon-cloth material delaminated in handling after
the test. The reconstructed nozzle, shown with thie mixer in figure 102,
shows no erosion in the carbon-phenolic skirt, A carbon-phenolic liner,
when combined with a lightwsight insulator, should resul’ in a durable
nozzle capable of surviving the required duty cycle.

2.3.2 Motor No., 009

(C) Tki. motor was tested in a single firing of 30-sec duration with a
CIF; and ClO3F mixture, The motor used an internal configuration identi-
cal to that of motor No. 008, except for the substitution of a poppet injector
(figure 1C3), The popyet injector design was qualified in § 0-in, mgctor

tests, and the succi:ss(ul use of lightweight poppet injector in these tests
Lias proved their suitcbility for use in fuil-scale propulsion systems.

(C) The injector, which produces an axial spray pattern, resulted in a
reduction in the splash block consumption, The fuel sustained combustion
on shutdown, prohibiting accurate determination of fuel consumption, The
sustained combustion is attributed to several factors, including a higher
flame tempsrature with ClOa2F in the oxidizer ancd a longer test duration,
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Figure 104,

R-51807

(U) Splash Block Frora Motor 008 After Test
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Figure 103. (U) Popp=t Injector Assembly
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The fact that it sustained, in contradiction to 5. 0-in. subscale motor test
data, is attributed to the TFTA compaction, The compacting of TFTA
increased the effective loading of AP in the matrix to 23%, a level which
is known to be marginally sustaining,

(U) The splash block was badly charred as a result of sustained com-
bustion, The mixer section sustained a char and erosion pattern comparable
to that of motor No. 008,

(U) The nozzle asc>mbly was identical to that of motor No, 008. The
exit skirt of the nozzie was ejected aiter approximately 20-sec duration

=K a

due to a delamination failure, However, the ATJ graphite throat insert

showed no erosion after 30 sec of firing,

Z2.3.3 Motor No., 010

(U) Motor No. 010 incorporated a minor design change in the mixer
szction, which included a graphite-phenolic three-lobe mixer 2nd a ceramic-
foam plenum wall, which was reduced in thickness to 0.50 in, 7 he mixer
incorporated a grapiite cloth, irnpregnated with a refracte: y-filled high-
char phenolic resin system., To provide the best resistance to hot-gas

flow, the mixer was fabricated with the cloth lamination orient2d 90° to

the motor centerline, The motor used the poppet injector used with

motor No. 009.

(U) The motor was fired for a 30-sec duration and sustained combustion
after oxidizer flow termination. However, after this test some fucl was
retained by purging the motor with liquid nitrogen. In this way, it waes
possible to observe the posttest ccndition of the fuel grain, The condition
of the grain indicated that the sustained combustion may propagate from
the rear of the motor, being forced by radiant heat from the mixer and
nozzle assembly,

(U) The splash block {figure 104) shows considerably less consumption
than that of motor No. 008, and the resulting thrust trace was noticeably
flatter, indicating that the fuel flow rate is essentially constant, The fuel
flow rate of the thrss-spoke grain shape is essentially constant with a fuel
having a regression rate proportionality of

i_mGO.S
o

140

CONFIDENTIAL

o — e ———




A TR T 6

AFRPL-TR-65-184

llq:j;.l .

e

o e e o

3 ] i ,4! 1 ulr,nl.al-llllli i |2;‘-| Ui l llw}rl.r|Il_||l[||81!.wlu|,|.|na'l.l||nll‘ul”lvl.] ! 4 l_l_‘l}’l[ it‘qil!lg

5529
. '

Figure 104, (U) Splash Block From Motor 010 After Test
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(U) The mixer baffle shown in figures 105 and 106 survived without sig-
nificant erosion, although delainination occurred. The thinned mixer sec-
tion shews a char depth of 0,3 after 30-sec duration. The nozzle assembly
wac identical to the previous tests and endured the test in a similar manner.
However, the weakened structure was easily broken during dismantling,
operations,

(C) In spite of fuel lost during the sustained buzning period after test,

the motor delivered a specific impulse of 223 sec (1000/14. 7) at a pressure
of 250 psi. The performance level was 89% of the theoretically attainable,
in spite of the fuel lost after motor shutdown,

(U) Movor No. 010 was to have been tested at two thrust levels, repre-
senting 100% and 50% thrust using the full-scale dual manifold hollow-cone
injector shown in figure 107, However, late-developing injector leaks
prevented use of the injector on this program, Single-element dual-manifold
injectors similar to this one have been successfully tested under Contract
No. AF 04(611)-10789.

2.4 QUALITATIVE PREDICTION OF THE RELIABILITY AND MAIN-
TAINABILITY OF STORABLE PREPACKAGED MOTORS

(U) Based on expeririental data presently available, an estimate can be
made of the relative rc!lability and maintainability of earth-storable pre-
packaged hybrid rocket motors should they be reduced to operaticnal use,
utilizing the technology 2cquired under this program. This specific pro-
grar has been primarily concerned with develcping technology r=slative

to the thrust chamber assembly (TCA), which includes th: oxidizer valve,
injectors, fuel grain, and nozzle. Of these compcnents, the two most
significant items pertinent to the reliability and maintainability of hybrids
are the injectors and fuel grain, the remaining components being based con
state of the art liquid and solid rocket technology.

(U) The primary injectors used in the full-scale motors have injector
port openings approximately 0. 4 in, in diameter. This relatively large
opening is expected to lead to greatly simplified maintenance and increased
reliability, Injector openings of this size are virtually immune to plugging
by particles in the gxidizer siupply and irom manufacturing defectsa,

(U) The fuels investigated under this program will not sustain combustion
in the absenca of oxidizer; as a resvlt, therc is little or no possibility of
inadvertent ignition or fire and no possibility of detonation, In addition,
siace the hybrid burning process is contrclled predominantly by liquid flow,
th2 solid grain surface does not determine the combustion pressure. There-
fore, unlike solid propellants, cracks or voids in a hybrid fuel grain do not
lead to faster or uncontrollable burning.
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Figure 107,

(U) Dust Orifice Injector Assembly
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(U} The implications of pressure-sensitive fuel systems include the possi-
bility of developing a fuel system that would be throttleable with primary
oxidizer injection cnly. Conventional hybrid fuels require aft-end injection
of oxidizer during throttling to maintain a constant mixture ratio.

