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NOTICE

Northrop Carolina, Inc,, has been assigned a patent application by the U, S,
Patent Office to cover the Controllable Solid Propellant Rocket Motor invention
disclosed in this publication, and the Commissioner of Patents has issued a secrecy
order thereon, This secrecy order requires that those who receive a disclosure of
the subject matter be informed of the existence of the secrecy order and of the
penalties for the violation thereof. ) . :

The recipient of this rgport is accordingly advised that this publication
includes information which is now under a secrecy order. It is requested that he
notify all persons who will have access to this material of the secrecy order,

Each secrecy order provides that any person who has received a disclosure
of the subject matter covered by the secrecy order is

"in nowise to publish or disclose the invention or any material
information with respect thereto, including hitherto unpublished details
of the subject matter of said application, in any way to any persons not
cognizant of the invention prior to the date of the order, including any
employee of the principals, but to keep the same secret except by written
permission first obtained of the Commissioner of Patents, under the
penalties of 35 U. S, C. (1952) 182, 186"

Although the original secrecy order forbids disclosure of the material to
persons not cognizant of the invention prior to the date of the order, a supplemental
permit attached to each order does permit such disclosures to:

"(a) Any officer or employee of any department, independent agency or
bureau of the Government of the United States.

(b) Any person designated specifically by the head of any department,
independent agency or bureau of the Government of the United States,

or by his duly authorized subordinate, as a proper individual to receive

the disclosure of the above indicated application.

The principals under the secrecy are further authorized to disclose
the subject matter of this application to the minimum necessary number of
persons of known loyalty and discretion, employed by or working with the
principals or their licensees and whose duties involve cooperation in the
development, manufacture or use of the subject matter by or for the Govern-
ment of the United- States, provided such persons are advised of the issuance
of the secrecy order. "

No other disclosures are authorized, without written permission from the
Commissioner of Patenta. Penaltiea for violation of a secrecy order, include a
fine of up to $10, 000 or imprisonment for not more than two years or both.

It must be understood that the requirements of the secrecy order of the
Commissioner of Patents are in addition to the usual security regulations which
are in force with respect to classificd materials in this report. The usual security
regulations must still be observed notwithstandirg anything set forth in the secrecy
order. In the event that this report shall be declassified, the secrecy order remains
in full force until it is specifically rescinded.
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FOREWORD

Thie annual report for the continued development
of a dual-chamber controllable solid propellant rocket
motor (DCCSR) describes the progress during the third
year of this program, which is sponsored by the Air
Force Rocket Propulsion Laboratory, fdwards Air
Force Base, California. The research and development
efforts of the ":~ogram are being performed by Northrop
Carolina, Inc. a Subsidiary of Northrop Corporation,
Asgheville, North Carolina, under Air Force Contract
AF 04{661)-9067. This report is presented in two
volumes: Volume I - Research and Development Efforts,
and Volume II - Analytical Study. This volume
(Volume I) presents results of all research and develop-
ment efforts during the third year, including develop-
ment of forward- and aft-grain propellants, results of
all development motor firings, and controi valve and
nozzle development efforts.
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(This Abstract is Classified Confidential)

' = ABSTRACT
|
L

This report presents the results of the third year's development of
a dual-chamber controllable solid propellant rocket (DCCSR) motor with
stop-restart and thrust modulation capability. The first-year's develop-
ment was conducted under Air Force Contract AF 04(611)-8175, and the
second and third year's efforts under AF 04(611)-9067, both sponsored
by the Air Force Rocket Propulsion Laboratory, Edwards Air Force
Basge, California.

- In this year's program the development of propellants for the

- forward and aft graing.was completed by means of laboratory evaluations
L and subscale motor tests. Present technology was demonstrated by

C testing full-scale motors containing 300 lb of propellant both at sea-

| : level and altitude. Excellent results were achieved in these tests in

' which the motors were programmed for both pulse and throttling
operation. Thrust ratios as high as 9 to 1 were achieved.

Another full-scale test series was conducted to de onstrate the
technology advancements made throughout the eutire three-year effort.
These moters contained the advanced propellants developed during the
program, an improved control valve and control system, and nozzles
5 specifically designed for on-off motor operation. Tests of these 300-
P lb motors were conducted both at gea level and altitude. One of these
motors demons.rated nine stop-restart cycles at altitude conditions.

3 A full-scale test that fully demonstrated the feasibility of adapting
the DCCSR concept to a post-boost propulsion system was alzo conducted.

-iii-
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[ ] SECTION I - INTRCDUCTION
.
)
r [ _J 1. GENERAL
‘ Northrop Carolina, Inc. ’=:- a subsgidiary of Northrop Corporation,
[ Asheville, North Carolina, has completed the third year of development
E ‘lf of a command controllable dual-chamber solid propellant rocket motor

k - {DCCSR). This report describes the work conducted during the third
) year of development, uhder Air Force Contract AF 04(611)-9067, for

the Air Force Rocket Propulsion Laboratory (AFRPL), Edwards

Air Force Base, California.

¥ ; The {irst year's efforts from 15 April 1962 through 14 April 1963,
were conducted under Air Force Contract AF 04(611)-8175 and are
) reported in References 1 through 4. The second year's efforts (15
March 1963 through 14 March 1964) were conducted under Contract
AF 04(611)-9067, awarded on 15 March 1963, and reported in Refer- ‘
ences 5 through 8. The third year's efforts, which were continued
b under Contract AF 04(611)~9067, awarded on 10 February 1964, are !
reported in References 9 through 13, respectively. This report along
with Reference 8 provides a complete summary of all efforts under
Contract AF 04(611)-9067.

.....

This report is presented in two volumes. Volume I presents ;
the program objectives, results of the propellant development work, :
results of the studies and tests conducted during the program, and

- conclusions. Volume II presents the results of an analytical study to
determine the effect of various parameters on performance of the
DCCSR motor.

L 2. DESCRIPTION OF DCCSR CONCEPT

{ i A basic necessity for space and re-entry maneuvering on ad-

; vanced scientific and military missions as well as terminal guidance

for advanced weapon systems is a rocket propulsion system capable of

. stop-restart functions and thrust magnitude control. [t is highly de-

§ sirable to combine these features with the inherent advantages of sim-
plicity and increased state of readiness found in solid propellant rocket
motors.

o

) i

Formerly Amcel Propulsion Company.
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The most direct method by which these desirable aspects can be .
provided in a solid propellant rocket motor is through use of a variable
: throat area instead of the standard fixed nozzle in a single-chamber
b motor. Changing the throat area would thus produce variable thrust [ i
due tc changes in the motor mass flow and the expansioa ratio of the !
' nozzle. The propellant grain could be extinguished by suddenly increasing
the throat area, resulting in a rapid chamber pressure decay. Reigni- . ;
i tion could be accomplished by multiple igniter units that exhaust dir- [ : {
! ectly into the forward end of the chamber. ;

The principal problems that must be overcome to achieve the
above approach are associated with the design of a throttle valve that
will operate reliably in a hot gas environment. With current state-of-
the-art propellants, the valve will be subjected to a hot (5500°F), cor- '
rosive gas stream containing erosive condensed particles. Adjusting
the propellant formulation for combustion gases which are compatible R
with a mechanical valve normally reduces the performance of the P
propellant. Considerable progress has been made in the development
of hot-gas valves for thrust vector control vsing solid propellant
combustion products. However, the development of these valves is
, not sufficiently advanced to provide precise throttling area control
: for prolonged periods nor to withstand the temperature cycling effects
introduced by on-off operation with high-energy metallized solid Ly ;
propellants. (Confidential) , i

The dual-chamber controllable solid rocket motor concept utilizes
fuel-rich (forward) and oxidizer-rich (aft) propellant chambers separated
by a throttle valve (sce Figure 1). The fact that the fuel-rich combus-~
tion products are relatively cool burning (2800°F) permits the use of
state-of-the-art materials in the valve construction. A conventional
high-temperature nozzle is used on the aft chamber where high-
temperature combustion takes place. A multiple pyrogen unit ignition :
system is included as an integral part of the forward chamber. (Confidential) ,

Thrust is initiated by igniting the forward propellant with a single
pyrogen unit. The relatively cool combustion products from the forward
chamber are throttled through the control valve into the aft chamber -
where additional reaction occurs, resulting in more energy release. 1
The aft propellant will not sustain combustion in the absence of heat
. supplied by the forward propellant. Therefore, throttleability is
: achieved by varying the forward chamber pressure {(and burning rate)
through valve position control. The aft propellant burns when the )
combustion gases from the forward propellant pass over it. (Confidential) H
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Figure 1 - Dual-Chamber Controllable Solid Propellant Rocket Motor
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Thruet can be terminated at any time during the burning period
by suddenly increasing the valve flow area, which produces a rare-
faction wave that extinguishes combustion of the forward propellant.

M T 3

: Since the aft propellant will not sustain combustion alone, it too is |
[ extinguished. (Confidential) - : 1

i

Repeated on-off cycle operation is achieved by reignition of the !
[ forward propellant using another pyrogen igniter of the multiple igni- ; .
tion system for each restart. During motor operation, the unused ; 1
1 igniters are protected against autoignition from the forward propellant {

J combustion products by means of individual burst diaphragms that !
are fractured as ‘each igniter is fired. {Confidential)

L. 3. ADVANTAGES

; Some of the advantages of the unique concept over other approa-
. ches to a variable-thrust, on-off system include:

{}. 1. No pressgurization or gravity force feed systems are re-
; quired at start-up, since an all solid-propellant system is
used.
Li 2. Thrust termination and throttleability are achieved by a j

single controlling element (system simplicity).

3. The exposure of the throttling element to an extremely
high-temperature environment is eliminated.

4. The dual-chamber concept provides an excellent mechanism
for using high-energy propellant ingredients that may not

] ke compatible in a conventional system.

- (Confidential)

repr——
.

CONFIDENTIAL




AFRPL-TR-65-209, Vol CONFIDENTIAL

SECTION II - PROGRAM OBJECTIVES AND SCOPE

=3

| —— |

The scope of the program, originally scheduled to cover 15
months, encompassed five Phases:

B

f
i

b Phase I - Prepare and Maintain a Program Plan
¥ ° Phase II - Propellant Development Program

° Phase III - Demonstration of Present Technology

S -

° Phase IV - Nozzle Development

Phase V - Demonstration of New Technology

[+

The development tests planned to be conducted during these .
phases is presented in Table I. '

I
: { 1. PHASE I - PROGRAM PLAN

P The requirements of this phase were fulfilled by preparing a
‘ detailed program plan (Reference 14) and updating the plan on a monthly
' basis.

\ { i 2. PHASE II - PROPELLANT DEVELOPMENT PROGRAM 2

This phase was subdivided into the development of forward-
and aft-grain propellants. The primary objective of the over-all
propellant development effort (forward and aft) was to further develop
the propellant system for use in the DCCSR motor, which would be

T

¢ P

[ , demonstrated subsequently in Phase V tests (Test Series N). The
effort was to be directed generally toward achieving the following:

{ 1. Improved termination capability

3 2. Delivered vacuum specific impulse of 280 lbf—sec/lbm at
; 20-to-1 expansion ratic

- 3. 10-to-1 throttleability

4. Space storability (desirable, not mandatory)
g {Confidential)
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Forward-Grain Propellant Development

The objective of this portion of Phase II was to develop a
propellant, or propellants, for use in the forward chamber,
which would meet the following requirements in the relative order
of importance:

1. Combustion of the propellant should be capable of
being extinguished without subsequent reignition,
at sea level, by pressure decay rates comparable
to those necessary for extinguishing PPO-13 (Ref-
erence 7).

2. The propellant flame temperature should be less
than 3000°F.

3. The percentage of liquid and/or solid combustion
products of the propellant should be very low, and
preferably none at all.

4. The burning-rate pressure index should be between
0.7 and 0.9 over the wide pressure range of 100 to
4500 psi; the motor should operate stably at this range.

5. The propellant should be castable and have mechani-
cal properties comparable to state-of-the-art formulations.

6. The propellant should be capable of a delivered vacuum
specific impulse of 280 lb_-sec/lb , in combination
. m
with the aft propellant. (Confidential)
In addition to these major requirements, it is desirable
that the propellant be space storable.

The requirements of this phase were to be met by conducting
laboratory evaluations of {1) a nitroplastisol binder system and (2)
a composite binder system, and by conducting propellant develop-
ment tests (Test Series J, as shown in Table I).

The results of this development program are presented in
Section I, Subsection 1.

CONFIDENTIAL
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' b. Aft-Grain Propellant Development [ i

The objective of this investigation was to develop a propel-
lant, or propellants, for use in the aft chamber, which would i i 4
meet the following requirements in the relative order of importance: b

1. The propellant should terminate without reignition
at decay rates compatible with those achieved pre-
viously in test firings. i

..,...(._ﬂ.!

2. The mechanical properties should be comparable to E,
those of atate-of-the-art propellants, and the propel- }
lant should be castable and case bondable.

! 3. The slope (n) of the P-r curve should approach unity.

(Confidential)
In addition to these primary requirements, the propellant

should, in combination with the forward propellant, deliver

‘ 280 lb_-sec/lb,, specific impulse, have low sensitivity and high S

;‘ stability, and be space storable. These requirements were to R

be achieved by conducting a comprehensive laboratory evaluation ) ' :

and by conducting propellant development tests (Test Series H, : ; i

as shown in Table I). (Confidential) i

The results of this development program are presented in -
Section III, Subsection 2.

3. PHASE III - DEMONSTRATION OF PRESENT TECHNCLOGY

The objective of Phase [II was to establish the mechanism of
operation and performance envelope of the DCCSR concept. This
phase was to consist of a reignition study (Test Series I}, an insulation
evaluation, development of a control valve for the full-scale motors,
and full-scale motor tests (Test Series M), The results of this phase
are presented in Sections IV and VI.

4. PHASE IV - NOZZLE DEVELOPMENT

The objective ~f this phase was to demonstrate technology for the
degign of a nozzle that is capable of surviving cycle firings of the DCCSR
motor. The final nozzle design was to be used in the latter Series M
firings and all the Series N firings. The efforts of this phase are described
in Section VI and in Appendixes C and D. The evaluation of the nozzle
design is presented in Section VIII.

-10- < !
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PHASE V - DEMONSTRATION OF NEW TECHNOLOGY

The objective of this phase was to demonstrate the mechanism
of operation and performance envelepe of the DCCSR motor with the
new forward and aft propellants developed during Phase II. This phase
was to congist of Test Series N, which would utilize full-scale motors
consisting of (1) a spherical forward chamber containing propellant
developed during Phase II, a proportional hot-gas valve developed
during Phase IlI, a new cylindrical aft-chamber containing propellant
developed during Phase II, and the nozzle developed during Phase IV.

The results of this phase of effort are presented in Section VII.
ANALYTICAL STUDY

In addition to the five separate program phases described above,
a comprehensive analytical study was conducted in order to determine

the effects of scaling on internal ballistics, physical properties, and
general operating and control characteristics of the DCCSR motor.

The study was programmed for Northrop Carolina's IBM 1620 Computer,

and the results presented in the form of charts and graphs. A sum-
mary of this effort is presented in Section V herein; the detailed results
are presented in Volume II.

-11-
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SECTION III - PROPELLANT DEVELOPMENT

The development of improved forward- and aft-grain propellants,
in accordance with the objectives outlined in Section 1I, is described in detail
in this section. The forward-grain development effort was completed mid-
way through the program, with the primary objectives having been achieved.
The aft-grain development, however, was more extensive, and continued
throughout the course of the program. Because of the length and complexity
of the propellant developme .t work, this section hag heen divided into sub-
sections. Forward grain development results are presented in Subsection I,
beginning on the following page, and aft-grain propellant development in
Subsection 2, beginning on page 49.

-13-

-
)
§
A

%uuﬂgpp!!wu1nqqyuunggiu;nttnnnj

CONFIDENTIAL




e,

ey )

et

Y SRR

AFRPL-TR-65-209, Vol e ONFIDENTIAL

SECTION III - PROPELLAMNT DEVELOPMENT

Subsection 1 - Forward-Grain Propellant Development

L GENERAL

The forward-grain development effort was confined exclusively
to the nitroplastisol binder system, which, on the basis of previous
experience, offered the following advantages over the composgite systems:

1.

An essentially constant slope over a wide pressure range;
composite propellants generally exhibit an increased
slope between 1000 and 200C psi.

High-pressure operation; composite systems are generally
operated below 1500 psi, since some composites are thought
to burn in micropores at high pressures.

Termination under sea-level conditions; propellants con-
taining large amounts of aluminum and/or ammonium
perchlorate with hydrocarbon binders have been observed
to reignite following termination at sea level.

(Confidential)

The effect of additives (burning-rate modifiers) on the basgic
nitroplastisol propellant system was evaluated; additives included the
following conventional and high-energy oxidizers as well as coolants:

1.

Nitroguanidine

Ammonium azide

Polyethylene hydrazine perchlorate
Triaminoguanidine azide
Potassium perchlorate

HMX

Coolants (oxamide, ammonium oxalate, triacetin).

(Confidential) -15-
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pressure ranges of 50 to 2000 psi, and compared with formulation
PPO-13, the basic forward-grain propellant used during the first
two years of the DCCSR program. The more promising formulations
were then evaluated more thoroughly in the laboratory and in motor
tests,
i in the laboratory and in rnotor firings. The details of this evaluation
' are presented below. (Confidential)

a.

Iz

Initially, these additives were evaluated in the laboratory over

The selected propellant was then thoroughly characterized

2. LABORATORY EVALUATION

General

The nine candidate additives listed above were incorporated by
into a nitroplastisol binder consisting of a 1 : 1 ratio of nitro- L.
cellulose ball powder and triethylene glycol dinitrate (TEGDN), T

with one percent resorcinol, a stabilizer. Twenty-three formu-
lations were evaluated.

Nitroguanidine

To compare the effect of various additives in the nitro-
plastisol binder, burning rates of the binder alone were measured
in the strand bomb. Then, to determine the effect of nitroguani-
dine on the binder, these results were compared with those previous-
ly obtained with PPO-13 nitroplastisol propellant, which con-
tains 12 percent nitroguanidine. Figure 2 presents this comparison.
Above 500 psi, the burning rates of the binder and PPO-13 are
nearly identical. However, at lower pressures, the slope of the
burning-rate curve for the binder decreases, whereas the slope
for PPO-13 remains identical to that at high pressures. Burn-
ing-rate data obtained from motor tests with PPO-~13 are al-
most identical to the strand data. Higher concentrations of
nitroguanidine (19 and 24 percent) in formulations PPO-88 and -89,
respectively, had little, if any, effect on pressure exponent (see
Figures 3 and 4). (Confidential)
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Figure 2 - Effect of Nitroguanidine on Strand Burning Rate of
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Figure 3 - Strand Burning-Rate Data for PPO-88 Propellant ‘
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Figure 4 - Strand Burning-Rate Data for PPO-89 Propellant

Ammonium Azide

Ammonium azide (NH ,N_) was selected for evaluation
because of its high working iluid content, which contributes
to a low flame temperature. Since ammonium azide is not
commercially available because of a lack of demand, a small
quantity was synthesized by the following sequence:

HZ.SO4 NH3

Na.N3 —— HN3 el NH4N3

Ammonium azide has a density of 1.35 and sublimes at
134°C. Vacuum thermal stability and explosion temperature
test results are given in Table II. Considcrable decomposition
occurred with the azide mixed with nitrocellulose at 120°C.
Even when cured at 50°C in the nitroplastisol binder, ''gassing'
occurred, Because of this incompatibility of the NH N, with
the binder, further evaluation of this additive was discontinued.
(Confidential)
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TABLE II - RESULTS OF STABILITY AND SENSITIVITY TESTS

OF CANDIDATE ADDITIVES FOR FORWARD~GRAIN PROPELLANT

Drop Sensitivity
(Drop height, with

Vacuum Stability

Five-Second

2-kg weight (Gas liberated at | Autoignition
50% fire) 120°C) Temperature
Additive (cm) (cc/gm/hr) (°C)
NH,N, 0.15% (in 44 hr) 238
TAZ 42 0.52% (in 44 hr)
PEHP 26 235
HMX 42 0.01 (in 40 hr) 327
1:1 TAZ-Type B
Ball Powder 23.5 (in 1 hr)
1:1 NH ,N,_-Type B
Ball Powder >25
2% TAZ; 98% B
Ball Powder 206
2% NH,N,; 98% B
Ball Powaer 210
*Material sublimed, as well as decomposed.’
(Confidential)

0

le.

.Polﬁethylene Hydrazine Perchlorate

Polyethylene hydrazine perchlorate (PEHF) was evaluated
for sensgitivity, compatibility, and strand burning-rate properties

in the nitroplastisol binder.

The pure PEHP was found to have a

somewhat greater sensitivity than HMX, as shown in Table II.
It had no effect on the burning rate of nitroplastisol in concentra-

tions up to two percent.

Y P ¢ o e 4
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identical to those of the pure binder. On the basis of these
preliminary results, the evaluation of PEHP was discontinued.
{Confidential)

Triamino guanidine Azide

One pound of triaminoguanidine azide (TAZ) was obtained
from Dow Chemical Company and evaluated in the nitroplastisol
system. Tests indicated that the drop sensitivity of TAZ was
similar to that of HMX, but its stability at elevated temperatures
was far inferior. Considerable decomposition occurred at 120°C
in vacuum stability tests with Type B ball powder. (Confidential)

In preliminary formulation studies with TAZ, there was
some evidence of '"gassing'' when cured at 50°C. The cure tem-
perature was therefore lowered to 40°C to obtain strands for
burning-rate studies. Strand burning-rate data, shown in Figure
5, indicate that at the two-percent and eight-percent levels, TAZ
increases the burning rate, but does not affect the slope signi-
ficantly. (Confidential)

Potassium Perchlorate

Table HI presents a summary of the potassiurn perchlorate
(KCLO4) and HMX formulations studied, and gives the measured
pressure exponents up to 2000 psi for all formulations, and up to
4500 psi for the most promising formulations. PPO-13 data are
given for comparison. The strand burning rates for the potas-
sium peichlorate formulations are plotted as a function of pres-
sure in Figures 6 through 12. As indicated in Table III, each
formulation, except PPO-76, gave higher pressure exponents
than PPO-13. Since a break occurs in most of the burning-rate
curves in the range from 300 to 600 psi, two exponents are given:
(1) an over-all exponent between 100 and 2000 psi, and (2) the
exponent between 600 and 2000 psi. The latter values give an
indication of the exponent to be expected at the higher pressures
of the pressure range of interest (100 to 4500 psi), over which
the five most promising formulations were subsequently investi-
gated. (Confidential)

The addition of potassium perchlorate to the nitroplastisol
binder increased pressure exponent at both the low and high pres-
sures as shown in Figure 6 for formulation PPO-73. The extremely
high exponent, 0.95, of this formulation at high pressures is

N\
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Figure 5 - Effect of TAZ on Strand Burning Rate of PPO 13
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Figure 6 - Strand Burning-Rate Data for PPO-73 Propellant

{(50-Micron Potassium Perchlorate)
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Figure 7 - Strand Burning-Rate Data for PPO-75 Propellant
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Figure 8 - Strand Burning-Rate Data for PPO-76 Propellant

Lo .
0. 80 PPO-"2 Formulation:
0.70 KCl0 - 5.0%
g-fg amx - 5.0%
-3 Ball Powder - 44.5% 7
0. 13 TEGDN - 44.5%
- - Resorcinol - 1.0% e
E 30
§ >
g ¥ 10
§ 0.20
2
a a
a
?
,4“6
¢ o.10
2 o8 ﬁ/
8 o0 > .
% 0,06 PPO-T25{1]
w 0,05 i \PPO-13
5 0. 04
]
m 0.03
0,02
{Confidential)
0.01
10 20 30 40 60 80 10C 200 300 400 600 800 1000 2000 3000
Pressure (psi)

Figure 9 - Strand Burning-Rate Data for PPO-72 Propellant

CONFIDENTIAL

-24-

PRSP



ﬂ AFRPL-TR-65-209, Vol1I
« ' i
)
f } i.0
l 0.80| PPO-71 Formulation: 1
o e KCI0 - 5.0%
o 50 Oxamide - 5.0% :
{ - Ball Pewder ., =~ 44.5%
fod 0.40 TEGDN - 44.5% }
i-‘ "‘; 0, 30 Resorcinol - 1. 0% 4
{ e .20 5
! 5 b
. g L LK
: 0«13
H FROI3 /’X NpPo:71
% 010 47 {
. B : =
: R : 4
i 3 o.06 .z i
» 0.0s
2 0,0
E 4
2 o.03
0,02
{Confidential) }
0,01 1
10 20 30 40 60 80 100 200 300 400 600 800 1000 2000 3000
: Pressure (psi) g
f

Figure 10 - Strand Burning-Rate Data for PPO-7]1 Propellant

g
i :
1.0 1
0.80 PPO-74 Formulation:
_ g- Zg KCI10 -« 5.0%
. 0' 50 Gulni%'me Carbonate = 5. 0% PPO-74 ;
. . Fluid Ball Powder -~ 44.5% - :
{ 0.40 TEGDN - 44,5% } A ;
A i 0. 30 Resorcinol - 1.0% )it ;
; 3 1 f - .
H ) -4 - i
i i : ® 020 :i ~PPO-13 _| :
P i %
; g 1
. g o0 - ;
i , < o.08
J g 0.0 0 <
w 0.05
= g 0,04 - !
! A 0.03 |
: i
0.02 ‘ :
L. {Confidential) i
0.01 : !
- 10 20 30 40 60 80 100 200 300 400 600 800 1000 2000 3000
g ‘j Presnaure (psi) |
¢ L
:( Figure 11 - Strand Burning-Rate Data for PPO-74 Propellant :
i
-25- ;

CONFIDENTIAL

g

R




~___CONFIDENTIAL ]

AFRPL-TR-65-209, Vol I

("
1.0 e ——rr ——- b
0.80 | PFPO=77 Formulation: C e
338 KClo - 3.0% ;
0. 50 Ammoénium Oxalate - 3, 0% [
: Ball Pawder - 43,5% Py

. 040 TEGDN - 43,5% R

T 0.3 Nitroguanidine - 6. 0% i

2 Resorcinol - 1.0%

g 5 gl

o 020 / Dl

- iy

84 M [ I

: ]

]

9

g o.10 —f

g o8 PPO-77\ R :

o] " 1 N2 1 . |

o 0.06 - i

w 0,05 [ = N pro.13 |

4 o.04 : o1

] Pl

Mm 0,03 '.‘.,f"{
0,02 | i

i
{Confidential) A
0.01
10 20 30 40 60 B0 100 200 300 400 600 800 1000 2000 3000 .
Presaure (psi) ‘
[

Figure 12 - Strand Burning-Rate Data for PPO-77 Propellant

undesirable, however. The addition of nitroguanidine to the
potassium perchlorate in formulations PPO-75 and PPO-76
lowered the exponent at both high and low pressures as shown
in Figures 7 and 8. The addition of HMX to the potassium
perchlorate in formulation PPO-72 lowered the burning-rate
slope slightly (see Figure 9). The effects of three coolants,
oxamide, guanidine carbonate, and ammonium oxalate, were
studied in potassiur. perchlorate formulations PPO-71, -74,
and -77, respectively; the results are shown in Figures 10
through 12. The first two coolants decreased the undesirably
high pressure exponent at high pressures without appreciably
affecting the slope in the lowpressure range (see Figures 10
and 11). These results were very encouraging since coolants
must be used with potassium perchlorate to keep the flame
temperature below 3000°F. (Confidential)

The potassium perchlorate used in the preceding
formulations had an average particle size of 50 microns. To
determine the effect of particle size, 150~-micron potassium
perchlorate was used in formulations PPO-73, -82, and -83

-26-
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(Figures 13, 14, and 15). The exponent of 0.84 achieved for
PPO-73 with 150-micron potassium perchlorate (Figure 13) is
considerably higher than the exponent of 0. 77 achieved previously
for PPO-73 with 50-micron oxidizer (Figure 6 and Table III).
However, extremely high exponents were achieved for both
particle sizes at pressures above 600 psi, i.e., 1.0 and.0.95,
respectively. (Confidential)

The coolant guanidine carbonate was again incorporated
into the propellant (formulation PPO-74) and evaluated over the
pressure range from 100 to 4500 psi. A constant exponent of
0.76 to 0,77 was achieved over this range (Figure 16). (Con-
fidential)

g HMX

The addition of HMX to the nitroplastisol binder in formula-

tion PPO-70 increased the pressure exponent above 600 psi,

as shown in Figure 17. However, the pressure exponent below
600 psi was slightly less than that of PPO-13. The addition of
nitroguanidine as well as HMX, in formulation PPO-78, also
produced a higher burning-rate slope in the low-pressure range
(see Figure 18). This formulation had a mean slope of 0.74
between 100 and 2000 psi. (Confidential)

The effect of HMX particle size was studied by incorpora-
ting, separately, 6- and 500-micron HMX in the PPO-78 formula-
tion. PPO-82, a formulation with 200-micron HMX, had previous-
ly been evaluated and found to have a 0. 74 exponent between
100 and 2000 psi (Figure 14). Both the smaller and larger parti-
cle size HMX decreased the exponent (Figures 19 and 20).
(Confidential)

The addition of ammonium oxalate (PPQO-79) increased the
exponent of HMX propellants, whereas triacetin had little effect
(PPO-80, -81, and -97), as shown in Figures 21 through 24.
PPO-80, with five percent triacetin, had an exponent of 0.75
(Figure 22) up to 2000 psi, compared with 0. 74 for PPO-78, with
200-micron HMX but no triacetin. Nitroguanidine increased
slightly the exponent of HMX formulations in the low-pressure
range, as shown by a comparison of PPO-80 with PPO-81 (Figures
22 and 23). (Confidential)
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Figure 13 - Strand Burning-Rate Data for PPQ-73 Propellant
(150-Micron Potassium Perchlorate)
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On the basis of the favorable results obtained with PP0O-80,
it was evaluated over the range from 100 to 4500 psi. The expo-~
nent increased from 0.75, for the 100- to 2000-psi range, to
0.77 for the entire pressure rauge. (Confidential)

Of the two additives, HMX and potasaium perchlorate, HMX
ie much preferred from the standpoint of specific impulse and the
desirability of solid-free exhaust. Each of the formulations was
burned at pressures down to 50 psi to evaluate the low-pressure
combustion properties, and each formulation produced less
residual char at low pressures than PPO-13. (Confidential)

Coolants

The addition of oxamide to the nitroplastisol binder signi-
ficantly increased the pressure exponent, which increased with
increasing concentration of oxamide (Figures 25 and 26). The
amount of residue at low pressures increased with oxamide con-
tent, although with five percent oxamide (PPO-90), the residue
at 50 psi was very small. The addition of oxamide as well as
the other coolants, ammonium oxalate and triacetin, reduced
the burning rate compared to that of the binder alone or to PPO-13,
(Confidential)

The addition of 10 percent ammonium oxalate increased the
pressure exponent to 0.83 (PPO-91), whereas at the 5 percent
level (PPO.92), little effect was observed (Figures 27 and 238).
For the 10 percent ammonium oxalate formulation, the strand
inhibitor apparently lowered the meagsured burning rate below
400 psi. Uninhibited strands gave a better fit with the data at
higher pressures {Figure 28). (Confidential)

The addition of triacetin at the 5 and 10 percent levels
lowered the overall burning rate compared to binder alone, but
had little eftfect on pressure exponent {(Figures 29 and 30).
(Confidential)

Conclusions
Note that formulations PPC-90, PP0O-92, and FPO-93 were
evaluated up to 4500 psi. These three formulations, along with

PPO-80, PPO-74, and the basic PPO-13 formulation, were the
ones evaluated over the full 100- to 4500-psi pressure range.
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On the basis of the results of the foregoing evaluation,
formulations PPO-80 and PPO-90 were selected for further
evaluation in motor tests. These formulations exhibited con-
stant pressure exponents of 0.77 and 0.82, respectively, over
the range of 100 to 4500 psi. The tests are described in 3, below.
(Confidential)

LR
MOTOR TESTING

The forward-grain formulations (PPO-80 and PPO-90'were
evaluated in two types of test motors: a 4.25-in. -diameter ''pancake'

* motor and a 2-in. -diameier test motor. The pancake motor, which had an

-38-

end-burning grain 4.25-n. in diameter, was used primarily for termina-
tion studies since the ratio of free volume to burning surface area

could be varied over a wide range. Burning rates could also be obtained
from this motor. The 2-in. test motor had an internal-burning cylin-
drical grain, 7-in. long, with a 1. 5-in. I. D}_; and a 1.94-in. O.D.

This motor was used to obtain P-K-r and C* data.

Table IV presents termination data for the first three Series J
terrnination tests, J.1 through J. 3, for which the ;. ncake motor was
used. A PPO-90 grain was extinguished five consecutive times without
reignition in Test J.1. A PPO-80 grain reignited after the second
termination in Test J.2. In Test J.3, also with PPO-80, the chamber
pressure was increased and two successful terminations were achieved.
From these tests, PPO-90 appeared to be superior to PPO-80 in
termination capability since the latter reignited more readily. (Confidential)

Table V summarizes all Series J test data for both propellant
formulations, and includes the termination tests. The motor burning
rates for both formulations agreed closely with the rates determined
in strand tests. In Figure 31, the motor burning-rate data for PPO-90
are plotted as a function of pressure. The pressure exponent, based
on these data, using least squares, was 0.81. The strand burning rate
is shown as a dashed line. The burning rate point in greatest disagree-
ment with strand data was for Test J.11 in which the mandrel was off-
center at one end of the motor. This condition caused premature
burnout on one side of the case and a long tailoff, resulting in an
erroneously high burning-rate measurement., (Confidential)

Since the motor burning rate for PPO-90 correlated with strand
data, giving a pressure exponent in the desired range (9.80 to 0.82), it
was selected as the forward-grain propellant. This formulation was
complete.y characterized, as described in 4, below. (Confidential)
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Figure 31 - P-K-r Data for PPO-90 Obtained from Motor Tests
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4, FINAL CHARACTERIZATION OF PPO-90 b
b
8. General
{ B
' As indicated in paragraph 3, above, forward-grain pro- v i
pellant formulation PPO-90 was selected for use in the Series :

N motors (see Section VII) on the basis of its desiral.le pressure :
exponent and other characteristics. The characterization of P 4
PPO-90 was then completed through continued laboratory evalua- ‘
tion and subscale motor tests. 5 i

I

Laboratory Evaluation R

The characterization of PPO-90 in the laboratory was
completed by obtaining strand burning rates and measuring the
physical properties at -40°, 77°, and 140°F. The results of
thegse siudies are presented in Table VI, which also presents
the rroperties of PPO-13 for comparison; the composition
of t.xh formulations is alsc given. As shown, burning-rate

; characteristics, mechanical properties, and flame temperature
i : of PPO-90 are superior to those of PPO-13. (Confidential)

j The program goals for the forward-grain propellant are
given in Table VII, along with the corresponding characteristics
of PPO-90. Note that PPO-90 meets or exceeds all program
goals except space storability, which was considered to be a
desirable characteristic rather than a requirement. (Confidential)

o

Motor Testing

i Four burning-rate motors containing PPO-90 propellant
were fired; two of these were pancake motors, and two were

, six-inch test motors. The results of these tests are presented

i in Table VIII. The two pancake motors were used to obtain data
j at low pressures since these motors, which have a large (10 to 1)
. ratio of free chamber volume to propellant surface area, permit
ignition at low pressures. The two six-inch motors were also
tested primarily to obtain P-k data. However, propellant batch
N-77, from which these motors were loaded, exhibited a lower
strand burning rate than previous PP0O-90 batches. The motor
burning rates obtained from this batch (Tests J.16 and J. 17)
were also low, as shown in Figure 32.

| -42-
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TABLE VI-PROPERTIES OF PPO-13 AND PPU-90' PROPELLANTS

Formulation
Parameter PPO-13 PPO-90
Composition (percent by weight) {
Fluid ball powder 43.5 47.0
TEGDN 43.5 47.0
Resorcinol 1.0 1.0
Nitroguanidine 12.0 o
Oxamide 5.0 {
'
Burning rate data i
Burning rate at 1000 psi (in./sec) . 0.25 0.20 :
Pressure index (100 psi to 4500 psi) 0.67 0.82
Temperature coefficient of rate (%/OF) 0.35 0.27
Mechanical properties \
140°F
Maximum stress (psi) 93 113
Strain at maximum stress (in./in ) 0.50 1.09
Modulus (psi) 6. 60 501
77°F
Maximum stress (psi) 164 177
Strain at maximum stress (in./in.) 0.52 1.00
Modulus (psi) 1230 760
-40°F
Maximum stress (psi) 2070 1890
Strain at maximum stress (in./in.) 0.08 0.19
Modulus (psi) 10,300 9920
Density (1b/cu in.) 0.0535 . 0530
Shore A hardness 56 ‘50
Five-gecond autoignition temperature (OF) 400 401
‘ Drop sensitivity with 2-kg weight, 50% fire (cm) ~80.6 77.7
Flame temperature (°F) 2980 2700
(Confidential) ‘
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TABLE VII- COMPARISON OF PPO-90 PROPELLANT PROPERTIES WITH : D

CORFIDENTIAL

FORWARD PROPELLANT GOALS

Program Goals for
Forward Propellant

PPO-90 Properties

Capable of being extinguished by
rapid pressure decay at sea g
level

Flarr(u)e temperature less than
3000°F

Low percentage of solids in
combustion products

Burning-rate pressure index
between 0.7 and 0. 9 over
pressure range from 100 to
4500 psi

Castable propellant, with
mechanical properties
comparable to state~of-
the-art formulations

Delivered vacuum specific
impulse of 280 lb-sec/lb
in combination with aft
propellant ‘

Space storable

Extinguishment characteristics
are similar to those of PPO-13

'Ela.me temperature of 2700°F

No solids or liquids exist in
combustion products at either
chamber or throat conditions

Pressure index of 0.82 from
100 psi to 4500 psi measured
with strands; index of 0. 81
from 150 psi to 3350 psi
measured in test motors

Castable propellant with
superior mechanical properties
(see Table VI)

Theoretically capable of‘

delivering 280 lb-sec/lb in
combination with an aft
propellant containing HNF,
with 93% efficiency

Propellant is not space
storable

-44.
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Figure 32 - Burning Rate Data for PPO-90 Propellant from

Series J Tests
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Table IX summarizes the reignition tests using PPO-90
propellant (J. 14 and J.15). The ratio of free chamber volume
to propellant surface area was progressively increased from
cycle to cycle until reignition occurred spontaneously. Since
the motor used in Test J. 14 contained a batch of normal PPO-90,
whereas the motor used in J. 15 contained propellant from Batch
N-77 with low burning rate, the data are not consistent. How-
ever, they show that PPO-90 reignites at a slightly higher free-
volume-to-surface-area ratio, at a given termination pressure,
than PPO-13 propellant. ({Confidential)
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SECTION IIl - PROPELLANT DEVELCPMENT

Subsection 2 - Af{t-Grain Propellant Development

1. GENERAL

To meet the objectives for the aft-grain propellant, as outlined
in Section I1I, Northrop Carolina pursued two approaches: (1) the
incorporation of a high-energy cxidizer (hydrozinium nitroformate)
and (2) the use of conventional oxidizers in the aft-grain propellant.
The high-energy oxidizer ‘was selected for investigation in order to
meet the program specific impulse requirements without the use of
metal additives. This effort is reported in detail in 2, below. (Confidential)

The conventional oxidizer approach encompassed the investigation

. ~ of geveral binder systems: (l) solid-solution binders (acrylamide and

acrylonitrile), (2) castable fluorocarbon binders (C, fluoroacrylate and
FX-189 fluorocarbon monomers), (3) modifications to the pressed aft
grain, and (4) carboxy-terminated polybutadiene binders. The details
of this investigation are given in paragraph 3, below.

2. HYDRAZINIUM NITROFORMATE APPRQCACH
a. General
To meet the specific irnpu‘lse requirements for the program
without using metal additives, hydrazinium nitroformate (HNF) was
selected for incorporation in the aft-grain propellant. The work on

HNF consisted of sensitivity and compatibility studies and evalua-
tion of various HNF/binder formulations. (Confidential)

Sensitivity and Stability of HNF

s

The drop sensgitivity of HNF dried with a stream of dry air
for 72 hours was found to be less than that of HNF wet with carbon
tetrachloride, as shown in Table X. However, HNF is considerably
more sensitive than RDX or HMX. (Confidential)
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TABLE X - DROP SENSITIVITY OF HNF AND OTHER

PROPELLANT INGREDIENTS

Material

I
Drop Height (cm)

HNF (dried for 72 hr)

HNF (moist with CCl4)

Run No. 1

Run No. 2

RDX
HMX
Lead azide

1-
Nitroglycerin

14.7

10._9
44. 6
34.5
19.5

5.9 to 14.7

%
50-percent fire with 2-kg weight and #12 (sandpaper) tooling.

.'-

Same as above, but without sandpaper.

CONFIDENTIAL
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The thermal stability of HNF was determined using a
Du Pont Model 900 differential thermal analyzer. A heating
rate of 200C per minute was used, and the 0.7-mg samples
were tested under air or dry nitrogen. The degree to which
HNF is dried was found to have considerable effect on its thermal
stability. HNF dried with dry air for 24 hours began to decom-
pose at 100°C, whereas HNF dried for 72 hours underwent a
melting endotherm beginning at 125°C and began a decomposi-
tion exotherm at 130 to 132°C. (Confidential)

Compatibility Studies with HNF

The compatibility of HNF with other oxidizers and various
binder constituents was studied using the differential thermal
analyzer. Table XI summarizes the results of this study. The
temperatures of the HNF melt endotherm are given. In some
cases, decomposition occurred at a temperature below the
melting point of HNF., Endotherms occurring below 123 to 130°C
are characteristic of the materials being eraluated with HNF.
(Confidential) .

HMX was found to be compatible with HNF since the decom-
position temperature of the mixture corresponded to that of
pure HNF. The rnlxture of lithium perchlorate and HNF exhlbx.ted
air endotherm at 80°C and began to decompose at 98°C, however.
Other components of the solid-solution binder system were found
to.be compatible with HNF up to 20°C. (Confidential)

The polymerizable fluorocarbon monomers and their cure
catalyst, &, &' azobis-igobutyl nitrile (VAZQO), were found to be
compatible with HNF up to 100°C, the decomposition temperature
of VAZO. Ethyl acetate, a solvent for the C_ fluoroalkyl meth-
acrylate(FMA)/VAZO system, was also compatible. The endotherm
of this mixture at 76°C corresponds to the boiling point of ethyl
acetate. (Confidential)

Additional tests were conducted to ascertain the thermal
compatibility of solid-solution binder components with HNF;
the results are given in Table XII. These tests indicated that
acrylonitrile alone is incompatible with HNF above 50°C. How-
ever, with lithiurn perchlorate added, an exotherm did not occur
until 74°C. The addition of lithium perchlorate to the acryloni-
trile/HNF mixture lowered the pH from 4.5 to 3.5, which possibly

-51-
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i TABLE XII - SUMMARY OF COMPATIBILITY STUDIES OF HNF WITH
_" SOLID-SOLUTION BINDER! ING?_&ELENTS
f B En&othgrm Exotherm ﬁxqthﬁgm
¥ Ingredients Poak ('C) | Inflection { C) ¢ Pexk({ C)
? HNF 131 131
l Acrylonitrile (distilled) C 50 106
; i" HNF + acrylonitrile 74 o o
L HNF, acrylonitrile, n-NDA C 80 107
§ HNF, acrylonitrile, n-NDA,
lithjum petchlorate A 74 125
% Methyl athyl hydroquinone 55
HNF + methyl ethyl
{ hydroquinone 54 131
‘ Dichlorobenzoyl peroxide o 82
E HNF + dichlorobenzoyl
) { peroxide Coe 72 140
- _ Lauryl peroxide 42 60 ' 123
[ HNF + lauryl peroxide 42 60 130
. HNF + trimethylol propane
é [ diallyl ether 127 127
P ™ (Confidential)
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(e

accounts for the higher compatible range, since HNF is moat
stable in the 3 to 4 pH range. These studies also indicate no
compatibility problems with the low-temperature free-radical
initiators, laury! peroxide and dichlorobenzoyl peroxide (DCBP),
and the stabilizer, methyl ethyl hydroquinone (MEHQ). A possible
cross-linking agent for acrylonitrile, trimethylol propane diallyl
ether, was also compatible. (Confidential)

Formulation Studies

(1) Solid-Sclution Binder System

Preliminary small-scale mixes of HNF in the acryloni-
trile system were evaluated, but the results obtained were
inconclusive. Processing was limited tc 10-gram batches
processed in a remote handling facility. (Confidential)

Solid-solution systems containing up to 76 percent by
weight of HNF and l4-percent lithium perchlorate were
evaluated. Batch sizes ranging from 25 to 50 grams were
processed in a glass mixer under nitrogen. (Confidential)

Three initiators (dichlorobenzoyl peroxide, azobis-
isobutyl nitrile, and ammonium persulfate) were evaluated
in these propellant formulations, but a cure could not be
achieved with any of the three. For the latter two catalysts,
considerable HNF decomposition was evident at 100 to 120°F,
but no decomposition occurred with the dichlorobenzoyl
peroxide below 140°F, (Confidential)

(2) Fluorocarbon Systems

Studies were conducted to achieve a satisfactory low-
temperature cure of fluoroalkylacrylate monomers. The
most promising system studied was a mixture of fluoroalkyl
acrylates (40-percent C_FA, 30-percent C7FA, 20-percent
C,FA, and 10-percent llFA)' which cures in three days

at 120°F using dichlorobenzoyl peroxide.

Preliminary process studies indicated that it is feasible
to press a highly loaded HNF propellant. A system consisting
of C_.FMA/VAZO dissolved in ethyl acetate and potassgium
perchlorate, rather than HNF, was slurried in a turbine
mixer. The golvent was then stripped at ambient temperature

CONFIDENTIAL




JR—" .......___.../“}h-_._mv

[ F—

AP

AFRPL-TR-65-209, volI GONFIDENTIAL

(3)

with vacuum. Samples were pressed in a laboratory-
scale hydraulic press at 1000, 2000, 4000, and 20, 000
psi, and then cured at 120°F to polymerize the fluoroalkyl
methacrylate monomer. High-tensile-strength sampies
were obtained from the 1000-psi pressings. Although this
processing procedure is not considered ideal, it does

offer a direct approach toward obtaining highly loaded HNF
grains. {(Confidential)

Several batches of HNF in fluoroacrylates and
fluoromethacrylates were processed and evaluated. With
the available HNF particle size, solid loading was limited
to 70 percent. The catalysts that functioned best in the
unloaded binder (that is, VAZOQO, benzoyl peroxide, and
dichlorobenzoyl peroxide) were used. However, these
HNF formulations, like the solid-solution gystem (see (1),
above), would not cure at 100, 120, or 140°F. (Confidential)

Siloxane System

The evaluation of a siloxane monomer binder for HNF
propellants was conducted. Differential thermal analysis
studies indicated that both the siloxane monomer and curing
agent are compatible with HNF. A solid loading of 75 percent
was obtained in the binder using ammonium perchlorate. ;
(Confidential) i

A dimethyl siloxane binder, Q93-029, manufactured
by Dow Corning, was successfully cured in the presence of
HNF, producing graing with acceptable mechanical properites.
Differential thermal analysis studies showed that HNF is
thermally stable in the presence of this siloxane binder. The
addition of a cure catalyst lowered the decomposition
temperature slightly, from 129°C to 118°C. Twenty-grain
batches of a formulation with 70-percent HNF were processed
and cured in 48 hours at 80°F. This propellant was castable
and had good physical properties, but burned readily at ambient
pressure. The solid loading could possibly be increased by
using bimodal or trimodal blends of HNF particles. (Confidential)

This system was further characterized in 30- to 50-
gram batches. Formulation 8131-46-3 was selected from .
these preliminary studies for motor loading and test firings. !

-55-
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This formulation contained 68-percent HNF, which was
near the limit of processatility due to the particle-size
distribution of the available HNF. The etrand burning-
rate curve for this formulation is given in Figure 33. Drop
sensitivity tests showed that formulation 8131-46-3 was
less sensitive than HNF alone; that is, using a two-kilogram
weight, all-fire occurred above a l14-cm drop height for
HNF alone and above 28 ¢m for formulation 8131-46-3.

The vacuum stability at 120°9F for formulation 8131-46-3
approximated that of HNF. For HNF alone, 0.79 milliliter
of gas was liberated per gram of sample during a 40-hour
period, compared with 1. 00 milliliter for formulation
8131.46-3. (Confidential)

Five two-inch pipe motors were loaded with this
formulation from batches ranging from 700 to 1500 grams.
The propellant was mixed remotely in a humidity-controlled
{30 percent, maximum) area. The propellant was pro-
cessed at 75°F and cured in 96 hours at 75°F.