(U) A pronounced pressure sensitivity has been observed with hybrid
fuels containing THA and TAZ. Data from motor firings conducted on pro-
grams sponsored by UTC indicated that the regression rate of these fuels

is dependent upon comtustion chamber pressure (P.) raised to some expo-
nent (m). The conventional dependency of regression rate on oxidizer mass
flux also exists, whicl. leads to the assumption that the total regression
behavior is expressed

. m n
r = aP (G ") (1)
c o
where:
I = regressior rate, in./sec
a = constant
Pc = combustion chamber pressure, psia
Go’ = instantaneous oxidizer mass flux (\}vox/Ap), 1b/sec-in’
‘;Vox = oxidizer flow rate, lb/sec
Ap = instantaneous grain port area, in’

The implications of this dependency include the possibility of developing a
fuel systermn that would be throttleable with forward-end oxidizer injection
only. Conventional hybrid fuels require aft-end oxidizer injection during
throttling to maintain optimum mixture ratio.

(U) If it is assumed that motor thrust is a linear function of total propel-
lant flow rate, that constant mixture ratio (O/F) is maintained, and that
the regression rate relationship (equation 1) is applicable, then the thrust
of hybrid motors with pressure-sensitive fuels is expressed by:

F =1 (w +\il£) (2)

149




AFRPL-TR-65-184
in which
w, = pL Pb r (3)

where:

Fn = motor thrust, 1b

P = fuel density, 1b/in?

L = grain length, in,

‘Jvf = fuel {low rate, ib/sec

Pb = burning perimeter of the fuel grain,

Substituting equation ! in*o the above yields:

P

F =1 w +apL
n sEp OX

P e w (4)
wa)9r] e ox
P

If combustion efficiency is assumed constant over the entire throttling

range, chamber pressure can be expressed as a linear function of total
propellant flow rate: -

* L] [
c (wox + wf)
P = %
c s 8
where:
c¥ = characteristic exhaust velocity, ft/eec
At = nozzle throat area, i.n:z

graviiationai constan:,

x
[

Substituting *he abcve equation for chambex pressure yields

[ l:,b e X m n
Fn & Iap lwox = apL '—--A s (At g) (wox + wf) (wox)
i P
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then

P m m
g % . . (m4+n) b c* {
Py Isp [wox+wox apL(A ) A g : oI 6
P

where all factors except oxidizer flow are constant,

(U) The above relationship describes motor thrust as a linear {anction of
forward-end oxidizer flow rate only if the sum of the exponents (m + n) is
equal to {. 0,

(U) Because of grain design consideration, the G,' exponent (n) should
be equal to or less than 0. 5. Therefore, a throttleable hybrid motor using
pressure-sensitive fuels is feasible if the pressure exponent (m) is greater
than 0, 5,
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. APPENDIX II

METHOD FOR DETZRMINING REGRESSION RATE
EQUATION FOR PRESSURE-SENSITIVE FUEL SYSTEM
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(U) The method by which a regression rate characterization equation is
obtained consists of determining the exponents m and n and the coefficient a
of the anticipated form of the equation

+ =aprP™g" (1)
(o4 o

where

r = regression rate, in. /sec

a = coefficient

P = chamber pressure, psi

G = oxidizer mass flux, 1b/sec-in?
m = pressure exponent

n = -~xidizer mass flux exponent.

(U) For a particular test with a constant oxidizer flow rate and virtually
constant chamber pressure, for a cylindrical grain

tt

- m n mi.ox 3 m .ox 7
i = nt _ L. (e
r = a Pc (Go ) = a Pc K!p. a Pc TRE . (2)

Because R is now the only variable,

# « CR™® (3)

where C is a constant, including tl.e other terms. Therefore,

inr = -2ninR = InC (4)
(U) By taking the differences in AR and time between probe data points,
average values of regression rate (AR/At) can be determined. By a
method involving the calculation of least square error, the values of the
terms n and C in equation 4 can be determined to fit the data best.
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(U) Integration of equation 3 results in

2n+1 2n+l

R = R +C(an+ 1) (5)

where R is the instantaneous port radius corresponding to the time (t) and -

‘Rg is the initial port radius. By substituting the determined values of n -

into equation 5 with measured values of initial and final fuel port measure-
ments and burning time, the value of C can be determined.

(U) Because C is a function of (P.)™, the values of C between any two
tests can be used to determine the value of the exporent, m, with the
following relationship:

m
Cl pcl
-\ 18
2 c

2

Since C = a P.™(wg, /7)™ and all terms are now known except a, it can be
calculated and included in the fuel characterization equation

f=z=arP™g® . {7)
(o} [s ]
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THERMOCHEMISTRY OF A HIGH-NITROGEN
PROPELLANT INGREDIENT

INTRODUCTION

(C) On the basis of an estimated heat-of-formation value of tetraformal-
trisazine (TFTA) ranging from +27 to +iZ0 kcal/mole {depending on the
assigned bond energies) and the inexpensive nature of the starting material:
used in synthesizing the amine, TFTA appears to be a similarly energetic
but more economical substitute for propellant ingredients such as THA,
TAG, and TAZ. However, the theoretical potential of TFTA as a propel-
lant ingredient depends to a large extent upon the heat of formation assigned
to the compound. Owing to var:ations in the theoretical specific impulse
which can be ascribed as a result of the uncertainties in the heat of forma-
tion estimated from bond energies, it is necessary to define the heat of
formation from experimental heats of combustion to obtain a valid evaluation

of the potential of this material. The structural formula fo1 TFTA is
shown below.,

THEORETICAL CONSIDERATIONS

(C) The heat of formation of a compecund can be derived from experi-

Pop

- 1 1 . I
ided thc concentrations and neais ot

formation of the combustion products are known. The concentrations of
the combustion products can be determined by direct chemical analysis or
computed from the empirica! forinula of the compound, assuming complete
reaction. The latter technigue can be successfully applied to oxygen bomb
calorimetry of organic compunds where combustion is generally stoichio-
metric, ylu.ding water, carbon dioxide, and nitrogen.
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(C) For TFTA, the complete combustion reaction (i.e , the lowest
energy state) under bomb conditions is:

C4H12N6+702—>4COz+bH2C_)+3N2+Q (1)

where {Q is the energy change of the combustion reaction under constant-
volume and constant-pressure conditions, as An(g) = 0.

From Hess' Law, the heat of formation of TFTA utilizing equation 1
becomes:

\

AH = 4AHfC02(g) + 6AHfH20(1) +3AHfN2(g) - 7AHf02{g) -Q. (2)

Substituting known heat-of-formation values fer the appropriate terms,
equation 2 reduces to the following: :

AI—If =-786.1-Q . (3)

APPARATUS AND TECHNIQUE

(C) Combustions were conducted in a standard stainless steel oxygen
bomb (Parr Instrument Company) immersed in demineralized water in a
cylindrical 7-liter silvered Dewar flask. Extending through holes in an

aluminum-encased polystyrene foam lid were a metal stirrer, a glass-

sheathed platinum resistance thermometer, the igniter wires, and two
calibration heaters wired in parallel.

{C) The sample was ignited by passing an electrical current supplied

by a standard Parr transformer through a short length of fuse wire between
electrodes inside the bomb. Temperatures of the calorirncter water bath
were detarmined from measuremenis with a piatinum resistance ther-
mometer using a Mueller bridge.

- - el - -
e~ T e T
‘Wm

(C) The heat capacity of the calorimeter was determined electrically
by passing a known current through heaters of known resistance for-a
measured time period and then following the termperature rise of the
system.

(C) Corrections made for the observed heat rise during combustion
included those for nitrogen oxides, the oxidation of the nichrome fuse wire,
and the heat leak of the calorimeter,
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PROCEDURE

(C) ADO0.1-to0.2-g sample of TFTA was weighed in the combustion cup
to an accuracy of £0.1 mg. The cup was placed in the bomb, and a 10-cm
length of nichrome fuse wire was installed between the electrodes in such
a manrier that the wire rested about 1-mm above the sample. Five ml of
demineralized water were added to the bomb to absurb nitrogen oxides
formed in the combustion. The bomb was then closed, pressurized slowly
. te 25 to 30 atm with oxygen, and placed in the tottoin cf the Dewar flask.
The electrical leads were attached and approximately 4 liters of deminer-
alized water were added, covering the bomb and immersing the stirring
paddle, the resistance thermometer, and the calibration heaters. Stirring
was commenced at a predetermined constant rate such that equilibration
time betweenignitionand attainment of the final drift rate was a minimum.
Periodic temperature measurements were made until a steady initial drift
rate was observed. At the end of this period, the firing circuit was energized.
Temperature measurements ware taken during the heat-release period and
attainment of the new steady state and continued at intervals to determine
the drift rate at the higher tempcrature. '

(C) In a similar manner, the heat rise was then determined during a
' {-min electrical calibration reriod, during which time the average current
flow through the heaters was determined from the voltage drop across a
. standard resistance. '

(C) Three currections were made for the observed heat generated in each

. . experiment. The first correction was made on the basis of nitrogen oxides
formed in the combustion (instead of molecular nitrogen as assumed in
equation 1) and from atmospheric nitrogen initially in the bomb before
pressurization. Tiis correction was determined by titrating the bomb
washings with standard alkali after combustion. The total acidity found
was assumed to be nitric acid, and a subtractive correction of 13. 6 cal/
millimole of nitric acic was made on the observed heat release.

(C) A second subtractive correction was applied to the observed heat
release to account for the oxidation of the nichrome fuse wire. As the
known caloric value of this type of fuse is 2.3 cal/cm, the length of un-
burned fuse was measured and the number of calories liberated by the

. oxidized portion subtracted from the total heat released.

(C) In those cases where the initial and final drift rate periods had
unequal slopes, the true temperature rise for the reaction was determiried
by subtracting a heat-leak correction employing the averi ge slope of the

two drift lines and the time separating these steady states from the observed
equilibrium temperature rise. A time-temperature curve in which this
correction was not necessary is shown in figure III-1i,
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Figure'lI-{.(C) TFTA Combustion, Run No. 9
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MATERIALS

(C) All materials were used as received. ¥ Samples designated by A were
recrystallized from water; those designated by B were washed after prepa-
ration with methanol, while C samples were extensively extracted with
methanol after preparation. The infrared spectrum of the C samples was
equivalent to the published spectrum for TFTA. **

RESULTS T

(C) The results of the combustion experiments in terms of observed heat
generation, the corrections made, and derived heat-of-formation values are
summarized in table III-1{.

DISCUSSION

{C) As can be noted from table I, there 15 a wide discrepancy in the
experimentally derived heat-of-formation vaiue of sampl~ A in comparison
to the values obtained for samples B and C. This discrepancy is consisteut
with the theory that sample A ;s of different composition than the other
samples, and the wide variation from theoretical supports the hypothesis
that sample A is not entirely TFTA. Before con:bustion, sample A had a
strong odor of ammonia whereas samples B and C were odorless. The
combustion reacticn of sample A appeared to proceed at a different rate
from that of sample B or C, and a sharp, audible detonation occurred in the
latter case but not the former. Inspection of the bomb interior after the
combustion of sample A revealed the presence .f small amounts of a yellow
liquid which was not present in the cas~ of sample B or C. Finally, the
amount of nitric acid formed per gram cf sample A was approximately
one-half that of sample B or C.