Burning Rate (inches per second)

o o

=]

- 40 Hydrazinium nitroformate 68.0% * ‘V
| |

30

.20

[~ - - E-E-2-]

.05

.03

60
50 | Formulation 8131-46-3;

Siloxane binder 32.0%

/ n= 0,82
10

09
08
07

06

04

{Confidential)

20 30 40 50 60 80 100 200 300 400 600 800 1000

Pressure (psia}
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Figure 33 - Strand Burning-Rate Data for Formulation 8131-46-3
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(4)

In addition, three dual-chamber motor tests (H. 8,
H.14, and H. 13) were conducted; PPO-13 was used in the
forward chamber and formulation 8131-46-3 in the aft. A
ball valve was not used between chambers in these tests
since the forward and aft grains were designed to burn out
simultaneously. In the first two tests, H.8 and H. 14, the
aft nozzle was oversized, causing very low pressure in the
aft chamber. In the third test, H.13, the forward and aft
grains burned out almost simultaneously; the pressure-
and thrust-time traces are ghown in Figure 34. The forward
grain, an end-burner, did rot burn out uniformly, causing
a long tail-off, as shown. The cause of the small aft pressure
pip that occurred midway through tne test is unknown.

Table XIII summarizes the ballistic data for this test. Al-
though the measured performance from this test is low, it

is probably reasonable in view of the relatively low oxidizer
loading in the aft grain. Theoretical performance could not be
calculated because information on the binder was not avail-
able. If a high solid loading of 85 to 90 parcent could be
achieved, this system might be promising. Since it is doubt-
ful that a solid loading in this range could be achieved, based
on the previous work, the investigation of this giloxane
system was discontinued. (Confidential)

Nitroplastisol Binder System

Because of the difficulty experienced in curing the
vinyl monomer binders in the presence of HNF, it was
decided to investigate other binder systems. The nitro-
plastisol binder system was evaluated first since HNF is
compatible with this system. (Confidential)

First, the nitroplastisol binder was loaded with 60-
percent HNF, producing a mix that was quite: viscous but
processable. This formulation cured in 16 hours at 85°F

followed by 18 hours at 120°F. (Confidential)

To improve the termination capability, an attempt
was made to incorporate lithium perchlorate. Lithium
perchlorate was found to be goluble, up to 24 percent by
weight, in the plasticizer, TEGDN. A differential thermal
analysis indicated that the solution of HNF in TEGDN began
to decompose at 60°C. However, the addition of one percent

-57-
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TABLE XII - SUMMARY OF BALLISTIC DATA FOR TEST H,13

~Parameter Value
Forward chamber (PPO-13)
Weight burned (1b) 0.1746
Web burned (in. ) 0,24
Burn time (3ec) 0.781
Burn rata (in../sec) 0.31
J'Pdtp (psig-sec) 1300.9
P% (psia) 1348. 4
Throat area (s8q in.) 0.0177
Characteristic velocity (fps) 4240
Aft chamber {8131i~46-3)
Weight burned (1b) ) 0.4674
Web burned (in.) 0.235
Surn time (sec) 0.750
3urn rate (in./sec) 0.313
[Pat_ (peig-sec) 438. 2
-135 (:sia.) 543. 8
Total motor
Weight burned (1b) 0. 6420
Weightaﬁ/wei‘ghtfw d 2. 677
Throat area (eq in.) 0.183
Expansion ratio 3.07
Characteristic velocity (fps) 4020
J'thf (1b-sec) 116. 4
IsPrneas {lb-sec/1b) 181.3
Ratio of specific heats, ¥ 1.24
Cf {(measured conditions) 1.438
theo
Ispl {Ib-sec/1b) 198.3
000/14.7
(Confidential)
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i resorcinol raised the decomposition temperature to 140°C.
' The mixture of HNF and this solution was stable up to
; 118°C, which was slightly lower than the 128°C at which
’ HNF alone begins to decompose. (Confidential)

ey
s i

The introduction of lithium perchlorate into the L
propellant hindered cure, however. Formulations with by
very low solid loadings- cured, whereas those with 60 L
percent or more solids cured incompletely. Although
these. propellants were fairly stable, one formulation did i
ignite after 18 hours at 140°F.

N R

(5) Viton Binder System

PP

i he development of a method to compression mold
HNF with a thermoplastic polymer was carried out in a
parallel effort with the castable siloxane investigation ,
reported in (3), above. Mixes were prepared by dissol- .
ving Viton A, the selected binder, in ethyl acetate and ad- ;
ding HNF to the solution. The mixture was slurried with '
a propeller-type agitator until the HNF was well dispersed.
Normal hexane was then added to force the Viton A out of i |
solution. The solvent was decanted and the mixture of ' ’ i
Viton A and HNF vacuum dried. (Confidential) ' ‘

Formulation 8131-39-1, made by this procedure,
contained 90-percent HNF and 10-percent Viton A. The .
drop sensitivity of this formulation was less than that of i
pure HNF; that is, 16 cm for the mixture compared to '
12 ¢cm for HNF above. (Confidential) ‘

This formulation has been molded into a 0. 25-in. -
diameter cylinder l.2-in. long by pressing at 75°F and
35,000 psi with a 10-minute dwell time. The physical P
properties of this pressed propellant appear to be slightly ’
! superior to those of the OX-1 and OX-5 formulations.

The pressed density of formulation 8131-39-1 was 98.5
percent of theoretical. (Confidential)

-60- !
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The strand burning-rate data of this formulation,
presented in Figure 35, show that the pressure exponent
increases with pressure from 0.6 at 50 psi to 1. 44 at

s B soces

: [' 700 psi. The propellant burned readily at atmospheric
L pressure. Even when modified with 5 percent and 20
percent binder, this formulation gave almost identi-. 4
' { cal results at ambient pressure. (Confidential) :
This propellant bonded well to EC-~1838 epoxy. 4
I When samples of this propellant were bonded to steel with i
L EC-1838, failure occurred in the propellant grain rather |
than at the bond. This epoxy, when filled with an inert |
[ salt, also inhibited combustion on the bonded face. o
[
t
- ;
i
- Aj 32 Formulation 8131-39-1;
. 0.80 Viton A 10.0% 4 } 1
] :-Z: THNF . 90.0%, Fn s a4 ;
. 0.50 v
0 /80,9
L % ® // :
j g 0.30 ! :
i e
g { § o b
L L J"'/
8
- & . A = 0.60
! Y] S
' E ool LT
2 0,07
— 0.06
0.05
0.04 -
{Confidential) .
" 0.03 : [ |
[{ 20 30 40 50 60 80 100 ) 200 300 400 600 800 1000
Pressurs (psia)
h‘f Figure 35 - Strand Burning-Rate Data for Formulation 8131-39-1 ‘
£ ~ -61-
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3. CONVENTIONAL OXIDIZER APPRCACH

a.

-62-

Solid-Solution Binders

(1) General

Two solid-solution binders were evaluated in the
development of a castable aft-grain propellant; these were
the polymerizable vinyl monomers acrylamide and acrylo-
nitrile, which are also solvents for lithium perchlorate.
The encouraging results previously obtained (Reference 8)
indicated that solid-solution compositions with 90 percent
oxidizer are readily extinguished upon termination of the
forward grain and also have acceptable physical proper-
ties. (Confidential)

(2) Acrylamide
(a) General

An 89- to 91-percent solid loaded solid-solu-
tion propellant system with a polyacrylamide binder
wasg thoroughly evaluated for the aft-grain propel-
lant. This system was selected for the following
reasons:

1. A high solid loading can be achieved with this
propellant; that is, a 90 percent loading can
be achieved without using high-density metal
additives such as aluminum.

2. These propellants possess acceptable physi-
cal properties with a tensile strength of 130
psi and an elongation of 11 percent at 70°F.

3. The termination capabilities of these propellants
appear to be far zuperior to those of other

castable propellants mveShgated'(Conﬁdential)

The development effort consisted of initial
process studies, mechanical property studies, strand
burning-rate studies, and motor tests, followed by
more thorough evaiuation of ammonium perchlorate
and HMX in acrylamide binders.
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i (b) Process Studies

Numerous problems were encountered in
‘ (- » processing the solid-solution propellants when the
| :

batch sizes were increased from 2 to 10 lb. Formu-
lations processed in 10- to 14-1b mixes exhibited
[ : short pot life, and even cured rapidly in the mixer.
; Algo, the mixes underwent a considerable volume
change during cure as a result of internal ''gas-
} sing." These problems were attributed to the com-
bined effects of:

| 1. High processing temperature, resulting in
‘ L precure
y 2. High-shear mixing, resulting from the addi-
/ tion of solids to the mix too quickly
? 3. The volatilization, decomposition, and/or
- reactivity of the polymerization catalyst (a

horon trifluoride-etherate complex) at the

mix temperatures. (Confidential)
Tables XIV and XV summarize the results of

processing mixes in 2-1b and 10- to 14-1b batches,

' reapectively. To alleviate the problems mentioned

. above, for batches D-190 through D-198 {Table XIV)

I and E-64 through E-78 (Table XV), the following

- changes were made in the process procedure: i

[’ 1. The acrylamide was melted at 180°F. Ethylene
glycol, lithium perchlorate, and 2-NDA were

added and the temperature reduced to 140°F. j ;

As ammonium perchlorate and aluminum were - ; ;

added, the temperature was gradually increased ‘

until a final mix temperature of 160 to 170°F

was attained. This procedure was designed

tc minimize the mix temperature and reduce

L the possibility of precure.

2. The trimodal ammonium perchlorate system

- was preblended and added over a 45-minute

period to reduce shear, which causes internal

heating of the mix. The total mix time was one
— hour. i

J -63-
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3. The benzoyl peroxide and boron trifluoride
etherate complex, which provided free-
radical initiation for polymerization, were
replaced with ammonium persulfate (NH4)

S 08' The ammonium persulfate was firs
d?ssolved in a small amount of ethylene glycol
and added prior to the final vacuum mix cycle.
More consistent cures were_obtained with

this procedure than by adding the persulfate
directly to the mix as a solid. The internal
""gassing'' experienced with benzoyl peroxide
and boron trifluoride catalyst was completely
eliminated when ammonium persulfate was
used. (Confidential)
The maximum solid loading attainable prior
to this year's effort (Reference 8) in a processable,
non-metallized solid-solution system with 12 per-
cent lithium perchlorate was 89 percent. Formula-
tion 8133-35-5 (see Table XV) was quite processable,
having a Brookfield viscosity of 3 kilopoises, which
is comparable to mixes of conventional composite
propellants. The mechanical properties of this formu-
lation, 137-psi tensile strength and 12. 5 percent
elongation at 70°F, are quite acceptable. Efforts to
increase the solid loading above 89 percent with 1Z-
percent lithium perchlorate produced propellants
that were very viscous and virtually uncastable
{formulations 8133-35-2, -3, -4, and -7 in Table XIV).
(Confidential)

By increasing the lithium perchlorate content to
14 percent, a solid loading of 90 percent was achieved
with a castable formulation (8133-35-6 in Table XIV).
The viscosity of this formulation was gsomewhat
higher than desired (7.5 kilopoises), but the propel-
lant was quite thixotropic and flowed well when
vibrated. The mechanical properties of this formula-
tion were close to thoge for the 89-percent loaded
propellant. The pot life of this formulation, when
scaled up to a 12-1b mix in the one-gallon vertical
mixer (Batch E-66, Table XV), was greater than
two hours. (Confidential)

CONFIDENTIAL

g N S




Rl A )

T oA

AFRPL-TR-65-209, volI CONFIDENTIAL

(d)

To further evaluate the effect of reduced mix
temperature on the processability of these formula-
tions, 12-1b batches E-74 through -78 (Table XV)
were processed. The results are illustrated by the
data in Table XV for formulations 8133-35-5 (89
percent solids, 12 percent LP) and 8133-36-1 (90
percent solids, 14 percent LLP, 2 percent Al). The
batches processed at 140°F had viscosities of 1.8 to
2.0 kilopeises, whereas batches E-74 and E-75,

processed at 180°F, had viscosities of 6.5 kilopoises.

The higher viscosities for the batches processed

at 180°F are obviously caused by a greater degree
of precure during mixing. The pot life of the formu-
lations processed at 140°F was greater than four
hours. (Confidential)

Mechanical Property Studies

The mechanical properties of the solid-solution
formulations have been very reproducible, as evi-
denced by the data for two separate batches of formu-
lation 8133-35-6, presented in Table XVI. The ef-
fect of cure temperature on the properties of formu-
lation 8133-35-5 was very slight, as shown in Table
XVII. (Confidential) :

Since the solid-solution cure -mechanism in-
volves polymerization of a vinyl monomer, the
effect of post-cure is of interest. To determine
the effect of long exposure at elevated temperature,
samples of formulation 8133-35-6 (90 percent solids,
14 percent LLP) propellant were cured at 172°F for
as long as 100 hr. These samples were then pulled
at 74°F. The results shown in Figure 36 indicate
that little, if any, postcure occurred after 25 hr.
(Confidential)

Strand Burning-Rate Studies

Preliminary results of strand burning-rate
studies indicate that the pressure exponents for
formulations 8133-35-5 and 8133-35-6 were above
unity. However, these data were obtained with

polyethylene strands. It was found that, by changing
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TABLE XVI-MECHANICAL PROPERTIES OF FORMULATION

£
8133-35-6 AT 74°F

Cure Maximum
Batch Tempgrature Cure Time Stress Strain

("F) (hr) (psi) (in. /in. )
E-66 165 24.0 130 0.11
E-71 172 27.5 129 0.12
%

90 Percent solids, 14 percent LP (see Table XV).
(Confidential)

TABLE XVII.EFFECT OF CURE TEMPERATURE ON MECHANICAL

PROPERTIES OF FORMULATION 8133-35-5 AT 74°F

Cure Maximum
Batch Tempgrature Cure Time Stress Strain

(" F) (hr) {psi) {in. /in.)
E-76 180 24 154 0.11
E-76 160 24 140 0.12
*

89 Percent solids, 12 percent LP (see Table XV).
{Confidential)
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Figure 36 - Effect of Cure Time at 1709F on Mechanical Proper-

ties of Formulatior. 8133-35-6

to an epoxy inhibitor, both the burning rates and
pressure exponents at high pressures (above 500
psi), were reduced. The exponents with the epoxy
inhibitor were 0. 75 to 0.77. It has been con-
cluded that the strands with polyethylene inhibitor
flaghed between the propellant and inhibitor at
higher pressures, thus giving erroneous burning
rates and exponents. (Confidential)

Tests in which the epoxy inhibitor was used
have given more reproducible results, which agree
with motor dats, Figure 37 presents burning-rate

data for formulation 8133-35-6 (90 percent solids, _-w

14 percent LP); the slope is 0. 67 below 350 psi
and 0. 83 above.350 psi. (Confidential)

In Figure 38, burning-rate data for formula-
tion 8133-36-1 (90 pevcent solids, 14 percent LP,
2 percent Al) are given. This formulation had a
higher burning rate than the non-aluminized
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Figure 37 - Strand Burning-Rate Data for Formulation 8133-35-6
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formulation, 8133-35-6, and a constant slope of
0.77 up to 1000 pei. The slope increased sharply 4
above 1000 psi; however, this pressure region is 3
not of particular interest. (Confidential)

{e) Motor Test Results . ! #

Six 20-1b motor tests (Tests H. 1 through H. 6)
were conducted as part of aft propellant development ] i
Test Series H. Two of these were multi-cycle iests, 4
with two cycles each. The reduced ballistic data i
obtained from these tests, in which reignition did
not occur, are presented in Table XVIII. A detailed
discussion of these tests is presented in Appendix A,
along with the pressure- and thrust-time traces for
each, and the propellant formulation used in each.

From these initial motor tests, utilizing casta-
ble solid-solution propellants, several characteris- L
tics were evident:

1. Formulations containing 10 percent binder and S
14 percent lithium perchlorate can be termina-
ted reproducibly in the DCCSR motor, based on

"the results of Tests H.2, H. 4.1, H.4.2, H.6.1 g
and H.6.2. In tests H.1 and H.3, however, the
aft grain reignited, but the formulations used
in these tests contained only 12 percent lithium
perchlorate, along with 10 percent aluminum
(Test H. 1) and 11 percent binder (Test H. 3).
The reignition observed in these tests is char-
acteristic of formulations containing a reduced
percentage of lithium perchlorate.

2. Low-frequency oscillations occurred in all the
tests conducted. These oscillations, which
were a strong function of chamber pressure,
were just detectable above 300 psi, but were
quite severe below 150 psi. The addition of
aluminum had no apparent effect on this instabil-.
ity, which verified the observations of others
as a characteristic of low-frequency insta-
bility. (Reference 15).
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TABLE XVIII - REDUCED BALLISTIC DATA FOR TESTS H.2, H.3, H. 4, and H. 6

Test Number

H, 4 H. 6
First Second First
Parameter H. 2 H3 Cycle Cycle Total Cycle
Forward Chamber
Weight burned (1b) 8.02 3. 64 3.15 2,53 5.68 2.29
Web burned (in. ) 1.01 0. 400, 0.414 0. 294 0.708 0, 290
Burn time (sec) 2. 419 0. '974,.l 0. 946 0,960 1. 906 0.959
Pressure time (soc) 3.000 1. 089 1,063 1,065 2,128 1.034
Burn rate (in. /sec) 0.418 0,41 l* 0. 438 0. 306 0. 371 0,302
I Pdt_ (psig-sec) 5513 2310 2269 1278 3547 1293
hy *
Pb (psia) 2200 2339‘ 2370 1312 1844 1343
i, (1b/sec) 3.18 3. 50 3,27 2,60 2,93 2.35
Throat area (sq in.) 0. 196 0. 197 0. 194 0.251 e 0. 238
Characteristic velocity (£t/sec) 4350 4020 4500 4080 4320
Pterm, {psia) ] 2414 2395 1178 1424
i 2
dp/dttem. (pei/sec) . 110, 000 110,000 | 52,500 . 81, 000
Aft Chamber
Weight burned (1b) 5.07 10. 40 1,76 1,44 3.19 1. 56
Web burned (in. ) 0.41 0. 92* 0.088 0.095 0,183 0. 130
Burn time (sec) 2.-370 0. 926* 0.902 0.921 1,823 0.955
Pressure time (sec) 3,009 1. 176 1. 086 1.037 2.123 1. 016
Burn rate {in. /eec) 0,173 e 0. 097 0. 103 0. 100 0. 136
j‘pdrp(p.ig-uc) 688. 6 242.7 272.8 198, 3 471.1 150. 3
B, (psia) 292 258. 5" 2916 | 216.3 253.6 | 162.5
Y (1b/sec) 2,05 veee 1.78 1,47 1.62 1. 54
P,prior to termination (psia) . 264 299 176 . 196
P, maximum at termination (peia) 719 946 588 492
dp/dt term (psi/sec) B 31,800 38, 100 28, 300 31,900
Qverall Motor
Weight burned (1b) 13. 6% 14, 04 4.90 3.97 8.87 3.85
wt . /Wt 0.632 e 0. 556 0. 569 0.562 0. 655
afi fwd
v (at Wtaﬁ/Wthd) 1. 24 1. 24 1. 24 1. 24 1. 24
J. thf (lbf-aec) 2550 1088 1050. 4 764.8 1815. 2 710. 2
i‘b(lbf) 1032 1082 1060 781. 2 919.8 701.8
Throat area (sq in. ) 2.528 caae 2.53 2.53 2.53 3. 299
Expansion ratio (Ae/At) 2.99 2.90 2.98 2.98 2,98 1. 50
Specific impulse measured
{lb-sec/1h) 194.8 . 214.5 192, 6 204. 5 185
Specific impulse corrected
1000/14. 7 (1b-sec/1b) 2211 . 240 223 232 230
Specific impulse corrected
vac, 20/1 (lb-sec/ib) 251.5 . 273 254 264 261
Characteristic velocity (ft/sec) 4280 4530 4070 4320 4150

» s
Values measured prior to termiration.
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3. Each propellant formulation evaluated to date
has exhibited, to varying degrees, erosive

' burning at initial port-to-throat ratios of 4 to

' f’ 5. The aft ends of these grains burned faster

s than the fcrward ends. This increase in burn-
ing rate appears to be a linear relaticnship,

; progressing -‘own the grain. In Test H. 6, the

4 aft grain was turned end for end between cycles
in order tc eliminat. the possibility that the

: settling ->f the solids during propellant cure

’ could te the cause. However, the results of 7

the second cycle in Test H. 6 showed that .-

erosive burning was responsitle.

S—
e o

T
k3
v

(Confidential)

L3 A T

' I’“ (f) Solid~-Solution System with Ammonium Perchlorate and HMX

Acrylamide/Ammonium Perchlorate System P

| L The sclid-solution propellant formulaticns in

i which ammonium perchlerate is ased as the oxidizer

' have exhibited burning-rate pressure exponents of

L 0.7 to 0.8, as measured in the strand bombt and motor
firings. Since it is desirakle tha* the aft propellant
pressure exponent te nearer unity, two additives to
increase the pressure exponent were evaluated:
ferric oxide and carbon black. Ferric oxide, a well- !
known combustion catalyst for ammeoenium perchlorate, ©o-
increases the pressure exponent of some ammonium :
perchlorate propellanis. {Confidential)

R i e

st e

; Table XIX gives the ccmposition, process

x . parameters, mechanical properties, and burning-

) rate pressure exponent tor the formulations contain-

L ing ferric oxide and crarbon tlack (fermulations 8133-41-1
and 8133-41-2, respectively, as well as the basic
propellant with rnc additives, formulation 8133-35-6,
Both additives increased the burning-rate pressure
exponent of the propeliant, with ferric oxide increasing

: the pressure exponent over the entire pressure range

-t (100 to 1000 psij to 0.96. (Confidential)

- The use of both carbon tlack and ferric oxide,
' like aluminum, eliminated the uncured surface layer

L -73-
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TABLE XIX-EFFECT OF CARBON BLACK- AND. FERRIC OXIDE ON

PROPERTIES OF SOLID-SOLUTION PROPELLANTS

Formulation
8133-35-6 8133-41-1 8133-41.2
(Batch (Batch {Batch
Property E-66) D-205) D-204)
Composition {(percent by weight)
Acrylamide 4.90 4.90 4.99
Ethylene glycol 4.90 4.90 4.9
Lithium perchlorate 14.00 14.00 14.00
Ammonium perchlorate 76.00 75.00 75.00
Ammonium persulfate 0.10 0.10 0.10
n-Nitrosodiphenylamine 0.10 0.10 0.10
Carbon black 1.00 .
Ferric oxide 1.00
Process parameters
' Mix temperature (CF) 180, 130 to 145 | 130 to 145
Mix viscosity (kilopoises) 8.0 1.6 : 7.0
Cure temperature { F) 165 180 180
Cure time (hr) 24 24 24
Mechanical properties
Maximum stress (psi) 130 123 107
Strain (in./in.) 0.11 0.12 0.09
Pressure exponent, n (100 to 1000 psi) 0.75 0.96 0.96

e
The high viscosity of this batch is attributed to the high mix temperature

of 180 F.
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previously observed on acrylamide propellants.

The ferric oxide apparently catalyzed the propellant
cure to some degree, as evidenced by the relatively
high viscosity (7 kilopoises) of the mix. The tensile
strength for both formulations was above 100 psi,
and the elongation of the carbon black formulation
was 12 percent. (Confidential)

Acrylamide/HMX System

Although HMX is compatible with the solid-
solution propellant ingredients, formulation studies
have shown that the HMX interferes with the free-
radical-initiated polymerization so that very long
cure times are required. Since ammonium persul-
fate will not initiate the polymerization in the pres-
ence of HMX,ferric acetylactonate was used exclu-
gively in the four formulations studied (see Table XX}.

All four formulations had viscosities of less
than one kilopoise, and were easily processed. The
formulations contained various ratios of ammonium
perchlorate to HMX, as well as all HMX. These
propellants exhibited low tensile strengths and high
elongations, probably as a result of incomplete cure.
As in the ammonium perchlorate system, the incor-
poration of aluminum powder (formulation 8133-38-4)
improved the curing of the surface layer. However,
all formulations showed some degree of decompo-
sition, evidenced by internal ''gassing' during cure.
In an attempt to reduce this decomposition during cure,
n-nitrosodiphenylamine was eliminated so that, hope-
fully, the HMX alone would retard polymerization
during mixing and casting, but the mix cured in the
mixer. Reducing the n-nitrosodiphenylamine content
in formulations 8133-38-3 and 8133-38-4 Jid not
improve '"gassing' during cure. (Confidential)

The drop sensgitivity of the 90-percent loaded
formulation, 8133-38-4, was comparable to that of

pure HMX, and the five-second autoignition tempera-
ture was 495°F. (Confidential)
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~ Strand burning-rate data for formulations
8133-38-1 and 8133-38-2 were erratic; their measured
pressure exponent was approximately 0. 6. More
reproducible rate data were obtained for formulations
8133-38-3 and 8133-38-4, as plotted in Figures 39
and 40, respectively. The latter formulations, con-
taining all HMX, gave a constant slope of 0.88 from
100 to 1000 psi. (Confidential)

(3) Acrylonitrile

General

Acrylonitrile offers an advantage over acryla-
mide binder because of its improved processability.
This improvement results from the fact that (1) lithium
perchlorate is more soluble in acrylonitrile than

" acrylamide and (2) acrylonitrile has a lower density

than acrylamide.
Acrylonitri].e/Ammonium Perchlorate System

Small laboratroy batches (50 grams) of acryloni-
trile in ethylene glycol were cured, using dichloro-
benzoyl peroxide catalyst with methyl ether hydro-
quinone at 1409F in 24 to 48 hours. The process was
subsequently scaled up to 2000 grams and four batches
were processed; the formulations are given in Table
XXI1. Each batch was easily processed at 70°F.
Scaling to 2000 grams required an increased percent-
age of catalyst so that the batch would cure in a
reasonable length of time. No ''"gassing'' was ob-
served during cure. (Confidential)

Acrylonitrile/HMX System

The acrylonitrile approach offers an advan-
tage over the acrylamide approach from the stand-
point of processability because of the combined ef-
fects of (1) the increased solubility of lithium per-
chlorate in the acrylonitrile system and (2) the lower
density of acrylonitrile. Monsanto personnel have
indicated that improved mechanical properties and
lower cure temperatures are achieved with acryloni-
trile. (Confidential)
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1.0
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Figure 39 - Strand Burning-Rate Data for Formulation 8133-38-3

1.
Formulation 8133-36-47
0.9 Acrylamide - 5.00%
Ethylene Glycol - 4.80%
0.8 Lithium Parchlorate - 14,00%
HMX ~ 74, 00% /
0.7 Aluminum - 2.00%
Other - 0.20%
a
0.6 ¥a
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j 0.3
i
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0.2
(Confidential)
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Figure 40 - Strand Burning-Rate Data for Formulation 8133-38-4
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(4)

Two 90-percent solid loaded formulaticns
(8133-38-5 and 8133-38-6) with 14-percent lithium
perchlorate, 2-percent aluminum, and 74-percent
HMX were processed (see Table XXII). The plasti-
cizer used in formulations 8133-38-5 and -6 was
ethylene glycol and formamide, respectively. Both
formulations contained 0. 1-percent ferric acetylac-
tonate to catalyze the polymerization and a small
amount (0. 02 percent) of a retardant, n-nitrosodi-
phenylamine. The viscosity of both mixes was low
at T0°F, btut neither cured at 165°F in 18 hours.

An extremely thermoplastic solid was achieved,
however, whan the mixes were cured at 185°F for
four days. Both formulations produced gas during
cure, as observed previously with other compositions
containing HMX. (Ceonfidential)

Chain Branching and Cross-Linking

Since both acrylamide and acrylonitrile propellants
are somewhat thermoplastic when cured due to the linear
nature of the polymers, methods cf branching and cross-
linking the polymers were investigated. Two compounds
were investigated for this purpose: trimethylol propane
monoallyl ether and trimethylol propane diallyl ether,
shown telew, from left to right,

THZOCHZCH = C;HZ (THZOCHZCH = CHZ)Z
C - CZH5 CI - (,21—15

(CH. OF SH_ O

(CHZOH)Z C HZ H

The first compound is a monofunctional olefin with a side
chain to act, in essence, as a "reactfive' plasticizer. The
other compound, trimethylol propane diallyl ether, is a
true diene cross-linking agent. Lithium perchlorate was
found to be compatible and actually soluble in both com-
pounds up to approximately 20 percent by weight at 125°F,
Another propellant formulation, 8133-38-7, was processed
with 0. 44 percent of the monoallyl ether (see Table XXII).
Although the viscosity of this batch was quite high, the

CONFIDENTIAL




3

AFRPL-TR-65-209, Vol I

\

oy ey
L i

CONFIDENTIAL

TABLE XX1I.- PROPERTIES OF ACRYLONITRILE SOLID-SOLUTION

[A—

FORMULATIONS CONTAINING HMX

1 AR epe i e s e o e

'1 Formulation
§ 8133-38-5 [ 8133-38-6 | 8133-38-7
i (Batch {Batch (Batch
Property D-208) D-2909) D-210)
Composition (percent by weight)
Acrylonitrile 4,94 4.94 4.72
s 1. Ethylene glycol 4.94 Co e
Lithium perchlorate 14,00 14.00 14. 00
e HMX 74.00 74.00 74.00
g l n-Nitrosodiphenylamine 0.02 0.02 0.02
! Aluminum 2.00 2.00 2.00
[ Ferric acetylactonate 0.10 0.10 0.10
oL Formamide 4.94 4.72
o Trimethylol propane monoallyl
. (’ ether 0. 44
N
; Process parameters
L —Mix ternperature ( F) 70 70 70
| Mix viscosity (kilopoises) 3.1 1.8 > 20
_— Cure temperature ( F) 185 185 185
Pl Cure time (days) 4
"' Fiv%f_se cond autoignition temperature
- (°F) 485 480 500
) (Confidenvial)
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propellant cure was superior to previous acrylonitrile
formulations. An initial laboratory evaluation indicated
that the use of diallyl ether in the acrylamide/ethylene gly- o
r : col binder improved the mechanical pruperties. This ' ' P

compound has not been incorporated in a propellant formu- Yoo
lation, however. (Confidential)

(5) Determination of Deéree of Hydration of Lithium Ferchlorate

The anhydrous lithiuin perchlorate used for the fore-
going evaluations was found to exhibit only a small endo-
therm at'145°9C, the decomposition temperature of the tight- ,
ly bound third hydrate, thus indicating only a small amcunt
of water present. The melt endotherm at 236°C was quite
large and sharp, indicating high-purity material. How-
ever, after a can of lithium perchlorate is opened, the
material picks up water quickly. ’

Table XXIII presents the results of differential
thermal analyzer runs for five samples of lithium per-
chlorate, including four samples from previously opened
cans and one sample from a new can. As shown, drying
lithium perchlorate from a can previously opened and re-
sealed for 18 hours at 120 or 160°C did not eliminate the
third hydrate. However, when dried at 180°C for 18
hours, the purity of the old material was equal to that of
the new material. These results indicate that a higher
temperature, 180°C, should be used for drying lithium
perchlorate.

E. Castable Fluorocarbon Binders

(1) General

A comprehensive evaluation of castable fluorocarbon
: binders for the conventional oxidizers was conducted.
! This investigation consisted of the parallel evaluations
of a fluoroalkyl acrylate binder and a fluorocarbon mono-
mer binder.

(2) Fluoroalkyl Acrylate Binder

{a) Preliminary Investigation
-82.-
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TABLE XXIIl -RESULTS OF DIFFERENTIAL THERMAL ANALYSIS TO
DETERMINE LITHIUM PERCHLORATE PURITY

Third Hydrate ’
y¢ Decomposition
- Lithium Perchlorate Endotherm Melt Endotherm
Sample Atmosphere at 145°C at 236°C

e

Fresh from new can Air Very small Large ]

Previously opened
can (vacuumodried
18 hr at 120 C) Air Large - Small

Previously opened can
(vacuusn dried 18 hr
at 160 C) Air Intérmediate Small

Previously opened can
(vacuu(:):n dried 18 hr
at 180 °C) N Very small Large

Previously opened ~an
{opened 45 min at
57-percent R.H.) N Large Small

-83-
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General

Previous work with fluoroacrylates, reported
in Reference 8, involved a comonomer gsystem of
C, fluoroalkyl methacrylate and C_ fluoroalkyl
acrylate. Because these monomers are not as
readily available as C, fluoroalkyl acrylate (C_FA),
. 7
the latter was selected for evaluation.

Preliminary cure studies indicated that C_FA
with benzogl peroxide, which has a 10-hour ha.h,g-
life at 162" F, and dichlorobenzoyl peroxide, which
has a 10-hour half-life at 129°F, produced the best
results. Formulations with benzoyl catalyst cured
to rubbery solids in 24 to 36 hours at 185°F, where-
as those with dichlorobenzoyl peroxide catalyst cured
in 24 to 36 hours at 120°F. The pot life of these
small-scale formulations was also good. Solid load-
ings of 79 percent, including 15 percent aluminum,
were quite processable at 120 to 125°F. The use of
plasticizers such as Viton A and Viton LM were ob-
served to aid processability. (Confidential)

Formulation 8983-8-1, which did not contain a
plasticizer, gave promising strand-burning rates,
as shown in Figure 41. This 79-percent solid loaded
formulation, which contained a trimodal aggregate
of ammonium perchlorate, barely sustained com-
bustior at ambient pressure, and combustion could
be extinguished easily by blowing on the flame.
(Confidential)

Processability and Mechanical Property Improvement

Preliminary processing and cure studies were

conducted with 100-gram batches of propellant,

which were cured for 24 hours at 120°F. Table
XXIV presents a summary of the formulation modi-
fications, and the mechanical properties obtained for
each. The 79-percent solid locaded formulation with
no binder modifications (formulation 8983-16-1)

had a very low (i.e., 16 psi) tensile strength. The
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Figure 41 - Strand Burning-Rate Data for Formulation 8983-8-1

addition of 0.1 percent triallylcyanurate (TAC),
a trifunctional cross-linking agent, increased the
tensile strength to 54 psi in formulation 8983 -
18-2, but was accompanied by a decrease in
eloengation from 17 percent to 11 percent.
(Confidential)

The addition of plasticizers Viton A and Vi-
ton LM had little effect on the mechanical proper-
ties of this batch size of propellant. The for-
mulations without Viton A were very thixotropic,
but would flow at 75°F when vibrated. In formu-
lation 8983-23-2, Viton A was dissolved in the
C_FA monomer; the resulting mixture was no
longer thixotropic. The viscosity of this propel-
lant mix at 75°F was only 2. 5 kilopoises.
{Confidential)
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The effect of cure time on the mechanical
properties of formulation 8983-23-3 is shown in
Table XXV. Both the tensile strength and elonga-
tion were increased considerably by extending the
cure time from 24 to 48 hours. Little additional
improvement was observed by increasing the cure
time to 72 hours. (Confidential)

TABLE XXV - EFFECT OF CURE TIME ON

MECHANICAL PROPERTIES OF

FORMULATION 8983-23-3 CURED AT 120°F s

Elongation,

Cure Time (hr) Stress, Sm(ps1) ¢ (in./in.)
m

24 52 0.05

48 64 0.08

72 67 0.08 ;
(Confidential)

This C_FA propellant system was scaled up
to 12-1b ba.tc;l sizes and evaluated; the effect of
Viton A on mechanical properties for this batch
size is shown in Table XXVI. These data indicate .
that Viton A at the 2. 1-percent level increases both . i
tensile strength and elongation. This increase can :
be explained by assuming that the long-chain unsatu-
rated elastomer acts as a plasticizer as well as
taking part in the vinyl polymerization. Increasing
the Viton A concentration to 3.3 percent, in formula- :
tion 8983-32-2, lowered the stress, but did not im- . ‘
prove strain. Moreover, the mix viscosity was in- : ‘
creased considerably at this greater Viton A concen-
tration. The reproducibility of mechanical proper-
ties for four 12-1b batches of formulation 8983-23-2
is shown in Table XXVII. (Confidential)
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TABLE XXVI - EFFECT OF BINDER MODIFICATION ON MECHANICAL

PROPERTIES OF C

FA PROPELLANT (12-LLE BATCH SIZE)

7

Composition (percent by weight) S;ress, EloEnga.tJ.on

C.FA ™ "

Batch No.| Formulation | ™7 2,4 DCBP| TAC | Viton A} (psi) (in. /in.)
E-125 8983-23-3 20.9 1.0 0.10 64 0.08
£-127 8983-23-2 18.8 1.0 0.10 z2.1 89 0.12
E-131 8983-32-1 18.8 1.0 0.05 2.1 61 0.16
E-132 8983-32-2 17.6 1.0 0.10 3.3 68 0.12

(Confidential)

-88-

TABLE XXVII - REPRODUCIBILITY OF MECHANICAL

PROPERTIES OF FORMULATION 8983-23-2

(12-LB BATCH SIZE)

very well to steel.

Batch No. Stress; Sm(PSi). Elongation, € m(in. /in.)
"E-127 ' 89 0.12
E-128 88 0.11
E-129 87 0.11
| E-130 97 0.11 (l
j (Confidential) |

The C_FA propellants, as well ag those with
the fluorocarbon monomer (see (3), below), bond

Figure 42 shows broken bond

specimens for both systems; note that failure oc-

cured in the propellant.

CONFIDENTIAL
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Figure 42 - Results of Propellant-to-Steel Bond Tests : %

(b) Process Scaling to 200~Lb Batch Size

Since the cure characteristics of this propel-
lant system are based upon the bulk polymerization
of a monomer, the problems associated with scaling
up to large batch sizes was of concern. Therefore, ; ‘
a 200-1b mix of formulation 8983-23-2 was made. ; i
The propellant processed well and was pressure-
bayonet cast into a 13-in. -diameter motor case
. with a 5-in. -diameter mandrel; the center-per-

L forated grain was 22 in. long., The grain was cured

for 48 hours at 120°F, and then radiographically

inspected; its integrity was good. The largest in- !
ternal void on the X-ray was 0.1 in. Photographs ;

of this motor taken during processing and X-ray,

are presented in Figures 43, 44, and 45.

The mechanical properties of the propeilant 1
; processed in this batch (R-17) are presented in r
Table XXVIII. These properties are comparable !

-89-
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Figure 43 - Extraction of Mandrel from 175-Lb Motor Containing
Propellant Formulation 8983-23-2

Figure 44 - Radiographic Inspection of 175-Lb Motor Containing
Propellant Formulation 8983-23-2
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Figure 45 - End View of 175-Lb Motor Containing Propellant

Formulation 8983-23-2

TABLE XXVIII - MECHANICAL PROPERTIES OF 200-LB

BATCH OF FORMULATION 8983-23-2

Temperature

(°F)

Stress, S
m

(psi)

Elongation,
‘m

(in. /in. )

+140
+ 75

40

45
89
982

0.08
0.10
0.03

CONFIDENTIAL
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to those for the 12-1b batches. The density of this
batch of propellant was 0.0695 lb/cu in. (Confidential)

Subscale Motor Tests with. Propellant Formulation
8983-23-2

To evaluate the combustion characteristics of
C_FA propellants during motor operation, four six-
inch grains were cast with formulation 8983-23-2.
The propellant was mixed and cast at 75°F. The
viscosities ranged from 2.0 to 2.8 kilopoises, and
pot-life was greater than 3 hours at 75°F. The
grains were cured for 48 hours at 120°F, and case-
bonded directly to the steel chamber walls. (Confi-
dential)

These gix-inch aft grains were fired in dual-
chamber motors, with six-inch forwarc chambers
containing PPO- 13 propellant. A Jamesbury ball
valve was used between chambers. The motors
were purged with nitrogen gas after each termination.

The reduced ballistic data for these four dual-
chamber tests (Test H.9 through H. 12) are given in
Table XXIX. For Tests H.9 and H. 11, two success-
ful start-stop cycles were achieved. In Tesat H.10,
low decay rates were experienced at termination due
to the valve's overshooting its termination position;
the aft grain reignited before the nitrogen purge
started and was completely consumed. In Test H.12,
a higher aft-chamber burning-surface-to-throat-
area ratio of 69.3 was used to increase the aft-to-
forward mixture ratio, but the aft grains (two aft
chambers were used in tandem in this test) did not
extinguish at termination and burned out. The for-
ward grains were extinguished without reignition in
each test, (Confidential)

The aft-chamber characteristic velocity values
for Tests H. 9 and H. 11 are believed to be low because
of the position of the pressure port in the aft chamber.
These ports were located in the forward end of the
chamber where high-velocity gas from the forward
chamber enters. In Tests H.10 and H. 12, the
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f
{




B F 7
1
-

RSO
4

L T AT A VB RS S T T
JRE———

CONFIDENTIAL

AFRPL-TR-65-209, Voll

TABLE XXIX - SUMMARY OF BALLISTIC DATA FOR TESTS H.9 THROUGH H, 12

Tant H, 9 Test H, 11
First Second Test First Second Test
Paramster Cycle Cycle H.10 Cycle Cycle H.12
Forward chambar (PPO-13)
Weight burnad (ib) 2.391 2,102 1.80 2. 664 1. 468 2.868 :
Web burned {in. ) C 0.254 0.345 0.198 0.284 i
Burn time (sec) 1.07% 1.066 1.232 0.832 0.880 0.986 “
Burn rate (in. /sec) . V. 206 0.417 0.225 0.288
[Pat_ (psig-sec) 1212 1160 855. 5 1723 679.7 1191
'i*b (;m 1139 1089 629. 4 2043 766, 4 1203
Throat area (sq in.) 0,232 0.232 0.258 0.189 0.258 0.303
Piorr (P8iR) 1089 1124 425 2184 687 1244 !
dp/dt,,  (psifaec) 47,100 37, 900 7660 89, 600 21,800 52,700 i
Characteristic velocity (fps) 3780 4110 3950 3930 3840 4089 :
Aft chamber (8983.23-2) %
Weight burned (1b) 1.598 1.483 7.62 1.570 1. 080 14,72 i
Web burned (in. ) R 0.710 0.130 0.103 0.606
Burn time (sec) i.029 1.085 8.475 0.824 0.876 4.390 i
Burn rate (in. /sec) . C 0.0838 0.158 0.118 0.138
['Pat_ (paig-sec) 155.5 151.8 475.7 174.8 103.5 575.8
B (paia) 153.3 146.9 117.9/65.7 | 206.9 121.6 | 188.6/137.9" ;
P, prior to tarmination (peia) 161 153 97 212 119 202 ;
P, maximum at termination(psia)| 294 278 144 443 192 306 |
dp/dturm {pei/sec) 4420 4810 1950 12,700 2940 6530 ‘
Ko (Sh/At) 52. 6 52.5 52,5 51.8 51.8 69.3
Total motor
Weight burned (1b) 3.989 3.585 9. 42 4,234 2.548 17.89
Weight_  /weight 0.668 0.706 0.74/4.24° | 0.589 0.736 | 1.20/5,13"
Ratio of specific heats, ¥ 1.24 1.24 1.24/1.20" 1,24 1.24 1.23/1.20°
_I'Fcnf {Ib-sec) 646, 9 623.7 1655, 3 765.2 403.5 3296.6
?-*b (1b) 563.7 543, 0 4{5/192* 834.0 425.3 1105/573"
Throat area (aq in.} 2.889 2,88% 2.894 2.894 2.8u4¢ 4,300
Expansion ratio (Ae/At) 2.801 2. 801 2. 8071‘ 2,796 2.797 1.996
xsp {lb-sec/1b) 162.2 174.0 176 180.7 158, 4 187. 4
meas
1 (1b-sec/1b) 201.7 216. 4 .f 212.1 206.2 237.5
®P1000/14.7
Iy (1b-sec/1b) 229. 4 246.1 . t el 2 234.5 270.7
vac, 20/1
e L (%) 1 s2.9T ] TT8B.6 .T 88.2 84.2 93.2
Paff .
Characteristic velocity (fps) 3490 3930 4560 3844 3782 4529
*Thoua values are pretermination and total firing data {pretermination/total firing).
The nozzle was greatly overexpanded during the reignition portion of this test.
{Confidential) :
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location of the ports was identical to that for Tests
H.9 and H, 11, but no gas was produced in the for-
ward chamber over most of the aft pressure-tiine
integral since the forward grains permanently ex-
tinguished at termination. Thus, the characterig-
tic velocities for Tests H. 10 and H. 12 are reasonably
high, as expected. (Confidential)

Figure 46 shows the burning-rate data for formu-
lation 8983-23~2 plotted as a function of pressure for
Tests H. 9 through H.12. The strand burning-rate
curve for this propellant is also shown for comparison,

The pressure-~ and thrust-time traces for these
tests are shown in Figures 47, 48, 49, and 50, res-
pectively. The first cycles of Tests H. 9, H..10, and
H. 12 show aft-chamber ignition peaks. No ignition
peaks occurred during the second cycle of Test H. 9
and both cycles of H. 11 in which the aft grain was the
same as that used in H, 9, Since the peaks occurred
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Figure 46 - Motor Burning-Rate Data for Formulation 8983-23-2
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Pressure (psig)

Forward-Chamber

Aft-Chamber

Pressure (psig)

(Confidential)

Thrust {uounds)

Figure 49 - Pressure- and Thrust-Time Traces for Test H 11
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during the first ignition of a grain but not thereafter,
the peaks were attributed to a surface condition
probably produced by the mandrel during casting and
curing. (Confidential)

The post-termination combustion of the aft
graing in Tests H. 10 and H. 12 shows that the propel-
lant itself will burn stably above 50 psi, but instability
occurs below this pressure. (Confidential)

Processability and Mechanical Property Improvement
General

On the basig of the promising results obtained
with C,FA propellant in the subscale motor tests and
the successful scaling up to a 200-1b batch sizes, de-
scribed in the preceding paragraphs, additional evalua-
tion was conducted. The chief disadvantages of this
propellant were its undesirably low pressure exponent
(0.5 to 0. 6) and elongation (10 to 12 percent). The
additional effort was directed toward improving these
characteristics by increasing the burning-rate pres-
sure exponent and improving the processability and
mechanical propertieg. (Confidential)

Effect of Increased Solid Loading_

Attemptis to improve processability and mechani-
cal properties were conducted, using two approaches:
(1) increasing the process temperature and (2) changing
plasticizers.

In the first of these studies, the viscosity of
formulation 8983-23-2, which contains 78 percent
solids, was evaluated at various process tempera-~
tures. This formulation. which had previously been
characterized (page 87 ), has a mix viscosity of 3.1
kilopoises (Brookfield) when processed at 75°F. In-
creasing the process temperature to 120°F decreased
the viscosity to 1.5 kilopoises. (Confidential)

-a9.
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By increasing the total solidas to 79. 5 percent,
at 120°F, the viscosity increased to 2, 6 kilopoises,
Then, by further increasing the process temperature
to 135°F, at this same loading, the viscosity was
‘reduced to 2.1 kilopoises. Further increases in the
solid loading, at 135°F, increased the viscosity as

follows:
Solid Loading Viecosity
(percent) (kilopoises)
80.0 2.4
80.5 2.5
80.8 3.3

The final value of 3,3 kilopoises is near the
maximum processable mix viscosity, Moreover,
increasing the process temperature to 120 or 135°F
requires the addition of a cure inhibitor. (Confidential)

Since increasing the total solids to 80 percent
produced only a slight increase in the burning-rate
pressure exponent, it was decided not to pursue this
approach any further, Significantly, the solid load-
ing of formulations under development by Northrop
Carolina approached that of highly loaded state-of
the-art composite propellants, as shown in Table
XXX, (Confidential)

After the investigation of the effect of process
temperature on solids loading was completed, the
effect of changing plasticizers was investigated. By
substituting Viton LM for Viton A, the solid loading
of C,FA propellant was generally increased from 78
to 83 percent without affecting the processability.
Viton LM, which has a lower molecular weight than
Viton A, is a wax at room temperature. As men-
tioned above, formulation 8983-23-2, which contains
: Viton A, had a viscosity of 3.1 kilopoises at 75°F,

é but with Viton LM substituted for Viton A, the vis-

cosgity dropped to 0. 4 kilopoises at 75°F. The 83-

percent solid loaded propellant containing Viton LM
had a viscosity of 2.1 kilopoises. (Confidential)
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1
However, the substitution of Viton LM for i

Viton A advergely affected the mechanical properties i

(see following paragraph). At a 78-percent solid !

loading, the tensile strength was reduced from 85

to 51 pei and elongation at maximum stress from

10 to 6 percent. Apparently, then, the Viton LM, |

with its lower molecular weight, improves binder B |

mobility in the uncured condition while Viton A :

has a reinforcing, rather than diluting, effect on the

cured polymer. Confidential) |

i

The above formulations with Viton A and LM

contained a trimodal blend of ammonium perchlorate, :
with 600 micron/200 micron/10 micron particle s

sizes in a 25/50/25 percent distribution, respectively, !
The effect of the 600-micron particle size on process- !
ability was determined by preparing a batch without I
this large particle size. This batch, with 78 percent ‘
solids, had a viscosity of 6.0 kilopvises, compared ‘ A
to 3.1 kilopoigses for the trimodal blend., (Confidential) L -

Effect of Binder Modifications

The low elongation of the C,FA propellant is
probably caused by the lack of unsaturation in the
polymeric backbone and the bulky side groups attached
to the chain., The addition of Viton A, a gum rubber
fluorocarbon, to the C_FA propellants increased
elongation slightly, ana tensile strength was increased
by the addition of TAC, a cross-linking agent (see page 85).
Formulation 8983-23-2, which contains Viton A and
TAC, was cast into a full-scale motor, as described
on page 89. This batch exhibited a tensile strength i
of 88 psi and an elongation of 11 percent, After the ’
grain cured, its integrity was good. However, after
storage for three weeks at temperatures ranging
from 45 to 80°F, X-rays indicated that a small crack
had developed in the web. (Confidential)

An evaluation of catalyst and catalyst concen-
tration on the cure of unloaded C_FA binder was also
conducted. The catalysts e*«:a.lua.Zed were 2,4 dichloro-
benzoyl peroxide, benzoyl peroxide, lauryl peroxide,
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methyl ethy!l ketone peroxide, ammonium persulfate,
and VAZO., The cures obtained with 2. 4 dichloro-
benzoyl peroxide, benzoyl peroxide, and VAZCO were
superior to those obtained with the other catalysts;
no cure was obtained with ammonium pergulfate and
methyl ethyl ketone peroxide. For the C FA/Viton A
system, a concentration of 2. 4 dichlorobenzoyl
peroxide equal to 1,75 percent of the binder produced
the best cure. (Confidential)

The effect of plasticizer was also evaluated with
C,FA gumstock. The substitution of Viton LM for
Viton A did not affect the cure, but reduced the tensile
strength, as mentioned above. The most promising
binder contained a 2-to-1 ratio of Viton LM to Viton
A, The mechanical properties of this binder were
equal to or superior to those of Viton A alone, and
processability was improved. (Confidential)

Additional binder studies were conducted, with
a 78-percent solid loaded system, to ascertain the

" relationship of Viton A and Viton A/Viton LM on

mechanical properties. Figure 51 presents the effect
of Viton A concentration on mechanical properties,
showing that elongation increases and tensile strength
decreases as Viton A concentration increases. The
effect of Viton LM concentration on mechanical proper-
ties, with Viton A concentration constant at two
percent, is shown in Figure 52. Here, both ten-

sile strength and elongation increase with increased
Viton LM concentration up to four percent. Thus,

the use of combined plasticizers improves the proper-
ties of the C7FA system somewhat. {Confidential)

Effect ot Additives

The effect of additives on the mechanical
properties of C_FA propellant was investigated; the
additives used were MgO (in aluminum), aluminum,

~tricalcium phosphate (in ammonium perchlorate), and

hydroquinone (in C-I.FA)., Batches of a standard formu-
lation containing 18.7 percent C_FA and 2.75 percent
Viton A were used, with the above additives varied in

-103-
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Figure 51- Effect of Viton A Concentration on Mechanical
Properties of C7FA Propellant
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Figure 52- Effect of Viton LM Concentration on Mechanical

Properties of C,FA Propellant Containing Two

Percent Viton A
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(e)

the pattern shown in Table XXXI. The mechanical
properties were then measured, yielding the results
given in the table. (Confidential)

Hydroquinone was added by using the unwashed
C_FA binder, which contains hydroquinone as an
in%ibitor. To obtain batches without hydroquinone,
the hydroquinone was simply removed by washing.
The effect of aluminum was evaluated by comparing
batches containing Reynolds 400 aluminum {(which
contained MgO), high-purity H-5 aluminum, and
no aluminum. '

The presence of hydroquinone (unwashed C_FA)
had little effect on the mechanical properties. Like-
wise, the addition of tricalcium phosphate had little
effect. The addition of high-purity H-5 aluminum
reduced the tensile strength, while the addition of
Reynolds 400 aluminum generally resulted in slightly
superior properties than batches without aluminum.
(Confidential)

Modification of Burning-Rate Pressure Exponent

General~

The presgsure exponent for formulation 8983-23-2,

obtained from strand burning-rate data, was C. 49
below 300 psi, as shown in Figure 53. Since a pres-
sure exponent near unity is desired for the aft-grain
propellant, an effort to increase the exponent by
modifying the formulation was begun. Two approaches
were used to increase the burning-rate pressure
exponent: (1) incorporating burning-rate additives .
and secondary oxidizers, and (2) increasing the solid
loading. These burning-rate evaluations were con-
ducted in Northrop Carolina's Crawford-type strand
bomb at 75°F under nitrogen pressurization. (Con-
fidential)

Initial Studies

Initially, Sylon "S,'" a very small particle size
gilica, was added to formulation 8983-23-2. This

-105-

CONFIDENTIAL




CONEIRENTIAL .

AFRPL-TR-65-209, Vol I

—— [ s ad PRV S [P— S erend

‘9yerojydrad wniuowwre punoil o3 pappe sem {guadaad 7 ') ayeydscyd wmiojesiay YL -
1 . *

(rerjuapiyuon) : \
0002 S°9 2°¢6 X :
0001 - 1°6 S°LY T T S-H
S9¢1 88 6°101 R Tt 00%¥-yg
¥I11T L6 2°68 X T 00%-¥
0521 €L 0°¢€L X x o
0OET S°L 9°89 T X S-H
00¢1 1°6 9°16 X oov-d
60S1 €8 6°¥6 X b 4 oov-y9g

(1s8d) OH " {95) oL (18d) *nHU.H suoumboapAiy WUy
“Apopsery | (TIPS Wnurxen 85115 .
; .mo 1% uotjeSuoiy WIMWIXen P3S[] 9ATIPPY
snng oW
8a1319doag jedrueydap
L

INVITIJOEd VI D
J0O SHILYIJ0¥d TVIINVHOIIW NO SHAILIAAV J0 LOFIIF-IXXX ITdV.L

~106-

CONFIDENTIAL




R,

| CONFIDENTIAL

AFRPL-TR-65-209, Vol1l

.
[ |
4
{’ ’ additive increased the exponent to 0. 64 below 500
: L) psi, as shown in Figure 54, which also presents
. the composition of this formulation (8983-33-3).
; [ (Confidential)

N Next, the aluminum content was detreased to

; { ? three percent. Figure 55 shows that the burning
rate for this formulation (8983-30-2) below 300 psi

; is slightly higher than that of formulation 8983-23-2,

[ : which contained 15 percent aluminum. However,

: the pressure exponents for both formulations below i

300 psi were identical. (Confidential)

The addition of Sylon "S'" to the three-percent
aluminum formulation had very little effect on the ;

[ pressure exponent, as shown in Figure 56,
b (Confidential)
i
- f ; Iron oxide increased the pressure exponent
' L.s

slightly (see Figure 57), whereas carbon black

IS
P
I
' 0. 60
} Forrulation 8983-23-2:
FR 0. 50
! C FA 18.8%
i 0. 40 2,4 DCBP 1.0%
i TAC 0.1% )
i Viton A 2, 1% A
Pt 5 %?° Aluminum 15.0%
: g Ammonium perchlorate 63.0% /M
i o
oy H
; 2 o.20
) &
L]
2 ﬁ/o 49
n =@,
| £ ®
i g 0.10
‘ 5 009 »
? 0.08 ¢ A
Qs . 0.07
: 4
[ i E 0.06 e
a
0.05
0.04
[ . (Confidential)
- 0.03 " b et
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S . : : |
[ : Figure 53 - Strand Burning-Rate Data for Formulation 8983-23-2 ;
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(Confidential)
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Figure 54 - Strand Burning-Rate Data for Formulation 8983-33-3
0.60
Formulation 8983-30-2
0.50
C FA 18. 8%
0. 40 274 DCBP 1.0%
TAC 0.1%
—_ Viton A 2.1%
e 0.30 Aluminum 3.0%
§ Ammonium perchlorate 75, 0% /@P,
L]
g 020 Pt
- b/'/
Q
-
; o
£ ) n =0,49
8 /
< 0,10
% 0,09 ¥
g o0.08
£ 0.07
El
m 0.06
0.05
0.04
(Confidential)
0.03 .
20 30 40 50 60 80 100 200 300 400 600 800 1000
Pressure (paia)
Figure 55 - Strand Burning-Rate Data for Formulation 8983-30-2
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C Figure 56 - Strand Burning-Rate Data for Formulation 8983-31-1
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? 0.60
: Formulation 8983-31-2:
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Figure 57 - Strand Burning-Rate Data for Formulation 8983-31-2
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produced about the same effect as Sylon "S' (see
Figure 58). (Confidential)

In Formulation 8983-33-4, 20 percent potas-
sium perchlorate was substituted for ammonium
perchlorate. The pressure exponent of this formula-
tion was less than that of the formulation without
potassium perchlorate (8983-30-~2) below 300 psi, as
shown in Figure 59. (Confidential)

The highest pressure exponent obtained for
the C_FA system was achieved by the substitution
of 20 percent HMX for ammonium perchlorate. A
pressure exponent of 0,81 was obtained, as shown
in Figure 60. (Confidential)

Effect of Additives

Polyethylene Hydrazine Perchlorate-The
strand burning-rate data for formulation 8983-37-1,

| 0.60
Formulation 8983-31-3:
L : 0.50
Lo C,FA 18.8%
}. i 0.40] 2,4DCBP 1.0%
H TAG 0.1%
: 0.30 Viton A 2.1%
) ! g Aluminum 3.0%
' g Amrmonium perchlorate 74.0% | y’
® Carbon black 1.0% |
-
. 0.20 /ﬁ
| g ( !
H n= 0,53
! -.é /
8 o0.10 4,/
d o0.09
! w 0.08
P a .07 -
b 3 o0.0e
\ 0. 05
0.9 .
{ {Confidential)
{ 0. 03l — L
[ 20 30 40 50 60 80 100 200 300 400 600 800 1000
i

Pressure {paia)

Figure 58 - Strand Burning-Rate Data for Formulation 8983-31-3
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Figure 61 - Strand Burning-Rate Data for Formulation 8983-37-1
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which contained five percent of the additive poly-
ethylene hydrazine perchlorate, are given in
Figure 61. The low pressure exponent of 0.29
below 200 psi was lower than that obtained with for-
mulation 8983-30-2, which was similar but con-
tained no polyethylene hydrazine perchlorate. Data
for the latter formulation were given on page 107
(Confidential)

TEGDN-The effect of adding TEGDN to the
basic formulation (8983-30-2) is shown in Figure
62, for formulation 8983-38-1. The overall pressure
exponent over the range from 50 to 750 psi was
near thav obtained for formulation 8983-30-2 (page
107), which contained no TEGDN. Moreover, the
addition of TEGDN produced a propellant that was
crumbly and had very poor physical properties.
(Confidential)
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. Figure 62 - Strand Burning-Rate Data for Formulation 8983-38-1

Nitroguanidine-The addition of 2.2 percent
nitroguanidine, in formulation 8983-38-3, increased
the slope to 0, 64 below 100 psi, as shown in
Figure 63, However, as with TEGDN, the overall
slope was not increased. (Confidential)

Copper Chromite-The effect of adding two
‘ percent copper chromite on burning rate is shown
! in Figure 64. For this formulation (8933-38-4),
| the pressure exponent was increased to 0. 65 above
! 100 psi; but below 100 psi, the alope was very low
(0.25). Increasing the concentration of copper
, chromite to five percent did™mot significantly affect
l . the exponents, as shown in Figure 65 for formula-
~ tion 8983-39-4, Formulation 8983-39-3, in which
copper.chromite and Sylon '"'S" were combined,
{ ' " yielded a burning rate similar to the formulations
with copper chromite alone, as shown in Figure 66.
(Confidential)
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Figure 63 - Strand Burning-Rate Data for Formulation 8983-38-3
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Iron Oxide-It was learned that the addition of
one percent iron oxide increased the exponent of the
basic three~percent aluminum formulation from
0.49 to 0.57 (page 107). The concentration of iron
oxide wag increased to three percent in formulation
8983-38-5, but no further increase in pressure
exponent below 500 psi was achieved (Figure 67).
(Confidential)

HMX-The addition of 20 percent HMX (in
formulation 8983-33-5) increased the pressure ex-
ponent to 0,81, above 100 psi. However, these
results were not duplicated in subsequent batches
of this same formulation; an exponent of 0. 73,
above 100 psi, was achieved in preliminary tests.
Below 100 psi, the burning rate tended to plateau.
When a smaller particle size HMX (Class E; less
than 10 micron) was used in the same basic formula-
tion, the exponent was reduced below that obtained
with the larger particle size Class A HMX, as
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Figure 65 - Strand Burning-Rate Data for Formulation 8983-39-4
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Figure 67 - Strand Burning-Rate Data for Formulation 8983-38-5
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shown in Figure 68. To investigate further the
inconsgistent results obtained with HMX as an additive,
a more thorough presgure burning-rate profile was
conducted using formulation 8983-43-1, which con-
tained 20 percent Class A HMX and 3 percent alumi-
num. The resulting burning-rate curve, shown in
Figure 69, had two slight breaks in it, with the
exponent in each region being lower than desired.
{Confidential) .

The effect of adding two percent oxamide to
formulation 8983-43-1 was investigated. Although
the strand burning-rate data for this formulation
(8983-44-1), shown in Figure 70, formed a2 straight
line, the burning rates were very close to those
achieved previously without oxamide, and the over-
all slope was nearly the same for both. (Confidential)
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0.40] 2'4DCBP . 1.0%
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: 0.20 =
L
-
g
8 0.10
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0.08
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-

E 0.06 nro.zl
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{(Confidential)
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Figure 68 - Strand Burning-Rate Data for Formulation 8983-38-7
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Figure 69 - Strand Burning-Rate Data for Formulation 8983-43-1
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Figure 70 - Strand Burning-Rate Data for Formulation 8983-44-1
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Additional evaluations were conducted in which
HMX was combined with the additives copper chromite,
nitroguanidine, ferric oxide, and ferric oxide and
Sylon "'S" in the C_FA system. The results of these
tests are shown in Figures 71 through 74, respective-
ly. None of these additives with HMX improved the
burning-rate pressure exponent; instead, the formu-
lation containing HMX alone (Figure 68) produced
a higher exponent above 100 psi than HMX combined
with the other additives. (Confidential)

The preceeding formulations incorporating
HMX contained three percent aluminum. HMX was
also evaluated in a 15-percent aluminum formula-
tion (8983-35-2), giving the results shown in Figure
75. A pressure exponent of 0.73 was obtained above
100 psi, but below this pressure, the exponent dropped
to 0.21. (Confidential) -

A further evaluation of the effect of HMX was
conducted on a 78-percent solid loaded formulation
contiining a larger ammonium perchlorate particle
size; that is, a 70/30 ratio of unground (500 to 1200
micron) to ground. The burning-rate curve for this
formulation (8983-43-1), shown in Figure 76, is simi-
lar to that obtained with the gmaller ammonium
perchlorate particle size in that the pressure expo-
nent decreased sharply at pressures below 100 psi.
{Confidential) '

Ethyl Ortho Silicate-Of the available ortho
silicates, ethyl ortho s111cate was the only one found
to be miscible with the C_FA binder. Incorporating
three percent ethyl ortho silicate increased the burn-
ing rate, but did not increase pressure exponent,
as shown in ¥Figure 77. By adding both ethyl ortho
gilicate and ferric oxide, burning rate was further
increased, and the exponent was increased shghtly
(from 0. 50 to 0.56), as shown in Figure 78.
(Confidential)

Coolants-The effects of zeveral coolants on
burning rate were evaluated, including oxamide,
oxamide and copper chromite, guanidine carbonate,

-119.
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Figure 71 - Strand Burning-Rate Data for Formulation 8983-40-1
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(Confidential)
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Figure 72 - Strand Burning-Rate Data for Formulation 8983-39-4
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f — s—
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0.50 Formuiation 8983-34-3;
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TAC 0.1%
Viton A 2.1% 1
= 0.3 Aluminum 3,0%
E Ammonium perchlorate 54,0%
H HMX, Class A 20.0%
®  9.20 Ferric oxide 1,0% ,ﬁ
: P
i {
§
= n =0,
8 o.lo 57
a 0.09
0.08
0,07
0.06
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. {Confidential) : !
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Figure 73 - Strand Burning-Rate Data for Formulation 8983-34-3 !
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(Confidential)
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Figure 74 - Strand Burning-Rate Data for Formulation 8983-38-6
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{Confidential)
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Figure 75 -

Strand Burning-Rate Data for Formulation 8983-35-2
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(Confidential)
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Figure 76 - Strand Burning-Rate Data for Formulation 8983-43-1
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Burning Rate (inches per second)
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Formulation 8983.45-06;
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Ammonium perchlorate

Ethyl ortho silicate

M:o.so

30 40 50 60

80 100
Pregsurs (psia)

200

Figure 77 - Strand Burning-Rate Data for Formulation 8983-45-6
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Formulation 8983-45-7;
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Figure 78 - Strand Burning-Rate Data for Formulation 8983-45-7
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and ammonium oxalate. Initial burning-rate studies
indicated that the addition of two percent oxamide in
the 78-percent golid loaded, 3-percent aluminum
system gave a pressure exponent near unity below
100 pesi. However, a more thorough evaluation of

“this formulation gave an exponent of 0.71 in the

pressure region below 100 psi, as shown in Figure
79. Oxamide concentrations of one, two, and five
percent in the 15-percent aluminized system with
78 percent solids were also evaluated, but they had
very little effect on exponent, as shown in Figures
80, 81, and 82, respectively, Moreover the incor-
poration of oxamide in the 15-percent aluminized
system with 83 percent solids had only a slight
effect on pressure exponent, as shown in Figure 83.
(Confidential)

Adding both two percent oxamide and two per-
cent copper chromite in the three-percent aluminized
system increased the exponent to 0.75 above 150
psi, but below this pressure the exponent was only
0.19 (see Figure 84). (Confidential)

Two other coolants, guanidine carbonate and
ammonium oxalate, were evaluated at the five per-
cent and two percent levels, respectively. Thesge
additives did not affect exponent significantly, as

shown in Figures 85 and 86, respectively. (Confidential)

Other Additives-Various other additives were
evaluated in the three-percent aluminum, 78-percent
solid loaded C_FA system. These additives and the
concentrations of each were as follows: cupric oxide
(two percent), ammonium dichromate (two percent),
nickel oxalate (two percent), iron blue (two percent),
and ammonium nitrate (five percent). These addi-
tives did not significantly increase the pressure ex-
ponent, as shown in Figures 87 through 91, respec-
tively. (Confidential)

Effect of Increased Solid Loading

The effect of increasing the solid loading was
previously investigated by increasing the loading

CONFIDENTIAL
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{Confidential)
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Figure 79 - Strand Burning-Rate Data for Formulation 8983-41-6
0. 60
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{Confidential)
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Figure 80 - Strand Burning-Rate Data for Formulation 8983-45-1
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; 0. 60
o Formulation 8983-23-2!
0.8 C,FA 18.8%
o.40] 2/4DCBP 1.0%
: TAC 0.1%
. Viton A 2.1%
5 O3 Aluminum 15, 0%
y Ammonium perchlorate 61,0%
Oxamide 2.0%
0.20
]
. .8
P 8
b 1
i 1 n = 0,49 (ave) »
8 0.1a
| & 0.09 —
t . 0.08
| L 0.07 v
: ' 0.06
| :
: : 0.0%
o 0.04
i . (Confidential)
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Figure 81 - Strand Burning-Rate Data for Formulation 8983-23-2
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Figure 82 - Strand Burning-Rate Data for Formulation 8983-45-2
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Figure 83 - Strand Burning~-Rate Data for Formulation 8983-45-4
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Figure 84 - Strand Burning-Rate Data for Formulation 8983-44-2
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Figure 85 - Strand Burning-Rate Data for Formulation 8983-45-3
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Figure 86 - Strand Burning-Rate Data for Formulation 8983-44-6
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87 - Strand Burning-Rate Data for Formulation 8983-41-7
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Figure 88 - Strand Burning-Rate Data for Formulation 8983-41-3
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Figure 89 - Strand Burning-Rate Data for Formulation 8983-41-8

Preasurs (paia)

0.60
Formulation 8983-41-5;
0.50
C7FA 18.8%
0.40 2,4 DCBP 1.0%
TAC 0.1%
Viton A 2.1%
=5 9.30 Aluminum 3.0%
g Ammonium perchlorate 73.0%
$ Iron blue 2.0%
s 0.20 14
£
. PA 0.50
i
; 6.10 T n = 0,31
a Q.09
0.08
g 0.07
0.06
a
0.05
Q.04
{Confidential)
0.03 - F S IO A |
20 30 40 50 60 80 100 200 300 400 600 800 1000

Figure 90 - Strand Burning-Rate Data for Formulation 8983-41-5
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Figure 91 - Strand Burning-Rate Data for Formulation 8983-41-2

from 78 to 80 percent in a three-percent aluminum
C_FA formulation. As a result, the pressure ex-
ponent increased from 0. 49 (for formulation 8983-30-
2, as presented in Figure 55)to 0. 56 for formulation
8983-33-1 as shown in Figure 92. (Confidential)

Additional investigations were conducted in
which the solid loading of the C_FA system was
increased from 78 to 83 percent by substituting 1. 6
percent Viton LM for 2.1 percent Viton A plasti-
cizer in both the 3- and 15-percent aluminum formu-
lations. The results of these tests are shown in
Figures 93 and 94, respectively. Figure 93 shows
that, although the pressure exponent was increased
from 0. 49 (for the 78-percent loaded formulation)
to 0, 61 by this decrease in binder concentration,
this value was still far from that desired. Again,
in Figure 94 for the l15-percent aluminum formula-
tion, the pressure exponent is still low at pressures
below 300 psi, the region where high exponents are
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Figure 92 - Strand Burning-Rate Data for Formulation 89§3-33-1
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Figure 93 - Strand Burning-Rate Data for Formulation 8983-44-4
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Figure 94 - Strand Burning-Rate Data for Formulation 8983.44-3

desired for proper motor design. (Confidential)

The effect that eliminating aluminum from the
pPropellant had on the pressure exponent was also
evaluated. As shown in Figure 95, the presence of
aluminum had little effect on exponent, since these
results are similar to those for the 3- and 15-per-

cent aluminum formulations (8983-30-2 and 8983-23-2,

respectively). ( Confidential)

(3) FX-189 Fluorocarbon Monomer System

(a)

General

The investigation of a fluorocarbon monomer,
designated FX~-189 by the manufacturer, Minnesota
Mining and Manufacturing Company, was conducted
as a parallel effort to the fluoroalkyl acrylate in-
vestigation. This monomer is curzd with 2, 4
dichlorobenzoyl peroxide. In a preliminary
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Figure 95 - Strand Burning-Rate Data for Formulation 8983-49-8
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investigation, a 77-percent solid loaded formulation
with 10-percent aluminum was prepared and allowed
to cure for 24 hours at 120°F. This formulation
had a tensile strength of 65 psi and a 15~percent
elongation. Formulations of this system with 80-
percent golids were processable. Combustion could
be extinguished easily at ambient pressure with
these formulations. (Confidential)

Since the preliminary investigation of FX-189
proved to be promising, additional effort was under-
taken to achieve (1) maximum solid loading and
improve mechanical properties, and (2) improve the
pressure exponent. In general, this binder is easier
to process than the C_FA binder, and higher solid
loadings can thus be achieved. (Confidential)
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(b)

Processability and Mechanical Froperty Improvement

Table XXXII summarizes the first formulations
evaluated with FX-189 and gives the measured mechani-
cal properties, The first five formulations (8983~
13-2, -16-2, 17-2, -18-1, and -19-4) were made
frc:n a laboratory sample of FX-189, whereas the
final formulations 8983-28-1 and 8983-34-1, cor.ained
material from a second lot, which was quite different
in appearance from the former. The first five formu-
lations were evaluated in 100-gram batches, while
he latter two were processed in one-gallon and one-
quart mixes, respectively. The gsecond lot of FX-189
apparently produced higher tensile strength and elonga-~
tion, but part of this increase may be attributed to
batch size, as in the C_FA system. The addition of
the cross-linking agent TAC increased the tensile
strength and reduced the elongation. The mechanical
properties of the formulations incorporating FX-189
were quite superior to those of the C_FA formula-
tions with identical solid loadings. (Z‘.‘.onfidential)

The mix viscosities of these FX-189 formula-
tions were lower than those of the C_FA formula-
tions. The viscosity of C_FA formu7lation 8983-23-.2,
with 15-percent aluminum and 78-percent total solids,
was 2.3 to 2.8 kilopoises, compared to a viscosity
of 0. 8 kilopoises for FX-189 formulation 8983-28-1,
which also contained the 15-percent aluminum and
78-percent total solids. Increasing the solid locading
to 80 percent in the FX-189 formulation system
(8983-33-2) increased the viscosity to 1.9 kilopoises.
(Confidential)

The strand burning-rate data for formulation
8983-33-2 are given in Figure 90. This formulation,
without additives, had a pressure exponent of 0. 58
below 300 psi, compared to an exponent of 0. 49 for
the comparable C_FA formulation (8983-23-2),
which algo contained l5-percent aluminum. The
increased exponent with the FX-189 monomer system
may be due to its higher solid loading of 80 percent.
(Confidential)
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060 o rulation 5983-33-3;
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Ammonium perchlorate 65 00% P ad
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g /
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]
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L o0.10
3 009 e
w 0.08
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(Confidential}
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Figure 96 - Strand Burning-Rate Data for Formulation 8983-33-2

T S pearey e oo e 7 4 s emte s

The FX-189 used in these initial evaluations
was prepared in laboratory batches by the manufac-
turer, Minnesota Mining and Manufacturing Company,
The FX-189 used in the remaining tests was pre-
pared in pilot plant quantities. To ascertain the
effect of binder modification and cure time on the
mechanical properties of a 78-percent solid loaded
FX-189 propellant, the formulations summarized
in Table XXXIII were evaluated, It was observed that
the propellant made from FX-189 prepaved in pilot
plant quantities had a lower elongation than that
prepared from laboratory batch ¥X-189, (See
page 135 ). Formulation 8983-40-4, which con-
tained both FX~189 and C_FA, offered no improve-
ment over the propellant containing C_FA binder only.
The effect of varying the concentration of the cross-
linking agent, TAC, and cuvrec time is shown for
formulations 8983-40-3, 8983-42-4, and 8983-42-3
in Table XXXIII. (lonfidential)
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TABLE XXXIII- EFFECT OF BINDER MODIFICATION AND CURE I i
TIME ON MECHANICAL PROPERTIES OF FX-189 PROPELLANT 3
: 2 i
[c Formulation - i , :
g Property 9983-40-4 |8983-40-3 |8983-42-4 |8983-42-3 {1
f Composition (percent by weight) !
| ;
C,FA 7.20 L
' FX-189 12.90 18.92 18.96 19. 00 Co
: % ' :
- 2,4 DCBP 1.00 1.00 1,00 | 1.00 i
[ ? .
TAC 0.10 0.08 0.n4
Viton A 0.80 Co C Co
Aluminum 15.00 15.00 15,00 15,00
£ i
Ammonium perchlorate 63.00 65.00 65. 00 65.00
Cure data and mechanical
properties ]
P Cured for 24 hr at IZOOF i
3 Stress, S_ (psi) 0 |- 95 87 63
Strain, € (in. /in.) 0.072 0.092 0.130 0.176
Modulus, E_ (psi) 830 1310 860 560
| Cured for 48 hr at 120°F 2N
2
Stress, Sm (psi) 85 ;43 112 90
Strain, € (in./in.) 0.083 0.087 0.120 0.139
© Modulus, E_ (psi) 1550 2090 1300 950
b L
- *
[ A mixture of 50 percent 2, 4 dichlorobenzoyl peroxide and 50 percent 1,’
' dibutylphthalate. . (Confidential) o
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{Confidential)

TABLE XXXIV - EFFECT OF TAC ON MECHANICAL 1
PROPERTIES OF FX-189 PROPELLANT ]
Formulation !
Property 8983-~28-1 8982-1-8 !
|
[ Composition (percent by weight) {
D , ]
FX-189 21,00 20.98 i
] TAC C. 0.02 -
. 2,4 DCBP 1.00 1.00 |
Pl Aluminum 15,00 15.00
o
l c Ammonium perchlorate 63. 00 63. 00 i
Mechanical properties k ‘
Stress, 5_ (pei) 70. 3 89. 4 P
’ Strain, Em (in. /in.) G. 159 0.136 § !
i ‘ ;
P Modulus, E_ (psi) 700 970 b
g (Confidential) .
“ y ] An additional evaluation was conducted with a ‘
f lower concentration of TAC in a similar 78-percent 5
¢ solid loaded formulation, The results, pres~nted in
Table XXXIV, show that very small amounts of TAC 5
.r decrease elongation and increase tensile strength. i
. 1

Although solid loadings as high as 82 percent
have been achieved for the FX~189 system, as
described on page 140, the best mechanical proper- )
I ties were achieved with a 78 -percent solid leading,
' using a pilot plant lot of FX-189.

-

This 15-percent aluminum formulation (8983~

t U 28-1) had a tensile strength of 70 psi, with an elonga-
F tion at maximum stress of 16 percent. Increasing
i
i 139-
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the solid loading to 80 percent, in formulation 8983- A i
40-3, increased the tensile strength to 90 psi, but E : :
reduced the elongation to 14 percent. The elongation
at which both formulations broke was approximately
50 percent, Neither of these formulatio - contained
a plasticizer. By adding Viton LM to an 82-percent
solid loaded formulation, the viscosity was increased :
from 1.8 to 9.0 kilopoises. (Confidential) ' H i
f

o b s i

(¢) Modific. tion of Burning-Rate Pressure Exponent i

Formulation 8983-42-2, an 80-percent golid o
loaded FX-189 forrnulation, produced an increase in
; pressure exponent from 0. 56 (for a comparably te
i loaded C_FA propellant, shown in Figure 92) to 0. 60,
as shown in Figure 92. Adding HMX to this FX-189

i formulation increased the pressure exponent to 0.72 i
! (see Figure 98), whereas adding Sylon ''S" increased o
‘s the burning rate slightly, but had very little effect i 5. f

on exponent (see Figure 99). (Confidential)

Increasing the solid loading to 82 percent i ;
(formulation 8983-43-4) increased the burning-rate - |
exponent to 0.71, as shown in Figure 100, compared .
to the value of 0. 58 obtained fcr a comparable 80- i
percent loaded formulation (8983-33-2, page 135 ), ‘
However the exponent below 100 psi for formulation
‘ 8983-43-4 was below that of the 80-percent loaded
formulation., (Confidential)

Adding two-percent copper chromite to an 80-
percent solid loaded, three-percent aluminum FX-189
propeliant increased the burning rate, but had little -
effect on the pressure exponent (see Figure 101). i
(Confidential) )

The effect of large~particle-size ammonium

perchlorate on the pressure exponent of the basic
_ FX~189 formulation (8983-28-1, Table XXXII) was
e investigated. The modified formulation (8982-1-10), _

| which contained 18.9 percent ground ammonium .
perchlorate and 44. 1 percent 500 to 1200 micron |
ammonium perchlorate, produced a lower pressure j :
exponent than the formulation with the standard trimodal

140 blend, as shown in Figure 102. (Confidential) ;
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Formulation 8983-42.2;
0.50
FX-189 18.9%
0. 40 2,4 DCBP 1.0% d
TAC 9.1%
Aluminum 3.0%
5 0.30 Ammonium peichlorate 77.0% B
0.20
L]
£
o
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3 o0.09 va
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- 0.07
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[
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{Confidential}
0‘03 5 .l L } n
20 30 40 50 6 80 100 200 30C 400 600 800 1000

Pressure (psia)

Figure 97 - Strand Burning-Rate Data for Formulation 8983-42-2

Burning Rate (inchea per sacond)

© e oooe
o
~

Formulation 8983-39-6;
FX-189 18.85%
2,4 DCBP 1.00%
TAC 0.15% b
Aluminum 3.00% P
Ammonium perchlorate 57.75% > g
HMX, Class E 19.256%
9
A"
Q
{Confidential)
e L
20 3o 40 50 60 80 100 200 300 400 600 800 1000

Pressure (psia)

Figure 98 - Strand Burning-Rate Data for Formulation 8983~39-6
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0.60
_39-1;
0.50 Formulation 8983-39-1;
FX-189 18.85%
0.40 2,4 DCBP 1.00% -
TAC 0.15% /
Aluminum 3.00%
0.30 Ammonium petrchlorate 74.70%
g Svlon § 0.30% o
E 0.20
u : —
H g7n =062
-
§ (]
T o.10
3 0.0
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g 0.07
0.06
m
0.05
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{Confidential)
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Pregsure (psia)
Figure 99 - Strand Burning-Rate Data for Formulation 8983-39-1

Burning Rate (inches per second)

0.60
Form-lation 8983-43-4;

0.50

FX-189 16,96% a
0. 40 2,4 DCBP 1.00% .

TAC 0.09%

Aluminum 15, 00%
0.30 Ammonium perchiorate 67.00%
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{Confidential)
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Figure 100 - Strand Burning-Rate Data fur Formulation 8983-43-4
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Figure 101 - Strand Burning-Rate Data for Formulation 8983-42-1

Buvrning Rate (inches per second)
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Formulation 8982-1-10:
FX-189 20.98%
2,4 DCBP 0.02%
Aluminum (Re 400) 15.00% A
Ammonium perchlorate A
Ground 18.90% 7 4
500-1200 4 44,10% - /'e
Trimodal
{Confidential)
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i Figure 102 - Strand Burning-Rate Data for Formulation 8982-1-10
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Pressed Grain (OX-5) Modifications

Two modified OX-5 formulations were prepared and test
fired in an attempt to eliminate the low-frequency instability
exhibited by OX-5 at high mixture ratios. This instability was
particularly evident in full-scale tests M.l and M. 2, in which
the propellant reignited after the second pulse cycle (see Section
VI, paragraphs 3 and 4). This instability is believed to be caused.
by a periodic accumulation and combustion of aluminum on the
grain surface. (Confidential)

In the first OX-5 modification, designated OX-7, the 25-
micron aluminum (Reynolds 120) was replaced with 5-micron
aluminum (Reynolds 400). The second modification, OX-8,
also contained 5-micron aluminum, but differed from OX-7 in
that the particle size of the ammcnium perchlorate was fine,
rather than ""as received.'" (Confidential)

OX-7 was evaluated in two subscale motor tests, designated
H.15 and H. 16; OX-8, in one test, designated H. 17. For all three
tests, an end-burning grain of PPO-13 propellant was used in the
forward chamber to provide an aft-to-forward mixture ratio of
3.0. The forward grain was designed to burn out before the aft
grain. (Confidential)

Teets H. 15 and H. 16 (in which OX-7 propellant was used)
showed evidence of insgtability during burning. A series of chuffs
occurred during and after forward-chamber tail-off in Test H. 15,

During Test H. 16, instability occurred in the middle of the trace,

as well as during forward chamber tail-off. To prevent the
chuffing that occurred after Test H. 15, a nitrogen purge "vas
used after Test H.16. The motor for Test H. 17, containing
OX-8 propeliant, burned stably throughout the test. After the
fcrward grain burned out, the aft grain continued to burn stably
at a lower pressure. (Confidential)

It was concluded from these tests that fine particle size
ammonium perchlorate markedly improved propellant combustion
since no instability was evident in Test H. 17, even at an infinite
mixture ratio. Changing the aluminum particle size from 25- to
5-micron apparently had little effect, however, since Tests H.15
and H. 16 displayed pressure oscillations similar to those ob-
served in motors containing OX-5. (Confidential)
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The reduced ballistic data for these three tests are pre-
sented in Table XXXV. Although the performance values could
not be determined for Test H. 15 because of the chuffing, the
results for Test H. 16, which also contained OX-7, were low,
Performance values for Test H. 17, containing OX-8, were
greatly improved. The specific impulse efficiency for Test
H.17, 95.1 percent, compares favorable with that obtained in
single-chamber motors with aluminized propellants. Based
on this efficiency, a motor specific impulse (at vacuum, with
a 20-to-1 expansion and 15-degree half angle) of 271 lb-gec/1b

would be expected at the optimum mixture ratioc of 2, 0. (Confidential)

Carboxy-Terminated Polybutadiene Binder

(1)

(2)

General

Near the end of the program, two aft-grain propellant
formulations developed by the Naval Ordnance Test Station
(NOTS), China Lake, Calif., were evaluated. These formu-
lations, designated C-445 and C-430, were characterized for
processability, mechanical properties, and burning rate in
laboratory tests, and for termination capability in sub-
scale dual-chamber motor firings. The composition of
both formulaticns is given in Table XXXVI. The superior
formulation was to bz used for Series N tests (see Section VII).

Laboratory Evaluation

In preparing mixes of both formulations for laboratory
evaluation, the ammonium perchlorate particle size distribu-
tion was modified by using only 600-micron ammonium
perchlorate in order to reduce the mix viscosities. This
modification reduced the viscosity by more than 50 percent,
but had little effect on the burning-rate characteristics.

The physical properties are given in Table XXXVI, and the
strand burning rate test results are given in Figures 103
and 104, (Confidential)

Propellant bonding studies were conducted, for which
a liner composed of 66. 14 percent Butarez CTL II, 3.86
percent MAPO, and 30.00 percent Thermax carbon black
was used. The liner was cured for 16 hours at 180°F,
with Gen Gard V-44 insulation used as a base. Peel and
adhesion tests indicated that failure occurred consistently

-145.-
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TABLE XXXV~ REDUCED BALLISTIC DATA FOR MODIFIED OX-5

PROPELLANT TESTS

Test Number

* 4
Parameter H. 15 H. 16 H. 17
4

Forward Chamber
Weight burned, including igniter (1b) 1.418 1. 434 1.424
Web burned (1b) 0.960 0. 960 0.950
Burn time (sec) 2. 809 2.768 2.776
Burn rate (in. /sec) 0,342 0. 347 0.342
[Pat_ (psig-sec) 5160 5188 4650
B (dsia) 1742 1789 1590
Throat area (sq in.) 0. 0409 0. 0408 0. 0406

Aft Chamber
Propellant type OX-7, | OX-7 OX-8
Weight burned (1b) 8. 255 5. 830 8.040
Web burned (1b) 0.958 0.692 0. 224
Burn time (sec) 2. 757 5. 180
Burn rate (in. /sec) Co. 0.251" 0.043
[Pat_ (psig-sec) 885. 2 758.9 | 992.6
P, (Fia) 299. 1 276.7 205. 3

Total Motor

t
Weight burned (1b) 9.674 7. 264 9. 464
Weight __ /weight tewd 5.83 4.06 5. 64
_l Fat (b sec) (1589) 1373 1855
(lg ) 523 477 510
TBroat area (sq in.) 1. 314 1. 327 1. 340
Expansion ratio, A /At 2.988 2.964 2. 954
Ratio of specific heats,” ¥ 1. 20 1. 20 1. 20
Characteristic velocity (fps) (3860) 4460 4522
Isp (lb-sec/1b) .o 189. 0 196. 1
spmeas (1b-sec/1b 218.9 231. 5
L 1000/14. 7(1b- ec/lb) 249.5 263.9
Poac, 20/1

1 (%) 87.3 95. 1
SPott

£

Motor chuffed after the forward grain burned out.

t . ) .

Total propellant weight consumed, including chuffs. (Confidential)
-146-
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TABI.-E XXXVI- COMPOSITION AND PROPERTIES OF C-445 AND C-430

CONFIDENTIAL

PROPELLANTS
Forrhulation
Property C-445 C-430
Composifion (percent by weight)
Butarez CTL I 7.737 .o
Butarez CTL II - Coe 9. 786
MAPO 0. 203 0.214
ZL.-496-4M 2. 000 2. 000
- Aluminum, H-5 15. 000 15. 000
Potassium perchlorate 35.000 40. 000
Ammonium- perchlorate (600u) 40. 000 33.000
Density (1b/cu in, ) 0.070 0. 069
Mechanical Properties:
-40°F
Tensile, maximuyph (psi) 204 286
Elongation (%) 17 30
Modulus- (psi) 2870 3100
+75°F ,
Tensile, maximum (psi) 101 105
Elongation (%) 16 36
Modulus (psi) 829 478
+140°F _
Tensile, maximum (psi) 85 86
Flongation (%) 15 28
Modulus (psi) 703 451
Ballistic Properties:
Extinction pressure?;:(psia) 3, 000 3. 000
Strand burning rates (in. /sec) '
At 39 psia 0. 055 0.080
At 150 psia 0.16 0.17
At 1000 psia 0.95 0.89
Strand pressure exponent
At 39 to 100 psia 0.73 0.74
At 150 to 1000 psia 0.94 0.83
o .
Depending on rate of pressure decay. (Confidential)
‘ ‘” -147-
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Figure 103 - Strand Burning-Rate Data for C-445 Propellant,
Modified by Northrop Carolina
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g Figure 104 - Strand Burning-Rate Data for C-430 Propellant, :
L Modified by Northrop Carolina -149- | |
! 1
. CONFIDENTIAL .
! ;
- P
! |
B i é :




; . AFRPL-TR-65-209, vol1 CONFIDENTIAL . |

at the propellant-liner interface at 90~ to 100-psi stress, .
This level of bond strength is more than adequate for the 3o
low-stress center-perforated grain configuration to be

bs used in Series N. (Confidential) ; 4
L
(3) Subscale Dual-Chamber Motor Tests
(41 !
(a) Test Motor Description { J’ P
i
A total of 11 test motors were fired to evaluate 0 1
the termination capability of these propellants; C-445 gl
was used in five motors and C-430 in six motors. ;
These subscale test motors consisted of gix-inch- £

diameter cylindrical forward and aft chambers
separated by a ball valve. During the tests the ball
valve was actuated after 1.0 sec of motor operation,
thereby increasing the valve {or forward-chamber
throat) area sufficiently to extinguish the forward ;

: grain. Normally, after each of these terminations P l

, both chambers were purged with nitrogen to expel o ;‘
residual hot gases that otherwise might cause re-
ignition. (Confidential)

P,

j The forward chamber contained PPO-13 pro-

‘ pellant in an internal~burning center-perforated grain
configuration, These grains, which were five inches ‘i
long with a one-inch web, were case bonded on the O. D,
and one end to produce a neutral burning surface.
The forward grains were ignited by 2D BKNO, pellets.
(Confidential) -

The C-445 and C-430 propellants evaluated in
the aft chamber were cast to form internal-burning B ‘
center-perforated grains 9 to 11 inches long with 1,0~ _
inch webs. The nozzles used on the aft chambers were “
sized to provide aft-burning-surface-to-thrcat-area .
ratios, K . ranging from 27 to 60. (Confidential) o f

i (b} Results of Motor Tests with C-445 Propellant

Five motors were fired with C-445 propellant
grains in the aft chamber. The results of these tests, .
designated O-1,1, 0-2.1, O-5.1, O-5,2, and 0-7.1, i
are summarized in Table XXXVII,

-150- | [
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TABLE XXXVI - SUMMARY OF TERMINATION TESTS (C-445 AFT PROPELLANT}

Test Numbe:: ;
Parameter o _©-1.1 0-2.1 0-5.1 0-5.2 0-7.1 i
Forwatd,ehiﬁ;ﬁﬁ'; (PPO-13) f 1
Burning surface area (sq in.) 78.0 78.0 79,1 82,8 80. 1 I
2"' Throat area (a8q in. ) 0.111 0.110 0. 110 0,110 0. 110
i K_(3,/a) 0.2 70.9 71.9 7.3, 72.8 |
Burn time (sec) 1,029 1.019 1. 015 0.910 1, 497 i i
o B, (psia) 1,631 1,750 1,979 1,782 1,636 f
i Porm (Pia) 1,790 1, 770 2,034 2,074 1, 464
dp/dtterm (pei/sec) 85, 200 92,000 98, 900 90, 0GO . 86, 800 i !
= Teimination results Permanent ermanent Permanant Reignition Permanent o)
i - extinction extinction extinction® extinction : q
% Aft chamber (C-445) ‘ !
Burning surface area (sq in. ) 172 172 144 143 143 P
Throat area {sq in. ) 2.86 3,80 3. 80 3.80 3.39 b
K, (sb/.\t) 60, 1 45, 2 37.8 37.6 42,1
F Burn time (sec) E
i S Pre-termination 0.957 0.920 0.990 0.895 1483
- Pest-termination 4.30 JEN) Ce C 6.42
e T:b {psia) ! !
.. Pre-termination 252 144 126. 5 1220 144. 5
! Post-termination 117 29,2 . .. e 33.4

o=

Burn rate (in. sec)

|
l .
i
; o Fre-termination 0. 308 0. 1971 3. 178 0.171 0. 1971
t
- S Post-termination 0. 166 0.06" P PR 0,662
o P, prior to termination (psia) 298 154 134 129 128
( N ) P, maximum a: termination {psia) 719 505 493 450 404
: : if : dp/dtt"m (psi/sec) 17, 000 18, 400 15, 500 11, 800 14, 300
‘ L Termination recults Continued Reignition Perrhaneat Permanent Continued i
[ B combustion extin:tion extinction combustioa .
\ . - I3 ‘
l[ - f . For these tests, the forward chainber was not purged. p
A t d at 5 . ;
l 5 Agsumed rates, based on Test 0.5, 1 and O-5, 2, (Confidential) !
] i
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In Tests O-1.1 and O-7.1, the aft grains did
not extinguish when the forward grain was terminated.
Instead, the aft-chamber pressure in these tests
dropped to a lower level and combustion continued.

In Test O-2.1 the aft-chamber pressure dropped to
ambient for three seconds atter termination, but then
rose to approximately 30 psia and remained at this
pressure until the aft grain was consumed. However,
motion picturus taken during this test show that there
was gas flow from the aft nozzle during the period
between termination and the pressure rise to 30 psia;
this gas flow may signify that the aft grain did not
completely extinguish upon termination. The forward
grain in this test was extinguished when the valve was
actuated and did not reignite, since the amount of the
forward web consumed corresponded to the pre-
termination pressure-time conditions. In Tests O-5.1
and O-5.2, with K_ .values of 37.8 and 37. 6, respec~
tively, the aft grains were permanently extinguished
on termination. (Confidential)

The burning-rate data obtained from these tests
are plotted in Figure 105. Note that for Tests O-1.1,
0O-7.1, and O-2.1, in which the aft grain did not perma-
nently extinguish, burning rates were calculated
since for these tests the aft chamber operated at two
pressure levels. A realistic burning rate was as-
sumed for one pressure level in order to compute
the rate at the other. For example, the aft chamber
in Test O~1,1 operated at a pressure of 252 psia
before the forward grain was terminated and at a
pressure of 117 psia after termination. The burning
rate of the propellant at 117 psia was approximated with
fair accuracy from the rates obtained from Tests
0-5.1 and O-5,2, which operated at pressures of 126
and 122 psia, respectively.

Then by using the assumed rate at 117 psia and
the burning time at this average pressure, the portion
of the web consumed during this period was calculated.
The burning rate at 252 psia was then calculated based
on the portion of web not consumed at the lower
pressure and the burn time at 252 psia. This method
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Figure

105 - Burning-Rate Data for C~445 Propellant Obtained

from Subscale Motor Tests

of burning-rate analysis for a motor operating at

two pressure levels is preferable to using an average
burning rate for the over-all test, since for burning-
rate exponents other than unity and zero and for
exponents that vary with pressure, average burning
rate values are erroneous.

{Confidential)

The burning-rate data plotted for C-445 pro-
pellant in Figure 105 give an exponent of 0, 79,
Although the exponent may decrease in the low-
pressure region, there is insufficient data in this
(Confidential)

region to determine a value.

These termination tests with C~445 propel-
lant indicate that an aft-chamber Kn value below 40
is apparently necessary in order to extinguish C-445

propellant.

The K wvalue for the aft chamber deter-

mines the equilibrinum pressure of that chamber when
the forward grain is extinguished. For high Kn

CONFIDENTIAL
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(c)

values, an aft propellant with an exponent less that
unity can attain a stable operating pressure in the
absence of mass flow from the forward chamber.

As the aft-chamber K, is reduced. the corresponding
equilibrium pressure tecomes less than ambient
pressure or the minimum stable operating pressure
of the propellant, and combustion is extinguished.