{C) The slightly more endothermic heat-of-formation values of sample C
compared to sample B may be rationalized by assuming that the additional
washing in methanol removed small amounts of impurities.

{C) Two separate cross-checks indicated that combustion occurred to
the same extent in all of the combustion reactions with sample C. First,
the amount of nitric acid produced froem a combusiion shouid be directly

#  Materials were prepared and provided by Dr. E. G. Vessel.

#® "Development of High-Nitrogen Polymers,' Annual Progress Report
! June 1960 to 31 May 1961, Contract AF 04(€11)-5689, Food Machinery
and Chemical Corporation, Inorganic Research and Development
Departraent, Princeton, N. J., 1961.
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proportional to the sample size. Secondly, the derived heat-of-formation
value should be quite sensitive to variations in the extent of combustion.
The consistency of the nitric acid values and derived heats of formation
are indicative of complete combustion in each experiment.

(C) The heat of formation results of runs 5 through 9 can be interpreted
with a precision of +83.9 % 1.7 kcal/mole at 21.3° C. The heat of combus-
tion results can be similarly interpreted as -6.033 £0.012 kcal/g at 21.3° C.

(C) To obtain an indication of the accuracy of the abcve results, a sample
of standard benzoic acid having a National Bureau of Staind~rds certified
heat-of-combustion value of -b. 318 kcal/g ‘wvas burned under identical condi-
tions to that of TFTA. A 1. 1€¢40-g pellet of the standard benzoic acid
liberated 7. 368 kcal in a calorimetric system of 4. 3646 kcal/degree heat
capacity, resulting in a heat-of-combustion value of -6.350 kcal/g. The
difference between the two heat-of-combustion values can be expressed as
G. 00163 kcal difference/kcal liberated. Applying this correction to the
average heat-of-formation value of TFTA gives an accuracy limitation of
+83.9 %+ 1.5 kcal/mole. '

165/166

CONFIDENTIAL




Ji 0}
Ay St e s

AFRPL-TR-65-184

APPENDIX IV

ASSEMBLY DRAWING OF
12-IN. FILAMENT-WOUND HYBRID MOTOR
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APPENDIX V
SUMMARY OF MOTOR TESTS
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AFRPL-TR-65-184 CONFI DENTI AL

PREPACKAGED HYBRID PROPELLANT STUDIES (PHASE II)

TABLE V-5

TEST SUMMARY
5-IN. FUEL CHARACTERIZATION TESTS

Test P. F Wox  Wotal c* Ly OIF &
. No. psia 1b Ib/sec lb/sec ft/ses sec Ratio sec
L4-0262 364 124  0.65 1.06 3989 (17 1.56 12.8 1
L4-0263 664 120  0.66 1.03 4005 117 1.80 15.3
L4-0264 371 246 1,33 1.71 4651 144 3,50 12.8
L4-0265 724 265  1.35 1.7 4758 155 3,79 15.8 | ?';’:/k Igmﬁfg/;'%u
L4-0266 943 268 1. 35 1.72 4587 156 3.61 13.0 (P C "t 3 TETA)
1.4-0267 359 382 2,23  2.64 4612 145 544 12.8 IESRIBRIEIE
L4-0268 724 415 224 2.7 4698 153 4.72 12,9
L4-0269 1044 412 2,25 2,70 5056 153 5.04 12.9 J
L4-0271 224 130  0.65 1. 21 4190 107  1.19 10.0
L4-0272 549 178 0. 64 1.15 5024 155 1,26 1.2
L4-0273 837 175  0.63 1,08 5411 162 1.41 11.9
L4-0274 572 35 1,33 191 5232 165 2,27 1.4 | ‘;2? Ig;{,fzg/;(";gw
e L4-0275 974 305  1.24 1.82 5368 167 2.12 11.4 (T].:‘TA a’;PP T
L4-0276 764 521 2,23  2.94 5043 177 3.12 10.1 anc Al Fotlctize
L4-0277 489 410  2.23 2,88 4517 143 3,38 8.7 i
L4-0278 266 350 2.25  2.76 4416 127 4.42 9.6
L4-0279 454 163  0.65 1.0% 4623 153 1.52 120
L4-0280 608 155 0, 66 1. 01 4511 154 1.89 12.9
L4-0281 187 177  1.36 1. 68 3506 106 4.28 15.9 ] )
14-0282 359 205 1.35 1.69 4145 121 404 158 | ig;; Ii/rg{;g;(%nz
L4-0283 551 230 1,37 1.70 4532 135 4.07 15.8 ('rr-:'rA i °AP Balletizad)
L4-0284 344 285 2.23  2.65 3681 108 531 12.9 & e
L4-0285 524 355  2.23 2,66 4351 133 509 12.9
L4-0286 620 36%  2.23  2.68 4347 136 4.90 12.9 J
L4-0288 632 140 0. 65 0. 90 4645 156 2,57 18.9
2.4-0289 1094 128 0.63  0.95 468" 138 2.14 156
L4-0290 544 242  1.33 1. 67 5286 145 3.92 17.8
14-0291 719 245  1.35 .73 5165 142 3,58 15.8 | f::’; Zg?{‘zﬁlﬂg‘;‘%lz
L4-0292 826 226 1.15 1.74 4985 130 3.47 15.9 (p: Al ac°ted TETA)
. 1L4-0293 452 378  2.23  2.61 4599 145 5.80 158 ecorap
. 1.4-0294 789 392 2,23  2.63 5821 149 5,58 15,9
L4-0295 719 235 2 24  4.84 1667 49 0.86 1.8 J

L4-0270 444 520 2.22 2.50 3244 126 .09 15
L4-0287 509 25 3T 1.63 4870 138 .10 15,
H18A -1 424 129 0. 61 0.75 4652 172 4,29 16,

—_
w

45% TFTA/20% Al/ ‘
35% QX 3812
(Precompacted TFTA) ‘

[= QN -}
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PTSS  RARE ORI N

U. S. DEPARTUENT OF THE INTERIOR

BURZAU OF YINES cP-3 Fy

48C0 FORBES AVENUE, :

PITTSBURGH, PA. 15213

ATUis 4. M. DOLINAR, REPTS LIBRARIAN
BXPLOSIVES RESEARCH CENTER(1)

S ey

—

NAT'L AERONAUTICS & SPACE ADYIN.