Northrop Carolina believes that the aft grain is
extinguished by this foregoing process rather than by
the rarefaction wave. It is believed that the rare-
faction wave produced in the aft chamber by forward
grain termination is too weak to extinguish combus-
tion of the aft grain. This is verified by the lack of
correlation between the aft chamber decay rates and
extinguishment results (see Table XXXVII), (Confidential)

Results of Motor Tests with C-430 Propellant

Six motors were fired with C-430 propellant
grains in the aft chamber. The results of these
tests, designated O-3.1, 0~3,2, O-4.1, O-6.1, 0-8.1,
and O-8.2, are summarized in Table XXXVIII,

These tests indicated that C-430 can be perman-
ently extinguished with aft-chamber Kn values of 41 and
below. For Tests O-8.1 and O-8,2, which were
conducted with aft-chamber K values of 47, some-~
what conflicting results were Obtained. In both of
these tests, att-chamber pressure decreased to
ambient at terminaticn, but .ncreased to 30 psia
when the nitrogen purge was initiated 0.5 sec after
termination. In the first test, O-8.1, the 30-psia
pressure produced when the nitrogen purge was
initiated decreased to ambient after 0.5 sec and the
grain was permanently extinguished. However, in
Test O-8.2, when the purge was initiated, aft-chamber
pressure ircreased to and remained at 30 psia until
the grain burned out. Apparently, at this K value of
47, a marginal extinguishment condition exists. It
should be noted that the nitrogen purge mass flow
itgelf is not gufficient to produce a measurable
pressure rise in the motor. With an aft-chamber
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K of 54,5 in Test O-6.1, reignition also appeared
td occur when the purge was initiated. (Confidential)

In Figure 106, the burning-rate data for C-430
propellant obtained in these motor tests are plotted
as a function of pressure, The burning rate for
Test O=-8.2 wag calculated in a manner similar to
that described ir (2), above, for the C-445 tests
in which burning occurred at two pressure levels.
This propellant has a quite high pressure exponent
0l 0.99 above 85 psi, but decreases to 0. 56 below this
pressure. A similar dernrease in exponent at low
pressures for this propellant was observed in the
strand burning rates shown in Figure 104, On the
basis of the more favorable results obtained with
C~430, it was selected for the Series N Tests
(see Section VII). (Confidential)

(4) Dependence of Motor Design Parameters on Aft-Chamber Kn
From the subscale motor test results, the maximum
K at which C-430 propellant will be permanently extinguished
ig Pbetween 41 and 47, whereasg for C-445 propellant the
0. 60 T T T
0. 50 T 5 T
0. 40 i L
El !
] i
g 0.30 LA R
@ H H
" : H
u P
[ H f
0.2 +—
3 P
& .
o i
£ .,
¢ !
% o010 L
g 0% - ] ?
E  0.08 —
£ o008 X 17
A ’ /( N—L.slope = 0. 56
0.06 ¥ | Test 0-4,1
0. 08 :
0. 04 ! } ]
(Confidential)
0 03 A ke i H
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Figure 106 - Burning-Rate Data for C-430 Propellant Obtained
from Subscale Motor Tests
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maximum K_ for extinguishment lies between 37 and 42.

The value of K_ is gignificant not only from the standpoint

of extinguishing the motor, but also for its effect on mix-
ture ratio. That is, a maximum K _design value limity

the attainable aft-to-forward mixtufe ratio, 8. This can be
shown by the following ballistic relationships. (Confidential)

By definition,

o) m
aft aft
e T e— = ( 1)
mfwd mtotal B 1:na.ft

Suhstituting for the mass flow rates gives

- [pPaa P
9 - (2)
n
CDAt P - PAb a P
aft
where
P = propellant density,
Ab =  burning surface area,
a = burning rate constant,
P = chamber pressure,
n = pressure exponent,
CD: discharge coefficient, and
At =  throat area.
Equation 2 can ke rearranged to give
1
o = [ (3)
{ P'L‘ n\
o+
Pa Kn
. aft
where
; K - = aft burning area/aft throat area.
i
I
-157-
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At & given pressure, P., the term in parenthesis in
Equation 3 is constant for a given aft propellant (C i
influenced slightly by the choice of forward propellgnt).
Therefore,

Kn
B = ’ (4)
P c  -K
P n
where
1-n-
CD P n
C = P
P Pa

From Equation 4 it is obvious that the mixture ratio
achievable in any dual-chamber motor is a function of the
K, design value and the properties of the aft propellant
formulation. Also, as the K, design value is decreased,

the attainable mixture ratio is decreased. C_ is a function

of the mixture ratio, 8, increasing somewhat as 6 is
changed from its optimum value. That is, for Bvalues
below optimum, a change in C_ will cause @ to decrease at
a faster rate as K decreases, whereas for @ values above

" optirmunt; the decreasge in 8 will be less with decreasing K

as C_ changes. The K, limits for C-430 and C-445 pro-

pellants correspond to 8 values below optimum for all for-
ward propellant formulations under consideration. (Confidential)

In Figure 107, 8 values calculated from Equation 4 are
plotted as a function of aft-chamber K _ at 100 psi for C-430
propellant, Values of C. correSpondiﬂl‘lg to the mixture ratio
for C-430 with a typical Torward propeilant were used. The

plot of 8 versus K_ for C-445 propellant would be similar.
(Confidential)
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; 4, CONCLUSIONS )

L k

The following three castable aft propellant systems are feasible ,
r"' [ for use in the DCCSR motor, with certain limitations:

1. Solid solution binder-~lithium perchlorate-ammonium
perchlorate
2, Fluoroalkyl acrylate binder-ammonium perchlorate i
g l
s 3. Carboxy-terminated polybutadiene binder-potasgium
: perchlorate-ammonium perchlorate ]
: 1 {Confidential)

P System 1 provides higher performance, but is characterized
! 1 by poor mechanical properties and low-frequency oscillatory burning
at low pressures. Low pressure exponents prevent Systems 2 from

being operated at high mixture ratios where optimum performance

i ‘« occurs. The same is true to a sightly lesser degree for System 3 due to !
A low pressure exponents below 100 psi. The mechanical properties of :
. System 3 are, however, superior to those of the other two systems. {
é - (Confidential) ;

System 3 was selected for use in the series N motors since less i
: l .+ additional development is involved than for the other two systems.

; Further development is required to irnprove the mechanical properties
. and reduce the low pressure oscillatory burning of System 1 and

l increase the pressure exponents for System 2. (Confidential)
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;Figure 107 - Aft to Forward - Chamber Mixture Ratic as a Function of
Kn at 100 psia for C-430 Propellant
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SECTION IV « REIGNITION AND INSULATION STUDY

i ARy o MY O RO . .
i
J

1
. [

1. GENERAL

PR —

|
|

A study was conducted during this year's program, as part of [
Phase 1II, in preparation for Test Series M. to identify those geometri- i
cal and ballistic factors that influence the termination and reignition of i
motors containing PPO-13 propellant. This information was essential |
to carrying out the full-scale Series M tests with the highest possible §
confidence level. This investigation consisted of a study of the compati- |
bility of several insulation materials {insulation study) and an evaluation |
of the factors that affect reignition {reignition study), as well as the ’
interaction of these two effects cn reignition, |

2. INSULATION STUDY |
a. _(_“ieneral

Ry The insulation study consisted of an evaluation to determine
the compatibility of several insulation materials with the thermal
protection required for the forward chamber of the DCCSR motor.
An analysis of the reignition that occurred in Tests E. 1, E. 2, and
E. 3, conducted during the previous year's program (Reference 8),
o indicated that this reignition could te attributed to the hard-char-

2 type insulation used in the forward chamber. The hard-char-layer
' constitutes a large heat sink, which, at termination, becomes a
ready source of heat for radiation, convection, and conduction to

I the extinguished propellant surface. It is believed that the insula-
: tion, acting as a heat source, along with the hot oxygen diffused

I from the aft chamber, is a prime contributor to the reignitions

experienced in these tests, (Confidential}

) In selecting the insulation materials for this study, the
B following criteria were established:

- 1. The insulation material should pyrolize completely as
iw heat is supplied to its surface, similar to the conditions
, that occur at the propellant surface. Thus, when com-
) bustion is extinguished, the surface temperature of the
{ insulation is the pyrolysis temperature of the material,
and no residual heat sink remains on the surface.

[y

[ ~161-
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2. The regression (or ablation) rate of the insulation
material should be no greater than that of an efficient
char-type material, in order to prevent or minimize
a mass fraction penalty.

3. The ingulatinn material should be capable of bonding

well with both the case walls and the propellant.
(Confidential)

The insulation materials used in both the Series E and G
tests were evaluated to serve as a standard against which the new
materials would be compared., The selected materials, listed
in Table XXXIX, include phenolic-nylon composites (Reference 16)
and other commercially available materials advertised to be purely
ablative or to produce little char. Table XXXIX also gives the
manufacturers and compositions of these materials.

Insulation Tests

o

(1) General

The following tests were selected to provide data for
comparing the various insulations and to provide sufficient
information to select the most promising insulation material:

1, "Torch' tests to determine ablation rate and char
formation

2. Bond strength tests to determine insulation-to-
propellant and insulation-~to-metal bond capability

3. "Pancake' motor firings to determine performance
under actual motor firing conditions.,

{2) Torch Tests

For the torch tests, a methane-oxygen torch was set
up to impinge on 2-in. -diameter by 0. 40-in. -thick test
specimens at an incident angle of 60 degrees. The distance
of the flame from the specimen was adjusted so that the
temperature at the surface of the test specimen was 2488°F,
(A temperature range of 2500 to 2700°F was selected to simu-
late the flame temperature produced by PPO-13). The specimen
were subjected to the flame for cycles of 3, 6, and 30 seconds,

-l162-
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TABLE XXXIX - INSULATION MATERIALS SELECTED FOR STUDY

Insulation i
Material Manufacturer 1 Composition Remarks
PB-6 Northrop Carolina 44, 3% PBAA Vacuum cast;
(PBAA) formulation 7. 2% Epon 820 cured 24 hr
| 24, 2% Titanlum dioxide |at 170°F
| 24.3% Carbon black
I (Thermax)
L6 Northrop Carolina 25% TF Asbestos Cured 24 hr
Epoxy formulation 24% Epi-Rez 504 at 120°F
{unfilled) . 30% Epi-Cure 855
|
L-3 Northrop Carolina i 34, 2% Epi-Rez 504 Cured°24 hr
formulation : 22.9% Epi-Cure 855 at 120°F
;‘ 42,9% TF asbestos
BFG B. F. Goodrich Co, : Butadiene-acrylonitrile (Used in E
39-322 . rubber base with silica [series tests
{ filler
RPD-150 Raybestvos-Man- Preimpregnated long Pressure
hattan, Inc, spinning-grade chry- molded
sctile ashestos fibers
and high-heat-resistant
phenolic resin system
Nylon Zytel 101
FM 5051 U, S. Polymeric 50% Resin Pressure
50% Nylon fibers molded
MXN-21 Fiberite Carp. Phenolic resin per Pressure
MIL -R-9299, Welling- [moelded
ton-Sear SN~19 nylon
fabric
4501 Narmco Materiala Filled, modified Elastomeric
Div,, Telecom- phenolic nitrile resin, [material
puting Coxp. non-reinforced
4016-C Narmco Materials Unfilled, non-rein= Pressure
Div,, Telecom- forced nylon-phenolic molded
puting Corp. material
4018 Narmco Materials Unfilled, phenolic resin,|Pressure
Div., Telecom- nylon-fabric-rein - raolded
puting Corp. forced material
PB-5 lllox-throp Carolina 85.0% PBAA Vacuum cast;
{PBAA formulation 15, 0% Epon 820 cured 24 hr.
unfilled} at 170°F
SE-1 . Shell Qil Co. €3, 3% Epon 820 [
(Epoxy~ 16. 7% Epon CatalystZ
unfilled)

CONFIDENTIAL
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(3)

(4)

Figures 108 and 109 show specimens subjected to 6- and
9-.gecond cycles, respectively. (The 9-second test was the
result of an initial 3-second cycle followed by a 6-second
cycle, ) The specimens shown in Figure 110 were subjected
to a 30-second cycle. Table XL lists the results of all the
torch tests.

Bond Strength Tests

The ability of the various insulation materiale to bond
to steel was evaluated by means of case bond jigs. The
results of these tests, given in Table XLI, indicate that, with
proper surface treatment and adhesive, a good bond to metal
can be achieved with the candidate insulation materials.

The ability of the insulation materials to bond to the
PPO-13 forward propellant was also studied with bond jigs.
The PPO-13 was cast onto the insulation material samples and
cured. Peel tests were then conducted to determine the
bonding characteristics. The criterion for a good bond was
failure in the propellant, not in the bond itself. The results
of thege tests, presented in Table XLII, show that additional
work is needed to ensure a good bond between PPO-13 and
both nylon and PB-6. (Confidential)

Pancake Motor Firings

Pancake motor tests. designated Test Series I, were
initiated to evaluate insulation materials under actual firing
conditions., In the first test, four materials, BFG 39-322,
nylon, L-3, and PB-6, were evaluated; both L-3 and PB-6
are Northrop Carolina products.

Figure 111 shows the motor assemkbkly used for Tests
I.1.1 and 1. 1.2, (The letter I designates the test series, the
first numeral represents test number in the series, and the
second numeral indicates the first or second firing for the
motor). - The nozzle was sized to provide a nominal chamber
pressure of 1000 psi, so that, with a web of 1.0 in., a burn
time of 4.0 sec was anticipated. The insulation specimensg
were not disturbed tetween Tests I. 1.1 and I. 1.2, but a new
loaded propellant cup and nozzle were installed between each

firing. The insulation specimens occupied 90-degree segments '

as shown in Section A. A, Figure 111,
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Figure 108 - Insulation Samples After 6-Second Torch Tests

-165-

CONFIDENTIAL




CONFIDENTIAL

AFRPL-TR-65-209, Voll

‘ ]
5 g
—
A 2
2 " <
1]
A
)
5
el U .
| o A [«
o 0 H o)
; ! - { -
| aEs Iz
| T
s :
H f'? §
@ =
O MmO
By w
; m ]
]
|

i Figure 109 - Insulation Samples After 9-Second Torch Test

;T CONFIDENTIAL
|

P "

R M.



* ——
.w
]
=
ol
-
-. —
s
(pe1Iyyun) - vvdad 0z8 NOdH @
s-ad i 1-35 B
|5
o
o]
] Y
9] A
)]
et e e w
o
o
od -w o & omad
- rln\\\ T =
L ] @ e
= S =
[ 7 ] g aad
] ..ba =
- (petntd mﬁom_mﬁ : re
= 0S1-Q usey Axodd 72¢-6¢ DAL z %
— I-adyg ¢-T . 6¢ 5 w
T3 —— . 2
° —_— o '
o> . e bbbt i o
[y ] e Fl &~ '
1 = ", = :
3 | ] .
' & -
R i
J ,
a,
o A
™ ;
< :
s T A v 5 y DT st T et R v T s S s SO s




e e e - ! ——

e _— et —— e ——
-82181 WOWe(qE oy parmbas Aj1anysuss aaTy jou p1p A1yFom 3159391d ‘mosraeduod YENSIA 10 paSn 2 "ON GNE«uv&m*
104111
pasowa yvad)
Apises oy avpaod ‘zEqD 19 [ 7 05781 850 0 022¥ 52 [ ] 0LIT L2 80¥% "0 11273 (113 L9 9-ad
051 -AdY o3 FE[TENE IPYD
sp1aean WX | “ON ST Fumes z0°S ¥t 6 5608 1 820°0 OtLy Lz [7X30) S8L6 82 86€ 0 88¥2 ot £
Fo_F
2swaeeq 3da3xs | oN e oureg SR IR A R IR I 96€ 0 8892 9 z
Y3107 Jo TRACURI (potd
283y vonienqued parsoddng 121 i §2.0°0) “tttl 06506 T gigi-ez] ot ag¥ve 9 1 AxodT) A\
“FJO PIVEITD 3q PO 1¥YD [} i SBE0°0 Tttt STET "62 he 00LT “62 €0F "0 88¥%2 € T £-1
semarss amedaq 39key
mxd e 3deoxe [ “oN sE Juaeg &8 £ 0¥ SL¥S 2 i-o SLLS €2 Z0€°0 0SeT 92 ‘€2% 0 88¥Z ot t
PpIsom i sy s R Tl M [N &A1 ] Qws 9 ¥4 A—vﬁauﬂp
-8 strey uIGM ToRSIqUINIG Lz o 6591 0 Tt 0¥26 52 oo 668D 92| 8852 9 T -AxodF)
pasoddns pautroy yensa pregr {2971 no £050 "0 Tttt 6680792 e T0%1 ‘92 0% "0 88¥2 € 1 1-35
50 21 299 0919 E oz ‘o 00LT "0 oz 0 098L €2 oF "0 88¥2C o€ €
PIACWAT Fure]) T TOT PN [PUSRA T4 PO A Y AR 0% 0 882 9 2
o -3snquod payroddns 1123; GBE| """ o1€2 0 “to| SOLt gz T ST9¢ "0 oF ‘0 11 4 9 1 (oI =l
o arppud e 2oELmE AsserD 25 SR ovst ol oo} s19eoz e SS16 02 or "0 88¥2 € 1} vvad) s-gd -
- —-——
' posourax Anised T
. [ ‘of] o3 JE[raais ‘pamroy {Ieyd}
seprsas xpsod wiofam MLy 8¢ 0°01 GRET 1 0t0 "0 §98L 12 0LE "0 0526 22 00% 0 88¥%2 0% € "
s 1 "oN s® Jweg IR IR seee] e S A ¥6£ 0 88¥2 9 z had
& saoqzseomeg | 82T | T°C aero] oo sresez sezLez| o 8857 9 1 =
- paaone21 Apises pausioy s
’ 20p1eaa Ipaocd YT SULT e Tt 0560 0 et G8ZL €2 T SEZ8 €T sy 0 88¥2 t 1 2Ze-6¢ DAL 1
pawmsoy zake] zeyD 961 €21 s68s0} tco0] sov0-sc 095 0 00£9 °S¢ L6E 0 28¥z i of € =
woswreduros Tensia 0
203 PAISIS ([ “ON U3 AEIING ARSI IR SRR mees ] e A 66€ 0 8892 ) 9 k4
L J “rake] Tes TeoPISIT ON D
qITYY IITINS o ¥ 0 e €070 cot S¥£9 "5t Tt 8999 "S¢ e k:1:3 4 9 1
- Sy Tenpisas ou 8#I[IYowg 91°1 T L¥EG 0 et 8999 "5¢ T STOL "s¢ 96€ 0 88¥2Z € 4 0s1-aay
L
[+ oD ou e JO [esOm
> 31 29y® ApyFTs paurng 23p>
IPTSW0 AP UO [ A EW PPN 1=z 49 °L 5629 0 £20°0 [+1X:3: 5 ¢4 08t 0 S91e 22 £0¥ ‘0 88¥ of £
o {roravdwor [rusia Tof PRISIL) :
~ poreqE pur parsnr moTAN PUURE IR R P [SOUEE TP 00¥% "0 282 9 2 : }
. Iyows ou i
[ 2 PayeqE pur payPe GophN 917 o ¥960 "0 o §66€ 22 ceot 616¥% 22 8832 9 1
Y.} Iqowas ou ‘
1 PATYT PUE PR ToTAN ¥T i $Z¥0 0 cem 616¥ 22 e ¥HES 22 £0¥ 0 89z £ T uoTAN
4
& €1 2-01X | j.01x {wd) | sagouy | (md) (=1} (=9 (ur) (ER] {22s) sON | 1
ol-u pag/mn | >3g/-ug AV v qBram SEIUYOIYT jgyfrapm | ssempmyL aameradmay, { uwoniRIng wIrIIAdg Tetxaepg .
[} woey ssnely | ° 28011504 1#91-95d surery 1891, R.u
o : 0
. <
< SLINSHY LSEL HDUOL - 11X J'1dV.L
1
e e e e e e e e i ot e e e oo e e




S ——

CONFIDENTIAL

AFRPL-TR-65-209, Voll

f

r
»;
k.

Arrenuewr 3593 03 Xotad paand {p2and)
puoq [rej o3 syqeuf) 021 3© 19 21 9-1 pue 1sed uswoadg €1
Ayrenaew . 1593 03 xorad paind {poanon)
puoq rey oy afqeuf) 02T 1® 14 21 y-T pue 1sed uswdadg 9-dd
Afrenuew paseaxBop 22¢
puoq Trej o3 3rqeuq) g 05T 3® 19 32 1-38 pue pauaysnol adeying -6¢ DJd
Aprenueur aesys
ur puoq 1rey o3 [qrUn
Ppa3d>npuod 31593 nd oN J_0ST 3® 1Y $7 9-T aA04E € 3wWes UOTAN
{oyooTe
31897 BurInp payoeid 1Aysowt ur uonnios [DH
wothusqy 0051 %1 Y3 paseaaBap pue
je puoq ui dInjreyg hoowd je Iy 7 1-4S pauaydnox adeyINS WOTAN uoTAN
m...z 008% 1% paseaalop
uonemsu ul ainreq 4 ,0ST 3® 19 32 1-ds pue pajseiqpues adeyIing 0s1-ady
3
q1 L8LT 3®
uomeNSu Uy 2INJred 4 021 3 14 21 QUON 81[ 1893 ur 38ed yeriareN €-r
wnm 8g 1® g ,081 3 19 $2
uohensul Ut sInfreq ‘I 0LT 3® 24 97 uoN 81f 3897 ur 15%®0> [PLIATEW s-9d
symeay xnn JATSIYP .- uonexedoxg TelIdale |y
SLSAL ANOH TVIAW-OL-NOILVTASNI A0 SIINSTEY - I'IX A19dV.L

-169-

CONFIDENTIAL




Vol ]

AFRPL-TR-6%-209,

9-dd pu® -7
U3IIMI3IQ 2INJIL] YIim

‘aje}sd® ISOINIIPD %007 ST 1~T

‘jiede pajaad Aqiseqn g 021 3% 1Y 91 1-71 SA0QE SE dwWEeS 9-9da ‘ ;
uocIIe[nsuUI
pue juerradoad
usamiaq Surrindso sin A U
-[Tef Yim ‘ptoq Iood g 021 3® 14 91 SuoN 2A0(QE S® 3weg 9-dd _
. puoq
4B PIIINSDO JAN[IRT A 021 3® 1Y 97 SuON sA0QE SE dWeS uojAN
i
10yooTe 1Ayjsw
ut uoynyos 1DH %1
juejradoxd Yjm pasear13ap pue
ur paxInddo sanjredg .MOONH 1e 14 91 1-1 pauaySnoa adelIug UoiAN
uojdu pue [ -] UsaIMIaq ]
axnyre] puoq 1004 .Hooua 1e 1Y 91 1-1 pa2sea1l3op uUoTAN UOTAN
=i
puoq 100d .HOON~ 1% Iy 91 QuoN posesxdop uoTAN UOTAN t
weqrsdoad ur Burzinoso poeseaxfap
sanjrey @y ‘pucq pooh g ,02T 3® 14 91 ! PU® p3ajse[qpueg 0st-ddd
simsay 21019 12Ul /aA1S9YpPY uonyerederg 1etIa3eIN

SLSdL ANOY9 LNV TTIJd0Ud-OL-NOLLVTINASNI 40 SI1TINSTL-II'IX AT V.L

- .

-170-




CORFIDENTIAL

AFRPL-TR-65-209, Vol I

Figure 111 - Pancake Motor Assembly Used for Insualtion Study”
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As shown in Figurc 111, thermocouples were in-
stalled to measure the backside temperaturce of cach test
specimen.  Figure 112 shows the prefire installation of
the test specimens: Figure 113, the test motor on the
stand; and Figure 114, a postfire view of the test speci-
mens. A summary of the test results is presented in ;
Tabkle XLIII; the motor data for the tests were as follows: . : {

P—
L b

Average Chamber Burn Time

Test Pressure (psia) (sec)
i.1.1 800 4.1 '
11,2 750 4.2 ?
BFG
i
; 39-322
[
!
|
: i
| Figure 112 - Interior View of Pancake Motor Aft Closure Before Test I.1.1 .
-172- ’
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TR

Figure 113 - Pancake Motor Mounted on Stand (Test L. 1)

PB-6

BFG
319-322

Figure 114 - Interior View of Pancake Motor Aft Closure After Test I. 1
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Figure 115 shows the test specimens after removal
from the motor. Note that the soft char layer on PB-6
and BFG 39-322, apparent in Figure 114, was lost when
the specimens were removed from the motor and prepared
for the photograph shown in Figure 115, It is interesting
to note that BFG 39-322, PB-6, and L-3 formed char layers .
as observed in previous torch tests; however, the nylon
specimen formed a hard tenacious tissue char layer approxi-
mately 0. 020 in.-thick, which had not been observed during
the ''torch' tests.

Backside temperatures were obtained for PB-6 and
BFG 39-322, but not for nylon and 1.-3 because of a gas
AN leak between the test specimen and the motor case. Tempera-
5 - ture versus time for PB-6 and BFG 39-322 is plotted in
; { Figure 116,

R ARt S e YD . P e

b Additional insulation materials were evaluated later in
| i ' ’ the program; these materials were V-3021 and V-44, both

’ manufactured by General Tire and Rubber Company. V-3021
was installed in the motor for Test 1. 15; V-44, was used in
Tests 1.16 and 1. 17. There was no apparent difference in
their effect on motor reignition. For Test I.18, segments
of V-3021, V-44, and 39-322, the latter manufactured by the
B.F. Goodrich Co., were installed in the chamber circum-
ference in 120 degree sections to observe the relative ablative
and char characteristics of the three materials. The uninstru-
1 mented motor used in this test was operated at a low cham-
N ber pressure for over two minutes, then disassembled and
inspected. There was no significant difference in the char
[ characteristics of the three materials, with each forming
a hard, flaky char. However, the ablative properties of
) V-44 appeared to be slightly superior from this highly
{ , qualitive test, On the basis of its performance in Tests I. 15
) through I, 18 and its greater availability, V-44 insulation was
{-- : selected for use in the forward chambers of the Series M

7 <

i motors.

f presented subsequently in Table XLV, page 187.

{«; The data obtained in Tests I.15, I.16 and 1. 17 are
I 3. REIGNITION STUDY

U B -175-
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Figure 115 - Insulation Samples After Test I, 1
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Figure 116 - Temperature Versus Time For Two iy
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General

In reviewing the results of previous tests (Series C, E, and
G; Reference 8), it was apparent that limiting the design considera-
tions to decay rate as the only effective parameter for complete
extinction would be inadequate (Series E compared to Series G).
The results of work by Anderson and Strand &t JPL (Reference 17)
and Ciepluch at NASA-Lewis (Reference 18) verify that factors in-
fluencing the heat transfer process to the propellant surface after
termination must be considered to be predominant factors affecting
reignition. Thus, the results obtained by these investigators plus
those obtained by Northrop Carolina, strongly indicate that decay
rate is the predominant factor in achieving termination, but is
relatively insignificant in the reignition process. (Confidential)

A heat balance was made on the propellant surface of an
uninsulated pancake motor (see Figure 117) as a function of time,
with time equal to zero at termination. This analysis showed that
the most important parameter affecting the energy absorbed by
the propellant surface is the ratio of chamber free volume to
propellant surface area. In this analysis, the chamber residual
gas temperature was assumed to be that resulting from an isentropic
expansion from termination to sea-level pressures and the propel-
lant flagh temperature. Thus, the heut transfer process be-
comes one of equilibrating the chamber residual gas and propel-
lant surface temperatures. It follows then, that this equilibrium
temperature is a function of the ratio of the internal energy of the
chamber residual gases to the propellant surface area that re-
ceives heat flux from these residual gases. The internal energy of
the chamber residual gases is a function of the total moles of
residual gas present (chamber free volume) and the residual gas
temperature {termination pressure), Therefore, if either (1) the
ratio of chamber free volume to propellant surface area or (2) the
regidual gas temperature increases, the equilibrium temperature
of the system increases. But, once the equilibrium temperature
exceeds the propellant autoignition temperature, reignition occurs.
(Confidential)

Series I Tests

To verify the analysis described in a, above, additional
Serivs I tests using pancake termination motors, was conducted.
In these tests, the ratio of chamber free volume to propellant
surface area (Vf/sb) was varied over a range similar to that

-177-
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encountered in the Series C, E, and G tests. The results of
Series I Tests I.2 through I. 14 are summarized in Table XLIV.
Pressure and temperature versus time, for & typical Series I
test, are plotted in Figure 118, and V'f/S is plotted as a function
of chamber pressure at termination in Figure 119, for Series I
Tests 1.2 through L. 14.

Figure 119 shows that the critical value of V /Sb above which
complete extinction could not be achieved is a func%ion of the termina-
tion chamber pressure. Two factors exist that are functions of
termination chamber pressure. First, the residual gas tempera-
ture is higher at low chamber pressureas (from assumed isentropic
expansion). Therefore, for an equal V_(with S, constant in all
tests), the internal energy of the residual gases is greater at low
pressures. Second, the expression for the propeilant preheat,

q (from Reference 19),

qQ = ;S (T, - T,

where
k = propellant thermal conductivity,
¥y = prope llant burning rate,
Ts = propellant flash temperature, and
'I“-1 =  propellant initial temperature,

shows that the preheat is inversely proportional to P " There-
fore, as pressure decreases, the preheat increases.® As a result
of thege factors, less heat transfer from the residual chamber
gases is required to raise the propellant surface to autoignition
temperature at the lower chamber pressures than at higher
pressures. (Confidential)

The preceeding results indicate that grain geometry and/or
motor size are also factors that must be considered in evaluating
the reignition characteristics of a particular motor. This is borne
out by the fact that complete extinction was repeatedly demon-
strated in the Series C and G motor tests at values of V_/S_ that
lie in a region of probable reignition based on the Series I resulits.
{Confidential)
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TABLE XLIV - SUMMARY OF DATA FOR SERIES I TESTS o

- Time from L
L Pc . . Termination j
TestNo. | V./5, | (V/A) | A A, V/AL, tarm (dp/dt; 5 | to Reignition, T L
(psi) (sec) : {
L2 3.81 134 6. 20 0. 606 1610 213,070 27 i q
1.3.1 1, 65 108 3.88 0.425 1550 182, 990 G v
L3.2 1. 90 125 4. 11 0. 462 1520 157, 216 Ce
3.3 2.12 139 4.32 0.491 1480 157, 754 N 1
L34 2.33 153 4,50 0.517 1500 134, 369 Ce 1
1.3.5 2. 67 176 4.83 0. 554 1460 133, 800 9 o i
L4.1 2. 42 159 4.52 0.535 1760 159, 700 “ s :
.42 2.70 178 4.76 0. 567 2155 173, 200 19 i
_ LS, 2.30 147 4.39 0.525 328 30, 600 20 L
: L7 1.82 123 4,04 0. 450 3710 Ca s C e .
) L2 212 143 4. 40 0. 485 3903 386, 000 . i
, L7.3 2.59 175 4.76 0.545 3548 294, 000 G i
: 1.8 1.59 104 3,82 0. 417 293 35, 450 19
; 1.9.1 3.18 204 5.09 0. 621 2215 201, 000 ..
; L9.2 3. 46 234 5.38 0. 644 2760 240, 000 23 i ,
] L10. 1, 0.94 60 3. 19 0. 295 215 19, 550 Ca |
110, 2 T
: L1L1 0.94 60 3. 18 0. 295 238 52, 700 Ce L ‘
: 11,2 1. 04 66 3.30 0.316 297 42, 500 e
; L11.3 115 73 3.39 0. 339 341 42,700 16 iyl
P Liz 1, 0.95 33 3.21 0. 296 283 91, 000 S :
. Liz22
: L1381 0.94 33 3.19 0. 296 337 86, 50 Ce
5 I.13.2 1.03 35 3.29 0.315 370 99, 000 18
Vo I 14 3.20 207 5.13 0.524 3140 285, 000 22
i » i
Legend
‘ Ve= Chamber free volume ' )
' Sb = Propellant burning surface i
A, = Noxale throat area I

A = Exposed metal surface area

a

t = Timme from termination to reignition

P

f’.l'hermo::ouple plug ejected at ignition, and propellant burned out at very low pressure.

'Lelk occurred in termination pyrotechnic charge; termination plug did not eject; propellant burned out b [
at design pressure. L
i {Confidential)

£
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2800 Y
‘Reignition sccurred
approximately 0.03 sec
Temperature ‘after termination, ad
2400 —.jdatermined {from tem=
/ ~ peratura vs time trace;
,nO pressure was recorded
'F {nu relgaition,
‘; 2000 / \
% 1600 \
_’——-"‘
¥ presssttt =]
& I
i 1200
|
. [t SB) = 213,070 pat/sec
: ,V & 11 '
3 800 !
M
&
400
{Confidential)
[] 0

B 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Time (seconds)

Figure 118 - Pressure and Temperature Versus Time for Test L. 2
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' (Contidential)
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The necessary external cooling to prevent reignition under :
the most severe Vf/sb condition is analyzed in ¢, below.

] c. Chamber Purge Technique 0
} L
F (1) Analysis

The results of the Series I Tests I.2 through I, 14,
described in b, above, demonstrated that the gquantity and
temperature of residual chamber gases, following termina-
tion, strongly influence the probability of reignition at sea-~
level conditions. (Confidential)

-

One of the primary objectives of the Series M full- .

scale tests is to generate a performance map. To meet

i this objective, the motors must be operated over the full

range of chamber free volumes in these tests. From the

results of the Series E and I tests and the known range of

1 chamber free volume to propellant surface ratios to be

‘ covered, it is highly probable that reignition will occur in

| certain of these sea-level tests, Therefore, to achieve the

? highest possible confidence that reignition will not occur, it

" was decided to purge the chamber with an inert cool gas just
after termination. This post-termination purge would allow -
the full objectives of the Series M full-scale tests to be met
without incurring additional cost or scheduling difficulties
associated with conducting the tests in an altitude chamber.

P

After termination there are three sources of residual
heat: heat stored in the chamber gasses, in the propellant,
and in the chamber case (or insulation) wall, An analysis of
reignition in Seriec E and I tests, as well as the results
reported by Ciepluch (Reference 18), has shown that the
propellant surface may be reignited either by heat supplied
to the propellant surface from the residual gases or the
wall surface, or by a combination of both. The selected purge ‘
system will provide cooling for all three heat sources existing T
in the chamber. (Confidential) T h

Since the heat stored in a gas is equal to the internal
energy of that gas, the heat that must be removed, Q, is
equal to the change in internal energy, or

1
| o
| -182- S
|
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| & Q = U, -y = wngATg' (6) |
where

[ 7 |

j % 7 FTo-o™ !

i . R = univeraa,.l gas constant, i

% J = mechanical equivalent of heat, i

- Y = specific heat ratio of gas, N _ 1
. M = gas molecular weight,

| ATg = temperature drop of the gases, and

E‘: { , o Wg = gas weight.

: - " Using the pancake motor, for example, and assuming a
¢ { gas volume of 100 cu in. and a required temperature drop

- from 1800 to 300°F, the amount of heat that must be removed
is 0.56 Btu Since nitrogen was to be used as the coolant, sthe
l . above equation was used to predict the theoretical amount of

L nitrogen required, which amounts to about 0.0145 lb, or 2.6 5
. cu in, if it is stored at 2000 psi. This procedure was used to ;
{ : prepare a plot of (1) nitrogen coolant weight as a function of i
P hot-gas volume and (2) coolant volume as a function of coolant P
. weight, for various storage pressures (see Figure 120). i
: {’ - Since this analysis is theoretical and does not consider i
- the heat stored in the propellant or motor insulation, a larger
l‘ volume of coolant may be required in an actual motor. Additional |

Series I tests were used to develop a procedure for predicting
the exact amount of coolant required in the full-scale Series i
M tests; these tests are described in paragraph (2), ktelow.

. The nitrogen purge system is shown in Figure 121.
[J Nitrogen gas is supplied by a standard cylinder through a
’ regulator to a purge accumulator, in which gas at a pressure
5 up to 2000 psi can be stored. When the termination valve is ,
[ opened, a microswitch located on the valve activates a time- |
delay relay, which then supplies 12 v to a Holex squib in the

L .

L
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Figure 121 - Diagram of Nitrogen Purge System -
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(2)

accumulator. The gas pressure developed by the squib
opens a vent in the nitrogen line tu the chamber, allowing
nitrogen gas to fill the combustion chamber. Since some

of the hot gas is thus displaced from the chamber, absorbing
heat in the process, the chamber will be cooled below the
autoignition temperature of the propellant, The amounts of
nitrogen used in this test series was varied, by changing the
iree volume in the accumulator, to develop a general proce-
dure for predicting the amount of coolant that will be re-
quired in the large test motors.

Purge Tests

Four Series I tests (I. 15 through I. 18) were conducted,
using dual-chamber motors (with the pancake motor of Fig-
ure 121 as the forward chamber), to evaluate the purge tech-
nique. As a secondary objective, various insulation materials
were used in the pancake motors to evaluate their effect on
paragraph 2, b, (4), above. Data for Tests I. 15 through
1. 18 are summarized in Table XLV. The gaseous nitrogen
purge system described above was used in Tests 1. 15 through
1. 17, except for certain duty cycles, as noted in Table XLYV.

The major objective of Test I.15 was to check out the
operation of the purge system and evaluate its effectiveness
in preventing reignition in a forward-only configuration
containing PPO-13 propellant, under conditions as severe as
the worst conditions to be encountered in Test Series M. As
shown in Figure 119, there exists a critical ratio of chamber
free volume to propellant surface area (V /s ), as a function
of chamber pressure, above which there is a high probability
of reignition. In Tests I.15 through I.17, a minimum V /s.,
equivalent to the maximurn that exists in the spherical full-
scale forward chamber was used. This maximum value
(V /S, = 9, 78), used in Test I. 15,1, was greater by a factor
of ‘approximately three than the maximum critical value of
\4 /Sb shown in Figure 119. The earlier tests of Series I
(Pfigure 119) had shown that the probability of reignition
increased as forward-chamber pressure decreased. Therefore,
a forward-chamber pressure below 500 psia was used for all
duty cycles of Tests I. 15 through I.17. (Confidential)
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In the second cycle of Test I.15, the N, purge system
was not actuated following the termination signal. As ex-
pected, the forward chamber reignited approximately 30
seconds after termination. (Confidential)

For the first five cycles of Test I. 16 and all cycles of
Test I. 17, an aft chamber containing OX-1 propellant was
installed. The aft chamber had no apparent effect on reig-
nition in these tests. (Confidential)

In Test I.16.6, the termination port was not actuated;
however, the N, purge was introduced into the operating
forward chamber. The forward-chamber pressure increased
slightly while the nitrogen was exhausting into the chamber,
but no interruption of combustion occurred.

The nitrogen purge volume was reduced by 50 percent
in the second cycle of Test I. 17, but no reignition occurred.
However, the minimum quantity of nitrogen required to
prevent reignition has not been established for PPO-13
propellant. The purge system for the Series M tests was
scaled up, based on (1) nitrogen volume found to be effective
in Series I, and (2) the free forward chamber volumes of the
two motor sizes for Series I and M. '
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SECTION V - PARAMETRIC STUDY

GENERAL

A geparate parametric study was conducted as part of this year's
effort under Contract AF 04(611)-9067. The effects of scaling on
internal ballistics, physical properties, and general operating and
control characteristics of the DCCSR motor were determined. The
scope of this study is presented briefly in paragraph 2, below, and the
cenclusions in paragraph 3, below. An interim report of this study was
prepared (Reference 20), while Volume II presents the detailed results of
the entire study, including tables, charts, and graphs.

SCOPE OF STUDY

This study was conducted to establish trends and optimum condi- i
tions of mass fraction, boost velocity, and motor envelope with varia-
tions in motor performance parameters and propellant characteristics for
the DCCSR concept. Off-optimum as well as optimum conditions were |
examined.

Five independent variables (motor performance parameters and
propellant characteristics) were selected for this study: (1) total im- i
pulse, (2) minimum thrust, (3) thrust throttling range, (4) number of -
on-off cycles available, and (5) motor specific impulse. The first four i
variables define the capability of a throttleable stop-restart motor, and
each directly affects mass fraction, boost velocity, and motor envelope. ‘
The fifth variable, which is a function of propellant composition, directly 5
affects motor size and boost velocity. ‘

The ranges of total impulse, minimum thrust, and thrust throttling
range values included in this study are presented in Table XLVI. Minimum
thrust was varied from 1/500 to 1/20 of total impulse, that is, for maxi-
mum burn times of 20 to 500 sec. The thrust throttling ranges considered
were 1 tol, 5to l, and 20 to 1; the number of on-off cycles used was
1, 10, 20, and 40. Vacuum specific impulse, at an expansion ratio of
20 to 1, was varied from 265 to 280 to 300 lb-sec/lb. These ranges of
independent variahles encompass those required in most applications of
a DCCSR. (Confidential})

The entire range of variables investigated is summarized as follows:

-189-
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TABLE XLVI-TOTAL IMPULSE AND THRUST RANGE

FOR PARAMETRIC ANALYSIS

Total Minimum |~ Maximum Thrust (1b,)
£
Impulse Thrust

(lb=sec) (lbf)//' Case ] Case 2 Case 3
10, 000 20 .20 . 100 400
10, COO 50 50 250 1, 000
10, 000 100 100 ' 500 2, 000
10, 000 500 500 2 500 10, 000

100, 000 200 200 1,000 4,000

100, 000 500 500 2, 500 10, 000

100, 000 1, 000 1, 000 5, 000 20, 000

100, 000 5, 000 5, 000 25, 000 100, 000

500, 00C 1, 000 1, 000 5}000 20, 000

500, 000 2, 500 2,000 10, 000 40, 000

500, 000 5, 000 5, 000 25,'000 100, 000

il .

500, 000 25, 000 25, 000 125, 000 500, 000
1, 000, 000 2,000 2, 000 10, 000 40, 000
1,.000, 000 4, 000 4, 000 20, 000 80, 000
1, 000, 000 10, 000 10, 000 50, 000 200, 000
1, 000, 000 50, 000 50, 000 250, 000 1, 000, 000

! ' (Confidential)
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1. Total impulse (see Table XLVI)
2. Minimum thrust (see Table XLVI)

-
[SEPENES
o

F

3. Maximum thrust or throttling range (see Table XLVI)
‘ L 4. Specific impulse (I _ = 265, 280%, and 300 lb-sec/lb) {
! { ' 5. Number of on-off cycles avaliable (1, 10,20, and 40)
; 6. Case material (ateel*, fiberglass, and titanium) 4
7. Propellant mixture ratio (2, 3%, and 4) i
8. Propellant burning-rate constants (forward chamber:

0.0002, . 0008%, and 0.0032; aft chamber: 0.0002,
0.0004", and 0.0010)

9. Propella’?t pressure exponents (forward chamber:
0.6, 0.8", and 0.9; aft chamber: 0.8, 1.0%, and 1.1)
L - (Confidential)

The analysis was divided into two phases. In Phase I, the ]
independent variables were investigated independently, with propel- :
lant properties and case materials fixed (starred values listed above).
In Phase II, case material, propellant mixture ratio, burning-rate
constants, and burning-rate pressure exponents were varied.

»

[ This study was carried out by means of Northrop Carolina's
IBM 1620 Data Processing System. Data was processed through
four separate computer subroutines. A detailed description of the

f , subroutines and the over-all computer program is presented in
{ Volume II.
{ 3. SUMMARY |
. It was found that, by increasing specific impulse, mass fraction 5 ‘f
[ was reduced but delta velocity and total motor weight increased. For i

- 10, 000-1b-sec motors, an increase in specific impulse from 265 to 300
lb—aec/lb increased delta velocity by 7 percent, whereas for 1, 000, 000-1b-
sec motors, the increase was 12 percent. (Confidential)

The mass fraction penalty imposed by a 20-to-1 thrust modulation
was 2.5 percent for low-impulse (10, 000 lb~gec), low-thrust (100 lb )
) motors. This penalty increased to above 4 percent as impulse increased
. to 1,000, 000 lb-sec and thrust to 4, 000 lb.. These values were based on
& the characteristics of available propellants. Improved propellant pressure
: exponents would reduce the penalties. (Confidential)
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For motors with stop-restart capability, the number of restarts
available had little effect on mass fraction and delta velocity, The mass
fraction penalty for additional igniters was less than 0.1 percent per
restart. (Confidential)

At each impulse level, there was an optimum thrust range for
throttleable motors which was close to the optimum thrust level for
nonthrottling motors, If the thrust was increased or decreased beyond
this range, both mass fraction and delta velocity decreased. (Confidential)
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SECTION VI - CONCEPT DEMONSTRATION TESTS (SERIES M)

GENERAL

Eight full-scale tests were conducted in Phase III. These tests,
designated Series M, were to demonstrate present technology and to
establish a performance envelope of the DCCSR. The knowledge and
technology derived from the reignition and insulation study (Section IV)
were incorporated in the Series M designs. In addition, new hot-gas
control valve, new control system, and new nozzle designs were
developed and used in Series M motors. However, since these new
motor components were introduced at various points in the Test Series,
and since the propellants, duty cycles, and other items varied during
Series M, Table XLVII was prepared to summarize the designs and
facilitate identifying the configurations for each test.

Tests M. 1 through M. 6, conducted at Northrop Carolina's
facilities, were sea-level tests. Tests M. 7 and M. 8 were altitude
tests conducted at the Navy's Ordnance Aerophysics Laboratory,
Daingerfield, Texas. Prior to conducting M.7 and M. 8, a brief series
of tests was conducted to ascertain what effect, if any, the vacuum
conditions under which these tests were to be conducted would have on
the operation of the pyrogen igniters. The results of these tests
(Series K) are presented in paragraph 9, below.

The hardware used in the test motors, as well as the components,
are described in detail in paragraph 2, below. Each individual test is
described in separate paragraphs (3 through 11) below, including the
programmed duty cycle, test results, and problems encountered. The
data reduction parameters used in Series M and N are defined in para-
graph 12, below.

MOTOR HARDWARE AND COMPONENTS

a. General Description

" All series M motors were full-scale dual-chamber motors
containing approximately 300 lb of propellant. Spherical forward
chambers (17.5-in. I.D.) were used for tests M. 1l and M. 2; cylin-
drical forward chambers (13-in. I.D.) were used for the remain-
ing tests. PPO-13 propellant was used in the forward chambers of
all motors. OX-5 propellant, which contains 10

-193-

CONFIDENTIAL




e b e s it

AFRPL-TR-65-209, Vol 1

CONFIDENTIAL

‘l||J ey oy e, e ~ e e . — - —— -
‘ B H [pe—— [N—) stmnd - -~ —
“opzzou apnyTe oy 10¥ 90X § W pue L "W SIML 105 USSP J0joGL JTSE Iy Bmoys g7y SIndiq |
“omres votsuedxs /7 € pry pog oy 30¥ a7 MUL ® (524> oa 193y 9y} 10J pain BTM I]zzoU PeuBissp-eurjoze) doayiIoN YL -
Foroaqy
ufisap | {1 01 02) ufsop ) ouo ‘osmnd
3 S MYL | wmmoep Adg1l | 1-XO| €1-Odd TeoLIpuriiD TeIIPUTIAD mog :arg MY | 59/12/L
- Suynoay
uBsap | (1 93 02) ulreap . ! uo ‘9snd
2521 Myl | wmndep ML | 1-XO | €1-0dd TerIpansD TeLIPULIAD mog :eatd opmMIY | $9/S1/L
-l (to12) Formos
A uBrsap * 19A3] uBisop sao ‘ssmd
p £ 141 MHL |[®e% MNIL MAUL | 1-XO | £1-Odd TemIpunkD) TESTIPULTAD Mo IATH 12491 38 | 69/92/1
[ ] pPaEpow Furptorys
= uBsop | (1032) ubreop e suo ‘semd
sad su MUL |19497 vOg M¥L | 1-X0 | f1-0dd Tedrapariin TeILIpULIAD o 9ALL a9 295 | 69/21/1
n PayTpoms . Burmmonmn
uiyeap {to12) uBgsap - suv ‘osnd
—-— st MUL | 19491 w98 ¢ ML | 1-¥0 | £f1-0dd TeoRpudD TeILIpUTAD oy 9ALY 1949[ 835 |59/22/21
s ufisop . ulisep
' eurjozed) {1 o:2) rur(oITD
[ — ] ru dorpaoN |[eas] ves | dormpioN | [-XO | £1-Odd rearapuiD Teo1IpeIIAD osmd ‘ineg 19491 ¥ | 59/8/21
o uBreop wdyssp
eurpoTED) {1m2) earjore)
f14) doxpioN |[3a3] wag | dooyzoN ! S-XO | €1-Odd TerIpaTiD reatzeandg ssmnd ‘omy, 19491 ¥9S  ©59/£7/01
uffieap ufltsap
eur[ore) {193 2) earjoae)
fa dorgyroN | tasf eas | doaqiron | s-XO| €1-Odd TearIpariiD Tesrzondg sopnd ‘oml 19457 ®35 | 59/%1 /01
samiiy TINSAS udpsad T4l IV |piemiog natsaq uSisaq Iaq 897340 Jo AL IPGINY 30 1],
1o rym0) arzTON aareA T 3oej(edoig IquEqD Y¥ | -meqD premvoq pue aequEnN 1PA¥] €3S | jo oreq

R

SNOLLVHEAILANCD HOLOMN M SAIYAS JO JAVIIINS - TTATX A TIVL

-194-




AFRPL-TR-65-209, volI CONFIDENTIAL ' v

percent aluminum, was used in the aft-chamber for Tests M. 1
and M. 2, while OX-1 grains {nan-aluminized) were used in the
remaining tests. All motors employed hot-gas valves, described

r‘g in b, below, and a nitrogen gas purge system, as shown in Table
i XILXII, The over-all motor configurations used for each test
are shown in the following figures: I
»lt Test Figure
N ' ' M.l | 122 {
j E M. 2 123 4
M.3 124 '
- M.4, M.5, M.é6 125
l M.7, M.8 125(except for altitude nozzle)
i
) The motor hardware for tests M. 1 and M. 2 was identical to
f that used previously in Test Series E (Reference 8).
. The propellant formulations are given in the following tables: |
|
. PPO-13 Table II
‘ I
B OX-5 Table X (Reference 8) o ,
J i 1
- 0x-1 Table X (Reference 8) 4
! 1
L The individual motor components are described in the ]
following paragraphs. : 3
o Throughout this Test series, the motors were disassembled
e and weighed between duty cycles.
b Hot~-Gas Valves

(1} General

As shown in Table XLVII, a Northrop Carolina-~
designed hot-gas valve was used for Tests M. 1, M. 2, and
M. 3. A proportional valve, designed, developed, and i
fabricated by Thompson Ramo Wooldridge, Inc. (TRW), :

f ' H i

Ced - L

was used for the remaining tests.
¥ (2) - Northrop Carolina—Desigried Valve
s In the preparation for the initial Series M teats, it »
-195-
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was planned to use a standard off-the-shelf Jamesbury
ball valve, with a 2. 5-in, port, between chambers. This
valve was selected on the basis of the successful use of a
1.25-in. Jamesbury valve in the Series H subscale dual-
chamber tests, and for the economy resulting from the use
of existing valves. However, it was learned that the manu-
facturer could not meet the required delivery schedule for
the Series M tests, nor could possible alternate suppliers.
It was therefore decided to design and fabricate an on-off
hot-gas valve at Northrop Carolina in order to minimize
the delay of the Series M tests.

In Northrop Carolina‘s on-off valve, shown in Figure
126, nitrogen bottle gas at 2000 pei is used to actuate the
termination port, The forward chamber control flow area
is provided by four fixed orifices located at the downstream
end of the valve on a 5-in. -diameter circle, A 2.5-in. -
diameter termination port is exposed by moving a piston
upstream along the valve centerline. Initially, all interior
valve cavities are pressurized to 2000 psi with nitrogen
gas and remain at this pressure throughout motor operation.
When the termination signal is received, a rupture diaphragm
vents the pressure on the upstream side of the actuating
piston, while the downstream side remains at 2000 psi. The
force generated by this unbalanced pressure across the
actuating piston moves the piston very rapidly upstream, thus
exposing the termination port. During motor operation,
while both sides of the actuating piston are at 2000 psi, the
effective upstream piston area is larger than the effective
downstream area, thereby producing a net closing force
that counteracts the opening force resulting from the aft-
chamber pressure acting on the downstream end of the pintle.

The valve housing was fabricated from a 10-in. -diame~
ter bar of 4340 steel., Six equally spaced holes, drilled
axially on a 5-in. diameter through the 11-in, -long bar, pro-
vide gas passage from the forward chamber to the orifice
plate. A 2.5-in, -diameter port based on the bar centerline
provides the actuating piston bore. All interior surfaces
exposed to forward-chamber gases were insulated with either
RPD-150 or Epi-rez/Epi-—cure (cast) material. The flanges
mate with the existing spherical forward and cylindrical aft
chambers.
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To prove the operating characteristics of this design, the

valve was checked out and tested before it was used in Test M. 1. -

Testy with 2000-psi nitrogen were made to check for leaks with
the valve pressurized first from the hot-gas side to the
actuating cavities, and then in reverse. The actual piston
response times were checked by conducting an actual valve
duty cycle with (1) both enda of the valve sealed, (2) the hot
gas cavities pressurized with 2000-psi nitrogen, and (3) both
sides of the actuating piston charged at 2000 psi.

To further check out the valve, a hot firing was conducted
(Test I-19B) with two six-inch forward motors, containing
PPO-13 propellant, arranged in tandem. The two motors had
a combined burning-surface area equivalent to that of the
forward grain in the motor for Test M.1. The motor was
operated for 0.96 sec and then terminated, The valve operate!
very satisfactorily, and the motor extinguished permanentily,
The pressure-time trace for this valve checkout test is givan
in Figure 127,

2000

1600

1200

800

Preesure (paig)

400

/ {Confidential)

0.1 ¢.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1,1
Time {(saconds)

Figure 127 - Pressure Time Trace ior Valve Checkout Test I-19B
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(3) TRW-Dasigned Hot-Gas Valve

: The proportional hot-gas valve used in Tests M. 4

vy through M. 8 waga designed and fabricated by the Structures

[§ DNivision of TRW, Cleveland, Ohio, under Northrop Carolina

' subcontract, in accordance with apecification AMS-10018

(Reference 21). A cross-section of the valve asgsembly is

[ shown in Figure 128, RPD-150 insulaticn was used in the

low-velocity regions, while RPD-41 was used in parts 5

and 30 (see Figure 128) because of its higher erosion

resistance. Unalloyed molybodenum, a high-temperature

material, waa used for parts 28 and 34 to ensure dimensional

- stability for precise flow control.

C. Control System

8 For Test: 4.1 through M, 3, the control system for opera-
tion of the hot-gas control valve was identical to that used in Test

j Series E. This Northrop-Carolina-designed system employed

i closed-loop control of the forward-chamber pressure. A com-
plete analysis and description of the control system, along with

" system block diagrams and schematics, are presented in Ref-

L} erence 8.

j A new control system was uged in Tests M, 4 through M. 8.
This closed-loop (around forward-chamber pressure) proportional

‘ plus integral control system was designed and analyzed by TRW,
e (o under Northrop Carolina subcontract. A detailed report on the

I analysis and design of this control system, prepared by TRW is
presented in Appendix B.

In

Nozzle Des igns

A l Sea level nozzles (2-to-1 expansion ratio) designed by

’ Northrop Carolina were employed for Tests M. 1 through the
) first two cycles of M. 6. The last three cycles of M. 6 used
! nozzles designed, developed, and fabricated by TRW, under
Northrop Carolina subcontract, in accordance with Work State-
ment AWS-2, (Reference 22), fulfilling the requirements of
Phase IV of the program (see Section II). A design report for
this sea-level nozzle ig given in Appendix C.

[ pr—
[

The nozzle used in Tests M. 1 through M. 3 (see Figure 124)
employed CGW graphite backed up by RPD-41 in a steel housing.
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The Fastax movies of Test M.3 revealed that afterburning,
originating at the nozzle, occurred. Since reignition occurred
after the first and fourth cycles of Test M. 3, it was decided to
eliminate the RPD-41 back-up in the nozzle for Tests M. 4 through
M. 6 (as shown in Figure 125) to remove the afterburning of the
plastic as a possible source of reignition,

A vacuum nozzle with a 20-to-1 expansion ratio, also
designed and fabricated by TRW, was used for Tests M.7 and
M. 8, which were conducted at altitude conditions. A design
report for this nozzle is presented in Appendix D.

An evaluation of the nozzle designs, baséd on post-test
results, is presented in Section VIII,

jo

Purge System

A nitrogen gas purge system, designed on thé basis of the
results of the reignition study reported in Section IV, was used on
several sea-level Series M tests (Tests M. 1 through M. 6). The
purge was not required for altitude tests M.7 and M. 8 since
reignition caused by residudl-gases in-the,motor following termina-
tion should not occur at low pressures. The purge system was
attached to the forward chamber as shown in Figures 122 through
125. The purge system was manually actuated following each
termination, as desired, to prevent reigpition. In Test M. I,
the nitrogen was vented through a port irto the forward chamber
only. In subsequent tests, a purge port was placed in the aft
chamber, as well, to improve the effectiveness of the nitrogen
in expelling residual gases in the chambers. The volume of
nitrogen purge was increased during subsequent tests tc pre-
vent reignitions that occurred in the early tests.

3. TEST M.1

a. Motor Confiﬂration

The motor used in Test M.1 was as shown in Figure 122
and Table XLVII. The aft chamber contained three OX-5 seg-
ments, two of which were 16-in. long; the other, 8 in. These
gegments were fitted tightly into the aft case, with little space
between them. All other components were as described in
paragraph 2, above.

-205-~

CONFIDENTIAL




§ P n e b s F e b st ottt et et s

AFRPL-TR-65-209, Vol
CONFIDENTIAL

b. Test Program and Test Conditions

]

[—,

; Test M. 1 was programmed for two pulse cycles., For the

i first cycle, a forward pressure of 900 psi, an aft pressure of
205 psi, and a thrust of 2200 lb, were denmired. 'The second cycle f11

: was programmed for a forward pressure of 2000 psi, and aft {

: pressure of 320 psi, and a thrust of 3700 lb., The actual values 3

: closely approached the desired values, as dfeacribed in ¢, below. j

NS—

The actual pressure- and thrust-time curves for the firgt
cycle of Test M. 1 (see Figure 129) show that the motor approached _
: the design values very closely after the ignition transient. It !
: .w is evident from the aft pressure and thrust curves that the OX-5 -

; . aft grain burned unstably.” This instability, also cbserved in ‘
! previcus tests, became more severe at low chamber pressures and

at high aft-to-forward mixture ratios. It is believed that the

{ periodic accumulation and combustion of aluminum ou the grain

| surface caused this unstable burning, The motor extinguished

permenently when terminated. (Confidential)

;
i {
! c. Test Results
i
{
|
i
1

Forward pressure was not mieasured during ihe second cycle
because of an error in the electronic circuits. However, a calcu-
lated forward-chamber pressure-time trace ie given in Figure 129,
. based on the uneteady-state ballistic program. Since no heat loss
; was assumed in this pregram, the rise time was more rapid than
, would actually occur. The aft pressure and thrust approached
the expected levels very closely. Instability was again evident in
the aft chamber, although the amplitude of the oscillations de-

: creased as pressure increased during this cycle. Upon termina-
tion, the motor extinguished, but reignited 106 sec later; the

, remaining propeilant was then consumed at iow pressure,

E (Confidential)

1t was thought that this reignition could have resulted from |
insufficient nitrogen to purge all the hot reasidual gases from the -
motoy, In each cycle of Test M. 1, 0,56 1b of nitroger. was used., '

The reduced ballistic data for Test M. 1 are given in Table
XLVIII. Performance data for the gsecond cycle of thisg test are
incomplete since the propellant weight bhurned before reignition
is unknown, The measured weight of the propellant burned in :
the forward chamber in Test M. 1.1 is believed to be in error. ; (

-2067_ L i

SONFIDENTIAL




1
— (spucodes) awtL W !
y ’ . ~
L 9 9% 2L £°0 ¥°0 0 9°1 Z°1 8°0 $°0 0 —
§— 295 901 , {reruapiyuoy) g\ \ b
ur parInang ©
gonaday ’\f“‘s\.\s\ggs . . a
snoauwyucdyg —‘ ‘ . 000 ¥ 5 [
) 3
{ - 4
.m et
. [
000 ‘8 W. o
® 3]
2 m ,
A
. B
000 21 ©
B
=
=} . 2 -
-t \ ] -
— ‘o =] -
T // )\(L)\J\S\fé g% m W. M T A-
= — S o o= _
et % - — 1 00F HE - Lad
= ~ 38 <] [ — ]
— T < —
[ 5 m " . e
= 008 v ==
<@ s @
>TY Y
[
= ~
o \ ] ° o 4
> 3 1 ' !
S $ - 2 008 3 3 —
o \ ! ]\ “ " ]
n . ! £ g s
o ' ] s Q g
P-“ L] ?d®I] pojenIIRD) \~ 0091 .m m. .P.....
P ' o -~ £
1 PO TR R e - e
& |
M 00%2
M uo13ud] puodlaxg uottuB] 35arg
- e . - - P T
e X . MII .Iu 5 W rvI ; " } e [ S——] | DR e el W— | A—— _m




CONFIDENTIAL

AFRPL-TR-65-209, Voll

TABLE XLVII - SUMMARY OF DATA FOR TESTS M, 1 AND M, 2 . §
]
Test Nurmnber
Parameter M1l M 12 M. 2.1 M. 2 2 r 1
{i
Forward chamber (PPO-13) i ] ;
v Waight burned (lb) 6. 40" .. 6.491 f ‘
; Burn time (aec) 1. 202 t 2.059 2.052 P q
Total time (aec) 1. 340 t 2. 257 2. 225 L
' [ Pat, (psig-sec) 994. 6 t 1710. 6 2314.9
I Pdtp (peig-sec) 1083. 7 t 1736.0 2348. 4 1 [
F, (pais) 841.1 t 844.5 1141.9 L)
' i
i Throat area (8q in. ) 0. 4606 0. 380 0. 4603 0. 4603 o
: > * 3 n
‘ Pt"m (psia) 913 1104 1220 i (
dp/dtterm(pgi/sec) 45, 700 t 64, 900 52, 000 t)
| Characteristic velocity (fps) 2509™ t 3961 C o
! oo
£ Aft chamber (OX-5) G |
- B T . L H
Weight burned (1b) 8.73 R mose | ... ' ; !
: Burn time (sec) 1. 105 1. 899 1. 860 1.943 ¢ :
g o : Total time (sec) 1.338 2. 160 2. 240 2. 250 b :
J Pat, (psig-sec) 158. 6 5i3. 4 279.3 358. 3
; I Pdt, {psig-sec) 184.9 548. 6 298.8 381. 5 )
: B, (psia) 157.3 284. 1 163.8 198.1 5 !
P, prior to term (psia) 151 340 206 248
P, maximum at term (psia) 430 839 425 486 o ;
dp/dtterm (psi/sec) 11,900 18, 900 10, 500 11, 300 R |
Total moter ] .
' Weight burned (1b) 15.13% C 17. 491
. . *
. Wetghtaﬁ/wexghtfwd 1. 36 e 1. 695
; i Fdt, (Ibe-sec) 2121.0 6291.7 3109.8 3985, 2
; Fy (b 1629.7 3121.3 1584.9 1929.5 o :
: Throat area (8q in.) 8.002 8.002 7. 505 7.505 o !
Expansion ratio 1. 996 1. 996 2,132 2. 131 )
: Ratio of specific heats, 7 1. 20 NP 119 : :
: * . i
i Characteristic velocity (fps) 3146 Coe 4125 : ;
' I {1b-sec/ib) 140. 2 C 177.8 .. . ]
' . Preas . ] o : !
I, {lb-gec/lb) 173. 6 S 222. 2 : ‘
Peorr -1000/14.7 . i
. (lb-sec/1b} 197.9 Coe 253.7 |
; pcorr-vac, 20/1 * !
: 1, (%) : 69.1 Ce 87.7
Petf
* These values are believed to be low due to error in measured weight burned in forward c
. chamber. :
Pressure-time data for the forward chamber were not obtained.
? (Confidential)
3 k]
i
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This weight was calculated to be 4,09 lb, based on a burning rate
of 841 psi, the burn time, and average burning surface area and
grain density, This calculated weight gives a forward chamber
characte>istic velocity of 3930 fps, which is comparable to that
obtained in Test M. 2.1 .s shown in Table XLVIII. Likewise,

the specific impulse and aft chamber characteristic velocity
values would be increased considerably, (Confidential)

4. TEST M., 2

a.

Iz

Motor Confi.guration

The motor configuration for Test M. 2, shown in Figure
123 und Table XLVII, was essentially the same as that for Test
M, 1, The chief modification was that the eight-inch aft-grain
segrnent used in Test M. 1 was omitted for this test, allowing
the remaining two segments to be separated from one another and
from the end closures with salt spacers, as shown in Figure 123.
Also, the nitrogen purge volume was increased, and, in addition
to the normal purge port in the forward chamber, a purge po:t
was placed in the aft chamber.

Test Program and Test Conditions

Test M. 2 was algo programmed for two pulse cycles at a
forward-chamber pressure of 1000 psi, an aft-chamber pressure
of 200 psi, and a thrust of 2000 1lb;.

Test Results

The pressure- and thrust-time traces for Test M. 2 are
given in Figure 130. One pyrogen was used for the first ignition
and two pyrogens for the second, which explains the difference
in ignition characteristics of the two cycles. As was observed in
Test M. 1, low-frequency instability occurred in the aft grain.
Permanent extinction was achieved upon termination of the first
cycle, but the motor reignited 126 sec after termination of the
second cycle; the grains were completely consumed as in Test
M.1l, (Confidential)

Obviously, the increased nitrogen purge used in this test
had very little effect on preventing reignition., For this reason,

the cause of reignition was believed to be unrelated to the residual
hot gases in the motor, since most of thesc gases should have

-20%-
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been expelled by the purge. It is considered more likely that
reignition resulted from the hot aluminum or aluminum oxide
that remained on the surface of the uft grain after termination,
A thin layer of aluminum was observed on the aft grain following
the first cycles of Tests M.l and M. 2. (Confidential)

The reduced ballistic data for Test M.2 are also given in
Table XLVIII, Again, the performance data for the second cycle
of this test are incomplete gince the propellant weight burned
before reignition was unknown,

5. TEST M. 3

a. Motor (_:onfiguration

The motor configuration used for Test M. 3 is shown in
Figure 124 and described in Table XLVII. The chief differences
in this configuration and that used in Tests M. 1 and M. 2 was the
use of a 13-in, -diameter cylindrical forward chamber (rather
than spherical) and the use of non-aluminized OX-1 propellant
in the aft chamber instead of the aluminized OX-5 used previously.
Otherwise, the configuration was the same as that used for Tests
M. 1 and M. 2; it was also the same as that used for Test Series G,
as described in Reference 8, except for the hot-gas valve.

Iz

Test Program and Test Conditions

Four two-second pulse cycles were programmed for this
test, Throughout this test, the effective valve orifice area was
constant at 0.957 sq in., and the thrust nozzle throat area was
10.0 sqg in. Since the forward-grain surface area increases
from an initial value of 550 sq in. to 617 sq in, at the web mid-
point, forward-chamber preesure, and hence aft-chamber pres-
sure and thrust, increased slightly from cycle to cycle. The
predicted forward and aft chamber pressures, and thrust values are
1500, 200 psi and 300C lbf, respectively. (Confidential)

C. Test Results

The pressure- and thrust-tirme traces for the four cycles of
this test are shown in Figure 131. Note that spontaneous reignition
occurred 40 to 50 sec after termination of the first cycle, M. 3.1,
and also after the fourth cycle, M.3,4. The nitrogen purge was not
uged following the first termination, but was used for the last three.

-211-
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The second and third cycles, M. 3.2 and M. 3. 3, terminated
successfully, with no reignition. (Confidential)

After termination of the first cycle, reignition was ob-
served visually at 40 to 50 sec and chuffs were observed in the
pressure and thrust tracea .t 83 and 109 sec on the oscillograph
record; however, the grains extinguished permanently following
these chuffs. Most of the burning following termination occurred
at atmospheric pressure since no pressure and thrust, other
than the two brief chuffs, could be detected on the trace, Approxi-
mately 12 1b of forward grain and 18 lb of aft grain were consumed
during reignition. An examination of the motor following cycle
M. 3.1 revealed that both grains reignited on the ends nearest the
valve gince the amount of web consumed on these ends was signifi-
cantly greater than that burned at the other ends. The amount
of web burned at the center of the forward grain was near the
average of the amount burned at the two ends, indicating that
the forward grain reignited at the valve end and burned progres-
gively and slowly back along the grain toward the head end, since
both grairs normelly burn very uniform.ly along their length.
However, it was impossible to determine which grain reignited
first, (Confidential)

After the fourth cycle, M. 3.4, the motor reigrited approxi-
mately 40 sec after termination, burning at approximately atmos-
pheric pressure until the forward grain burned out. A thin shell
{approximately 0.2 in,) of aft propellant remained in the motor.

The reduced ballistic data for Test M. 3 are summarized
in Table XLIX. Since the weight of propellant burned prior to
termination could not be measured for cycles M.3.1 and M.3.4
because of reignition, performance data for these two cycles were
not obtainable.

6. TEST M. 4

a. Motor Configuration

The motor configuration for Test M., 4 is shown in Figure
125 and described in Table XLVII. This motor was identical to
that used for Test M. 3, except for the hot-gas valve and aft
nozzle. The proportional hot-gas valve and control system,
designed and built by TRW, was used on this and subsequent

-213-
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TABLE XLIX - REDUCED BALLISTIC DATA FOR TEST M, 3

-214-

Test Number
Parametsy M.3,1 M. 3, 2 M. 3.3 M. 3. 4

Forward chambar .

" Delay time, 0 to 10% (sec) 0.074 0.086 0.095 0 150
Rise time, 10 to 90% (nec) v, 150 0.194 0.187 0.176
Burn time (sec) 2.131 2.017 1. 790 1.863
Decay time, 100 to 0% (sec) 0.095 0.130 0.165 0. 220
J‘patp (psig-sec) 2,703 2, 604 2,395 2, 671
'1‘=b (psis) 1, 269 1, 283 1,314 1,399
T=k {psia) 1,308 1,390 1, 404 1,473
By (POI8) 1, 404 1, 459 1,422 1, 463
dp/dt"rm (psig/nec) 66, 500 49,300 42,200 38, 400
Weight burned {1b)

Grain 19. 697 18. 443

Pyrogens 0.370 0.370 0.556 0.740
Throat area (sq in.) 0.95866 0.9566 0.9566 0.9566
Characteristic vefoclty (fps) Co 3,994 3,880 R

Aft chamber )
Delay time, 0 to 10% (sec) 0.118 0.156 0.17% 0.218
Rise time, 10 to 90% (aec) 0.122 0.142 0.120 0.108
Burn time {(sec) 2.081 1,948 1.710 1,780
I Pdt_ (psig-sec) 420 438 412 443
Bb (psia) 207 225 234 237
Tak (psia) 213 239 244 250
P, prior to termination (psia) 251 250 252 250
P, maximum at termination {nsia) 521 563 546 586
dp/dt (psig/sec) 17, 600 12, 200 10, 700 9,570
Weight burned (lb} e . 13,519 13,133

Total motor
Waight burned (lb) 33.586 32,132
w=igmm/weightfwd R 0.674 0. 691
J‘thi {lb-sec) 5,988 6,012 5,654 6,082
F, (1) 2,763 2,895 3,000 3, 150
ik(n:f) 2.826 3,090 3,164 3,299
JFat (lb,-sec) 220 346 453 511
term f

Characteristic velocity {fps) R 4,198 4,127 B
Cf measured 1,426 1.373 1.3:2 1.373
1 (m-uc/lb)* . 179.1 176.0

‘pmeaa * °

1 (1b-gec/1b) R 216.9 213.1

*P1000/14.7 "

(1b-sec/1b) A 246.8 242. 4
ap o
vac, 15. , €= 20/1
I (%) 92.6 90.9
YPatf
”
i tal ti .
Based on weights burned over total time (Confidential) -
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tests. The sea-level aft nozzle used previously for Tests M, 1
through M. 3 was modified as described in 2, _g, above., Because
of the reignitions experienced in Tes’ M. 3, the volume of nitro-
gen purge was increased from that used in Test M. 3, and in-
creased successively for each puise cycle,

Test Program and Test Conditiong

Since the proportional hot-gas valve used in this test pro-
vides pressure feedback control, Test M.4 was programmed to
utilize this capability. Four l,0-sec pulse cycles, with forward-
chamber pressure maintained at 3000 psi, followed by a throttling
cycle over three pressure levels (1000, 3000, and 100 psi) were
planned. The throttling cycle was programmed as follows: (1)
ignition at 1000-psi forward-chamber pressure, (2) operation at
this pressure for 1.0 sec, (3) throttle to 3000 psi over 1,5 sec,
(4) operation at 3000 psi for 0.5 sec, (5) throttle to 100 psi over
1.5 sec, and (6) operation at 100 psi until the forward web burned
out, after approximately 1.5 sec. The three pressure levels
for the throttling cycle are subsequently referred to as levels
1, 2, and 3, respectively. The predicted aft-chamber pressure
and thrust values for the pulse cycles are 350 psi'and 5000 lbi’
respectively. (Confidential)

Test Results

The pressure- and thrust-time traces for the five cycles
of Test M. 4 are shown in Figure 132, Each of the pulse cycles
terminated permanently with no reigaition; nitrogen purge was
used after each termination, and an off-time of at least two hours
between cycles was observed. After the fourth cycle, M. 4. 4, the
motor was disassembled and both chambers weighed so that per-
formance data for the four pulse cycles could be calculated in-
dependently from that of the throttling cycle. Four pyrogens
were used in each of the pulse cycles and three pyrogens in the
fifth (throttling) cycle. Each pyrogen delivers 0.91 1b/sec
of PPO-13 propellant exhaust products for 0,20 sec.

The reduced ballistic data for the four pulse cycles of M. 4
are given in Table L. Since rise time increased on each succes-
sive cycle because of increased free-chamber volume, the
forward-chamber pressure-time integral decreased from M. 4.1
to M, 4,4, However, since the forward-grain surface area
increased during these four cycles, the increased forward-
chamber masgs flow caused successive aft-chamber pressure and

-215-
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TABLE L. - REDUCKED BALLISTIC DATA FOR PULSE CYCLES OF TEST M, 4

- Test Number
Paramestet M. 4.1 M. 4.2 M.4,3 M. 4.4 Total
Forward chambter
Dalay time, 0 to 10% (sec) 0.068 Q. 076 0.075 0.088
Rise time, 10 to 90% (sec) 0.122 0.163 0.194 0.254 s
Burn time (sec) 1.062 1.065 1.061 1.054 4,242
Dacay time, 100 to 0% (sec) 0.133 0.165 0.186 0.217
J'petp (paig-sec) 3,065 3, 009 2,869 2,778 11,721
‘15b (psia) 2,822 2,745 2, 624 2, 609 2,701
E (psis) 2,980 2,976 2,884 2,930 2,944
P, rm (P8i2) 2,977 2,950 2,900 3, 000
dp/dcmm {paig/mec) 146, 000 115, 000 97, 600 80, 100
Weight burned (1b)
Grain AN 65,423
Pyrogens 0.723 0,754 0.750 0.749 2.97¢
Aft chamber
Delay time, 0 to 10% (sec) 0,108 0,126 0.125 0.146
Rise time, 10 to 90% (sec) 0.121 0,146 0.168 0.251 Lo
Burn time (sec) 1.022 1019 0.010 0. 29¢ 4,047
J‘Pdep (peig-sec) | s 394 406 45 1,5%4
Tab (peia) 344 356 362 361 56
Pk {paia) 359 381 .96 406 3g4
F, prior to termination (psia) 379 383 416 406 X
P, maximum at termication (psia) 955 1,031 1,053 1,032 ‘
dp/dt (psig/sec) 30, 100 23, 600 20, 400 16, 500 ;
Weight burned (1b) | 47, 637
Total motor \
Weight burned (lb) 116. 033
Weightaﬂ/wdghtfwd 0.70
JFat, (1bg-sec) 5,251 5,443 5,513 5,568 21,718
7, (15 4,632 4,764 4,768 4,736 1,728
F, by 4,834 5,069 5,194 5,338 5. 496
j’rdtt"m (b -sec) 475, 4 598.2 706.5 £28.0
Characteriatic velocity {fps} NP Co 392
Cp measured 1. 400 1,381 1,358 1,361 1,375
Expansion ratio, A /A, 1. 494 1. 494 1.474 ). 494 | 1.494
Ratio of specific heats, ¥ 1,22
Throat area (sq in.) 10. 00 10,00 10.00 10. 00 10,00
1, (15-gec/1b)" 187.7
meas %
Ly (lb-sec/1b) 223.8
1000/14.7
I”p o (lb-aec/lb)* 254.9
vac, 157, € = 20/1
I"’eu (%) 25,4
’:‘Based cn weights burned over total time.
-217-
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thrust integrals to increase slightly. -

Table LI presents the reduced ballistic data for the throt-
tliug «ycle, M. 4.5, Pressure and thr st integrals were ob- ]
tained during steady-state operation at each of the three constant i
pressure .evels. The levsl | integrals were obtained after the
ignition traneient was completed, but before the ramp to 3000
psi. From these integrals, steady-state pressures and thrust 1
were obtained as a bagis for comparigson at the same levels,
The measured thrust levels were corrected to vacuum values.

The measured thrust modulation from level 2 to level 3 was h
8.0 to 1, which corresponds to a 6. 4-to-1 range in vacuum with
& constant thrust coefficient. (Confidential) gi

"In Figure 133, the steady-state aft-chamber pressure

S et

and vacuum thrust levels are plotted as a function of forward- i
chamber pressure level for Tests M. 4 and M, 5.+ Between 0l ;

levels 1 and 3, the curves have the same slope as the pressure
exponent, 0.67, of the PPO-13 forward-grain propellant, which
indicates that the pressure exponent of the OX-1 aft-grain pro-
pellant is 1.0 in this aft-chamber pressure region (64 to 226 psi).

ey
P oen gd

Between levels 2 and 1, however, the slope of the curves is 0.53 ; »

to 0. 54, which indicates that the pressure exponent of CX-1 L

changed to a lower value in this region, from 226 to 400 psi.

A mean exponent in this pressare range of 0. 69 was calculated
from these data. The gpecific impulse efficiency for this cycle w
was 89 percent, well below the 95 percent measured for the four

pulse cycles. This is probably due to reduced efficiency at low o
chamber pressures, particularly cince a long tail-off occurred -
on Test M, 4, (Confidential)

The hot-gas valve and control system performed exceptionally o)

well during this test. However, when the motor was disassembled

for weighing after the fourth cycle, the valve was inspected visually -

and dimensionally at the throat, and several hairline cracks were
obgerved in the throat section {part 28, made of unalloyed molyb-

denum, as shown in Figure 128). It was decided that these cracks , :

would not affect motor performance during the fifth cycle; this
was verified by satisfactory performamnce of the valve during

that cycle. When the motor was disassembled and inspected
after the fifth cycle, it was observed that the cracks in the throat
had propagated and widened during the final cycle. Post-test
photographs of the forward and aft ends of the valve are shown in
Figures 134 and 135, respectively; two of the cracks are visible

CONFIDENTIAL 0
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TABLE LI - REDUCED BALLISTIC DATA FOR

THROTTLUING CYCLE OF TEST M. 4

Parameter Value
Level 1
Steady-state time (sec) 0. 600
Forward-chamber pressure (psia) 1053
Aft-chamber pressure {psia) 226
Thrust, measured (lbf) 2868
C’.' theorstical {measured conditions) 1,300
€ theoretical (YACWNM, €=20/1) 1.808
Cs measured 1.269
Thrust {vacuum, € = ZO/I) (lb!) 3990
Level 2
Steady-state time (sec) 0.270
Forward-chamber pressure {psia) 2996
Aft-chamber presasurc (psia) 397
Thrust, measured (lb{) 5155
C‘, theoratical (measured conditions) 1,338
r;f. measure=d 1.298
Thrust (vacuuru, € = 20/1) (1o 6966
Level 3
Steady-atate time (sac) 0.500
Forward-chamber pressure (psia) 157.5
Aft-chamber pressura (peia) 63. 6
Thrust, measured “bl) 644. 4
cf, theoretical (measured canditions) 1.068
cf. measured 1.013
Thrust {vacuum, € = 20/1) (lbf} 1090. 6
Total firing
Forward chamber
J‘Pdtp {paig-sec) 8291
Total time (sec) 8.420
Weight burned (1b)
Grain 56. 631
Pyrogens 0,556
Aft chamber
J'pazp (psig-mec) 1385.3
Total time {sec) 8.360
Weight burned (1b) 51. 687
J Fdt, (lb~sec) 18533
Overall motor
Weight burned (lb} 108,373
Characteristic velocity (ips) 4074
I.p (Ib-gec/1b) 170.2
meas
Weightaﬁ/weightiwd 0.904
Lo R (1b-sec/1b) 211.9
1300/14.7, 18
op élb-.ec/lb) 241.2
vac, € = 20/}, 1§
I'peﬂ‘(%) e
- (Confidential)
CONFIDERTIAL
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Figure 134 - Post-Test View of Forward End of Hot-Gas Valve Used in
Test M. 4

Figure 135 - Post-Test View of Aft End of Hot-Gas Valve Used in Showing
0o
Cracks 180 Apart

CONFIDENTIAL
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in Figure 134. It was concluded that these cracks occurred
during - the cool-down following a firing cycle,

7. TEST M. 5

a. Motor Conﬁguration

The motor used for Test M. 5 was identical to that used for
Test M. 4, and incorporated a second hot-gas valve supplied by
TRW (see Figure 125 and Table XLVII).

b. Test Program and Test Conditions

The test program consisted of four duty cycles identical to
those for Test M. 4, followed by a fifth (throttling) cycle. A higher
thrust range was programmed for the fifth cycle of this test by
throttling to a lower pressure at the end of the cycle. The predicted
aft chamber pressure and thrust values for the pulse cycles are

* 350 psi and 5000 lbf, respectively.

Test Results

jo

The pressure-~ and thrust-time traces for the five cycles
of Test M. 5 are shown in Figure 136. Each of the pulse cycles
terminated permanently without reignition; the nitrogen purge
was used after each termination. The fifth cycle continued until
the forward web burned out. As in Test M. 4, the motor was
disassembled and weighed after the fourth cycle. The third and
fourth pulse cycles were slightly shorter than the first two
because of an error in the timer setting. Again, four pyrogens
were used for each pulse cycle and three on the throttling
cycle.

The reduced ballistic data for the four pulse cycles of Test
M. 5, given in Table LII compare very favorably with the four
pulse cycles of Test M. 4 (see Table L), The termination impulse
values for Test M, 5 were within 0.9 percent of those for M, 4,
and the average steady-state thrust levels for the two tests were
within 1.0 percent. The average thrust values over burn time
agreed within 1, 7 percent; this difference is larger because
the operating times for the third and fourth cycles of Test M. 5
were shorter than the others., The specific impulse for Test
M. 5 was slightly less than that of Test M. 4, but was still 94.2
percent of theoretical. These specific impulse values were cal-
culated for the total weight consumed in the firings, including
igniter and ingulation weights. (Confidential)
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TABLE LIl - REDUCED BALLISTIC DATA FCR PULSE CYCLES OF TF3T M,5 o
| ' i’l L
; 3
! Test Number :
Barameter M.5.1 M.5.2 b, 5.3 M.5. 4 Total o i )
ﬂ Forward chamber l ! ‘ .
; Delay time,, 0 to 10% (sec) 0,070 0,080 0.093 0.04b . J ; 1
| Rise tima, 10 to 90% (sec) 0.135 0.260 0.226 0.365 i
; Burn time (sec) 1.083 1.065 0.976 0.968 4,092 {1
Decay time, 100 to 0% (sec) 0.120 0.150 0.190 0.205 A h ; 4
: ,j'Pdtp (paig-sec) 3,050 2,982 2, 670 2,595 11,297
B, (psia) 2,769 2,734 2,573 2,580 2, 687 i' :
. (psia) 2,981 3,058 3,025 3,058 3,024 L
] P (PI2) 3,009 3,007 3,043 3,007 Ce o {
i dp/dt,, _ (psig/sec) 143, 000 117, 000 97, 560 91,500 by
i Weight burned (1b) bl
Grain' o R N e 62. 423 '
3 Pyrogens 0.734 0.750 0.7 4 0.745 2.983 r
Aft chamber . LJ
Delay time, 0 to 10% (sec) 0.113 0.138% 0.148 0.166
; Rise time, 10% to 90% (sec) 0.096 0.274 0.256 0.402 . o
# Burn time (sec) 1.037 0.010 0.923 0.895 3.866 ; t ;
J'Pdtp (psig-sec) 369 380 357 362 1, 468 sl
P, (psia) 135 344 345 349 343 0
P, (psia) 352 380 394 410 379 P i
P, prior to termination (psia) 366 380 412 418
P, maximum at termination (psia) 907 994 1,01z 1,063 P o
i dp/dt (psig/sec) " 28, 800 22, 700 19, 700 18,100 i ,
Weight burned (Ib) C C C C 45. 594 b ‘
: Total motor s
g Weight burned (1b) C C C C 111, 305 v
Weight o /weight, C C C C 0.70 !
de:f (Ib-sec) 5,226 5,330 5,141 5,038 20,756 . 4
F (1b) 4,487 4,658 4,779 4,677 4, 644 :
‘ F, (b)) 4,799 5,132 5, 417 5,512 5,148 v ,
; _I'rdtterm (Ib;-sec) 465.3 599.8 711.7 823.0 C o 1
Throat area {sq in.) 10.02 10.02 10. 02 10.02 10.02 A !
Characteristic velocity ({ps) P PR . e 4,252 j :
‘ C, measured | 1413 1. 400 1.43. 1.394 1.411 : f
Expansion ratio, A /A, 1.589 1.589 1.589 1.589 1.589 o '
Ratio of apecific heats, ¥ oL o C o 1.221 iy
' 1 {Ib-sec/1b)" o C o A 186. 5
meas " o i
1“’1000/14.7, 15°(lb-sec/1b) . . RN Coo 2210 Li
i L . (lsec/1o)" | . . . C C o 2317
vac, 157, € = 20/1
a, v e
Ispe“(/c) N PP L o 14, 2
*Based on weights burned over total time.
(Confidential} ‘
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Table LIII presents the reduced ballistic data for the throt-
tling cycle, M. 5.5. Steady-state pressures and thrust values
are given for the three pressure (throttling) levels, The meas-
ured thrust values were corrected to vacuum conditions. The
measured sea-level thrust modulation from levels 2 to 3 was
11,2 to 1, which corresponds to an 8. 1-to-1 thrust range in
vacuum, (Confidential)

The steady-state aft-chamber pressure and vacuum thrust
levels, plotted as a function of the forward-chamber pregsgure

levels for the throttling cycles of Tests M. 4 and M. 5, were shown

in Fipure 132, As shown, the agreement between the two teats
is excellent. Again, below an aft-chamber pressure of 226 psi,
the slope of the curves equals the pressure exponent, 0.67, of

the forward grain propellant, indicating that the pressure exponent

of the aft-grain propellant is 1.0 in the pressure region of 50
to 226 psi.,I Above a 226-psi aft-chamber pregsure, the slope
of the curves is 0.55, which corresponds to an aft-grain pres-
sure exponent of 0. 74 in the pressure region of 226 to 405 psi.
{Confidential)

This cycle had a specifi. impulse efficiency of 86 percent,
which was well below the 94 percent obtained for the four pulse
cycles, A very long tail-off occurred at burnout of the forward
grain, because of the low operating pressure. After tail-off of
the forward chamber, the aft grain continued to burn at atmos-
pheric pressure for a few seconds. It is believed that this con-~
tinued burning contributed to the lower inpulse for the test and
the higher aft-to-forward mixture ratio than could be explained
from the internal ballistic data for the test. (Confidential}

8. TEST M. 6

Motor Configuration

The motor uged in Test M. 6 was identical to that used in
Tests M. 4 and M. 5, as shown in Figure i25 and Table XLVII,
except that the Northrop Carolina-designed nozzle was replaced

with a TRW sea-level nozzle between the second and third pulses.

Test Prg_gram and Test Conditions

This test was similar to Tests M. 4 and M. 5 in that four
1.0-sec pulse cycles and one throttling cycle were programmed.

- . -225-
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TABLFE LIl . REDUCED BALLISTIC DATA FOR

THROTTLING CYCLE OF TEST M, 5
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Parametsr Value
Level 1
Steady-wtate time (sec) 0.660
Forward-chamber pressurs (psia) 1049
Aft-chamber pregsure (psian) 229
Thrust, measured (lb‘) 2848
Cf, thaoratical {measurad conditions) 1.311
Cf. theoretical (vacuum, € = 20/1) 1.810
Cr,meuured 1.241
Thrust (vacuum, € = 20/1) (ib) 3904
Level 2
Steady-state time (sec) 0.260
Forward-chamber pressure {psia) 2962
Aft-chamber pressure (psia) 408
Thrust, measured (lbf) 5298
CL theorstical {measured conditions) 1.353
Cf. measured 1.296
Thruet (vacuum, € = 20/1) (Ib) 7087
Level 3
Steady-state time (sec) 0. 500
Forward-chamber pressure (psia) 112.1
Aft-chamber pressure (paia) 50.8
Thrust, measured (lb‘) 471.6
Cf. theoretical (measured.conditians) 1 0.977
'Cf. measured 0. 921
Thrust (vacuum, € = 20/1) (b 873.7
Total firing
Foarward chamber
_I'Pdt” (psig-sec) 8354
Total time {sec) 10. 66
Weight burned (b}
Grain 58.318
Pyrogens 0.571
Aft chamber
J'pdep (paig-sec) 1466
Total time (sac) 10,57
Weight burned (1b) 601, 526
Qverall motor
Weight burned {Ib} 119. 415
Weightlﬁ/welght‘wd 1,028
Characterisvic velocity {fps} 3953
JFat, (1o -sec) 19514
I!p ° (Ib-sec/1b) 163. 4
meas, 15
1 (1b-sec/1b) 205.5
%P1000/14.7, 15°
Lo ) o (b=sec/1b} 233.9
vac, € = 20/1, 15
i“m (%) 85,7
{Confidential)
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However, the nitrogen purge was not to be used automatically
following each termination in order to ascertain at which pulse
cycle spontaneous reignition of the motor would occur. That is,
gince free chamber volume increases during burning, the pos-
sibility of spontaneous reignition from residual chamber gases
becomes more favorable from pulse to pulse at sea level.
When reignition occurred, it was planned to throttle the motor to
achieve a high pressure, reterminate the motor, and then use the
nitrogen purge in order to save the remaining propellant for
the remaining duty cycles. The predicted chamber pressure and thrust
values for the pulse cycles are 350 psi and 5000 lb, respectively.
{Confidential)
Test Results

The pressure- and thrust-time traces for the first two pulses
of this test, M. 6.1 and M. 6.2, are shown in Figure 137. As
shown, the motor was permanently extinguished after the first
cycle, whereas reignition occurred approximately 30 sec after
termination of the second cycle. When the motor reignited, the
valve was reset to the full-closed position, which corresponds to
4500-psi forward-chamber pressure. As motor pressure increased,
the valve 'terminate'' signal was manually actuated. However,
due to operator error, the 'terminate' signal was interrupted
before the motor was extinguished. The signal sequence was
repeated, as shown in Figure 137, with the second manual ter-
mination being successful. The nitrogen purge was used, and
the grain was permanently extinguished. This test confirmed
that hot residual gases must be removed from a motor termina-
ted at sea level to obtain reproducikle, permanent extinguishment,
At altitude, however, the problem of reignition is reduced con-
siderably as ambient pressure, and hence the pressure of the
residual chamber gases, decreases. (Confidential)

After the second pulse, the Northrol‘a Carolina nozzle was
replaced by a TRW sea-level nozzle (dezcribed in 2, d, above, and
two additional pulses (M. 6.3 and M. 6. 4) similar to the first two
were fired, except that the nitrogen purge was used for both.
Aft-chamber pressure for M, 6.3 and M, 6, 4 and the subsequent
throttling cycle was measured in the head end of the aft chamber
since transducer ports could not be located in the aft end of the
chamber with the TRW nozzle and end closute installed. Pres-
sures measured in the head end of the aft chamber generally
are not reliable due to the aspirating effect of the high-velocity
forward-chamber exhaust gases in this region.
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The measured pressure~ and thrust-time traces for M. 6.3
and M. 6. 4 are shown in Figure 138, The motor permanently
extinguished after both terminations. Four pyrogen igniters
were used for each of the four pulse cycles (total of 16},
(Confidential)

The fifth ignition of this test, M. 6.5, was a throttling
cycle. This cycle was programmed for (1) ignition at a 500-
psia forward-chamber pressure, (2) operation at this pressure
for 0.5 sec, (3) throttling to 90 psia over a 0, 5~8ec interval,
(4) operation at 90 psia for 3.0 sec, (5) throttling to 4500 psia
as rapidly as the system is capable (approximately 1,25 sec at
a consumed web fraction of 0.85),and (6) operation at 4500 psia
until the forward web burned out, which was expected to occur
0.5 gec later, (Confidential)

The actual pressure- and thrust-time traces for M. 6.5
are shown in Figure 139. The motor operated as planned until
a forward-chamber pressure of 4264 psia was attained, near

the end of the test. At this point, the overpressure switch actuated,

sending a termination signal to the valve., The valve terminated
the motor. Since this termination was not planned, the nitrogen
purge system was not actuated and the motor reignited, burning
out the small amount of propellant remaining, A post-test
analysis of the components revealed that the overpressgure switch,
set to actuate at 5000 psia as a safety device, was actuated by
vibrations in the test bay. (Confidential)

The reduced ballistic data for the four pulse cycles are
given in Table LIV. Weight measurements were made after
M. 6.2 and M. 6.5, but since the motor reignited after these
cycles, performance results could not be determined. WNote that
the steady-state thrust values are higher for M. 6.3 and M. 6. 4.
This apparent discrepancy resulted from the fact that pressure
for M. 6.3 and M, 6.4 was measured at the head end of the aft
chamber, as explained earlier; the true steady-state aft pressure
was probably near 400 psia for these two pulses, rather than
the measured 351 to 355 psia. (Confidential)

In Figure 140, the shut-down impulse (the impulse delivered
during termination) is plotted as a function of the forward grain
web fraction consumed at the time of termination for all pulse
cycles of Tests M. 4, M, 5, and M, 6. The delivered impulse at
termination is obviously predictable and dependent on the motor
free volume. (Confidential)
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TABLE LIV - REDUCED BALLISTIC DATA FOR PULSE CYCLES OF TEST M. 6

[p—

Test Number
Parameter M. 6. 1 M. 6. 2 M. 6. 3 M. 6.4 , .
Forward Chamber K ’ :
Delay time, 0 to 10% (sec) 0.073 0. 085 0. 109 0.120 t
Rise time, 10 to 90% (sec) 0. 139 0. 170 0, 281 0, 378 1 ‘
Burn time (sec) 1.070 1.061 1038 1,025 P
Decay time, 100 to 0% (sec) 0. 113 0. 140 0. 200 0, 245 ) v
§ Pdt, (peig-sec) 3,098 3,033 2,857 2,757 .
B, (psia) 2, 849 2,794 2, 658 2,578 .
Fk (paia) 3,035 3,029 3,016 3,071 <
Py e (P8I0 2,984 3,044 3,004 3,034 .
dp/at,, . (psig/uec) 159, 000 123,000 89, 000 80,900
Weight burned {pyrogens) (1b) 0, 750 0, 750 0. 750 0.750 -
Aft Chamber
Delay time, 0 t> 10% (sec) 0, 117 0. 135 0. 187 0, 210 : ‘
Rise time, 10 to 90% (sec) 0.120 0. 140 0. 258 0. 390 Ll
Burn time {aec) 1. 026 1,012 0. 959 0.934
{pat(paig-sec) 386 396 339" 336" .
B, (peta) 355 362 306" 208" .
B, (psia) 371 388 351: 355:
P, prior to termination (psia) 392 410 340 324 ol
b : P, maximum at termination (psia) 980 1014 91" gg" iy
dp/dt (psig/sec) 29, 200 24,900 15, 900 11, %90
Total Motor . -
[ Far, (1b-sec) 5,434 5,541 5, 480 5, 235 -
F, (b 4,780 4,918 4,765 4,558
l-‘k (b, 5,030 5, 213 5,416 5,391 )
frdtmm {1b~sec) 467, 8 589, 0 863.5 983, 0 . ‘
Throat area (sq in, ) 10,0 10. 0 10,0 10. 0
;
' *Puuure measurements in error due to location of transducer port in head end of chamber, - 3
hence moasured Cf and Characteristic Velocity not obtainabls. ' . .__,[
N (Confidential)
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10,

The reduced data for M. 6.5 are given in Table LV,

Levels 1 and 2 represent steady-state periods of motor operation,
whereas level 3 gives point values of thrust and pressures just
prior to motor termination. A sea-luvel thrust range of 14,2

- to 1 was measured, which corresponds to a vacuum thrust range
of approximately 8.8 to 1, This latter range is questionable,
however, since the corrections to vacuum involve aft~-chamber
pressure, which was erroneous. (Confidential)

PYROGEN VACUUM IGNITION TESTS (TEST SERIES K)

In preparation for Tests M. 7 and M. 8, which were conducted
under altitude condition, pyrogen vacuum ignition tests were conducted
in-order to ascertain the effect of vacuum conditioning and ignition
on pyrogen operation. Pyrogens containing PPO-13 propellant were
conditioned at 0.5 mm Hg pressure for various times and then ignited
in vacuo. Nozzle clogsures were not used.,

The prassure-time traces for the six pyrogens conditioned in
a vacuum for 0, 2.25, 3.25, 4.25, 5.25, and 6.25 hours are shown in
Figure 141. The traces show no effect of vacuum conditioning. The
rate of pressurization was slightly less for the pyrogen that was not
vacuum conditioned, but there was no trend for the pressurization
rate of the others. All traces exhibited long tail-offs, which is proba-
bly attributable to grain slivers.