KANNED SPACZCRAFT CENTER . CP-10

P. 0. BOX 1537 H/
HOU3TON, TEXAS 77001 ‘49
ATTN: LIBRARY , (1)

CEHTRAL INTELLIGENCE AGENCY CP-6
2430 £ 2TREET, N.W,

JASHINGTO:, D.C. 20505 ,7)9

ATIN; OCD, STANDARD DIST. (1)

]
f

{

NAT'L AERONAUTICS & SPACE ADYIu.

LANGLEY RE3:ARCH CENTER cP-12

LANGLEY AIR FORCE BASE ; .
OFFICE OF THE DIRECTOR OF DEFENSE VIRGINIA 23365 : 7{) ?ﬁ
RESEARCH AND ENGINEERING CP=7 o
WASHINGTON, D.C. 20301 . ATTN: LIBRARY (3)
ATTH: DR. H.Ww. SCHULZ, OFFICE OF Bf
ASST. DIR. (CHEW. TECHNOLOGY) )
(1)

NAT'L AERONAUTICS & SPACE ADUIN.

WASHINGTON, D.C. 20546 CP-13
HAT'L AERONAUTICS & SPACE ADYIN. ATTN: OFFICE OF TECHNICAL INFO.
LEWLS RESEARCH CENTER CP-§ & EDUCATLONAL PRO3JRANS .
21000 BROOKPARK ROAD : H’ CODE ETL (1) /ﬂ}él/ !
CLEVZLAND, OFIO /44135 ‘i

ATTN: LIBRARY (1)

SCIENTIFIC AND TECH. INFO.

JOHN ¥, KENNEDY SPACE CENTER CP-9
NAT'L AERONAUTICS & SPACE ADMIN. 5{741

; FACILITY CP-14
0A BFACH .
COCOA BFaCH, FLORIDA 32931 Fe D BOE S0 .
ATTH:  LEBRARY BETHESDA, MARYLAND . /alﬁ'
(1) ' /-

ATTN:  NASA REPRZ3ENTATIVE (2)




COMUMANDING OFFICER

CP-15

BALLISTIC RESEARCH LABORATORIES

AS:ROEEN PROVING GROUND,

KARYLAND 21005 /}ﬂ’ 20
: ATTN: CHIEF, DOCUMENT SECTION A
ATIN: AUSBR 1 (1) ' T e ;Q/
COUMANDING OFFICER  CP-21 GOUNANDING NS AL, " CP-30
U.S. AR4Y RZSEARCH OFFICE {DURHAW) :g:";si‘;g? :;;;;"B RANGE : Hr
BOX Cl, DUKE STATION B )
DURHAI, NORUH CAROLINA.27706 (1) ATIN: TECHNICAL LIBRARY (1)
1t |
BUREAU OF NAVAL WEAPONS CP-34¢
DEPARTUENT OF THE NAVY
COLYANDING ‘OFF ICER CP-23 WASHINGTON, D. C. 20360 P{
FRANKFORD ARSENAL - & r.’i
PHILADZLPAIA, PEAN3YLVANIA 19137  ATTN: DLI~3 (2) «;’} (/ﬂ/
ATTN: PROPELLANT AND EXPLOSIVES
SECTION, 1331 (1) ’A’
1
BURSAU OF NAVAL WEAPONS CcP-33
DEPARTUENT OF THE NAVY
. VASHINGION, D, C, 20360 R’
CO4UANDING OFFICER CP-25 2 b
PICATINNY ARSENAL ATTN:  RUUP-2 2y %
DOVER, NE¥ JERSEY 07801 y 7
ATTN:  LIBRARY (1) H/
BUREAU OF NAVAL 7EAPONS CP-37
DEPAKTMENT OF THE NAVY
WASHINGTON, D. C. 20360
ATTN: RHUP-4 (1) 7/3) 9/

COMUANDING OFFICER
PICATINNY ARSENAL

CP-2%

LIQUID ROCKET PROPUL3IION LABORATORY

DOVER, NEW JERSSY 073801

ATTN: TECHNICAL LIBRARY

- /'t

U. 3. ARNY HISSILE JOYUAND

REDSVCNE SCIENTIFIC INFO. CENTER
ALABAUA 35808

RED3ITONE ARSENAL,

124

CcP-29

\“P(Pr




BURZAU OF NAVAL TEAPONS CP=38
DEPARTMENT OF THE NAVY
WASdINGTON, D. C. 20360

P
ATTN: RRRE-6 (1) 7
COUNANDER CP-40

U. S. NAVAL 4ISSILE CENTER
POINT dUGU, CALIFORNIA 93041

U. S. NAVAL ORDNANCE TEST STATION
CHINA LAKE, CALLFORNIA $3557

U, S, NAVAL POSTGRADUATE SCHOOL
NAVAL ACADEUY
MONTEREY, CALIFORNIA %3900

JI

',O._/
ATTN: TECH. LIBRARY .(z)-~5
COUYANDER ! CP-42
U, S. NAVAL ORDNANCE LA§.
WHITE 0AK 2
SILVER SPRING, UARYLAND 20910 ﬁ:?
~7;?
ATTN: LIBRARY (2)
COY%ANDER CP-43

ﬁ'g%d? ATTNL CODE 429

COMMANDING OFFICER
U. 5. NAVAL PROPELLANT PLANT
INDIAN HEAD, HARYLAND 20640

CP-46

y
| ¢/ Jou3 /
ATTi: TECH. LIBRARY
¥ ¥

ﬁ?/ﬁ

COUUANDING OFFICER CP-51
CFFICE OF NAVAL RESEARCH
1030 K. GREEN STREET ;
PASADENA, CALLFORNIA 91101 -«'/7//%r
(1) '
DEPT. OF THE NAVY CP-52