From these tests, it is concluded that the PPO-13 nitroplas-
tisol propellant used in the pyrogens and forward chambers of the
Series M motors will not be appreciably affected by vacuum condition-
ing 'up to six hours, the maximum anticipated exposure time for Tests
M. 7 and M. 8. (Confidential)

TEST M. 7

oA

-234-

a, Motor Config;lration

Tests M, 7 and M. 8 were: conducted in an altitude chamber at
the Navy's Ordnance Aerophysics Laboratory (OAlL), Dainger-
field, Texas. The motors for these tegsts were identical to those
used in Tests M. 4 through M, 6, except for the nozzle; a vacuum
nozzle with a 20-to-1 expansicn rat o, designed and fabricated by
TRW, was used for Tests M.7 and M. 8 instead of a sea-level
nozzle. See Figure 125 and Table XI.VII,
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TABLE LV- REDUCED BALLISTIC DATA FOR THROTTLING

CYCLE OF TEST M., 6

Thrust (vacuum, € = 20/1) (lbf)

Parameter Value
Level 1
Steady-state time (sec) 0.300
Forward-chamber pressure (psia) 505. '7;’c
Aft-chamber pressure (psia) 119, 4
Thrust, measured (lb,) 1529
f theoretical (measured conditions) 1.237
€ =20/1 .
Cf’ theoretical (VACHUM, 20/1) 1.810
‘Thrust (vacuum, € = 20/1) (lbf) 2235
Level 2
Steady-state time (sec) 1.000
Forward-chamber pressure (psia) 91, 7*
Aft-chamber pressure (psia) 45,7
Thrust, measured (lb,) 429
Cf’ theoretical {measured conditions) 0.866 ‘
Thrust (vacuum, € = 20/1) (1b,) 896
Level 3
Forward-chamber pressurc (psia) 4264*
Aft-chamber pressure (psia) 421
Thrust, measured (lb ) " 6088
C . . (measured conditions) 1.401
f, theoretical
7860

* Pressure measurements in error due to iocation of transducer port in

head end of aft chamber, hence measured Cf and Characteristic Velocity

not obtainable.
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Figure 141 - Pressure-Time Traces for Pyrogen Vacuum Ignition Tests
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Tesl Proira.m and Test Conditions

Test M. 7 was programmed over the same duty cycles
(four pulse cycles and one throtling cycle) as Test M. 6 (see
paragraph 8, above). The nitrogen purge was not used in
these two altitude chamber tests since reignition caused by
residual gases in the motor following termination should not
occur due to the low pressure at the chamber altitude of
60, 00U ft. ;

)
The motor for Test M, 7 is shown mcunted in the

altitude test chamber in Figure 142. Before the motor was fired,
the test cell was inadvertenly flooded with water, partially
filling the motor. The motor was drained and dried before
firing and appeared to be in normal condition; however, this
flooding did adversely affect performance as discussed in
c, below.

Figure 142 - Motor for Test M. 7 Mounted in Altitude Chamber at OAL
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Test Results

This test was conducted on 15 July 1965, The motor ter-
minated permanently without the nitrogen purge after each pulse
cycle, The pressure-and thrust-time traces are shown in Figure 143,

A comparison of the traces for this test (Figure 143) and
those for Test M. 6 (Figures 137, 138 and 139) reveal two apparent
differences. First, the forward-chamber pressure for M. 7 did

~ not ptabilize as quickly at the desired 3000-psi value for the four
. pulse cycles as it did in Test M. 6. This was particularly true for

the first pulse cycle, M. 7.1, where forward-chamber pressure
showed a rapid ramp decrease following the ignition pressure rise.
The second difference was the erratic behavior of aft-chamber
pressure, particularly during the third and fourth pulse cycles

and the throttling cycle. Also, aft-chamber pressure was slightly
higher than normal during M.7. (Confidential)

The second peculiarity, the erratic behavior of aft-chamber
pressure (Figure 143), is believed to have been caused by the moisture
that entered the motor when the chamber was flooded. The mois-
ture apparentiy saturated the Kel-F/sodium chloride inhibitor on
the aft grain O.D. It was obvious after the test that a large amount
of the inhibitor was lost during firing (see Figures 144 and 145),
thus permitting the aft grain outside diameter to burn in areas
between the grain and inhibitor. This effect increased the aft-
grain surface area, which accounts for the higher-than normal
aft-chamber pressure. Erratic aft pressure spikes resulting
from inhibitor failure have been.observed previously in subscale
motor tests (Reference 4). ‘

The reduced ballistic data for the four pulse cycles of Test
M. 7 are given in Table LVI, These data compare favorably with
those obtained in Tests M. 4 and M. 5, which were identical tests
conducted under sea-level conditions, except that the aft propel-
lant weight burned in Test M.7 was 14 percent higher than in
Test M. 4 and 18 percent higher than in Test M. 5. This increase
cannot be attributed to the slightly higher aft-chamber pres-
sures in Test M, 7 since the aft pressure integral of Test M. 4
actually exceeded that of M. 7 due to the slightly longer opera-
ting times for M. 4 (note that the integrals of Tests M. 4 and M. 5
are given in psig-sec, whereas those for M.7 and M. 8 are in
psia-sec, which correspond to the integrals that the motor actual-
ly produced in both cases). (Confidential)
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TABLE LVI - REDUCED BALLISTIC DATA FOR PULSE CYCLES OF TEST M.7

Test Number .
Parameter M. 7. 1 M, 7.2 M,7,3 M, 7, 4 Total
Forward Chamber
Delay time, 0 to 10% (sec) 0,0720 0, 1080 0.1332 0. 1440 PR
ise time, 10 to 90% (sec) 0, 1224 0, 1692 0. 2088 0, 2520 N
Burn time {sec) 1,0332 0.9792 0. 9684 0, 8964 3, 8772
Decay time, 100 to 10% (sec) 0. 0668 0.0792 0. 0974 0, 1056 e
jpdcp (psla-aec) 2,840 2,934 2,877 2,563 11, 214
B, (psia) 2, 655 2,869 2,835 2,708 2,718
P, (psia) 3, 202 3,093 3,099 3,024 PN
Pypem (Poia) 3, 156 3,031 3,007 2,983 e
dp/dtterm (psia/sec) 115, 000 103, 000 82,000 75, 000 .
Weight burned (1b)
Grain 10, 44 15, 50 18,32 16, 68 60, 94
Pyrogens 0.77 0,77 0.76 0,77 3.07
Aft Chamber
Delay time, 0 to 10% {eec) 0, 0936 0.1512 0. i836 0. 1980 PN
Rise time, 10 to 90% (sec) 0, 1152 ‘0, 1872 0. 2268 0, 2700 PPN
Burn time (sec) 1.0872 1. 0404 1, 0404 0,9792 4, 1472
i Pdt, (psia-sec) 367 196 423 390 1576
B, (psia) 324 368 193 378 365
B {peia) 384 395 433 436 ..
P, prior to termination {peia) 395 395 435 455 e
P, maximum at termination {psia) 1,010 972 1,030 1,053 e
-dp/dt (psia/sec) 22,000 16, 000 19, 000 18, 000 o
Weight burned (1b) 9,31 15.06 16, 10 13, 87 54, 34
Total Mator
Weight burned (1b)" 20.52 31,33 35,18 31,32 118. 35
Weight au/weightfwd 0.83 0,93 0,84 0. 80 0. 85
[ Fat, (ab-sec) 6,460 7,125 7,551 7,053 28, 189
F, (1b) 5,715 6,617 7,015 5,85} 6,315
F Uby) 6, 878 7,114 7,735 6,084 e
JFat, . (b-sec) 55 55 86 125 Ce
Throat area (sq in, ) 10, 00 9.99 10, 00 10, 0C 10, 00
Expansion Ratio, Ag/At 19.9 19,9 19,9 19.9 17.9
Istenn (b~ uec/lbm) 315, 0 221, 5 214. 6 228, 2 237, 8
Cc 1. 759 1. 801 1. 786 1. 809 1. 789
meas . N
Characteristic velocity (fps) 5, 740 4, 059 3,865 4, 004 4, 270
wIncludea weight of insulation and inhibitor expelled during test. (Conadentiall
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The higher value for aft weight burned during M. 7 can,
however, be explainud on the basis of the amount of salt inhibi-
tor expelled during the test. A quantitative value for the weight
¢ { expelled salt could not be obtained. However, more than 50
lb of inhibitor was used on these grains, and from Figures 144
and i45, it is evident that a considerable portioa of this amount
was lost, Hence, it i3 reasonable to assume that this accounts
for the excessive weight consumed and the corresponding low
measured specific impulse and characteristic velocity values.
The measured thrust coefficient, 1,789, is 99 percent o1 the
theoretical value of 1,805, (Confidential)

The reduced ballistic data for the throttling cycle, M. 7.5,
are given in Table LVII. In this cycle the forward motor was
ignited at 500 psi, with a ramp decrease after 0.5 sec to 280 psi.
At 4.0 sec, forward-chamber pressure was ramp increased to
4500 psi and remained at this pressure until the forward web
burned out. Again, low specific impulse and characteristic
velocity values were observed, which are also attributed to the
salt inhibitor being expelled during the test. A thrust ratio of
6.1 to 1 was obtained in M. 7.5, with a 16 to-i forward-chamber
pressure ratio attained between steady-state levels 2 and 3.
(Confidential)

TEST M. 8

a.

Iz

jo

Motor Configuration

The motor for Test M. 8 was identical to that used for
Test M.7 (see Figure 125 and Table XLVII).

Test Prograrn and Test Conditions

Test M, 8 was similar to Test M, 7 (four pulse and one
throttling cycle), except that nonlinear compensation was not
used until the throttling cycle, M. 8.5, For this cycle, the non-
linear element was modified to prevent a recurrence of the
control instability experienced in Test M, 7. 1.

Test Results

The pressure- and thrust-time traces for M. § are presented
in Figure 146, Again, the motor was terminated after the four
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TABLE LVII- REDUCED BALLISTIC DATA FOR

THROTTLING CYCLE OF TEST M. 7

Parameter Value
Level 1
Steady-state time (sec) 0.1116
Forward-chamber preessure (psia) 531.7
Aft-chamber pressure (psia) 136.8
Thrust (lbf) 2,439
Level 2
Steady-state time (sec) 3.0277
Forward-chamber pressure (psia) 278.9
Aft-chamber pressure (psia) 121.9
Thrust (lbf) 2170
Level 3
Steady-state time (sec) 0.9072
Forward-chamber pressure (psia) 4, 488. 6
Aft-chamber pressure (psia) 739.0
Thrust (lbi) 13, 180
Total Firing
Forward Chamber
. .,'detp {psia-sec) 10, 200
Total time (sec) 8.1720
Weight burned (1b) -
Grain | 56,74
Pyrogens 0. 38
Aft Chamber
J’Pdtp {psia-sec) 1,833
Total time {sec) 8,1720
Weight burned (1b) B7.63
- ’ Total Motor
*
Weight burned (1b) 144, 75
Weight aft/welgmfwd 1. 563
Characteristic velocity (fps) 4078
J Fat; (1b-sec) 32,671
Throat area {sq in.) 10.01
X Expansion ratio, Ae/At 19.8
Cc 1. 781
meas
IBP (lbf-sec/lbm) 225, 7
meas
*
Includes weight of inaulation and inhibitor expelled.
{Confidential)
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pulse cycles without reignition. Cont. ol stabiiity was greatly
improved in this test.

~ The instability evident in the throttling cyc’e of this test
(Figure 146) during the ramp from 500 to 10¢ psi and at 4500
pei is believed to be due to faulty operation of the position loop
portion of the control system since thmse oacillatiuns are of very
low frequency. The position loop includes the servovalves, the
hydraulic supply, and the position poteniiometer. (Confidential)

The aft-chamber pressure in this test was not erratic, as
it was in Test M. 7, which substantiates the beliet that the erratic
behavior for M. 7 was due to the water that saturated the motor
before firing. It was evident, after this test, that the grain
O.D. was successfully inhibited throughout the test, with no
burning on the grain O.D., although some salt inhibitor was ex-
pelled, as shown in Figures 147 and 148,

The reduced ballistic data for Test M. 8 are summarized
in Tables LVIII and LIX. The aft propellant weights burned
during this test are much more reasonable than those of Test
M.7. The aft-to-forward weight ratio, 9, for the four pulse cycles
of M.8 was 0.72, which was only slightly higher than the 0.70
measured for similar cycles in Tests M. 4 and M. 5. The
specific impulse measured during these four pulse cycles varied
appreciably from pulse to pulse, ranging from 230 to 256 1b-
sec/lb, and averaged less than that for Tests M. 4 and M. 5.
Again, these differences may be due to the salt inhibitor lost
in this test. The measured thrust coefficient for the pulse
cycles was 1.789, which is 99 percent of theoretical. (Confidential)

A 9-to-1 throttling ratio was obtained in the fifth cycle,
between the second and third steady-state levels., (Confidential)
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TABLE LVIIl. REDUCED BALLISTIC DATA FOR PULSE CYCLES OF TEST M. 8 ‘
' ([ » D
l : Teat Nuiiher \
Parameter M., 8. 1 M. 8. 2 M, 8. 3 M. 8, 4 Total
Forward Chamber f
Delay time, 0 to 10% {vec) 0. 1152 0, 1044 0,0936 0, 1656 e ' {
Rise time, 10 to 90% (sec) 0. 1800 0, 1474 0. 1764 0. 2808 P !
‘: . Burn time (sec) 0. 9648 0.9648 0.9684 0,8928 3,7908 ‘
{ becny time, 100 to 10% (sec) 0. 0700 0. 0756 0,0916 0, 1044 P )
J‘Pdtp {psin-sec) 2,882 2,786 2,784 2,494 10, 946 1
: B, (puie) 2,892 2,776 2,748 2, 641 2,766 ;
S ‘ﬁk (psia} 3,110 3,030 3,048 3,093 RN ’
; Pyqpm (POiR) 3,082 3,053 3,063 2,951 e |
3 dp/dt (paia/aec) 113,000 88, 000 68, 000 65, 000 e §
: { . Welght burned (lb) N
Grain 15,97 14, 40 16, 39 13.86 | - 60.62 : i
( Pyrogens 0.77 0.77 0.7 0.77 3,07 j
| Aft Ghamber ; !
! Delay time, 0 to 10% (sec) 0. 1548 0, 1440 0. 1440 0. 2232 RN : i
Rise time, 10 to 90% (sec) G, 1836 0, 1476 0.1728 0. 2880 PR 1
] i Burn time (sec) 1. 0080 ‘1.0296 1. 0404 0. 9684 4, 0464 ' %
o IPdtP {pala-sec) 361 378 196 351 1486 . j
B, (paia) 348 356 367 343 354 i
P, (psia) 371 387 405 405 R :
P, prior to terminration {psia) 385 404 419 400 P
P, maximum at termination (paia) 1,010 972 1,030 1,053 . e .
dp/dt (pah/sec) 23, 000 28, 000 23,000 15,000 e
Weight burned (1b) 11.53 1. 29 12. 29 10. 53 45, 64
Total Motor
{! Weight burned (1b) 28, 27 26, 46 29, 44 25, 16 109, 33
I Weight | - /weight, . 0. 69 0. 74 0,72 0.72 072 i :
JFat (1b-sec) 6,495 6,777 7,052 6,214 26,538 ! i
s : F (1by) 6,252 6,323 6,507 6,039 6, 285 : :
L F (16 6,671 6,896 7,195 7, 150 : .
I Fdt,, - (ib-sec) 49 110 111 112 C i ‘
-y Throat area {eq in. ) 9,90 9, 94 9.98 9.99 9,95 H i
\ Ezpansion ratio, A /A, 20,0 19.8 19.7 19,8 19. 8 :
S i
Isteas (lbf-sec/lbm) 229,17 256, 1 239, 4 247, 0 242, 7 .
. c 1, 817 1. 802 1. 785 1. 771 1. 789 :
i meas N . ,‘
L) Characteristic velocity (fps) 4, 069 4,574 4,316 4, 486 4, 35) H
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TABLE LIX . REDUCED‘BALLISTIC DATA FOR

: THROTTLING CYCLE OF TEST” M. 8 :
! J
Parameter Value &
i Level 1 'l
Steady-state time (sec) 0,3312 to 0. 4392 .
Forward-chamber pressure (psia) 576. 1 b
Aft-chamber pressure {psia) 146, 2 P
Thruat (1) 2, 565
Level 2 i
Steady-state time (sec) 3.7368 to 3. 9168 b
Forward-chamber pressure (psia) 106, 5 i
Aft-chamber pressure (psia) 67,0 '
Thrust (lbf) 1,176 v
fp
Level 3 §

Steady-state time (sec) 0. 2016 ,

. Forward-chamber pressure (psia) 4,861 3o

Aft-chamber pressure (psia) 604 3 Ji

; Thrust (1b,) 10, 600

Total Firing .

' Forward Chamber :

j: _rPdtp (psia-sec) 11, 300

Totul time (s 2¢) 8, 1792 £

‘ Weight burned (1b) L

Grain 59.96 .

3 Pyrogens 0. 38 ?

. Aft Chamber v

J‘pdtp {psia-sec) 1, 564 ,
Total time (sec) 8. 1792 ,
Weight burned (1b) 57.81
| . Total Motor - ;
] Weight burned (1b) 118,15
; Weight aft/welghtfwd 0.96 -
Characteristic velocity (fps) 4, 271 "
t JPat, (Ib,-sec) 21,542 o
[ ‘ Throat area {sq in.) 10.03 .

‘ Expansion ratio, Ae/At 19.7 g

| o

; c 1. 756

i meas -

1 Iap (lbf-aec/lbm) 233,11 : g

i meas ok

i

. {Confidential) .
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12. DATA REDUCTION PARAMETERS

[

a. General

» : Data reduction parameters for the DCCSR are presented
in the subsequent paragraphs. They are arranged in sequence,

beginning with the forward-chamber parameters, aft-chamber

parameters, thrust, and finally over-all motor performance

parameters. Each parameter is defined, and the units in which

it is expressed and its symbol are given. The rcpresentative

pressure-time and thrust-time traces given in Figure 149

show the parameters graphically. The methods by which the

measured parameters are corrected for vacuum, standard,

and theoretical conditions are presented in f, bslow.

BRSPS

b. Forward-Chamber Parameters
. The forward-chamber ballistic parameters are listed
; below, and shown graphically in Figure 149.
‘ Parameter Units Symbol Definition
Zero time sec to Time at initial departure of
o ignition signal from its
base line
Ignition delay time . sec tq Time interval from zero
P time to 10% P,
: Ignition rise time sec t Time interval from 10% Pi
TP to 90% P,
Burn time sec tb Time interval from 10% P,
L) P to start of termination
transient on the pressure-
' time trace
L...w\

Steady-state time sec th Time interval from end of
| ignition transient (selected
J from trace) to end of burn

time *
J Total time sec t Tirme interval from zero to
L] P zero on the pressure-time
. trace
E % Additional symbols are listed on page xxxi.
L. ~249 -
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Parameter Units

Tail-off time sec
Ignition pressure psia
Maximum pressure psia

Termination pressure pgia
4

Decay rate psi/sec
Web burned in.
Average burn rate in. /sec
Burn integral psig-sec

Steady-state integral psig-sec
Total integral psig-sec

Tail-off integlral psig-sec
Average burn pressure psia

Average steady- psia
state pressure

Average pressure pria
{total time)
Propellant weight 1b
m
burned

Symbol

Definition

1:TOp

Pmax

Pterm

Webb

L)

[P at

[Pat

J Pat

Time interval from start of
termination transient to 10%
Pioyprn o0 the pressure-time
trace

Maximum pressure that occurs
during the ignition transient

Maximum pressure that occurs
over ateady-state time

Value of pressure at the end
of burn time

Slope (dp/dt) of a line tangent
to the pressure-time trace at
75% Pierm

(Final port diameter-initial
port diameter)/z

Webb i

o

bp

Kp

[ pa

TOp
1

tbp
1

th

1

t
P

Initial weight-final weight

/P at,
Ip aty

[P at,
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l
Parameter Units Symbol Definition I '
b Ignition weight loaded lbm wbi Ignition weight loaded P :
{ «
! Total weight consumed l.bm be wbpf + wbi
Forward mass flow rate b /sec m Whe F dtbp ] : 1
: m f t P dt [
| ‘ .2 o 1
‘ Average throat area in. A r A dt (from
| : tf t K
: . Kp valve
' position trace)
| Discharge coefficient Ib_/lb_-sec C Wit [pat
} m D = P
i Characteristic velocity _ ft/sec c* g P!
; CD i |
* !
% pes s , " f_C (measured) T,
C" Efficiency % he [ C* (theoretical) (oo i
B <. Aft-Chamber Parari_feters .

T*e aft-chamber ballistic parameters are listed below,
and shown graphically in Figure 149.

! : ' fos
i Parameter e Units Symbol : Definition
l Zero time sec to Time at initial departure of L
i . ignition signal from its base
]| line
I; Ignition delay time sec td Time interval from zero ;
P time to 10% Pi ) !
Ignition rise time sec tr Time interval from 109% Pi ) :
P to 90% P, :
i i !
| Burn time sec t Time interval from 10% P, |
bp i .
] to 1070 PS { i
| -252- : P 1
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Parameter Units
Steady-state time sec
Total time sec
Tail-off time sec
Ignition pressure psia
Maximum pressure psia
Termination pressure psia
Fressure spike psia
Decay rate psi/sec
Web burned in.
Average burn rate in. /sec
Burn integral psig-sec

Steady-state integral psig-sec

Total integral psig-sec

Tail integral psig-sec

Average burn pressure

psia

Symbol

Definition

Kp

max

term

sp
P

Web

O

Time interval from end of
ignition transient (selected from
trace) to end of burn time

Time interval from zero to
zero on the pressure-time trace

Time interval from start of
termination transient to 10%
Psp on the pressure-iime trace

Maximum pressure that occurs
during the ignition transient

Maximum pressure that occurs
over steady-state time

Value of pressure at the end of
burn time

Maximum pressure that occurs
during tail-off time

Slope (dp/dt) of a line tangent
to the pressure-time trace at
75% P

sp

(Final port diameter - initial
port diameter)/2

Webb

tp

I dty

/P aty

I pat
p
e o on

1

tbp

[P dty
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- ' ]
- 1
Parameter Units Symbol Definition ’ § '
E ]
b Average steady state psia I?K tK J‘P dth .
' pressure P l L *
Average pressure psia P JP.. dt
| (total time) P p ‘ “ L
i Propellant weight lb w Initial weight - final weight h {
m bpa |
burned v
§
Wbpa P dt, Lo 1
Aft mass flow rate b /sec m t P dt Coe
m a : bp P ey ,
i E i
d. Thrust Parameters -

PR

Thrust parameters are shown graphically in Figure 149,
and defined below.

Parameter Units Symbol Definition i g ;
-4
Zero time sec to Time at initial departure of o
ignition signal from its base line i
Ignition delay time sec t Time interval from zero time -
ar
to 10% Fi .
Ignition rise time sec t Time interval from 10% F. to o
rF 1 ay
90% Fi 1
Burn time sec tbF Time interval from 10% F. to 7

10% F_, on the thrust-timé trace =

Steady-state time sec t Time interval from end of igni- ‘
KF . . . !

tion transient (selected from trace) ‘

to end of burn time on the thrust-

time trace

. !
Total time gec tF Time interval from zero to zero : ‘ : *
. ' on the thrust-time trace e
; Tail-off time sec t Time interval from start of ter- T
| TOF v ) : L
i mination transient to final zero on o :
the thrust-time trace ' ‘
i
\-2 :
Ignition thrust lbf Fi Maximum thrust that occurs o
during the ignition transient T
- 254~ f
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Parameter Unitas Symbol Definition
Maximum thrust 1b F Maximum thrust that occurs 4
f max . :
over steady-state time
Termination thrust 1b F Value of thrust at the end of
4 term b .
urn time
Thrust spike lbf Fs Maximum thrust that occurs 1
P during tail-off time {
Burn integral lbf-sec .. .rF dtbF
{: Steady-state integral lbf-sec NN .J‘F dtKF
1. Total integral lbf-sec R .. J F th
§ ' 1 !
Average burn thrust b, e —_— IF dt
f : t bF
3 ™) bF
u{ Average steady 1b F, ! ,J'F dt ‘
v 8 - _—
3 state thrust f K tKF KF
: - 1
Average total thrust ib F — f F dt
f F tF F
’. N ;
| { Shut-down impulse lbf-sec P ,r F dtTOF 1
[ . e Parameters for Over-all Motor

The ballistic parameters for the over-all motor are listed

below.
Parameter Units Symbol Definition
- 1
i ]
¢ | 2 — ﬂ ( Dy * th\z o
» E Average throat area in. Ata e 3 ] : i
j 2
D + D
— w i
- Average exit area in.2 A ( e ef\ ‘
| e _4 2 7
-/ Expansgion ratio R € Ag' '
V‘i} ta
’ J : Wb a
- Mixture ratio (weight . . .. Ow ——-R—-w
burned basis) bf :
- 255- |
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Parameter Units Symbol Deiinition : i
Mixture ratio (mass . 9, Y
m ——— r :
flow basis) m, | i
Total weight consumed lbm Wpt . be + Wbpa ]
lbm w . i {
Discharge coef- T Tsec CD IP dt o i
z ‘ficient £ ta P i’ i
¢ e 1) w® g [ !
Characteristic ft/ sec C c I
velocity CD . g
E lb_-sec 1 f 1
Pl T Y — i
i Specific impulse 5 Isp W F th Ll
m pt |
i Ty
Thrust coefficient c._1
;\. rust ¢ icien CF . D'sp § |
b Theoretical thrust C From thrust coefficient tables .
P F, theo . R —— |
i coefficient “ e at the expansion ratio, P £t -
| and ambient pressure p.alt, ¢ 7
] from test. y
c Ly
N Nozzle efficiency % nC F (100) .
b F F,theo 0
b , o
i 1. Correction Methods £y
; In order to correct the preceding measured parameters = :
" for vacuum, standard, and theoretical conditions, the following o
methods are used. »,;

First the following theoretical curves are required:;

1, Curve 1 - Ratio of specific heats (¥) versus mixture .
ratio (8)

SenhRIC * N
2. Curve 2 - Charactehﬁ"xc velocity (C ) versus mixture bl

f ratio (9) ‘s
i
| 3. Curve 3 - Specific irnpulse (IB , 1000/ 14.7) versus R
| mixture ratio {0) p Lo
-256- ” :
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e r—
b o |

i

Next, theoretical thrust coefficients are obtained, for
standard and vacuum conditions (C_, 1000/14.7, theo and C
20/1, theo, respectively), using ¥ from the Curve 1, above,’ and ,
and the value of 9w from the particular test. ; 4

¥

The actual corrections are listed below:

Parameter Units Symbol Procedure i
. ; i
! - _ c . ;
L Vacuum thrust lbf FX vac, F—\K( F, \?c, 20/1, theo) 1
Py F, theo i ‘
i n i
c !
Vacuum total impulse 1b_ -sec 1 IF dt { F,vac, Zo/l,theo) |
. f T, vac F\ C !
: F, theo !
¥ c
- Standard specific lo -sec I I F,1000/14.7, theo\ !
: | : £ sp, 1000/14,7 sp C |
! | impulse - F, theo }
B S m
f . c
i b - ,vac, 20/1,
Vacxix;mu::):cﬁlc JRLLT Ivac,ZO/l 1 ( F vaéc 20/ theo>
P b sP F, theo
m
Iep, 1000/14.7
1 Bfficiency % 'nl IJ. .
. !1 sp P sp, 1000/14.7, theo
: i ({theoretical value from curve
/ 3 above, at Ow from test)
¢ L ‘ B ox c* _ ¢
C Efficiency % C ~—w—— (theoretical C" from
C* theo
. curve 2, above, at
{i 8 from test)
i w
-257- g
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1.

2.

A

SECTION VII - DEMONSTRATION OF NEW TECHNOLOGY
(TEST SERIES N)

GENERAL

The objective of Phase V, demonstration of new technology, was
to demonstrate the operation and performance capability of the DCCSR
which incorporated all the design refinements and advancements
developed during Phases II through IV (Sections III and VI, along with
Appendixes C and D). This phase consisted largely of the design of the
full-scale motor for Test Series N, based on the technology derived
from all previous work, and then conducting the Series N tests. Three
of these were sea-level tests conducted at Northrop Carolina's facilities;
the remaining were altitude tests conducted at Arnold Engineering
Development Center, Tullahoma, Tenn. The Series N motor design is
described in'paragraph 2, below; the tests in paragraph 3, below.

SERIES N MOTOR DESIGN

The motor design for the Series N tests is shown in Figure 150.

The hardware used for the cylindrical forward chamber was the same as
that used in Series M for Tests M. 3 through M. 8 (see Section VI,
paragraph 2). The TRW-supplied valve was the same basic design as
that used for Series M, except the stroke-area relationship and con-
troller settings were modified for the ballistic characteristics of a
different forward propellant. The cylindrical aft case was a completely
new design. The aft nozzle, supplied by TRW, was the same basic

.design as that for Series M, with minor changes at the aft case/nozzle
interface and the throat area.

The forward chamber contained PPO-90 propellant in a center-
perforated grain configuration. The characteristics of this formulation
are given in Table III. The forward grain was ignited with pyrogens

"’ identical to those used in Series M tests.

C-430 propellant was selected for the aft grain on the basis of
the tests described in Section III, Subsection II, paragraph 3, d.
This propellant has been extinguished successfully at glightly higher K,
values than C-445, and has a higher pressure exponent above 100 psia,
thereby providing a greater throttling capability. (Confidentizal)
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Figure 150 - Motor Assembly for Test Series N
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It was desired to operate the Series N motors at an aft-to-forward
mixture ratio of 3 to 1, However, this was not feasible because of the
limiting aft-chamber K, required for termination. This limit corre-
sponded to an aft-to~-forward mixture ratio of about 1.3 to 1 above 100
psia (see Figure 106).

Originally, the aft grain was designed with a center-perforated
grain 16, 0-in. in diameter and 27. 5.in. long, with a 4.2-in. web. With
this design, the loaded aft chamber would contain 300 (b of propellant,
and the average burning surface area would be 1, 020 sq in. This design
wag not guitable for the chosen propellant, however, since this motor
would have had an average K, of 47 based on a 21, 6-sqg-in. aft throat
area, which is the maximum area attainable without radically changing
the nozzle design. The grain was therefore redesigned to reduce the
burning surface area to correspond to a maximum K, of 41 with the same
2l.6-8q-~in. throat area. To maintain the aft propellant weight at 300
lb with this lower surface area would have necessitated increasing the
grain web to more than 5-in. and inhibitinrg a portion of one end face to
achieve a reagonable surface area neutrality. The increased web would
also have resulted in an initial port-to-throat ratio below 1.2, which is
undegirable. Since it would be possible to consume only 150 lb of aft
propellant with the limiting mixture ratio of 1.3, it was decided to de-~
crease the aft propellant weight to achieve a more reasonable aft grain
design. (Confidential)

Table LX summarizes the Series N design parameters. A plot of
burning surface area as a funcrion of web burned for the final aft grain
design is given in Figure 151, and Figure 152 shows aft-chamber pres-
sure ag a function of forward-chamber pressure.

The aft case and insulation designs are shown in Figure 153. The
aft case was fabricated from three sections of 4130 steel, heat-treated
to 160, 000 to 180, 000 psi. The fore and aft sections were rough
machined from forgings, while the center section was rolled and seam
welded. The three sections were girth welded together, heat treated,
and machined to final dimensions.

Gen Gard V-44, a silica-filled buna N rubber insulation, cne
inch thick, was bag-molded into the finished case. V-44 was selected
on the basis of its immediate availability, excellent liner-to-insulation
bond characteristics, and good ablative and insulative properties.

Tc optimize the control system gain and time constants for the

-261-
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%
‘ TABLE LX - BALLISTIC DESIGN FOR SERIES N MOTOR [ ;
y .
Parameter Value ' ]
Forward chamber ‘ ’ : {
Propellant PPO-90
, Grain O. D. (in.) 12. 60
i Grain L. D. (in.) 5. 00 ;
Grain length . (in.) 21. 50
; Burning surface area (sq in.) L
| _ Average 595 i
: Maximum 617
; Grain web (in. ) 3.80 Do
| " Propellant weight (lbm) 120 ) S

| Aft chamber
i Propellant C-430

; ) Grain O.D. (in.) | 15, 00 =
. Grain L. D. (in.) 7.50 L
% Grain length (in.) 24. 00
Grain web (in. ) 3.75 :
Burning surface area (sq in.) ;
: Average 848 T
; Maximum 873 )
Throat area (sq in. ) 21.6 D
! Port area (sq in.) 44. 2 3 :
! Surface-to-throat area ratio, K 1 :
Average 39.3 ‘
Maximum 40. 4 ’ !
Propellant weight (1b_ ) 224 ! ;
Exit area (sq in. ), sea level/vacuum 34.7/200 | |
Expansion ratio, sea level /vacuum 1.6/9.3
'I (Confidential) i
i '1
"1 '
-262- L
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Case (4130 Steel,
Heat Treated to 160,000 - 180, 000 psi)

1.00+.015

25 in. dia=e——p

F4
O,

Insulation

(Molded t¢ Case)

36. 6 in, ref

e

17.C in. 1. D«

AL T LW N

N

14.5 in.

[ 27, 5 in,

———————)

Figure 153 - Aft Case and Insulation Design for Scries N Motor
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‘Series N motor, it was necessary to conduct a process simulation based

on differential equations for the forward- and aft-chamber process
pressures. These differential equations, in turn, contain terms that
define the burning rate and the physical, thermodynamic, and geo-
metrical characteristics of both the forward and aft propellant formula-
tions and grain configurations (see Appendix B). Therefore, since
Series N motors contain PPO-90 and C-430 in the forward and aft
chambers, respectively, instead of the PPO-13 and OX-1 used in
Series M, it was necessary to rerun the computer analog of the control
system to redefine the optimum controller gain and time constants.

Moreover, since the burning-rate levels versus pressure and the
pressure index, n, for PPO-90 differ from those for PPO-13, the
required valve stroke-area relationship was also different. Thisz dif-
ference is shown graphically in Figure 154, Condition 1 is for PPO-13
in a spherical forward chamber (which was not used), Condition 2 is
for PPO-13 in the cylindrical forward chamber used in Series M, and
Condition 3 is for PPO-90 in the cylindrical forward chamber used in
Series N. The valve used for Tests M.7 and M. 8 {serial No. 1b)
had the relationship shown in Condition 2. However, the values for
Series N (serial No, 2a and 3) had the relationship shown for Condition
3.

SERIES N TEST RESULTS

a. Sea-Level Tests

(1) Test N. 1

The initial Series N tests were to evaluate the opera-
tion of the Series N motor at sea level before the altitude
chamber tests, conducted at Arnold Engineering Develop-
ment Center.

For Test N.1l, the motor was to be operated for a series
of 1.0-sec duration pulse cycles at a forward pressure of
1500 psia, aft pressure of 125 psia and thrust of 3200 lbf
Following each termination, the two chambers were to be
purged with nitrogen to expel the hot residual gas from the
chambers. The motor configuration was as shown in
Figure 150.
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(2)

The pressure-and thrust-time traces for Test N. 1
are shown in Figure 155. Following the first pulse cycle,
the aft grain reignited and burned at the very low pressure
of 7 to 8 psig. The forward grain did not reignite and was,
in:fact, re-used in Test N.2. By purging the forward cham-
ber with nitrogen, aft-grain gases were probably prevented
from entering the forward chamber and igniting the PP0-90
grain. Valve control stability resembled somewhat the
last cycle of M. 8, in which low-frequency oscillations
occurred (see Sectinn VI, paragraph 11).

Test N.1 verified that the full-scale Series N motor

operatec in a fashion familar to the subscale six-inch motors.

The long ignition delay of the aft grain was also evidenced
in the subscale motors in which C-430 and C-445 propellants
were used (see Section III, Subsection 2, paragraph 3, 4d).
The aft grain was temporarily extinguished when the for-
ward grain was terminated. The reignition of the full-
scale grain, in contrast to permanent extinguishment of
the subscale motor, may be dué to the quantity of nitrogen
employed in the purge system. The purge flow rate was
not scaled up with motor size, but was actually increased
only slightly for Series N due to the limited capacity of the
purge equipment. (Counfidential)

Test N. 2

For Test N.2, a throttling cycle somewhat gsimilar to
those programmed for the Series M tests was planned.
The objectives of this test were to (1) check valve control
stability over a wide pressure range of 80 to 4500 psia,
{2) obtain additional ballistic data for the aft-grain propel-
lant, and (3) demonstrate a 10-to-1 throttling range. ~The
nonlinear compensation element was incorporated in the
control system for this test to increase control sensitivity
in the low-pressure range. (Confidential)

Low-frequency valve oscillations of three cycles per
second occurred in Test N.2 (see Figure 156). The for-
ward-chamber pressure oscillated about the desired initial
valve of 1000 psifor 1.0 sec, followed by a ramp decrease
to 80 psi. The predicted aft chamber pressure and thrust
values are 210 andl 40 pgia, respectively. However, the
oscillations occurring on the down ramp extinguished the

CONFIDENTIAL

!

.

et




CONFIDENTIAL

AFRPL-TR-65-209, Vol I

°
— g i
S F R 3
_ "E o {
2 4 by
4 ry
! o
H g o
§ }..3 X |
h 1
. < & - -
;' 3 !
4 [ =)
’-.E m.
o
- M
O
H ot
< o
e o
o _ ;
- ) !
: g
-
R n g T~ 5
B IR
5 Q
e ——*’ﬁ = £
¥ s
—
!
®
™~ I~
N g
3 i Q
; g
! | & 2
i - # o
[ 2 1
]
| & P ) |-
3 < i
i
-~ ~
o
= [= o [~ o (=4 [} (=3 (=]
=4 =3 S S =3
[J g 2 8 =] g 3
(81ed) (81sd) ;
ii“ sInssaxd 1oquILYD-pIemiod axnssald roquieyd-1Iv (“q1) 38nayr
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(3)

forward grain; the aft grain was also extinguished. The
ozcillatory behavior of forward-chamber pressure corre-
sponded to valve movement. The aft grain reignited after
about eight seconds and was consumed at a low pressure.
After approximately four minutes, the forward grain re-
ignited and burned out.

The instability evidenced in this test was concluded
to be caused, as in Test M, 8, by a faulty element in the
position loop portion of the control system. The position
loop includes only the servovalves, the hydraulic supply,
and the position potentiometer. It was decided to replace
the servovalves and drain and refill, under vacuum, the
hydraulic lines. The position potentiometer was checked and
found to operate satisfactorily.

Test N. 3

For Test N.3 only the forward chamber and control
valve were used since it was desired to check the control
system, with the new servovalves, in short pulse cycles
and incorporate any necessary modifications between
pulses. Also, it was desired to evaluate both throttle valves
(Serial No. 2a and 3) which were subsequently to be used in
the altitude chamber tests.

The pressure-time traces obtained in Test N.3 are
shown in Figure 157. The first two pulse cycles of this
Test, N.3.1 and N.3.2, employed TRW valve Serial No. 2a,
which had been used in Test N. 2. In the first pulse cycle,
pressure stabilized at the programmed value of 1000 psi
shortly after the pyrogen burned out. The second cycle was
programmed for 4000 psi pressure. However, the minimum
area of the valve wasg too great to provide this pressure,
instead, the minimum valve area corresponded to about
2500 psi. The progressive rise in pressure in thig cycle
is due to an increasing burning surface areaof the grain.

. In the final two cycles, N.3.3 and N.3.4, TRW valve
Serial No. 3 was used. Cycle N.3.3 was programmed for
4000 psi. The throat dimensions of the valve physically
changed during this test, as can be observed from the trace.
Following ignition, pressure appeared to be stabilizing at
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300 psi. However, the slope increased again, with the ,
pressure increasing to the programmed value of 4000 1
psi, where it stabilized, The valve remained at the stroke
corresponding to its minimum area throughout the rise

portion of the pulse. When the design pressure level was i
attained the control system caused the valve to open and
control pressure around 4000 psi, Measurements of the
valve seat and pintle taken before and after this pulse .
confirmed that the minimum aréa did decrease during the i
test. '

fovmm—. |

e s

L2

e

A throttling cycle, similar to that planned for Test” o
N. 2, was programmed for the fourth cycle. Control stabili- :
ty was excellent throughout this cycle. Three steady-state
levels of 100U, 75, and 4800 psia were obtained. The
maximum to minimum pressure levels corresponded to
! a mags flow ratio of 29 to 1. The motor was allowed to
burn out in this cycle. (Confidential)

The encouraging results of Test N.3 confirm that
the valve control stability problems encountered in N.1,
and particularly in N. 2, were in the position loop and that
the problem was corrected.

s B S

b. Altitude Tests

(1) General

tested in a simulated altitude environment at Arnold
Engineering Development Center, Arnold Air Force Station,
Tennessee. These motors were identical to the previous
dual-chamber series N motors, except that the nozzle

" expansion cone was extended to a 9-to-1 area ratio for the
altitude chamber tests. The purpose of these tests was
to demonstrate stop-restart and thrust modulation capa -
bility of the dual-chamber motor containing a castable aft
propellant at simulated altitude conditions.

{ The final two series N motors, N.4 and N. 5, were
AN

¥
E—

T

J

The installation of the motors in Test Cell T-3 at
AEDC is shown in Figures 158 and 159. The motors were i
mounted on a thrust cradle which was supported from the ’
[ cradle support stand by three vertical and two horizontal

-~ double flexure columns. Axial thrust was transmitted

¥ 3
[
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through the thrust pylon to one load cell mounted in a
double-flexure column on the motor axial centerline. A
remotely operated thrust stand calibrator was used to
obtain pre- and post-firing axial thrust system calibra-
tions.

The hydraulie pump assembly used to actuate the hot
gaws valve was located outside of and adjacent to the test
cell. The high-pressure hydraulic lines were connected
. to the valve and positioned perpendicular to the motor
axial centerline (to eliminate thrust measurement
interaction effects) and coupled to sealed junctions at the
test cell wall. S

Preignition pressure altitude conditions were main-
tained in the test cell by a steam ejector operaﬁng’ in
series with RTF exhaust gas compressors. During a
test, the motor exhaust gases were used as the driving gas
for the 39-in. -diameter ejector-diffuser system to main-
tain test cell pressure at an acceptable level.

The test plan called for each of the two motors to be
fired over ten cycles (ignition and termination), with each
cycle of nominal one-second duration, followed by a final
three-second cycle, during which the throttling capa-
bilities of the motor would be demonstrated.

N.4 Test Results

Motor N. 4 was successfully cycled (ignited and ter-
minated) five times, with each cycle nominally of one-
second duration. On the sixth cycle, the motor failed to
terminate. A post-fire inspection revealed that the in-
gulatation around the valve pintle had failed and moved
forward into the throat area of the valve, thereby pre-
venting the throat area from attaining termination con-
ditions.

The pressure- and thrust-time traces for the six
cycles of N. 4 are shown in Figures 1€0 through 166. Motor
ballistic and performancg data are given in Tables LXI,
LXII and LXIII.
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Figure 161 - Traces for Test N. 4. 2
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4
[ TABLE LXII - SUMMARY OF REDUCED BALLISTIC DATA FOR TRITN.4 ]
' Ignition Cycle (?cf::" .
; , A Parameter T ) 3 1 5 T 1:8) 1
1 Forwatrd Chamber . . -
} Delay Time, O to 10% (sec) 0. 242 0.242 0,076 0.142 0,179 0.14 Ce
f . Rise Tims, 10 to 90% (sec) 0,163 0.273 0.168 .16t 0.211 0.22 N
5 : Burn Time, 10% to Terminaticn
{ssc) 0.773 0,780 0.940 0.875 0.858 15,96 4,226 q
. Decay Tims, Tsrmination to 10%
. {see) 0,037 0,043 0,049 0,051 0,058 PN N
i Pat, (paia-ssc) 1,063 998.1 1, 403 1,293 1,273 | 11, 455 6,030
ib(pm) 1,346 1,239 1,462 . 1,448 1,439 678 1,392
: Web Burned (in} 0.212 0,215 0.273 | 0,233 0,285 2,450 1.208 o
Yo Durn Rate (in. /aac) T 0.214 0.276 0.290 i 0.289 0.297 e 0.286 !
Weight Burned {lb) . i
Grain 6.362 6.250 8,629 | 8,063 8,021 | 82,130 37.325
b Pyrogen : 0.376 | 10,376 | o.563 | 0,751 | o.563 | 0,75 2,629
Eor Total 6.738 6,626 9,192 8,814 8.584 | B82.881 39,954
Aft Chamber
3 Delay Time, 0 to ignition (sec) . 0,515 0, 482 0,225 0.313 0.350 0.363 e
s [ Rise Time, Ignition to 90% (sec) 0. 035 0,028 0.028 0.041 __0.046 | 0,046 PN ‘
% Burn Time, Ig. ition to 10% (sec) 0. 580 0. 600 0.875 0,794 0,787 27.68 3,536 ;
: Decay Time, Termination to 10% .
[ (sec) 0,076 0,082 0.104 0,114 0.132 e Ce
b [ Pat_(psia-sec) 69,29 71.02 | 102.64 | 101,56 | 103.45 | 1,é80.0 448.0
( 1 B, (psia) 106.5 108, 4 113,0 122.3 125,1 60,3 115.9
Web Burned (in,) 0.096 0.087 0,135 0,131 0.141 2,962 0,590
oy Burn Rate (in. /sec) 0,166 0.145 0.154 0.165 0,179 e 0.162
{ Weight Burned (Ib) 5.044 5. 449 8.005 7.984 8,281 | 180,205 34,763 i
' Total Motor * !
‘ , Weight Burned (Ib) 11.782 12.075 17,197 16,798 16,865 | 263,086 74.7117
{ i Weight Aft/Weight Forward 0.749 0.822 0,871 0,906 0.965 s 0.870
FER O J'th[ ineas, Bgaec) 2, 689 2,724 3,861 3,824 3,887 | 60,567 - 16,985 |
_Ii-‘dtI vag, 2 msec) © 2,698 2,733 3,871 3,834 3,897 | 61,137 17,033 i
[’ F, by 4, 046 4,112 4,232 4,592 4,680 2,175 4,358
iy ‘]‘pdg““m (1b,-sec) 351 128 397 507 622 . e 5
] Throat Area (sq in.) : 21,627 21,627 21,624 21,624 21,626 | 20.899 21. 626 i i
) Expansion Ratio 9.268 9,266 9.268 9.270 9.270 9.591 9.269 Y ’
L : Cell Pressure Integral (psia-sec)| 0,04603 | 0,04317 | 0,05086 | 0.04995 | 0.05085 2.848 0. 24086 ;
/ Characteristic Velacity (fps) 4,092 4,093 4,152 2,206 4,268 4,294 4,172 :
Specific Imnulse (lb-sec/Ib) " i
7 Measured, 17,5° 228,z | 225.6 224.5 227.6 230,5 230.2 227.3 ‘ |
L Corrected to Vacuum, 17,5° z20.0 | 226,3 2251 228.2 231,1 232. 4 228.0 ‘
Gorrected to Vacuum, 20/1, | ; i i
- 17,5 239.7 1 2371 235.9 239,1 242,2 . 238.9 ;
( 1 Theoretical, Vac, 20/1,17,5° 258.0  259.7 260, 6 261.2 262.1 R 260,5
v Eficiency (%) 92,9 91,3 90,6 91.6 92. 4 . 917 :
. Ratio of Specific Heats, ¥ 1,23 ez | L2z 1,22 1,22 e 1,22 i
" Meagured Thrust Coefficient 1,794 1,773 1,738 1.740 1,738 1.725 1,783 !
- {Confidential) x
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(3)

Valve stability was very poor during the first two
cycley of N. 4. Forward pressure and, hence aft pressure
and thrust, oscillated fo:lowing ignition. This instability
was attributed to a faulty valve pintle position potentio-
meter, Another valve, S/N 3,. was employed for the next
three pulse cycles, and stability improved considerably.
Forward-chamber pressure was closely controlled around
the preset value of 1600 psia. (Confidential)

> A third valve, S/N 2, was substituted before the sixth
cycle for S/N. 3, which was inoperable following the fifth
cycle, The stability of this third vulve during the sixth cycle
was poorer than that of 8/N. 3, but much superior to 8/N 1
used in the first two cycles. During termination of the

gixth cycle very little throat area change was evidenced,
based on the decay rates in the forward and aft chambers
{Table LXIII). Neither grain extinguished at termination,
and flow through the valve remained choked at lower
pressure levels. After 10 sec, the valve was recycled to
the higher pressure. The forward grain burned out 5 sec
after the valve was recycled; the aft-chamber pressure

then dropped to a low level and the aft grain burned for an
additional 12 sec to burnout. A post-fire inspection of the
valve revealed the partial blockage of the valve annulus

by the insulation from the pintle., This cycle demonstrated
a throttling ratio of approximately 3 to 1 from the steady-state
thrust levels before and after actuation of the valve.
(Confidential)

A specific impulse efficiency of 91.7 percent was
measured for the first five cycles of N. 4. This low
efficiency is probably due to the low aft-chamber pressure
of 116 psia during these cycles. The performance results
of the sixth cycle were not included in these averages be-
cause a portion of this cycie consisted of the aft grain
burning alone. (Confidential)

N.5 Test Results

Motor N. 5 was successfully cycled nine timeé, with
each cycle nominally of one-second duration. On the tenth
cycle, the aft grain failed to extinguish when the valve was

actuated and, the C~461 aft propellant burned at a low
pressure of 20 to 22 psia until the entire grain was consumed.
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The forward propellant, PPO-90, extinguished when the valve
actuated without reigniting during the low-pressure aft- Pl
grain combustion. (Confidential) ' ! ;!

b * Due to the failure of the pintle insgulation in valve P 4
S/N 2 during the sixth cycle of N.4, it was necessary to '
use valve S/N 1 for the entire N.5 test. This valve con- , S
tinued to display instability during N. 5, as was evident in : P i
the first two cycles of N, 4, this instability is shown in the A
pressure- and thrust-time traces for TestN. 5 presented L
in Figures 167 through 177. In the third, eighth, ninth, i
and tenth cycles of N. 5, the preset pressure around which L
the valve feedback loop controls was set very high so that o
-the pintle would move to the closed position (corresponding P
torabout 2500 to 2600 psia). The pintle is thus prevented T
from oscillating since it rests on a stop in the pintle -
housing. During these cycles the motor operated stably.
{Confidential) '

The reduced ballistic and performance data for Test .
N. 5 are tabulated in Tables LXIV and LXV. Performance
valves for this test are very similar to those obtained
in Test N.4. Table LXVI summarizes the termination
parameters, with each succeeding cycle, the decay rate g*
a2 given pressure became less, L* of the aft chamber in-
creased, and the aft chamber Kn increased. As shown
previously in subscale testing, C-461 will not extinguish
at a K value above 40 to 42. The failure of the propellant .
to extinguish in the tenth cycle was perhaps due to a com- o
bination of the low decay rate and high Kn. (Confidential)

PERIAPN

-288-

: CONFIDENTIAL |



CONFIDENTIAL -

AFRPL-TR-65-209, Vol I

‘. ':.[‘.
H 1
mE = |
: r i 1 i
b o i
[ 0 |
5 - —{ |
1 i
$ , i j
: } o 1
¢ - i i =
f { 3 g
LU | E i
E o s
7 ’ { . [& /l ~
¥ =
s -1 N o
ol - — T-%
§o R
. 7 = =5 ]=°
I £ =85 §§, z é
i ! - ;sg 52 o
I AN 1 IR P
: x Soa i
o g
| s
P P
: i
P L | i i o %
g o ™ ~ © hm - ~ ~ — =3 {
¥ f ;
W K] | ISPA] [RiXY |
_ { g g I i
3 = 2 Lo L | ; :
, = : g§ & & £ & °© |
{j ~§ wISd '3INSSasd JAHIE ] B i
L & L | | | | !
3 = - :
' E g ® B & ° 5
B UoLi150d 3RULg SAfEA : el g SO Y
4 : | :
. ~y i —_— (=] v
] I3 1= ’
3 F el ANSSAG 1)
L i
‘
4 i
* Figure 167 - Traces for Test N.5, 1
]
CONFIDERTIAL o "
[ {
b
b
P
(3§ e




1Ny (erxy

. W
ki isnaug eixy
[

K-

CONFIDENTIAL

R
s,

QUX 0t

0 jana @nijedad( uontubl

b b e a————

Ll

fom
-

AFRPL-TR-65-209, Vol I

uadg N3

VOIS I}jUtd FARA

P S S FO R SO S O S S ; T
) 298 ‘i)
07?7 Bl 91 hal | 21 01 0 LA v <0 70-
-0 G v 0 —— () - () L (]
| o
E— z
1 1 Jorg Jos =103
“ainssaig £ Q A
EEEU =< 5 z z
F o zl.=
= ¢ Jos S oot & Jzo;
= © @
: i a
-1 i £ 4001 Y JosT S Fe0
H b =
H £ i ~
i ® & .
4 -4 0091, J00z wy
| | E .
| ' N
{ 8anssal !
saquey) E@:ow “ 000z Foase

¢

Figure 168 -

-290-

s s )




AN ok it 115 R L e e e e e e = e e+ . e e e — e —————

-291-

~
S e e : — ’
. i T A T A B A I
! i i H : ! 1
i ] _ i : : _ ., m :
+ RN S B LT R puS- SR SR, ——— e b RIS SRS FR
H s R i i o~
| | w “ o
& i i | w i ; , : Loy w
: ; | ] ! ! . : i _ 5
t i : i H m ! .
) { _ ; ' | 1 i | | -
7 m ARSI PSR-
1 ! H H |
) : _ ¥ ! ° i ”. _ '
< i ] ! X . <
[ i : N “ _ - " ,
i | _ P i i W ! % s A
" : —_ ! R — ——— : - ™~ -
“ : IR I BN
-t Sete o = =f o
- i _ P N TN a N T - Y =
o b NN B g © -
B T TSoeT  Bao x = o
i i 2
= i i ! PSE 1 _ /A i MMm _ = L y
Sal ! ! ! .Ml [ : i ¢ o 0 =
— I : T A = o bl
- ! i ‘. . M [ —]
[ 799 ! : r i ~ e [
C | i i ; [ Rk E
0 i | | ! _ _ i =
. IR | - | _
c ' : _ ., t ; ] 4 hd P~ “
i ; . B s . . _ A
|4 m N B R . n
) ® ) snay) ey m
S ] | ) N " o — o0
= M 5o ! ! | -
H § & £ £ & E & & ° B
c €7 @d"s5udd JAIIYT DIEMIOS
s _ T
E € £ £ & & & & =® -~

LrOd Mg JAFRA EiSC ‘31054014 19CUIRY) YY

03

Pisd ‘aInssasg 1130

AFRPL-TR-65-209, Voll

-~

NRD R D S S S e [ s B oo S St R |

P Gk 152 s SRR Yy

n E nz?&.a —.,.?;r:. L. ¢ oy R, e o

TN

S o B 58 5 T e R o 0 T o s 35 i B i




p ey P U ooy o ey P . -
A Y s [, [y R— s d [C— O
I : T T T
_ ” _ o P
i : !
i 1 i :
H H s )
JRPQU S S
: : ! !
N M . ' K
| | :
: . H i
- < —t - . B e et
: i
¥
‘ i
) : :
1 : i
H ¢ ' : :
e ] ;
N 1
i i : ! :
: : i ; i
i ] . :
i | S : o -
- B -

: ) /
® i . 7
H » = s
- = TEET
; Y ” T = £xZ
; P2 : B | B5Y
c ! 'R : = P
2 "W < 568
e C e —— 2
—O !
= F e
=2 { - B
o =
\o g
.- =,

CONFIDENTIAL

AFRPL-TR-65-209, Vol1l

uoilisad 3Juid 2MEN

1y 10°—

o ~ ‘e

Yy 1snayy jeny

E 8 B

.u.h,)mn.vwlm Jaguey) piesing

250

& g ]

P-4 =

015 wINSSald SAqWEU) YY

, , :

L o~ —
=

< ]
2IST “3INS5AA4 13D

Time, sec

0.6 0.8

0.4

Figure 170 - Traces for Test N. 5.4
CONFIDENTIAL

-292-




293

. Jan TEelif
072 51 91 [ M ¢l -0 ERY ¥o

=
! bl [o0]
Banse - : c c s v
EFHISE P 11 ooy 3 0¢ 2 10
: . i / azgued) WY z 5
”".,, H . i, @uﬂwmmhm __wUL\ : 2 qnm
e . m : ] E : x
, _ T _ ¢ fws g gory -Jeo
. : § w g “ ,
: : :
. i . } & = \
; oo “ > 2 5
i ; ; . z . )
: FinsSal £ = SZW 0slg £0
: te3guiBy = a &
— RIS 2 =
i ; _ g g 2
" - e v = Yoot Bz
| : g 2
i i £
| - 154U} eIy

CONFIDENTIAL
CONFIDENTIAL

e e ——
- w
o~

Figure 171 - Traces for Test N. 5.5

— (01 %L

o Gmm—e(d 13ART BANRIRAD UOIHUB)

| ” “ s

- . o

{ o i £

: (=) i ‘ ~. o

”, < T “ s

: ' . i 5
& 2 .
b N A _ : -
B, - m ! ! — uatong
~
F -
<

g% | e o o], N

) - . e gt 2 .. P e N S o e et b S B SN "

oy

i
H
L.
f i
Li
[‘\
j




o et e o —— s ——— p— B - -

H 1 - . . [ oy [ e ——c—— ;o Pros—.
H M | ST I Iepprmica Rsapaonc, [ [S § . [ g § !E.ﬂ-y-_ e ars N e . . . ‘ o
S S R, C maad -

Ay
=
.
it Lag

P75 My
Prag ot s

IR S

./>>>>>

| _ . )))?\/\/.A

eel

| B3 \

4 M | I
! '
e — —————— .Ml. —_————— ! QmN

i
~n L.~ . -
l ] ‘
[ [~ e
. E 2=
PISH QUNSSA Iy g
\——— .
g8
PISe aun adg g

.
by enayyg ey

“isnauyg ey

)
"y
Z
ﬂ_
-l ; S
; [ omd
“ | _ - 9 b -t
b= P ; m S
" m : ; v P =
a R R ] ‘ -
— A o2
= " — : L e
' ! | _ o nﬁn
c |.¢.l1h : 6 1—.|l.
i i ; i (-]
- : ! 5 : ! ! . o
= mE..o_ .w.a
& v — ey Y AN00430 UOHeS ]
o ! “ ! , w \ : M
N S ,J},\z\z\w\ﬁ << z ™
¥ SRR S R AR > -
1 . : H . ' : H =
m S . O I S s
3 : |
M .Il.'s.l __.\_ i o
oy =
< i .
) 3




ot e v

AFRPL-TR-65-209, Voll

CONFIDENTIAL

e o
- £a

© Cell Pressure. psia
=] ]
- ~>

Valve Pintle Position

At Chamber Pressure, psi2

I
Full Open O T J‘,_l_.c .
Ignition Opsrative Level
1 10°
i
10 - —_—t
L] —— ] [Axhllhrusl
‘/
[l ——— — P
? . ot —_—
A
-8
300 g~ 2400 s 6 UV S
| [ g
sl _ 20 .f; sl Forward :h'ambeL F_r.eier._.
R <
g
008 31600 4 Ll e
4
a
o) 31200 3 -
E
=
&
wof-¢ s} 2 —_
]
3
S0 m b 1 o)
0 L them 0 Ot
-0.2 0 X

Figure 173 - Traces for Test N.5./

CONFIDENTIAL

-295-




.«f. g " g Blees _oooumtis, o L e e S ] - .. ey e+ e . ‘. < r— .

" m gy £ s § g oy P ey . - R, N ey ey e ey PRSP, e A
- ! [ 4 ; bonnid : raaan d i [ ek Yo 4 : H i o s e v 4 [ [
: {
i
I I I
: . 1 _ i i :
—_ H d - .m‘ l\__ * boe ‘.
1 * , H )
3 : , ! “
=i ] 1r : H H oo
: I T R
; : w m m m ;
l..ﬁv.. ;. — R S = - I..!. |I~1] “ —_— - - /
1 ; | i |
; ! ! :
- R
; i
1 (- 1 N
_ H I | ) oo
7 T B .
) L0
-t 4 _ _ : 3 m £ :
- L . z 5 o w . =
o i : 4 = - 0 —
- o S2—\———&—— o H o
= ! £ bt g “ =
aad | : 2 T % S )
) : s | 3 i o ad
a : ; S s S
- i : g . 7 - -
. ; .n...\ %
by 4+ ~ e
= S _ | ° f =
o | I " £ &
@ - , “ ' ° . @
¢ ! H ! f H ,
= " > P _ oo _ _ _ ~ N
- i | = : ! { ] . : : s ™
W - - o~ — < o o ~ ] - < -~ LY — o '
= _ = - = - ) . o
g g by snaug iy 4
o = P . | ] mc
2
m : 3 E : : £ &8 = 8 ° 3 |
s & [ = B = = : »
uwy < AT B L v Ing .o i
© g » A— _J .
o B s § & z & ¥ & g *° _
e = [ESEPL N I, BT
: . G oaga0d #ldid NEA . . —
: . -~ . P
; P < [ [~
; Fie Lonstsad 1199
! :4
fx
< '
]
[=al
o~
1




2 AR

:
i
i

g

e ot

camr

T O

AFPRPL-TR-65-209, Voll

CONFIDENTIAL

Vaive Pintle Position

O S

Full Open

Ignition Operative Leval

17 x 10

% —

15—

M-

400 .-

2

2

|
Axial Thrust, by

w0

o

Y

El
i

}-0"'"- ]
;
S T }
¥
!
- e JUNEI SR SRR
1
— - —— ———— ——— - _i.._
, i
i i
' - "

N

f\xial
hriist
t

orward Chamher |
ressure

o} om0 6} — § —d— R TR NN

o z

3 3

] 1

- Swo]l Saw0g- S| — ) — -

g 3

. z o

! | Bewp- ¢ S—_—

g R -] Celt Pressure

03y- 2 150]-S12m - 3

o (=) !

For = s

j - < < Al

| & - - 2 - Ghamber 4

B . 0? 100 800 Ghamber

. la

1 Fo 50 wi- 1 __1—._.*. I P

{.5 3 L_ _
0 0 L- 0 0 M Taosnal) .
-2 w2 a4 06 08 L0 12 L& L& 18 20

{‘\ ”lﬂﬂ, st

l

' Figure 175 - Traces for Test N.5.9
[.’/ ) -297-




AFRPL~TR- 65-209, Vol I

CONFIDENTIAL

Cefl Pressure, psia
s = =

-

Valve Pitie Pasition

AR Chamber Pressure, psia

T

——

Full Open
Kynition Operative Leve!
&£
&
3
: <
00 g+ 24M -
50 |-, 2000 |
_'a
20 | 5 10 )
g
a.
150 —_gmo
100 >-§ 800
50 - wl
[ (2 3

T T 7T
SRR S, W S S
| h | I
Brie?
1
B
[H] —
n
10
’ 1
]
1 |
Axial Thrust
Q e & b
, i
' L
5
E f I |
. I |
: ;orvnrd Chamber
: ressure _
3 - Y O )
r el pres
Cell Pressure
. /._JMMW' Y N
1 T— { I
i .
0 4 ) ; 1
-0.2 0 a2 ('Y ] 06 08 L0 1.2 1.4 1.6 L3 2.0
Time, sec

Figure 176 - Traces for Test N.5.10 (First 2-sec of Operation)

-298-

CONFIDENTIAL




A b v

AFRFPL~TR-65-209, Vol1l

et e e e s 7T

| |

| _

1aA%7 amesado uonuby

2S ‘Al
oy 08 ove 00 0% 0zz 0%t 07 001 09 07
0 0 _"™o0
} _ _ 00z ~ QHW. -] e
| 21nssald {13 __| = It um_.
2INSSa, =
’ saquey powie] _ - I 4
f i o =qze —§20a
¥ I
W! : = 3 8
— / aanssaid ._h._EEu w I3 g B
u { 0 T e, — €D
L 1 § pu— cqu
a L
— _ IS Y -
(T8 . L 0001
-
 —J
<>

UOj}isOd 8[jUld BAIRA

uadg 1In4

IAWILLY
NOILVNINYIL HINGOL

LAWILLY
NOILLYNIWEA ], TEIHL

L3WALLV

NOLLVNTA¥ALl ANODIS -~

Figure 17/ - Traces tor Test N. 5.10 (t + 2-sec to Burnout)

Lt
ot i

it e

D T Ve T T g L e i

d e

e ——

-299-

CONFIDENTIAL

N

o Aei

i




CONFIDERNTIAL

- e s . R e R - . .- - N Yot e WO o e, —
[Ao——— o [ [ S 4 Lo [ [T M - N - 1 ‘ RN I3 Lot B [N | s w
L69 6 19276 992°6 892°6 29276 962°6 962°6 §62°6 26276 052°6 adeissy
- EL1°01 092°6 292°6 692°6 992°6 85Z°6 662°6 L52°6 €ST°6 062°6 11 4-380g4
092°6 292°6 69276 997°6 852°6 56276 152°6 £52°6 0526 0sZ 6 ALI-Id
) oney a1y I[ZZON
€90 "002 8€0°002 956 "661 186 "661 186 °661 816661 ¥¥6 "661 Z00°002 | #96°661 €€6 661 afezeay
900 *002 61T "00Z 966 °66T 966 °661 900°002 966°661 088°661 800 °00Z 566 661 £E6°661T alrg-1sod
611 "00T 956 "661 956 °661 900 002 956 "661 0887661 860 002 566661 €6 7661 €€6°661 I -9Ig
{ ‘ut bs) esay 11xg ayzZON
1€9°02 009 "12 285°12 085 *1¢ 265 °1¢ 865 12 209 °17 019°12 §19°1¢ S19°1¢ aferoay
299 °61 019 "12 06S "12 €L6°12 986°1Z | B6G°1T 666 °12 909 "12 §19°1¢ S19°1¢ ang-18cq
01912 065 12 €£LS 712 985 °12 866°1Z | 865°12 90912 619 °12 S19°12 S19°12 AT
i ( *ur bs) eoay 3e0IY] 31ZZON
ve ve Ve Vg Ve Ve Ve ve ve ve JaqumN [RII9S I[ZZON
1 1 1 1 1 : 1 ; 1 1 1 1 IIqUMN] TeLIAg 2ATRA
* € € £ € € : € z Z 2z suafoz4q Jo zaqumy
000 ‘221 000 ‘801 009 ‘011 000 ‘81T 000 ‘611 005 ‘221 i 00§ ‘021 000 ‘021 000 ‘€21 000 ‘¥21 (33) Butrarg
Butang 9pmITITY 29ersay
000 “2€1 000 ‘Z€1 000 “€€T 000 ‘S€T 000 “T€T 000 ‘€€T 000 “‘T€1 000 ‘LET 00§ “821 000 “0ET (37) spramy worgruly
T osefoz/zr | s9/ur/zn | sofirfzu | s9/9t/e | s9/91/21 N §9/%1/21 | S9/31/21 |69/51/21 | S9/01/21 s9/¢/21 oyeq 3391
(1] § 6 8 L 9 i S | ¥ € 2 L 1 zajourezeq

31940 uoryrudy

AFRPL-TR-65-209

§'M 1LSdL 904 XIVAWNS JOLOW - AIXT A TEVL

-300-

CONFIDENTIAL




CORFIDENTIAL R

AFRPL-TR-65-209, Vol 1l

L SN

1
i l ; . : .0 JICED BALLISTIC DATA FOR TN.S
H 3 o
L 2 Parameter J T i 3 ry I.I“i;ln"LC y"':: = I 3 m T ‘l".‘:;
i‘, - Forward ICl\aml:.r i {
[5 Duliy Time, 0 to 10% (sec) 0,120 [ 0,126 | 0,295] 0,148 | 0.185 | 0.096 | 0.286 | 0.110 | 0,066 | 0,183 | . . . 1
e Rise Time, 10 to 0% (ssc) o117 | viirz | o.z18| 0,091 | 0,171 0,117 | 0,139 | 0.160 | 0,276 | 0.180 | . . .,
% Burn Time, 10% te Termination{sec) 0.920 | 0.896 | 0.735| 0.882 | 0.872 | 0.936 | 0.754 | 0.912 | 0,903 | 0.880 | 7.810 1
' ;: - !;)ecay Tims, Termination to 10% {sec) 0.038 | 0,042 | 0.041| 0,050} 0,088 | 0,061 | 0,064 | 0.069 | 0,076 | 0. 110 | . . . i
{\ ,_F-dtp(plh-nc) 1,130 | 1,056 | 1,440 746.8 | 858.7 | 1,025 | 915.7 | 1,868 | 1,805 | 1,422 110, 845, !
:% By (psia) 1,196 | 1,153 | 1,866{ 818.5| 9s2.8 | 1,062 | 1,159 | 1,948 | 1,907 [ 1,519 | 1334, i
1 Web Burned (in.) 0.246 | 0.231 | 0.247| 0.167| 0,200 | 0.220 | 0.200 | 0.323 | 0.346 | 0.273 | 2.200
L ; - Burn Rate {in. /sec) 0.267 | 0.25%8 | 0,336( 0,189 0,229 | 0.235 } 0,265 | 0.354 | 0.405 [ 0.310 | o0.282
' . [ . Waight Burned (lb.) !
I Graln 7.150 | 6.953 | 7.680| 5.408{ 6,273 | 7.317 | 6.625 | 10.546 {10.280 | 9.127 | 68.229 i
: Pyrogan 0.390 | 0.383 | 0.390| o0.581] o0.389( o0.588 | 0.577 | 0.574 1 0.582 | 0.766 | 4,651
Y Total 7.540 | 7.336 | 8,070 5.986 | 6.862{ 7.902 | 7.202 [11.120 [ 10.862| 9.893 | 72,880
[ . Aft Chamber . !
* Delay Time, 0 to ignition (sec) 0.464] 0.321| 0,535| o0.250| 0.341| 0.225| 0.434| 0,322 | 0.380 | 0.383) . . . i
Rise Time, Ignition to 0% {sec) 0,076 0,036 | 0.046| 0.043| 0.045| 0.031 | 0,035 | 0.056 | 0.039 | 0.060; . . . f
“7' Burn Time, Ignition to 10% {sec} 0.653| 0,796 0.%597| o0.882| 0.798| 0.921| 0.739| 0.879 | 0.848 o,"ego 7.113 )
: 36,74
o Decay Tima, Termination to 10% (sec) | 0,076 | 0.092 | 0.104| o.l0z| 0.109| 0.125] o0.141 | 0,179 | .0.199 | 0.220] . . .
,(.Pdg’ (psia-aec) 76.71] 84.80 82,74 7341 | as.e0| 103.1{ B7.21| 134.9} '35.2| 916.4| B8e3.7 :
[ B, (pwia) 100.9| 1t00.6] 129.0| 81.9| 1o2.6| 1tos.2| 112.3! 1468 15L8 1:?.;/ 14,9 t
; i Web Burned (in.) 0,100 [ o.114( 0,101 o.1c9| o.132| 0.145| o0.120 0.184} o.19z2( 2.143] 1.19¢
: Burn Rate {in. /sec) 0.188| o.143 | o0.169] o0.124, 0.168 0,157 [ 0.162| 0.209] o0.226 . . .| 0.les }
Py Weight Burned (1b) 5.406 | 6.696| 6,029) 6.337] 7.254] 8.771| 7.264| 11,040 | 11.450 [138.226] 70.247 ‘
:} E ) Total Motor !
oy : Weight Burned (1b) 12,946 | 14.032 | 14.099 | 12,323 | 14,116} 16,673 | 14.466 | 22,160 | 22,312 [148.019 143,127 :
i i Weight Aft/Weight Forward 0.%17| 0,913{ 0,747 1,069 1.087] 1.110| 1.009| ©0.993| 1.054| . . .| 0.964 .
k Ith‘ reas, (1Pg-uec) k,9z1.5 5.202.7 [P, 168. 42, 748.7 [3,187. 6 [3,823.0 |3, 245.3 |5, 042.8 |5, 077.3 | 33,248 | 32,414 '
A ‘ Ith‘, vaa. (1b£-uc) 2,930.5(3,213.5 [3,176.5 |2, 755,72, 197. 4| 3,834.9 |3,260.0 |5 056.8 |5092.2 | 33,631 { 32, 518
| 1 F, b)) 3,854} 3,884 4,893| 3,031] 3,775 3,955 | 4,110} ‘5,458 5,572 5:“1;;6 4,276
£ Jrae . (b ane) 302 327 638 486 366 168 sae| 1,057| 1,198| 1,328 ... '
g.( L Throat Ares (sq in.) 21,615 | 21.615 | 21,610 | 21,602 | 21,598 | 21,592 |21.580 ; 21.882 | 21.600 | 20.631 | 21,599 i
Expanaion Ratio 9.250 | 9,252 9.285] 9.256 ] 9.256| 9.262 | 9.268| 9.266| 9.261| 9.697| 9.258 !
- Cell Preasurs Intagral (psia-sec) 0.04470 [0.05398 |a 04027 [0 05014 | 0.04926|0.05960 [0. 07367 [0.07019 {0.07428 | 1.915 [ 0. 5161 : '
L! Characteristic Velacity (fps) 4,121 | 4,203 | 4,080 | 4,140 | 4,214] 4,296 | 4,186] 4,227| 4,211 4,110| 4,194 :
i Spacific Impulse (Jb-sac/Ib) : ,
Measured, @ = 17,5° 225.7 | 228.2| 224.7] 222.8| =225.8| 229.3| 224.3| 227.6| 227.6 224.6| 2265 : i
1 Corrected to Vacuum, o1 17,5° 226.4| 229.0| 225.3) 223.6] 226,5| 230.0| 225.4| 228.2| 228.2 =227.z| 22%.2 i
U Correctad to Vacuum, 20/1,0 = 17,59 237.1| z40.0| 236.1| 234,3| 237.4| 241.0( 236.2| 239.2| 239.2| 238.1[ 238.1 : '
y Theoretical, Vacuum, 20/1,&=17,5°} 257.1| 261.2) 258.0] 263.4] 263.4] 264.0| ze2.8| 262.6] 263.3] . . .| 262.1 : ;
Eificioncy (%) 92.2| 919 91.5| 89.0| 90.1| 93] 89.9] 91| 0.8} . .. 90.8 : i
{ Ratio of Specific Heata .23 220 123 122] nez| nezf lz2| L2z| l.22 iﬁ 1.22 i
J Mesaursd Thrust Coefficlent 1,762 1.747 1,772 | 1.732 1.724| 1,717 1.724) 1.732] 1.739 1.758 [ 1.738 : ‘
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SECTION VIII - EVALUATION OF NOZZLE DESIGNS

1. GENERAL

Three TRW-designed nozzles were fabricated for this program. ‘
Nozzle No. 1 used for the latter cycles of Test M. 6 (see Section VI, 3 i
item 2, d), had a 2-to-1 expansion ratio, and is described in Appendix
C. Nozzles 2 and 3, with 20-to-1 expansion ratios, were used in
tests M.7 and M. 8 (nozzle No, 2) and N. 4 and N. 5 (nozzle No. 3).

These two nozzles are described in detail in Appendix D. A post-firing
analysis and evaluation of these nozzles was conducted to ascertain
their performance under cycling operating conditions. The results

of this evaluation are reported in the following paragraphs.

2. EVALUATION OF NOZZLES 1 AND 2

An examination of post-fired M. 6 nozzle No, 1 showed little
evidence of exposure to the environment. The post-fired throat diam-

.eter was measured to be 3.567-in., which compared exactly to the
" pre-fired dimension, indicating negligible erosion had occurred in the : ;
throat.

Char depths were minimal (0. 06) on the silica motor insulation
ring, and no complete char formation had occured on the insulators
behind the CGW and RVD graphite sections. A slight discoloration
existed, however, indicating a minimal degree of polymerization had
occurred. The carbon cloth-phenolic entrance ring was not delaminated
and char had progressed to only about 3/16-in. Erosion on this part
was negligible, also. All joints appeared tight with no evidence of flow
in split lines. No indication of axial expansion of the aft section against
the Eelleville springs was evident. All O-rings were flexible and not
discolored, indicating no heat penetration to these surfaces.

Examination of post-fired nozzle No. 2 showed traces of exposure
to the environment. The motor insulation ring (molded silica-phenolic)
showed traces of alumina deposit along its forward face. Material char
depth was minimal (1/8 inch) and no measurable erosion was evident.
No gas flow paths were evident down any interface.
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The carbon phenolic material in the inlet !howed the greatest

= ‘degradation. Erosion loss of approximately 0, 350 in. (AR) of carbon-
: phenolic material was evident at the interface between the graphite

throat insert and the throat approach. The material shows evidence

of eroding uniformly without spalling or delamination loss. No

) evidence of thermal puise cracking along ply lines was evident and

; aside from the rather pronounced erosion at the throat interface,

| the carbon-phenolic approach section appeared:to be sound, with {

uniform (circumferential) erosion along ite entite length. A plot of the "

erogion profile is shown in Figure No. 178 The area of maximum erosion

corresponded fairly well with expected pos1t1onu of maximum particle

impingement (area ratio of 1-1/2 to 2).
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The expansion gap between the graphite tiivoat insert and carbon-
phenolic throat approach increased from the nominal 0, 048 to approxi-
mately 0. 120 in. this is believed to be a result of shrinkage of the carbon-
phenolic due to resin pyrolysis during the thermal pulsing, as no
axial ghift in position was noted nor was there any ply loss down the '
! i throat insert-throat approach section interface. This shrinkage amounted
i . to 3 percent of the throat approach section length perpendicular to the
* ply orientation (90 deg with respect to &, ) and"fmatched closely data
‘ generated in laboratory tests on shrinkage of reinforced phenclic materials
E after pyrolysis. Nominal values show shrinkaje rates ranging from
0.030 to 0.045 in. per inch in a direction perpendmular to the plies. ,
Without knowing the extent of the char depth in the approach section and Ty
examining the cross section of the interface joint, further hypotheses on :
the reason for the expansion gap growth is difficult. It stands to |
\ ’ reason, however, that for optimized nozzle design configurations for IS

S——

#orvemany

L

g o

pulsed applications, additional consideration should be given to the

shrinkage problem either through incorporation of processing methods _
or regin systems with less gross shrinkage, or through use of more T
stabilized materials. The PTB material used in the throat extension o
of the nozzle section is one such candidate material,

Examination of the graphite throat insert showed no trace of i ;

cyclic failure (cracking) from thermal pulsing. The forward (upstream) f

] portion of the insert was roughened, but mincor erosion had occurred. N
One small chip was apparent in the inlet portion of the insert which i

was attributed to striking of the insert wall by ejection of a plastic
segment from the valve body during the test.

Measurement of the nozzle throat diamn.« ter after test showed a

|

Ll value of 3.582 in., compared to 3.568 in. measured just prior to ,g‘ g
F} delivery by TRW. The resulting erosion rate, based on a 30-sec total N
| oy |
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Figure 178 - Sketch of Nozzle No.

. P e ey R P o . J— ey P 4 g
" ; [ ; e .N 4 ; 4 ) —— [ f\-.lu [a—— e riand [




S ————- ,

et s e

AFRPL-TR-65-209, Vol l

burn time, waa approximately 0.2 mils per second. Erosion was uni-
form circumferentially everywhere along the throat insert length.
Aft of the throat centerline, the insert showed almost no trace of

environment exposure. The graphite surface was smooth and unroughened.

The slight contour deviation (hollow) in the aft portion of the insert

was closely examined and reviewed on the basis of an unexplainable
appearance, A subsequent review of the machining records indicated

a deviation from the true profile had occurred as a result of movement
of the profile cam during machining. The ensuing minor difference

was well within allowable limits for performance or reliability purposes,
however, and hence was not cause for rejection of the insert.

The throat extension (carbon-phenolic) showed no measurable
erosion. Likewise, the exit cone (silica-phenolic in Convolay form)
was free from measurable dimensional loss., Visible areas of sporadic
local resin loss without melting of the silica reinforcement was indicated
in the exit cone. This is indicative of a maximum surface temperature
below 3000°F (melting temperature of silica). The vigible char depth
in the exit cone (at the aft extremity) was approximately 0. 030 in.

Thermocouple data from the tests of nozzle No. 2 were examined
relative to correlation of data and theory. It was noted for the pulse
tests (1.5 sec for M 7.1 through M 7.4 and 8.1 through 8. 4), no rise
was evident in any of the thermocouples even after heat soakback.
This is indicative of the surface material possessing sufficient heat
storage capacity to absorb and then re-convect the minor heat pulse
imposed. The longer duration runs (M 7.5 and M 8. 5) show traces
of heat penetration at the end of the heat pulse, followed by a heat
soakback influence, TlLe maximum temperature measured in the carbon-
cloth reinforced phenolic throat approach section in the M 7. 5 test was
120°F, and this peak was reached after approximately 10 min of heat
soakback. The insulator beneath the graphite throat insert reached
750°F at 30 sec and declined thereafter. Data obtained during nozzle
development showed that the temperature at the carbon-silica interface
after a three-second burst is ambient (70°F) and at the CGW graphite -
silica interface is 250°F.

The average temperature reached by the plastic components is
related to the heat stored within the section from the inner surface to
the position in question and the heat convected and radiated from the
inner surface. Again, data from development tests indicate the average
temperature in the carbon-phenolic is approximately 150°F, which
reasonably well matches the 120°F measured in M.7.5. For low tempera-
tures, resin decomposition, radiation, and convection are minor
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influences so that stored heat energy C (A T) is closely pregserved.
For the insulator bahind the throat insert, the average temperature
of the graphite is approximately 1700°F, and radiation, convection,
- i* and resin pyrolysis become significant factors. The peak tempera- :
ﬁ ture was reached much quicker than in the carbon-phenolic part as would r
be expected both due to the higher thermal diffusivity value for poly-
e crystalline graphite (CGW) and the greater driving potential (& T).
~ L The temperature dies out quickly, however, because of the energy
absporbed in resin pyrolysis and the ease in temperature digpersion ,
throughout the CGW graphite throat insert. The temporature measure- i
ments made confirm the conservative nature of the deasign for the ac-
tual duty cycle imposed, but also correlate substantially the predicted
cyclic heat pulse predictions.

ek

,
¢
[

3. EVALUATION OF NOZZLE 3 |

H

a. General i

P

i

Upon completion of Series N tests, nozzle No. 3 was disas-
sembled and the components were examined. The plastic sections
were removed from the steel shell and each section was separated
for close visual and dimensional checks. 5

Visual Examination

T

PR

The three component sections (throat, throat extension, and
exit cone, shown in Figure D-1) were clogely examined for visual
appearance. Each section appeared to be in excellent condition
with little evidence of heat penetration into the insulator materials.
The inner diameter appeared uniformly circular, and all mating
3 [: edges were sharp. Meagurements indicated that diametral changes

i in the throat extension and exit cone sections were negligible. The
aft end of the exit cone was slightly out of round (0.020 in. on the
7 diameter) from warpage. No delaminations were apparent in
i any of the plastic sections and shrinkage was not evident in the
E carbon-phenolic entrance ring. A shrinkage of approximately
B three percent was observed on this section of nozzle No. 2. This
U difference is attributed to more closely controiled processing of
- § : the material for Nozzle No. 3, arising from the performance :
f R knowledge gained on No. 2. !

-

- Resin logs in the Convolay exit cone appeared to be minimal, ;
; {‘i but was more uniform than in Nozzle No. 2. Some deposit was ;
- L visible at the upstream limit of the exit cone for a distance of

, -
1 -307-
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approximately 2 in., but none thereafter, Char depth was a maxi-
mum of 0, 100 in, at the interfaces of the various plastic sections.

A very close examination of the throat extension revealed
a hairline circumferential crack in the PTB liner material about
midway down its axial length, No incipient failure mode was
evident nor was there any evidence of '"washing." It was con-
cluded that the crack was formed by thermal fatigue (repeated ex-
pansion contraction during 16 pulses), and that with the extension
adequately supported, as it was, it would perform as if the crack
were a planned joint line, which pulse caused the piece to crack
could not be ascertained.

Dimensional Examination

Before and after the various duty cycles imposed on the
nozzle, measurements were taken of the throat diameter and
exit plane diameter. A plot of the average diametral values, as
they deviated from the initial values, is given in Figure 179 as
a function of accumulated pulse (burning) time. The average
aft-chamber pressure during the pulse is also shown,

Appreciabie build-up occurred during the extended pulses
(cvcles 6 and 16 ). After the first long pulse (cycle number 6),
the build-up had reduced the throat diameter to 5. 067 in., which
was a radial decrease of approximately 0,090 in, During the
second long pulse (cycle number 16), the build-up reached a
radial thickness of approxirnately 0, 125 in. In both cases, the
adherent material was scale-like and easily flaked off so that the
original throat diameter was restored.

The build-up is believed to result from condensable species
in the propellant gases that coagulate as a deposit on the relatively
cool nozzle walls. Where pulse durations are short (1.5 sec),
insufficient material is created to provide gross build-up. For the
longer pulses, however, the deposition accumulates and reaches
measurable proportions, This build-up is directly affected by the
pressure conditions imposed, For higher aft-chamber pressures
{maximum value for this test series 180 psi), gas shear
valnes as well as heat transfer coefficients were higher, providing
conditions less conducive to build up. e

* .
Since this nozzle was used for both Series N tests, the cycles referred to are
cumlative; cycles 1 through 6 were for Test N. 4, and cycles 6 through 16 were

on N, 5.
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It is interesting to note that no erosion was evident in the .
throat region of these Series N AEDC tests, whereas for the
Series M tests (nozzle No. 2) an 0, 2 mil/second throat erosion
was measured, based on 10 off-on cycles with a total pulse duration
of 30 sec. In both nozzles, the throat material was CGW graphite.
The throat contour used for the Series N tests was more gradual,
causing some speculation that the erosive and shear forces would
be somewhat reduced. Also, the deposited material may have
helped to reduce the erosive effects somewhat. A third possible
contributor to the reduced rate may have been the different aft
propellant.

Data Analysis and Comparison

The data obtained from thermocouples inserted in the nozzle
at the locations shown in Figure 180 were examined to provide mate-
rial evaluation and design verification. The temperature rise versus
time, for certain duty cycles is shown in Figure 181 for thermo-
couple No. 5; the cycles shown are 1 and 2 (to show heating of
virgin material), 6 and 7 (to show effects of the first long pulse),

14 (to show the highest average chamber pressure), and 16 (to
show the second sustained pulse). As is evident in the plot, the
effects of the short cycles (1.5 sec) is minimal with respect to
degradation of the plastic materials. For each cycle, the nozzle
was allowed to cool completely to ambient, thereby limiting the
total heat rise to that incurred from each heat pulse. For the
sustained pulses (cycles 6 and 16, of 30 and 38 sec duration,
respeciively), the plastic materials began to degrade as the resin
pyrolysis temperature was approached.

The PTB material, although essentially graphite, became
an appreciably better conductor with time as shown in Figure 181
for thermocouple No. 6, located in the PTB. This phenomenon
is related to the degree of resin pyrolysis of the resin volume
contained in the final reimpregnation process,

Thermocouples 1 and 2 (located in the carbon phenolic
throat approach) and 9 and 10 (located in the silica phenolic exit
cone) did not reach pyrolysis temperature even during the long
pulses. The surface temperature of the throat (CGW) and throat
extension {PTB), in the plane of the thermocouples, is shown in
Figure 182, for each of the lorg pulses.

The predicted throat temperature gradient for 1. 5-sec
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[ '; pulse is shown in Figure 183, with the actual throat temperature .
[ ; data for cycle 14 superimposed. The calculations were based {
upon an aft-chamber pressure of approximately 300 psi, whereas .2
{ , the actual peak values were 170 psi and varied somewhat. ]
: Nevertheless, a fair degree of correlation exists. Figure 184 f ~ ]
shows the correlation achieved for the throat surface temperature i ] f
for the sustained pulses of both the high pressure( 160 psi, L
cycle 6) and low pressure (20 psi, cycle 16) pulses. In this case, .
very good correlation was achieved since the actual pressure - {
more closely approximated that agsumed for the calculations. . ‘ 1
o
i
!
i i ‘
| :
F - ;
| ;
L :
f
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SECTION IX - POST BOOST PROPULSION SYSTEM
DEMONSTRATION TESTS

1.  GENERAL

Considerable effort is currently being expended to increase
the capabilities (that is, improve the accuracy and versatility) of
existing weapon systems such ag Minuteman, Titan, Polaris
(Poseidon), and Pershing., One of the most feasible techniques to
evolve from these advanced studies is post-boost propulsion, in which
a separate propulsion system is added to an existing system to pro-
vide the capability for making velocity and orientation corrections
following burnout of the final boost stage. To meet these rec.lluirementa,
the Post-Boost Propulsion System (PBPS) must include an attitude
(pitch and yaw) and roll control system, along with axial thrust for
AV addition. (Confidential)

Although the total available time for post-boost cg'f'rectione
is relatively short (100 to 400 sec) due to the mission requirements,
this short propulsion system operating time is well within the
current state of the art of solid propellant motors., Moreover,
during this mission time, the axial thrust and attitude control forces
may be required either simultaneously or indepgndently. Therefore,
an on-command controllable propulsion system’is necessary to meet
the post-boost propulsion requirements. (Confidential)

It is obviously desirable to use an all-golid-propellant propulsion
system for these weapon systems, where instant readiness, long-
term field gtorage, and minimum field maintenance are of paramount
importance. The proven low development and production costs of
solid propellant systems is a significant factor in the overall
consideration, (Confidential)

Northrop Carolina's DCCSR concept provides an ideal solution
to.the PBPS requirements, It offers, on command, variable-impulse
axial thrust pulses and a continuously operating attitude control system.
It is an all-solid-propellant system, whose feasibility for stop-restart,
thrust magnitude control, and post-boost propulsion had been demon-
strated in motors containing 300 lb of propellant, (Confidential)
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In view of the urgent requirements for a PBPS and the obvious
applicability of the DCCSR to post-boost control missions, the Air
Force Rocket Propulsion Laboratory (AFRPL), Edwards AFB,
California, sponsor of the bagic DCCSR development programs, and
Northrop Carolina agreed jointly to demonstrate the feasgibility of
adapting the DCCSR to a PBPS. AFRPL permitted Northrop Carolina
to use residual hardware from the DCCSR program for a PBPS demon-
stration test. (Confidential)

DCCSR OPERATION FOR A PBPS APPLICATION

The forward chamber (or gas generator) of the basig DCCSR
contains a relatively low flame temperature (2200 to 2900 F)
propellant formulations, thus making it an ideal source of gases for
attitude and roll control thrust. The axial thrust is generated by
injecting the gas generator gases into the aft, or axial, cha.ml:(:)er where
further reaction takes place, yielding high-temperature (5300 F)
products. Yet, this axial thrust is delivered at the respectable
specific impulse of 260 lb_ -sec/lb_ (vacuum conditions, 20-to-1
expansion). (Confidential) m

Pulse operation of the axial thrust system is achieved by a
simple ‘on-off flow-control valve located between the gas generator and
the axial thrust chamber. The familiar thrust spike that occurs at
termination in the basic DCCSR (see Figure 138) is eliminated in the
PBPS configuration because axial thrust termination is achieved by
shutting off the flow of gases from the gas generator to the axial
thrust chamber; axial thrust then decays to zero since the axial
motor propellant will not sustain combustion alone. (Confidential)

The gas generator can be ignited as soon as either attitude
control or axial thrust is initially required and will operate contin-
uously until the post-boost propulsion requirement ends. The gas
generator gases are supplied cortinuously to the attitude control

nozzles and supplied intermittently, on command, to the axial chamber.

The gases are supplied to the attitude control system at a constant
mass flow. It is therefore necessary to operate the gas generator at
two different pressure levels to meet the mass flow requirements of
(1) the attitude control system (constant mass flow), and (2) the axial
thrust chamber (in pulses).

The attitude control system uses dual outlet valves with counter-

acting nozzles so that when attitude control forces are not required,
the valves maintain a null position where the mass flow is spilt equally
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between the counteracting nozzles and zero net force is applied to the
system. When axial thrust is not required, the gas generator operates
at a low pressure level and all gases are vented through the attitude
control system nozzles; when no control forces are required, the gases
are expelled through the counteracting nozzles. When axial thrust is
required, the axial flow control valve opens and at the same time the
flow area to the attitude control system is restricted so that the net
flow area sensed by the gas generator is less than that for attitude
control only. Thus, the gas generator pressure increases and, in
turn, gas /ilenerator mass flow increases, which meets the additional
requirement for axial thrust. By properly sizing the flow areas to the
axial motor and the attitude control supply line restriction (venturi),
the attitude control mass flow is held constant for both conditions.

To agsist in visualizing the operation of the DCCSR in a post-
boost propulsion mode, a simplified diagram of the system is
presented in Figure 185, With the axial thrust control valve in the
position shown, the gas generator gases are supplied to both the axial
thrust chamber and to the attitude control valve. The controlling
flow area for the gas generator is thus formed by the sum of the
areas of the orifice to the axial thrust chamber (denoted as Orifice

- B in Figure 185) and the annular orifice (forward end of the axial

thrust control valve, denot . .s Orifice A in Figure 185) in the attitude
control supply line. When axial thrust is not required, the axial thrust
control valve is moved aft, sealing off the axial thrust chamber and
terminating axial thrust. In this position, the venturi at the attitude

control valve inlet now controls gas generator pressure. Although Fig-

ure 185 is not to scale, the sum of the flow areas of the two orifices
(when axial thrust is '"on'') is smaller than the flow area of the valve
inlet venturi, thus resulting in a higher gas generator pressure when
axial thrust is '"on' than when axial thrust is "off." This schematic
(Figure 185) is an actual representation of the motor and valve con-
figuration used in the demonstration test described below.

DEMONSTRATION TEST

a. General

A sea-level test to demongtrate the feagibility of adapting the

DCCSR concept to a PBPS was conducted at Northrop Carolina

on 29 July 1965. The motor used in this succesgsful test is shown
schematically in Figure 185. Figures 186 and 187 show the
demonstration motor mounted on the test stand before the test.
The motor design, propellants, duty cycles, etc., are described
in detail in the following paragraphs.