OFFICE OF NAVAL RESEARCH
WASHINGTON, D.C, 2036

Yy d

3¢ (1)
ATTN: CODE 45 (5)
DIRZCTOR (CODE 6180) CP-53
U. S. HAVA & .
COYXANDER  (CODE 753) CP-44 wasuxuurox? Rﬁf&QTCH ngs9o
U. S, NAVAL ORDNANCE TEST STATION ﬁy
CHINA LAKE, CALIFORNIA 93557 ) ATTN: H.W. CARHART %/é’ P
Jot
. ATTN: TECH. LIBRARY 3.9&‘/0 e
: (2)
SUPERINTENDENT CP-45 ok Sradt

SPECIAL PROJECTS OFFICE
DEPARTUSNT OF THE NAVY
WASHINGION, D,C.

20360
(1)




b e i

CONMAND ING OFFICER CP-56
U. S. NAVAL UNDSRWATER ORDNANCE -
STATION '

NEWPORT, RHODS ISLAND 02844

ATTN: W, W, BARTLETT

(1) 1/5)/0(

RTD  (RTNP)
BOLLING AFB
WASHINGTON, D.C.

CP-58

el

20332
(1}

ARNOLD ENG. DEVELOPMENT CENTER

AIR FORCE SYSTEUS COUUAND CP-59
TULLRHDHA, TENNESSEE 37389 /%
ATIN: AEOIM

(1) 40
DEFENSE DOCULENTATION CENTER

CAABRON STATION CP-61
ALSXANDR!A, VIRIINIA 22314 /?
AFRPL (RPCL) CP-.6%
EDWARDS. CALIFORNTA 93523 (1)

7 ¥

e AR R PR RN R

AFRPL
EDYARDS,

(RPR)
CALIFORNIA 93523

@73
e

CP-64

AIR FORCE ROCKET PROPULSION LAB.

EDWARDS, CALIFORNIA 93523 CP~65
ATIH: RPM Ry /}/
(1) / ,’//

READQUARTERS, U, S. AIR FORCE
WASHINGTON, D, C. 20330 CP-68

ATTN:  AFRSTD {1) ,74/

OFFICE OF RESEARCH ANALTISIS (OAR)

‘HULLOMAN AFB, NEW MEXIJO 88330

CP-A9 4

7o I

ATTN: RRRT
(1)

AIR FORCE OFFICE OF SCIENTIFIC RES.,
WASHINGTON, D, C. 20333 CcpP-71

ATTN: SREP, DR. J.P. YASI - /},
(1) 77




Y

WRIGHT-PATTER3CN AFR cp-78

OHIO 45433
f/é’ﬁ

ATT: AFUL (UAAE)

AERQJET-GENERAL CORPORATION

A2U34, CALIFORNIA 91703

i
ATTN:  LIRRARIAN 4 ?ﬁ
(1)

AERQOJET-GENERAL CORPORATION
11711 SOUTH ¥OODRUFF AVEWUE CP-84
DOANEY, CALIFORNIA -90241

ATTN: F. 4. WEST
(1)

LIBRARIAN

gof

. AERGJET-GENERAL CORPORATION

P. 0. BOX 1947 CP-85

" SACRAYENTO, CALIFORNIA 95809

ATTN: TECHNICAL ],IBRARY 2484-2015A

(3) . glﬁggw

AERONUTRONIC DIV. PHILCO CORP.
FORD ROAD CP-86
NE#PORT BEACH, CALIFORNIA 92600

ATTN: DR. L. H. LINDER, UGR.
TE&CH. INFO, DEPT.

() .0 c[ﬂ

AEROPROJECTS, INC, CP-87
310 BAST ROSEDALE AVENUE
WEST CH&3TER, PENNSYLVANIA 19380

ATTN: Co D. KCKINNEY ¢S
(1)
AERO3PACE CORPORATION oP-g8

P, 0. BOX 95085
LOS ANGELES, CALIFORNIA 92045
!

ATT; LIBARY DOCUUENTS

I
7t

ALLIED CHEXICAL CORFORATION  CP-91
GENERAL CHEUICAL DIVISION

P. 0. BOX 405

MORRISTOWN, NEW JERSEY 07960 Q/ﬂ'
ATTN: SECURITY OFFICE %

CELANESE CORPORATION OF AMERICA
BOX 3049 Cp-92
ASHEVILLE, NORTH CAROLINA 28802

(1) ~ g/?!*

AUERICAN CYANAUID COUPANY Cr-93
1937 W, UAIN STREET
STAWFORD, CONNECTICUT 06902
-
40

ATTN: SECURLTY OFFICER
()




IIT RESEARCH L[NSTITUTE
TECHROLOGY CENTE
CHICAGY, ILLIGOILS 60616 -

ATTN: C. ., HER3H,

Ct 4ISTRY DIVISION - (1)

ARO, INC.
ARHOLD ©NGRG., DEV. CENTER
ARIOLD AF STATION, TENNE3SEZE 37389

a"

CP=-99

ATTN: DR. B, il, GOETHERT

CHIEW 3CISMTISY (1

ATLANTIC RASEARCH CORPORATION
SHIRLEY HIGHWAY AND EL3ALL ROAD
ALEXANDRIA, VIRIINIA 22314 CP-101

ATTN: SECURITY OFFICE FOR LIBRARY, ﬁ
(2) Gif
~plr
Q %

BATTELLE MEYORIAL INSTITUTE CP-103
505 KING AVENUE

ColLuuBUS, OHIO 43201

. ‘/!f’f
ATTils T2
(1)

RePORT LIBRARY, ROOM 64

RELL AEROST3TEUS
BOX 1

BUFFALO, NEW Y ~X 1420%

ATTN: T. REINHARDT
{3) ..

. ﬂ!llJI‘IIﬁﬂlﬂmJu-u-mm.iUbnﬂm-UHH!M!NHM“HNH“&MHNIIMMM@:--"

THe BOEING COMPANY CP-108
AERO 3PACE DIVISION

P. 0. BOX 3707

SEATTLZ 24, WASHLNGTON (I)

AT.: K. PESR2NBOOE, LIt “ARY PROCESS

SUEV. €1190) a
g

CHENICAL PROPULSION INFCRUATION
AGENCY cP-114
APPLIED PHYSICS LABORATORY '
8621 GEORGLIA AVENUE

SILVER SPRING, YARYLAND 20910

s 9 5
- 49
Yra

A

FUC CORPORATION CP-115
CHE4. RESEARCH & DEV. CENTER

P. O, BOX .8

PRINCETON, NEW JERSEY 08540 (1)

1014

DOUSLA3 AIRCRAFT CO., INC.
SANTA UONICA DIVISICN
3000 OC:AN PARL 20ULEVARD
SANTA 4ONICA, CALIFORNIA 90405
ATTN: UR. Jo Lo WAISUAN

(1) ~
./02‘9’

CcP-122




THE DOY CHIZUICAL COUPANT cP-123

SZCURLTY SECTLON

BOX 31

WIDLAND, UICHISAN 48641

ATTH: DK. R. $. KARPLUK, 2,
1710 BULLDING (1y /07 r

E. I. DUPONT DENELOURS AND COMUPAKY
EASTERN LABORATORY CP-125
GIBBIYGWN, NEW JERSEY 08027

ATTN: WRs. ALICE R. STE#ARD

X

b,

’

ESSQ RESEARCH AND EZNGINEEBRING CO.

SPECIAL PROJECTS UNIT CpP=126
P. 0. BOX 8
LINDEN, WEW JERSEY 07036
ATTN: uR. D, L. BALDER (1)
7
Jo3s

GEiIERAL DYNAMICS/ASTRONAUTICS
P.o. BOX 1128 CP"IZZ
SAN DIEGO, CALIFORNIA 92112

ATTN: LIBRARY & INFO. SERVICES
(1) {128-00)
1067
4
i
HER *ULES PO¥DER COUPANY CP-138

ALLEGAHY BALLISTICS LABORATORY
P. 0. BOX 210
CUuUBZRLAND, UARYLAND 21501

107

ATTN: LIBRARY (1)

HERCULES POYDZR COMPAHY CP-142

RESHARCH CENTER

WILALNGTON, DZLAKARE 19899

ATti: DR, HERUAN SKOLWIK, HANAGER
TECHNICAL LNFOR4ATION DIV,

Yia

INSTITUTE OF DEFENSE ANALYSES

400 ARUY-NAJ DRIVE CP-146

ARLINGTON, ; VIRSINIA 22202

ATTN: CLAJSIFIED LIBRARY ‘

(1) R e
i

JET PROPULSION LABORATORY CP-147

4800 0AK GROVE DRIVE

PASADENA, CALIFORNIA 91103

- ‘..........u..-.\.” = ""':;U':s?::-'--u ( 1)

1/0/9’

LOCKHEED PROPULSION CO4PANY CP-152
P, 0. BOX 111

REDLANDS, CALLFORNIA 92374

ATIN: 4185 BELLE SERLAD,
LISRARIAN {3)
,/I /}’
J1 %

|

Sl e o B |l ol

R T T T . e s

g — Jaeanto




ARDT CORPORATION
4 SATICOY 3TREET
2013, SOUTH ANNEX
NUYS, CALIFORNIA 91404 4’
i

CP~155

ESOTA MINING & UAUFACTURING CO.

BUSH AVENIE CP=159
PAUL, pIMNESOTA 55106
: CODE 0013 R&D ;/r
H. C. 2EdAN ) »
SECURLTY ADAINISTRATOR )¢
!
¢
NTO RESEARCH CORPORATION
¥ LABORATORY CP-161

ey

11, WASSACHUSETTS 02149
i

NORTH AUERICAN AVIATION, INC.
SPACE & INFORMATION SYSTEUS DIV,
12214 LAKE¥00D BOULEVARD

CANOGA AVENUE
GA PARK, CALIF#ORNIA 91304

¢ LIBRARY, DEPT. 596-306 o

119
|9’0'A/’

|

AND HAAS COMPANY cp-182
TONE ARSH HAL RubuARcH DIV. ~
SVILLE, ALABAKA 35808

' 9519'

¢ LIBRARIAN j

DOWNY, CALIFORNIA 90242 b
ATVn; W, H. WORLTA cP=~ 166 :
ETDYNE CP- 180

SPACE TECHNOLO3Y LABORATORY, INC.

1 SPACE PARK CP-165
REDOHDO BEACH, CALIFORNIA 90200

STL TECH. LIB. DOC. /%
ACQUISITIONS (2) l? 4;

ACTHN:

TEXACC SXPERIMENT INCORPORATED

P. 0. BOX 1-T cp-187
RICHMOND, VIKGINIA 23202 ﬂ’
ATTH: LIBRARIAN 124
(1) :

)
1]
4

- THIOKOL CHEYICAL COR PORATION
. ALPHA DIVISIOR, HUNTSVILLE PLANT
- HUNTSVILLZ, ALABAUA 35800 CP-189
ATTHN :
el

TECHNICAL DIRECTOR
(1) '

THIOKOL CHEMICAL CORPORATION

ELKTON DIVISION CP-192
ELKTON, UARYLAND 21921

A-
ATTN: LIBRARIAN ) 271
(1)




T, |

.

¥

A

g ity WU

T R

THIOKOL CHEUICAL CORPORATION

REACVION MOTURS DIVISION CP-193
DENVILL:, REW JERSEY 07834

ATTN: L IBRARIAN

{1)

THIOKOL CHEMICAL CORPORATION

ROCKET JPERATIONS CENTER CP~194
P. 0. 807 1640
OGDEN, UTAH. 84401
ATTN: LIBRARIAN (1)
| 79%°

THIOKOL CHZHICAL CORPORATION

WASATCH DIVISION CP-195
P, 0. BOXx 524

BRIUHAU CITY, UTAH 84302

ATTN: LIBRARY SECTION (2)

130~ J5/

UNZTED AIRCRAFT CORPORATION CP-201
CORPORATICH LIBRARY

400 #AIN STREET

EAST HARTFORD, CONNECTICUT 06118

ATTN: MR, DAVID RIJ (1)

TS

UNITED AIRCRAFT CORPORATION CP-202
PRATT & NHITNEY VLA, RS. & DEV,
CENTER .

P. 0. 30X 2691

AEST -ALM BIACH, FLORIDA 33402
ATTis LIBRARY (1)

/2379

- DAYTONA B:ACH,

NAT'L AERONAUTICS & SPACE ADUIN.

WASHINGTON, D,C. 20546 CP-209
ATIN: R. W, 2124 (RPS)
SR 1394

NATTL AERONAUTICS & SPACE ADUTN.
GODDARD SPACE FLIGAT CENTZR CP-210
GREENBELY, @ARYLAND 20771

ATTN: LIBRARY

(1) PR,

GENZRAL ELECTRIC COUPANY
APOLLO SUPIORT DEPT.
P. 0. BOX 2500

CcpP-211

FLORIDA 32015
ATTN: C. DAY 1l

AFLC(CLT/ CAPT. S, W. BOWEN)

AMD2EWS AIR FORCE BASE CP-229

VASAINGTON, D, C, 20332

(2) )
1374

520 SOUTH PORTLAND STREET

S
™ PR 1 SR W, SR,

|

ROCKEY RESZARCH CORPORATIUN CP-231 i

SEATTLE, WASHINGTON 98108

(1)

‘/35//?!!

1
) |

§




DENVER SEUINARY CP-232
(UNIVERSITY OF DENVER)
UNIVERSITY PARK

P.O., BOX 10127

DENVER, £OLORADD 80210

ATTN: SECURITY orFIC: (1) /37

4

AFFTC ( FTBAT-2)
ED¥ARDS AIR FORCE BASE
CALIFORNIA

ATTH: TECHNICAL LIBRARY (1) /t'D'g‘

NAT’L AERONAUTICS & SPACE ADAIN.
LANGLEY RESEARCH CENTER
LANGLEY AIR FORCE BASE
VIRSINIA 23265 [¢3

ATT: 1R, C, £, NICHOLS (1)
ATIR UNIVERSITY LIBRARY
BAXSELL AFB, ALABANA 36112 \
(1) o A
il ~
)41

CIRECTOR
ADVANCED RESEARCH PROJECTS AGENCIES

WASHINGTON, 2, C. 20301 1)

CH7TEGOR) <

AIR FORCE ROKET PROPULSION LAB,

EDWARD, CALIFORNIA 93523

CP-63
(1)

oyl

ATTN: RPC3

oty

CALLERY CHEMICAL COYPANY CF=-111
RES4ARCH AND DFVELOPUENT
CALLERY, PEZNNSYLVANIA 16024 :
‘ /(/!//
ATTN: DOCURENT CONTROL
(1)
ETHYL CORPORATION CP-127
P. 0. BOX 3091
BATON ROUGZ, LOUISIANA 70805
1 pis
p /l/..'?ﬂ’/
HYNES RESEARCH CORPORATION CP-144
308 BON AIR AVENUE
DURHA4, NORTH CAROLINA 27704 :
(1) ' Py
Yx’s %

LOS ALAYO3 SCIZNTIFIC LABORATORY
UNIVERSITY OF CALIFORNIA CP-154
?.,0. BOX 1663

LOS ALAUOS, MEW MEXICO 87544

(1} /L/é?ﬁ/

CLIN 4ATHIS3ON CHEMICAL CORP. CP-168
MARICK, ILLINOLS 62959

RESEARCH LIBRARY
BOX 508

ATTN:

(1)

e SR et AN ol | B

Bl B




- Ao A i

OLIN YATHIESON CHEUICAL CORP. P-169
RE3ZARCH LIBRARY 1-K3
275 WINCHESTER AVENUE

NEW HAVYZHM, COANEQTICUT 06511 e
ATTN: 4AIL CO4TROL ROOY /i THIOKOL CHFR4ICAL CORPORATION
(1) HIS3 LAURA u. KAJUTI )} SPACE BOOSTER DIVL:ION CP-19G
BRUN:WICK, GEORGIA 31520
L
ATTH: LIBRARIAN /5
(1)
PENNSALT CHEUICALS CORP. CP-170
TECHNOLOGICAL CENTER
900 “IRST AVENUE
KIN. OF PRUSSIA, PENNSYLVANIA 19406 1~
1 CALIFORNIA INSTITUTE OF TECHNOLOGY
(1) |5 1201 E. CALIFORNIA BLVD. cP-221
PASADENA, CALIFORNIA
o o /a
PURDUE UNIVERSITY cP-174 ol et 157
LAFAYETTE, INDIANA 4?907
Pl
ATTN: W, J. ZUCROW I 4
{1)
DEPARTHENT OF COUMERCE CP-234
OFFICE OF EXPORT CONTROL
WASHINGTON, D.C.
NORTH AUERICAN AVIATION cP-181 ATTNs CHlIzf, CHEMISTRY & FUELS 3EC.
ROCKETODINE DIVISION ,’;f PAUL 4. TERLIZZI (1)
MC GREGOR PLANT 7
UC GREGOR, TEXAS 75657 - 12

(1)

SHELL DEVELGPLENT COYPANY  CP-183
14(0 538D STREET P
EUERYVILLE, RALLFORNIA 94608 '

!

(1) 5

TEXACO INC. CP188

P. 0. 30X 509

BEACON , NE¥ (CRK 12508 p %//
e

ATTN; Dr. R. F. CONARY, ugr. |S§ 5

(1)

et

L T
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