CONFIDENTIAL
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~ Figure 186 - PBPS Demonstration Motor Mounted on Test Stand :
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Figure 187 - Close~up of PBPS Demonstration Motor, Showing
Attitude Control System Valving -321-
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b, Motor Components Y

The gas generator used in this test was a 17. 5-in, I, D,
spherical case insulated with 0, 250 in. of Gen Gard V-44., The )
axial thrust on-off valve was one previously used for on-off A
operation of the basic DCCSR, but was modified for this test

e

to provide for bleeding gases to the attitude control system. 1 ;
These two components constituted the residual hardware from L) 4
the DCCSR program. The cylindrical axial thrust chamber :
was 11,0 in. LD, by 16.0 in. long, and insulated with 0, 100- IR
‘in, of "Pyrolock.! A heat-sink-type nozzle with a CGW S :

graphite insert, a 2.05-in, ~diameter throat, and a 2, 82-to-1 . ;

expansion ratio was used. \E

| »

C. Propellants .

- - !
. |

» The formulation and characteristics of the gas generator 4

[ and axial motor propellants are given in Tables LXVII and:LXVIII .
t respectively., Both propellants were developed during the z :
i ‘ AFRPL-sponsored DCCSR program. o
| d.  Attitude Control System i l ‘.
A valve used on the Minuteman roll control system, -
supplied by Aeronutronic, Div. of Philco, Newport Beach, Ll
California, was used for the attitude control system. The i

characteristics of this valve are given in Table LXIX. oo
} Since the venturi flow area of this off-the-shelf valve was ‘
} : not large enough to meet the desired minimum gas generator
| .pressure, two fixed-area bleed nozzles were added to the s
! attitude control system., AN

o

Test ProEam and Test Conditions

i Four axial thrust pulses of four seconds duration each
were planned for this test. The total gas generator web r
Burhihg time at the planned pressure levels was 40 sec. Since f
5 the gas generator grain surface area increases from an initial
value of 250 sq in. to 294 sq in. at the web midpoint and then p
decreases to 265 sq in, at burnout, the gas generator, and [
hence the attitude control and axial motor, pressures are
initially progressive and then regressive during the gas
‘FM* generator burn time. The complete duty cycle planned for |
: this test, including the attitude control system operation, is
shown schematically in Figure 188, (Confidential)
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TABLE LXVII - FORMULATION OF GAS GENERATOR PROPELLANT

USED IN PBFS DEMONSTRATION TEST

Property Value
Composition (percent by weight)
Triethyleneglycoldinitrate (TEGDN) 29,0
Nitrocellulose powder 60.0
Resorcinol 1.0
Triacetin 10.0
Burning rate data
Burning rate at 1000 psia (in./sec) 0.197
Pressure index, 100 psito 4500 psi.o 0.74
Temperature coefficient of rate (%/ F) 0.12
Density (lbm/’cu in.) 0.053
Shore "A' hardness o 64
Five-second autoignition temperature ( F) 397
Drop sensitivity with 2-kg weight, 50% fire (cm) 105
Flame temperature, measured (OF) 2320
Solids in chamber combustion products (% by weight) None
o
=40, 1 :
IvaC(Ae/At 0, 15) 224
Mechanical properties
140°F
Maximum stress (psi) 136
Strain at maximum stress (in./in.) 1.35
Modulus (psi) 243
77°F
Maximum stress, psi 422
Strain at maximum stress (in./in.) 1.11
Modulus (psi) 480
-40°F
Ma;ximum stress (psi) 4810
Strain at maximum stress (in. /in. ) 0.07
Modulus (psi) 77, 200
- {(Confidential)
~323-
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TABLE LX%# ~ FORMULATION OF AFT PROPELLANT

USED IN PBPS DEMONSTRATION TEST

Property Value
Composition (percent by weight)
Ammonium perchlorate 90
KEL-F 10
Burning rate data .
Burning rate at 100 psia (in. /sec) 0.053
Pressure index,< 225 psia 1.0
Pressure index,” 225 psia o 0.74
Temperature coefficient of rate (%/ F) 0. 200
Density (lbm/cu in. ) 0. 069
Five-second autoignition temperature (OF) 730
Drop sensitivity with 2-kg weight, 50% fire (cm) 74
Theoretical flame temperi‘ature, with gas generator
propellant (°F) 5300
- o
Lac (Ae/At = 20, 15) 264
Mechanical properties
165°F
Tensile strength (psi) 210
f ompressive strength (psi) 700
Modulus (psi) 0. 14 x 10°
70°F
Teasile strength (psi) 340
Compressive strength (p=i) 1260
“Modulus {psi) 0.3 x 10°
-65°F
Tensile strength (psi) 990
Compressive strength (psi) 8000
Modulua (psi) 1.4 x 10°
{Confidential)
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L]
TABLE LXIX - ATTITUDE CONTROL SYSTEM VALVE CHARACTERISTICS

Parameter Value
Solenoid circuit characteristics
(per side, A or B)
Voltage 22 to 30 v dc
Current ! amp (maximum at 22 v dc)
Resistance 22 ohms (minimum)
Inductance 300 to 350 mh (nominal)

Posgition transducer primary
excitation characteristcs

Frequency
Wave shape
Rise time
Voltage

Operating pressure range
(at valve inlet)

Maximum‘
Minimum

Respunse times (electrical
command to 90% thrust),

nominal maximum
(22 v dc, back emif 30 v dc)

Null to hardover
Hardover to null
Hardover to hardover

Pressure recoveries

Venturi
Poppet
Nozzle/inlet

Prefire static leakages (cfm, standard)

conditions), maximum

External, valve body

Internal, past main valve seat

5 kc £ 250 cps
Square

0.5 4 sec

26 v £ 0,25 (rms)

1500 psig
400 psig

25 msec
15 msec
25 msec

0.835
0.900
0.750

0.1 at 200 psig
5.0 at 130 psig

* RC 180 sp warm gas control valve, S/N P003X, manufactured by
Aeronutronic Divigion, Philco Corporation, Newport Beach, California.
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"Test Results

This test was completely successful from the standpoint of
demonstrating the feasibility of adapting the DCCSR to post-
boost propulsion operation, Both the axial thrust and attitude
control forces responded to commands as planned. The only
deviation from the planned duty cycle arose from lower orifice
coefficients and higher pressure losses than had been anticipated
in the motor design. These higher pressure losses and lower
orifice coefficients resulted in higher-than-anticipated gas
generator pressure levels, which in turn reducad the total gas
generator operating time from 40 to 30 sec. .. (Coniidential)

One of the axial motor pressure-time puls=s is plotted in
Figure 189, Figures 190and 191 are plots of the attitude control
nozzle inlet pressures versus time for two different attitude
control system duty cycles. In Figure 190 the duty cycle was
null-to-hardover "A'-to-null-to-hardover-'"B"-to-null, while in
Figure 191 the attitude control valve was being operated in a
10-cps (hardover-to-hardover) mode, The difference in null

and maximum pressures between Figures 190 and 191 is discussed

subsequently. Note that the response times for the attitude
control valve vary between 20 and 28 msec. The attituda control
response is limited by the valve action since the valve is a flow~
diversion device and not dependent on filling and emptying
significant free volumes. T

A plot of the gas generator chamber, valve inlet, and
axial thrust chamber pressures versus time is shown in
Figure 192, As mentioned previously, the orifice coefficients
were lower and the pressure losses in the nxial thrust control
valve were higher thananticipated. The reiatively high burning-
rate pressure exponent for the gas generator propellant, 0. 74,
actually magnifies any pressure loss occurring in the attitude
control ducts and valves, as shown by the following analysis.
(Confidential)

For steady-state conditions, the gas generator mass flow
rate, m_, is equal to the mass flow rate through a choked

nozzle, m _, or
m_ = rm_, (7
Now, rhg and n'*xo can be expressed in terms of gas generator

-327-
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chamber pressure (P), as follows:

£ 3
_ n SR
mg = PAaP (8)
and T
‘ £
.. My T CpPAp (9) SR
PR
Substituting Equations8.and 9 into Equation 7, and solving L { #
for P, yields N fo 3
ey b
P Aba 1-n t

o]
L
PRI,

In the demonstration test, a pressure drop occurred
| between the gas generator chamber and its restricting nozzles.
However, insofar as the gas generator chamber pressure is
| concerned, any pressure loss occurring dowrstream of the
chamber has the same effect on the chamber pressure as
T decreasing the effective A 'in Equation IQ, Thérefore, any
g pressure loss in the axial Yhrust control valve or the attitude i
i ' control supply ducts, regardless of the cause {(such as sudden P
R B contraction or expansion, friction. turns, etc. ), is sensed by
the gas generator chamber as an effective reduction in flow area.
If, for example, A_is reduced by 10 percent, chamber pressure
is increased by 48 percent. The significant point is that
pressure losses increase the mass flow rate in a1 solid
propellant gas generator, whereas in a conventiomal flow system
- a pressure loss reduces the mass flow rate. :

rscrmesey

o

In Figure 192 when the axial thrust is "off, " the attitude
control inlet pressure is approximately 78 percent of gas.
generator chamber pressure. This corresponds to a 6 percent
reduction in effective flow area, from Equation 10, Y

=% : However, when the axial thrust is '"on, ' the mass flow o (
‘ to the attitude control system is reduced, as evidenced by the P
( lower valve inlet pressure. Under this condition, the gas
] generator pressure is determined by the sur of the two orifice
i * dreas of the axial thrust control-valve (see Figure 185), The
orifices were sized so that the attitude control mass flow
i (through annular orifice A) would be the sarne with axial Ci
, f thrust "on' or "offi.'" However, the annular orifice is only £
!

-332- ;
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a part of the total effactive gas generator flow area since the
axial motor orifice (B) is also open. The effect of a lower
annular orifice coefficient, then, is to decrease the ratio of
attitude control/axial motor gas generator mass flow below : o
what it was designed for. Again, the pressure losses resulted \ i
in a higher-than-anticipated gas generator chamber pressure :
(and mass flow).

e B

In summary, this test demonstrated the feasibility of
utilizing the DCCSR concept for post-boost propulsion
applications. The axial thrust was pulsed on command at
the same time the high-response attitude control system was
operating. .
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SECTION X - CONCLUSIONS

GENERAL '

The conclusions for Phases II, III, and V of this third year of 1 |
effort on the DCCSR program are summarized in this section. The i
conclusions derived from Phase IV were presented in Section VIII.

PHASE II - PROPELLANT DEVELOPMENT PROGRAM
The objectives of the forward-grain development program were

met with the PPO-90 formulation. Although this formulation may |
not be storable in space for long periods of time, it performed well ;

..‘-' - a, . !
following exposure to vacuum, conditions for one to two hours }
: !

preceding each ignition in the altitude test chamber (see Section IfI ).
A large number of additional forward-grain formulations were _
charactefized, which will allow considerable flexibility in future ;
dual-chamber motor designs. (Confidential)

Although the specific impulse objectives were not achieved in
the aft-grain development program, three castable aft-grain systems
were characterized, on which further development can be based :
to obtain propellant formulations with desirable properties. The
termination capability of each of these systems wag demonstrated in
subscale dual-chamber tests. Improved specific impulse and higher
pressure exponents a.nd/or threshold pressures are desirable areas
for improvement in each of these systems. (Confidential)

PHASE III - DEMONSTRATION OF vIéRESENT TECHNOLOGY

On the basis of an analysis of forward-chamber conditions
following termination and sukscale motor terminations, chamber
free volume is concluded to be the predominant factor affecting
propellant reigunition after termination at sea level. Above.a critical
chamber volume for a given motor design, the heat content of the
residual chamber gas is sufficient to heat the grain to its autoignition
temperature. This critical chamber volume increases with increasing
chamber pressure prior to termination since, at higher chamber
pressures, the residual chamber gas following termination is at a lower
temperature due to the increased expansion., (Confidential)
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_ For most practical motor designs, critical chamber volume is
attained at some point during propellant consumption. A practical
method to prevent sea-level reignition involves expelling the hot gas
remaining in the chamber after termination with an inert gas purge.

For motor termination under altitude conditions, a purge is unnecessary
since very littleé residual gas remains in the chamber; this gives a
very high critical chamber volume (infinite at vacuum conditions).

These conclusions concerning reignition were verified in the
six sea level and two altitude tests with full-scale motors during
Phase III. The only apparent contradictory results were obtained in
the first two motore, which contained an aluminized aft propellant,
OX-5., Thesetwo motors reignited even with nitrogen purge. The
reignition source with OX-5 propellant is believed to be hot aluminum
and/or aluminum oxide remaining on the grain surface following
termination, rather than the hot residual chamber gas. Low-frequency
ogcillations eccur with this propellant due to aluminum buildup on
the surface followed by its periodic combustion, (Confidential)

duty cycles, demonstrated that the shutdown impulse on termination

is predictable and repeatable from motor to motor. Also, & pro-
portional valve with feedback control gives very stable and predictable
performance. {Confidential) '

The five full-scale motor tests in this phase, wit)\v:{': similiar

PHASE V - DEMONSTRATION OF NEW TECHNOLOGY

A castable aft-grain propellant is [easible for use in the dual-
chamber controllable motor, based on full-scale tests in Phase V. The
burning-rate characteristics of the aft propellant can place limitations
on the motor designs with which termination can be achieved success-
fully. (Confidential)
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APPENDIX A - DETAILED DESCRIPTION OF SERIES H TESTS
H. 1 THROUGH H. 6

GENERAL

This appendix presents a detailed description of Series H tests
H. 1 through H, 6, along with a plot of the pressure- and thrust-time
traces obtained for each, A description of the motor hardware used
and an analysis of the data obtained were presented in Section III, para-
graph, 3.3_. Data for these Series tests were summarized in Table XVIJIl.

TEST H.1 (2 February 1964)

The aft chamber of the motor was locaded with formulation 8133-.19-4,
which contains ten percent aluminum (see Table III), As shown in
Figure A-l, the forward chamber operated for 1.1 sec before the ball
valve was actuated and the motor terminated. The forward-chamber
decay rate at 2090 psi was 110, 000 psi per second, and the decay rate
for the aft chamber was 13, 400 psi per second at the 25 percent decay
pressure of 300 psi. (Confidential)

After termination, hot particles, presumably aluminum or alu-
minum oxide, were observed as they were discharged from the nozzle.
Approximately 25 sec after termination, pressure built up in the motor
to a low level, and burning continued until the aft grain was consumed,
A portion of the forward grain remained unburned in the motor after
the test. Apparently very little of the PPO-13 grain burned after the
motor reignited, for the portion of the web burned corresponded clasely
with that calculated from burning time and average pressure before
termination. (Confidential)

It was concluded that the aft grain reignited, rather than the for-
ward grain, since the latter did not sustain combustion even after the
aft grain burned out,

TEST H.2 (19 March 1964)

To determine whether aluminum in the aft-grain propellant
contributed to the reignition that occurred in Test H. 1, a formulation
with no aluminum, 8133-35-6, was cast into the aft chamber of the
motor for this test. As shown in Figure A-2, the valve was not actuated
in this test due to a faulty connection in the electrical circuit. However,

A-1
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the aft grain extinguiphed at the same time the forward web burned out,
These results were more encouraging than if the valve had been actuated
to achieve termination.

There was some evidence of irregular burning from the aft grain
on this test, particularly during the ignition rise and tail-off portions
of the trace, The pressure peaks during the ignition rise portion are
believed to be caused by a surface effect on the initial inside diameter
of the grain; this surface appeared to have a thin layer of only partially
cured propellant, This layer may have been swept off the surface,
causing a temporary increase in the burning surface. The aft pressure
peak during the tail-off portion was similar to those observed for for-
ward pressure tail-off in the Series B tests with OX-5 propellant. These
peaks did not occur with OX-5 propellant when termination was ac-
complished with the valve; that is, when forward pressure decayed very
rapidly. (Confidential) ‘

TEST H.3 (1 April 1964)

The aft chaniber of the motor for this test was cast with formu-
lation 8133-35-5 (89 percent solids loading, 12 percent lithium per-
chlorate). The grain was 10.6 in, long and had a 0.92-in. web, The
aft throat area was 3, 125 sq in,, and the expansion ratio of the nozzle
was 2,90, The pressure, thrust, and valve area traces are shown in
Figure A-3, ' -

The motor reignited spontaneously 24 sec after termination,
operating at a very low pressure for 120 sec. The aft grain was com-
pletely consumed during the test, On the basis of the average pressure
of 258 psia existing in the aft chamber prior to termination, only 0,2 in,
of aft web should have burned. Hence, the remaining web burned fol-
lowing reignition, (Confidential)

A forward web of 0. 60 in. remained in the motor. Very little,
if any, forward grain burned iollowing reignition, based on the burning
rate and characteristic velocity calculated during the test prior,to re-
ignition, as shown in Table XViIl. On the basis of these results, itis
concluded that the aft grain reignited, rather than the forward grain.
(Confidential)

TEST H.4 (9, 10 April 1964)

In view of the reignition that occurred in Test H. 3 with formu-
lation 8133-35-5, it was decided to use formulation 8133-35-6 (90

‘CONFIDERTIAL
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ercgnt solids loadéd, 14 percent lithium’ pérchlorate) td verify the
results of Test.H. 2,: in which permanent ext#nbtion was obtained with
th:.s lattertformulatan. The pressure, thrust, and valvd flow area traces
for this test are g1vbn in Figure A-4,

. The motor wa operated through two cycles on succesbsive days;
permanent terminatiohs were obtained on both cycles. The aft pres-
sure and thrust traced show that some 1nstab111ty in aft-grain com-
bustion occurred. The instability became more severe at pressures
less than 250 psi. Sbme evidence of this behavicr had been observed
in previous tests, pafticularly during rise-times, In the second cycle
of this test, H. 4.2, the aft chamber was operated at 216 psi, a lower
average pressure thdn for previous tests; and the irregular behavior
was correspondingly more pronounced. (Confidential)

The reduced. ballistic data for this test are given in Table XWVIII
The performance values for the first cycle are unrealistically high,
whereas the specific impulse calculated for the second cycle is close
to that expected for the propellant combination at the low O/F ratio.

6. TEST H.5 (17 April 1964) .
Test H. 5 was designed to verify the resuits obtained in Test H. 3,
in which formulation 8133-35-5 reignited spontaneously after termina-~
tion, The physical integrity of the aft grain used in Test H. 5 was very
poor, however; the grain broke up shortly after ignition, causing the
motor to overpressure and fail,

As shown in Figure A-5, the aft pressure and thrust values in-
creased sharply at 0, 0475 sec. This increase in aft pressure and
thrust was so rapid that the lines were lost on the oscillograph trace.
At 0.0525 sec. aft pressure apparently equaled forward pressure,
since the forward pressure increased sharply at this point. The aft
chamber became disconnected from the valve shortly thereafter and
was bluwn off the stand. An inspection of the aft case and unburned
aft propellant after the test indicated that case bond failure as well as
grain break-up occurred, (Confidential)

7. TEST H.6 (23, 24 Aprii 1964)
Test H, 6 was designed to investigate the effect of aluminum

powder in the aft formulation on the low-pressure unstable combustion
observed in Test H. 4, Two percent aluminum powder (five micron)
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was incorporated in formulation 8133-35-6 for this test, replacing the
two percent ammonium perchlorate. The aluminized formulation was
designated 8133~36=~1, The motor was operated through two termina~
tion cycles, The forward pressure was decreased for the second cycle,
which correspondingly decreased aft pressurz, The pressure, thrust,
and valve flow area traces are shown in Figure A-6., (Confidential)

The incorporation of aluminum in the propellant for this test did
not prevent combustion instability, which was ( :ite severe during the
second ignition cycle. A frequency of 40 to 50 oscillations per second
was observed in both cycles. At times the thrust measurements for
these tests did not correspond to the pressure measurements. This
inconsistency is believed to have been caused by oscillations in the
thrust stand, resulting from the rapid pressure changes occurring in
the mutor,

Permanent termination was achieved after the first cycle of this
test, However, about 30 sec after termination of the second cycle, four
chuffs occurred. An aft web of 0. 30 in. remained after the second
cycle, whereas the forward propellant was completely consumed. Since
a forward web of 0.3 in. should have remained following the second

" cycle, it is concluded that the forward grain reignited and chuffed after

the second cycle. Reduced ballistic data for the first cycle of this test

‘are given in Table XVIIl. (Confidential)
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APPENDIX B - SYSTEM ANALYSI D CONTROL
EOR PROPORTIONAL HOT-GAS VALVE

1. INTRODUCTION

A system analysis and control design for the proportional hot-
gas valve has been conducted. This effort hac included simulation
of the process to be controlled on an analog computer and the design
of a control system for the process. The results of this effort are
summarized in this appendix.

The system involved includes a chemical process and a
valve used to control the process. The control equipment includes
elements to place the valve and its servo-controlled actuator in
a position loop plus elements to control an output pressure of the
process in response to a desired pressure program. All elements
of the system were simulated on an analog computer and their
characteristics established. From this work a control configura-
tion was selected. This was added to the simulation and the
controlled system studies to obtain optimum performance. The
results of this effort will be used to design the control equipment
to be used in actual tests of the controlled process.

2, SUMMARY OF RESULTS

From the results of the system simulation, a control con-~
figuration was selected along with optimum values for the gain
and time constant. The form of control selected for the process
control is proportional plus integral. The control transfer function
is as follows:

v 1
= (s) = K_(1+ )
- T
VE ' C c®
VE = Pressure error signal (volts)
Vx = Valve position command signal (volts)
Ko =  Control gain (volts per volt)
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“I'C = Integral time constant (seconds)
8 = Laplace transform operator

Over the extreme conditions of the process, the best results
were obtained with a control gain of 6. 67 and an integral time
constant of 0. 5 seconds. This value of gain for the process control
is based on the use of specific gains in the position loop and pressure
sensor. A more detailed discussion of all gains is presented in
paragraph 5, below. Under the initial conditions of the process,

a higher value of gain and a smaller time constant provided improved
performance. A small lead network was also effective in improv-
ing performance. For the final conditions of the process, a low
gain and a larger integral time constant proved more optimum,

but the lead network had little eifect on performance. The values
selected represent the best compromise to provide acceptable
performance and good stability over the complete range of operation.
Under the initial conditions of the process the response is relatively
fast. Considerably slower operation results at the final condition.
Under any condition the process is much more rapid for decreasing
pressures than for increasing pressures.

The results for the process control were obtained with a
relatively conservative design of the position loop. Under all con-
ditions, the position loop response is significantly faster than the
process. No attempt was made, however, to push the response of
the position loop to extremes. The loop gain was selected for fast
but well-damped response. More detailed information on the posi-
tion loop is presented in paragraph 4, a, below.

Along with the selection of the control form and constants,
the pressure program utilized with the system can have an
important bearing on performance. The pressure program should
be designed to command the fastest ramps in pressure that the
controlled system can follow without greatly exceeding the capa-
bility of the system. For decreasing pressure ramps, the rate
of decrease must also consider a limitation of the process. If
extremely rapid pressure decreases are programmed, the chemical
process may extinguish, Consideration of all these factors indi-
cates that a pressure change of 50% should be programmed for
approximately a one-second time duration. The controlled system
can follow more rapid changes undér the initial conditions of the
process or for pressure decreases. The one-second limitation

[
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does give satisfactory results with amall overshoot and stable
operation for the complete range of the process.

Another important factor in the control design is the proper p
establishment of limits in the control system. The integrator must i
be limited to prevent output voltages in excess of those corresponding
to the physical limits of the valve and actuator. The overall control

?-l ite .!

E system output must be limited to prevent saturation of the computer {
elements to be used in the control configuration. The amplifiers
ﬁ?\\ﬂ ‘ used in the valve position loop should present no unusual problems, i

yoTT The bias levels which set the range of valve operation must, however,
be properly established to work in conjunction with the output signals N {
from the control. More detailed information on the overall control
system setup for actual tests is presented in paragraph 5, below,

i

In addition to the results related specifically to the control
system design, considerable data has been taken on the dynamic— ? |
behavior on all parts of the system. Both step and frequency [ TS
response data were taken on the simulated position loop and pro-
cess. This was done for these elements individually and in com- !
bination. The frequency response data, in particular, was used
K as the basis for selecting the control configuration and constants.

This data also provides a theoretical basis for evaluation of the

{ ‘ system- during actual operation. Preliminary checkout of the posi-

1 tioning loop, for example, can be compared to the computer results

: to test the validity of these results prior to actual control operation.

, Should unstable operation be encountered, the frequency response

e data provides a basis for checking the behavior of the oscillating

P : system. With this type of information, the faulty component or

the deviation from theoretical performance can be rapidly and
effectively localized. This type of data is presented in paragraph 4, ¢,
below.

¢

[ —
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3. GENERAL SYSTEM DESCRIPTION

ATl of the elements involved in the controlled system are
presented in block diagram form in Figure B-1. The desired : 1
variation of pressure with time is established as the pressure

_program. This Program provides a signal (V_) indicating the
"desired level of pressure as a function of time. This signal is
compared to a signal indiceting the level of pressure in the process.
The pressure signal (V_) represents the amplified output of a
pressure sensor. The sdiffer-ence between the desired and actual
pressure signals forms.the préssure error signal (‘VE). This error
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signal is acted upon by the process control to obtain a valve command
signal (V_). The position loop is designed to produce a valve position
(X) proportional to the level of the valve command signal, The valve
proper is designed to provide the desired variation of valve area (A)

as a function of valve position. The process responds to valve area

to produce two pressure outputs. One of these, the forward process
pressure (P_), is sensed for the control operalion. The aft position
pressure (P, ) is related to the forward pressure by the characteristics
of the process. By controlling forward pressure, aft pressure is also
automatically set,

The elements which comprise the position loop are presented
in block diagram form in Figure B-2. The input signal to the position
loop is the valve command signal (V.. ) from the process control,
This is compared to a position feedback signal (V_). The difference
between these signals is amplified to produce a carrent to the servo-
valve. The level of current (I) in the servovalve coil produces a
flow of hydraulic fluid {Q) to the actvator. This flow causes the
position of the actuator and valve (X) to vary. When a position
corresponding to the command position is attained, the position
error is reduced to zero and the position loop maintains the desired
position. ‘

In simulating the system on the computer, a mathematical
description was derived for each element of the system. The
general approack and a more detailed discussion of each element
is presented in the paragraphs that follow.

4. SYSTEM SIMULATION

consists of three steps: the derivation of the mathematical model
describing the system; the scaling of the problem parameters to be
compatikle with the computer capabilities; and the formation of a
detailed cemputer diagram which expresses the scaled model in
terms of the computer compenents. - From the computer diagram,
the simulation can readily be effented,’

The derivation of the mathematical model of this problem is
straightforward, requiring only the applicacicn of mechanical,
hydraulic, and electronic fundamentals. Both time and amplitude
scaling are required for the simulatioa. Amplitude scaling is
applied to establish a compatible correlation between the physical
parameters of the system (pressures, flows, etc.) and the voltage

B-5
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levels which represent thesge parameters in the computer, These
scale factors are selected to maintain high voltage levels for,
accuracy while avoiding saturation limits. . N

The necessity for time scaling arises out of the fast response
times of portions of the position locp compared to the remainder of
the problem and the ease and dccuracy of simulation. Time scaling’
rnust be considered first and on the basis of the complete system,
Amplitude scaling will be affécted by time scaling because of the
resultant change in the magnitudes of the various derivatives and
integrals of the problem.

The most important dynamic limitations of the computer are
the multipliers and the strip chart recorder. The faster time con-
stants of the system are on the order of one millisecond, and the !
longes* time constant is around one second. An increase in time
scale by a factor of ten will allow accurate computer operation and
recordings of transients without causing unreasonably leng systern
response times! Based on this sslection,

T = 10t

dT = 10 dt
ar? = 100 dt>
where,
t = Real iime (seconds)

T = Computer time (seconds)
The implication of this sca.le factor is simply that the simulated system
- Wwill respond ten times more clowly than the physical system it repre-
sents. Computer results are then interpreted on this basis. Record-
ings of the results, for example, arc corrected to real time by decreas-
ing the time scale of the computer recordlng by a factor of ten.

No a.ttempt will be made to explam the fundamentals of analog
computation. In the paragraphs which iollow, the simulation approach
will be derived in detail for each portion of the system, The symbols
used for each of the major elements of the computer are presented
in Figure B-3.
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1 e Eout * f (Ei
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Figure 3-3 - Major Analog Computer Elements
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Position Loop Simultation

The position loop was the first of the major system elements
to be simulated. Its simulation was based on the design para-
meters .of the control actuator aid the specified characteristics
of the servovalve, the electronic equipment, and the hydraulic
fluid and supply system. A pictorial representative of the
position loop is shown in Figure B-4 along with the definition
of the symbols. The specifications and design parameters are
listed in Table B-1.

(1) Actuator
The equation describing the actuator position is
mX + DX = LF
Simply stated, this equation relates the acceleration and
velocity of the actuator to the summation of all forces acting
upon it and the mass and viscous damping present. For
the actuator to remain stationary, the forces must sum

to zero. Any unbalanced force will produce motion as
described by this equation.

The forces which act upon the actuator are shown
in Figure B-4. These include the forces developed by
the hydraulic fluid acting on the actuator piston, the force
developed by the aft process pressure on the pintle of
the process control valve, and the friction forces which
oppose motion of the actuator. Those forces due to the
hydraulic and aft process pressures sum directly. No
motion results until these forces exceed the friction
force. Once these forces exceed the friction force, the
friction force will be constant and in a direction to
oppose motion. Physically, this acts as a deadband
in the system. Mathematically, this can be expressed as:

= - <
F 0, forAAPA+AOPO ACPC FF

F = AAPA +AOPO -ACPC -

- >
for (AAPA + AOPO ACPC) FF

FD,

ket
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POSITION LOOP PICTORL.LL DIAGRA

Hydraulic Supply Pressure
Hydraulic Supily Return
Opening Pressure
Closing Pressure
Aft Pressure
Opening Area
Closing Area
Area exposed to aft »ressurg
Throttling Area
Control Valve Position
Servo Valve Speal Position
Servo Valve Contrel Current
Control Valve Position
Command
Scrvo Valve Current
Sensing Voltage
Control Valve Position
Feedback Voltage

. Amplifier Gain
Sliding Friction Force
Visecus Damping Force

Bias
R §

—t

Figure B-4 - Position Loop Pictorial Diagram
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é TABLE RB-1 - POSITION LOOP COMPONENT SPECIFICATIONS | i
- : ¢
T
'.'. R Ay . s.2in 2 ;
L A . As show.a in Figure A-14 : {
Ay . 0.390 in. 2 ] 1
oy Ag = 1,86 1n. 2 .
2 N Actustor Mass, m - 0.0089 1b/in. /nsc? | ‘
L Actuator Demping, D . 3.0 1b/in. /aec i
Actuator Friction, !‘F = 547 1b, opening i
.-, - 3921b, closing !
H Hydraulic Line Losses
] = Opening P a 210 psi av 10 gpm
3 ) Closing pLL = 57 pai at 40 gpm ;
{ 7 Hydraulic Volumes, X=0 = ’ : ‘1
Vg0 . 1,00 in, >
. vgoy x 4.914n,
3 Upstream Frie Volume 2 130 in. 3
-
L‘ : Hydraulic System
L; Py » 5000 psi :
P = 0 pal H
1 {
; ":‘ Compresaibility Factor. C - T for worst case ‘
I fervovalve 1
‘ Moog 73-182 ,;
£ 8ingle orifice pressure drop at 10 gpm, P, :
L 500 pal, with xp = 3 1{ § spool displ t)
Torquy motor coil B

R = 200 ohms each
3 . L = I henry each ]

[ : Control cha istics (series ted coils) |
X (s) = 133/amp Ks) .1 :
P .
.. [ + 2%, 98 1 !
f (879r® il
lJ wheze Xp, = + 1 Tepresents xk apool displ i
from null,
Dump Valve :

Moog 72-164
Parallel orifice pressure drop P = 500 psi at 50 gpm, x' P 1
Torque motor coil

R = 200 ohms each

L = 1 heory each

”

o5 i T EOIREAR 3
B
e

—

Control characteriatics {seriss connected coils)

2 133/amp I'(s) 1
x' :

1 P 2 . . X
[ 2X. 98 :
—3 *t73m ! :
L. (317)
Amplifior.
7.; Philbrick - K2XA driving SK2B
) Nominal Gain = 120,000 N
Voltage Range = 4 100 volts .
'? Potentiomater
H
¥ Cartar plastic film, 2K rectilinear
10 volt
vp . (n +BX) P72 a4béc = L25in, b= 1,0in .

s |
[o¢]
1
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F = AAPA +AOPO - ACPC + FD’

for (A, P, + AOP

- < .
AFa AcPe! F

O

Applying the time s-cale factors,

- dzx _ dzx
mX m ——? = 100m ——2-
dt dT
iy - dX - dX
DX = D 3 = 10D aT
The equation becomes
a’x dax
100m —5 + 10D T = ZF.

dT

All of the relations for the actuator are shown in
block diagram form in Figure B-5(a). The equation is
solved by summing the hydraulic and aft pressure forces
and applying the deadband representing the friction
forc%se obtain ZF. The viscous damping force

10K aT is subtracted to obtain
100m£’-c = TF- wp X,
ar? aT

This is divided byd&OOm and integrated with respect to
time to solve for T The velocity is then integrated
to obtain the actuafltcr position X.

Actual computer implementation of this portion
of the position loop is shown in Figure B-5(b. The
amplitude scaling factors for this part of the simula-
tion are included in Figure B -5 (b).

The actuator simulation is based on the initial
design specifications of the control valve. Subsequent

“finalization of the valve cauied the actuator mass to be

reduced to 0. 00383 M . This change in mass can

only improve the dynar}rliiics, of the wvalve by reducing the

[,
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P
P -f” . ' 27
"-\-—-.- A -'—-4(/ ! 4 ] -—!—- ¢ 1 —x.—
A o l "F' ms H
-l -
Pe ol ag D
)

{a) Actuator Block Diagram

‘.

looyssova,.; |95

Po ( ) -ye0 1 |9_‘
1
d (e oV 10000 ik !
[ ! .6H0
X
e
L SVERY. 19
(b) Actuator Computer Diagram
Figure B-5 - Actuator Block Diagrain and Computer Diagram
' B-13

CONFIDENTIAL




AFRPL-TR-65-209, Vol I

(2)

time constant of the actuator. The time constant of the
actuator is the ratio of the mass to the fluid damping,
including both the damping of the actuator and the damping
due to the metering orifices of the servovalve. This time
constant is small compared to the dynamics of the rest of
the position loop and the effect on the position loop due to
this mass change should not be measurable. Data will be
taken on the position loop to verify its correlation to the
computer results. .

Pressgure Relationships

The derivation of the three preésures. P , P_ and
P_, are required in order to determine the force summa-
tion on the actuator and, therefore, to determine the actua-
tor posgition. The aft process pressure will be determined
as part of the process simulation. The two hydraulic
pressures P_ and P_ have similar derivations, a general

~derivation being shown below.

Assuming linear compressibility, the hydraulic
pressure in a cavity can be eéxpressed as an initial
pressure plus the change in the pressure generated by
a change in the density of the fluid. This density change
could be caused by an addition (or subtraction) of fluid
to that of the fixed volume or by decreasing (or increas-
ing) the volume of a fixed amount of fluid. For either
type of change the pressure change can be expressed as

Am

AP} = KV ’

where AP is the pressure change,-AM is the mass change,
V is the volume, and K is the compressibility constant.
Since the compressibility is small, the addition of mass
can be represented by the addition of a volume of fluid

AM = AvVD ,

where D is the density. The pressure can now be
expressed as
AV
AP = "‘C'_”J' s

<

oiR

where the new compressikility factor C =

[n——— o mar,
3 f !
—

I

,w—.--..‘
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Referring to Figure B-4, the change in fluid
density depends on the amount of fluid flowing through
the servovalve orifice and on the movement of the
actuator, and the pressure can be expressed as

A -
P = P + _Y..Q_—inc

i vC !
where A V_ is the fluid volume supplied through the
servovolve %rifice and AV_ is the fluid volume dis-
placed by the actuator. Since the fluid from the servo-
valve is the accumulation of fluid flow, Q, the expression

becomes
P = P + let--AAx

i vC !

where A is the piston area of the actuator and AX the
actuator displacement. .

If the initial condition is taken to be P = O when
X = O, the pressure is

P = ! Qdt - AX
V(0) + AXIC ~
The opening and closing pressures, P, and

P_, expressed in terms of the polarities of ?‘igure B-4
and of the new time variables, are

1
o ) 10 J‘ QO daT - AOX
(0] [VC(O) - ACX] C

. L

Ax-T10 § q.ar

b - € c
C (Ve (O~ AKC

The position of the actuator, X, has already been determined.

The fluid flow Q must now be established. Turbulent
flow through the metering orifices and around the hydraulic
strut obstructionsis assumed suchthat the pressure drops
take the form

AP = 2
K

B-15
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The flow constant of the servovalve is propor-
tional to the spool position X_, and the total pressure
drop across one strut and orﬁice is

2 2
AP = ___g__._..i + _9_2_. ,
Xp LSV Ks

where K,  and K_ are the metering orifice and strut
flow constants. gince the pressure losses across the
struts are small, and because the simplest, yet
valid, simulation is desired, the above expression is

~approximated by

Solving for Q,
Q = XPK VAP ,

where

KmEL
A

VEu s

Referring to Figure B-4, the movement of the servo-

valve spool connects either the pressure supply or the

pressure return to each strut, depending on the direction
of the movement. The equations expressing the summa-

tion of the pressure drops is either

A =
P + ) PS

for the spool movement in one direction, or

- A = =
P P PR' O

for the opposite displacement. Incorporating this fact
along with the flow conventions of Figure B-4,




e s

(3)

QP = Xp Ky /PoXp)
Q0 = XK /PR
wheré
P(X.) = P -p
p . S
for XP > O
P-Xp) = P -
P(X ) = p
for XP c O
P(-X,) = Pg-P

A block diagram describing the derivation of P
and P_, is presented in Figure B-6 (). Computer mecha-
nization of this portion of the simulation is shown in
Figure B-6(b).

[
Servovalve and Position Loop Control Elements

The function of the position loop is to fix the
position of the actuator as dictated by the position
command signal. Since the position of *he actuator is
dependent on the integration of the fluid flowing through
the servovalve, the stezdy-state position of the actuator

" can be made exactly proportional to the command signal

such that K. X = V_. The intended operation of the
position loop is to"compare the positicn signal with the
command signal in an amplifier and to cause any error
or difference to control the servovalve. If the signals
are ‘ecqual, the servovalve spool position will be zero,

‘and no fluid will flow. A positive error (position

command signal greater than position signal) will
cause displacement of the servovalve and fluid flow

in a direction to increase actuator position. A negative
error causes operation in the opposite direction.

A normal servovalve characteristic produces
steady-state spool position proportional to the control
current. ' To satisfy the control valve requirement
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‘{b) Hydraulic Computer Diagram

Figure B-6 - Hydraulic Block Diagram and Computer Diagram
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N

that the motor extinguishes upon loss of power, the

spool position with no control current is full open in

the direction which opens the actuator. This is accom-~
plished by a mechanical bias and requires a compensa-~
ting electrical bias for zero spool position. Thre dynamic
characteristic for the valve, .including the mechanical
bias, is specified in Table B-I as

. K, I © Xlo)
XP(S)A_ . . - P. .

2 8
¢, 2Gs
wn

Here X_/0) represents the open spool position ‘
with no control currnt. This expression can be derived
from the differential equation

| d [
—_— X, + X_(o) ]
w2 4l P P
n
1 d '
+ 'v'v: Fry [xP, + Xplo) ]
4Xp + Xp(0) = K I

"By simplifying and applymg the time scahng, t‘us

expression becomes

Z .
100 4¥p Xplo)
3 - - K[l -x
w aT 1
n
S e
W aT p
n

-

The steady-state servovakre s?ool position must

be XP = O, requiring that I O. If the
K,
1

"
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" gelected to minimize T as.sh .
gain of the amplifier K is chosen as large as possible,

(4)

that the relationship between I - =

-~

errcr voltage E is the difference between the position
commaagd voltage V., and the actuator position feedback
voltage ‘VF' the above steady-sts*e (:&ndm.on indicates

X and E must be
proportional in the steady state. Ilf 1E is set to zeio
1

+ — , wherel —-

it is necessary that I( ) (s) S o= K1

1. is8 a bias current which sets the spool to its null

position. A small lag is caused by the Fervovalve coil

inductance. The relationship between I, , and E will
N (s)
therefore be
E.
' - (s)
I(s) = T _+1 °

where T 1s the time constant due to the ¢oil inductance.
An’ amp11f1er configuration with current feedback is
&8 ) e 24....Lhe.

yet not allowing the amplifier to saturate; and the current
sensing resistor is sized such that a maximum servo-
valve spool displacement will result from a maximum

“error voltage.

The effect pf this current feedback on the response

of the servovalve coil current is to’ 1mprove the time-
L

conltant from T AT R RC te T= -ﬁ ’ R,C
coil resistance and R being the current sensing resis-
tance. The block diagram representing the mathema-
tical description of the amplifier and servovalve is
shown in Figure B-7{a),and the corresponding computer

diagram in B-7 {b).

being the

Steady-State and Transient Performance

The desired steady-state performance of the
position loop is that the actuatar. position.be proportional
to the position command signal, Since the dominant
characteristic of the position loop is integration with
proportional feedback, the steady-state conditior must
be zero error signal, thus satisfying the requirement.
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§

1 (a) .Servovalve Block Diagram
' 113
L

(b) Servovalve Computer Diagram

Figure B-7 - Servovalve Block Diagram and Computer Diagram
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Steady-state measurements of the position loop E
. simulation verified this desired proportional operation
within the accuracy of the digital voltmeter.

b Pogition loop transient response recordings were
made for input step magnitudes of 0. 1 and 1. 0 inches
with constant aft process pressures of 0 and 1500 psi anrd o
also with the process simulated. The responses to ; ‘ 4
position command signal steps fromx0 to 0.1 to 0 . '
inches and from 0 to 1.0 to 0 inches with P, = 0 are
shown in Figure B-8 and B-9. The responses to the
same input steps but with P, = 1500 psi are shown in .
Figures B-10and B-11.

[EPTP——Y
Py

As can be predicted from the actuator geometry,
the opening transient is much slower than the closing L
transient when P, = 0. This phenomenon is the result L
of the difference Between A and A .. When the actuator -
is opening, the pressure drop across the actuator is . .
greater than when closing, providing a lower pressure S !
. drop across the servovalve and resulting in a lower o
i flow rate. :

When P, = 1500 psi, the opposite eifect is
observed. Inpfhis case P, aids the opening direction.
The system acts as if the pressure supply is increased
to the opening cavity and is decreased to the closing
chamber, the result being that the system is speeded
up when opening and is slowed when closing. The
actuator was designed so that a medium aft pressure,
P, =750psi, would result in equal opening and closing
response times.

I

Process and Control Valve Simulation ,

The positien loop simulation described in 2, above, o 1
produces a determination of the valve displacement (X). o |
From this result, the valve area must be obtained to provide
the contreolling parameter for the process. Finally, the
process must be simulated to determine the variation of the
forward and aft process pressures in response to the control
valve area.
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Position Command Vx

POSITION LOOP RESPONSE, Py=0

e e e e T ST

Olin

Position X

——— 0.1 sec

s

: 0l — o
_ ______o/

Opening Hydraulic Pressure Po

5000 pai —
/ ) ¢

-

e =

Closing Hydraulic Pregsure Pc
- 5000 pei

Servo Valve Spoocl Position Xp

P

g Pl

1,0

Actuator Velocity X

-}

A

33 in/sec ——

Figure B-8 - Posilion Loop Response, P,_ = 0
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POSITION LOOP RESPONSE, P, =0

L

0.1 nec er— ‘

Po

-

2686 4
L v §H00-pet

. : Pe
5000 p#i  ——

{7 : |

V’.—r- .
J—
\«"’/'

32 in/ secr—em— -

B-24

Figure B-9 - Position Loop Response, P

A =0
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V POSITION LOOP RESFONSE, P, = 1500 pei

- 33 {a/seC ~mm

Figure B-10 - Position Loop Response, P, = 1500 psi
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Vg POSITION LOOP RESPONSE, P, » 1500 pat

- " —1, 0 .
—— —— . ' C . . -

0,1 sec ey

- XP .[\_‘ - . .
. o ) ‘M’U"—"‘

. : - or

Figure B-11 - Position Loop Response, P = 1500 psi
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It is required that the valve be capable of varying the
ares in a controlled manner to produce a specified range of
pressures. Translated to valve requirzo. 1ants, this demands
that a minimum valve azea of 0, 29 in, ~ and & maximum con-
trolled area of 1,01 in.'~ be available, These limits arid the
corresponding values of displacement represent the control
runge of the valve. The valve is designed to produce the
minimum area at the closed positionof the artuator, This is
defined as zero displacement (X = (). The open end of the
control range is determined by specified area and the dis-
placement which produces this area.

The valve must also be capable of providing areas
greater than that required tor the control range. This is
ugsed only for rapid opening to exting\éish the process and

requives a maximum area of 5. 2 in. = with the full open
displacement of the valve,

(1) Process Simulation

Simulation of the process was based on
differential equations for the forward and aft process
pressures and a definition of all parameters involved
in these equations. The equations are as follows:

dP
¥ _, RT n
5 gy 'y [ (PSR Pp - (Cplp APL )
dpP . 1
A RT n
7 - (= ) Ue sa),P," +(Cp)o APL

A
- (CpA), PA].

The first equation establishes the rate of change
of the forward process pressure in response to the
control valve area (A), the resulting level of forward
pressure (P_) and the constants for this part of the

" process. The second equation describes the rate of
change of the aft process pressure as a function of the
level of this pressure (P, ), the level of the forward
process pressure (FP_), ﬁxe control valve area (A) and
constants involving both portions of the process.
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For the simulation, all parameters except the
variables (P_, PA and A) and the free volume (V) of
both parts othln process were gssumed to be constant.
The variation in the free volume is quite large in both
portions of the process. This variation has a very signi-
ficant effect on the dynamic behavior of the process.
Values for all of the constants are presented in Table
B-II. Using these values,; the equations were reduced
to the following form: . :

dpP

F 0. 672
& C K (EyPp - ByAPg)
aP, |
& ° Ky (KgP, *K APL - K P,)

The calculated values for K, through K, are
presented in Table B-II. Values }or K. and were
calculated for both the initial and final conditions of
the process as effected by the free volume, It should
be noted that the equations permit the calculation of
the steady-state relation between the control valve
area and both process pressures, This is accom-
plished by setting the rate of change of pressure to
gero so that:

0.672

]
=

>
’U N

K.Pp 3#Fp
p 0.328 o K,
F K. A
3
Kg 3'05A - 3,05
P = (_.... )
F K3
and
(K, - K)P, = K AP,
K K 3'05A - 2,05 K 0.672
P o= 3 2 2 o
A K, -K, K, K, -K, F
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TABLE B-Il - FROCESS EQUATION CONSTANTS

yorwhrd Froczést

<« X

D

» Q0= ¢ aomg

Aft Process:

18,510 infor-mole
3440°R

21/mole

849 in, 2, tuitlally
%26 40, 3, finly
0. 083 1b/in.

270 in, 2

0.0025 in, /nec
6,672

0.00756

Yalve area - in. ?

R 18, 510 in/or-mols
T 5520°R
M 27, 7/mole
v 865 in. 3, inftially
2305 in. 3, finally
P 0. 069 1b/in. 3
s 1000 in. 2
2 0. 0004 in. /aec
n 1.0
Ch 0, 0067 .
: At 7.0 in,
£ : Constants for Equations:
i K, 3571, initially
% 1155, iinally
l £ K, 0.0358
4 3
L Ky 0.00756
K, 4258, initlally
£ 1601, finally
i o
i Ky 0,0276
, K¢ 0, 0469
ifzivatir- K_’, Kb and qu
h Pmax 4500 pai
i ; P 106 pai
< H min
B 4
K
| A 2 _
' K;p 328
a
Ain 0. 29 in. ,
1,01 in.
max
] , Establishing X as follows:
; Establishing X as follows:
} .
B X 0 gives Amin
1 gives A
3,05 N max
A K, - K X
ry 7778
A2 05 %
min 7
= Kzs 05 *
AT 45 - K
max 8
44
- Ky 0.328
! A T5~4‘4x‘)
o .
MKy =0.1
9.1 328 0.475 ,.328
iy A TrTx 504K
F‘ an given in the valve spocification,
‘[-F' L.
Y
B
-
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Since K, and K, are not involved in the steady- -
state relations, there is no effect on these relations o
betweeén the initial and final conditions of the simulated v
process, Only the dynamic behavior is affected by the
change in the free volumes.

g e

Proper time scaling of the equations for the
computer is obtained as follows:

.. dP K o
F 1 0.672 = {
ar - 1o KFg - K3APL)
dpP K . o r
A 4 R : o
5 10 C (K - Kg) .PA +K; AP ]

; A block diagram for the process equations is
presented in Figure B-12@) The computer circuit for
this portion of theosgnixulation is shown in Figure B-~12 (b).
The function P_, ~'~ was simulated with a diode
function generag)r. An X-Y recording of the simu-

lated function is shown in Figure B-13,

{2) Control Valve Simulation

The ideal requirement for the control valve is that
its area variation as a function of digplacement be such
that the steady-state variation of forward process
pressure with displacement be linear over the control

b range. As shown previously,
b
| 3.05 .
? Kz -3.05
P = P — A
Y

To produce the desired result,

-3.05 _ !
A = K7-K8X.

This requires that the valve characteristic be

_ -0.328 _ 1
A = (K, - KX) =

, - 0,328
(K.7 - KBX)

oy e ———

B-30
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+j00

o= P
(a) Process Block Diagram
.245
497
[1 IS .
: 30 Pa
[} prosagun.

(b} Process Computer Diagram

Figure B-12 - Process Block Diagram and Computer Diagram
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Figure B-13 - Computer Approximation of P’ 672 N

CONFIDENTIAL N




AFRPL~TR-65-209, Voll

Derivation of the constants K_ and K_ is
included in Table B-1I. As shown ere, tﬁe ideal
relation between A and X can also be expressed ia the
form:

- g U328

G
. 0.328 °
- Ks K9 .*\)

(K7 K9

PO —

The need for a linear relationship between
forward process pressure and valve displacement
avises from the control requirements. If this rela-
tionship can be realized, valve and process will have
a constant gain for any level of pressure within the
desired control range. This greatly simplifies the
control design.

b g T * <t 1 e o

i In the actual design of the valve, it was found
j necessary to deviate fromthe ideal relationship.

. _ From the desired relationship between valve dis-
ol ‘ - : placement and area, a rate of change of area with
Noas ‘ V. . .., . respect to displacement can be established. The
' required physical dimensions of the valve preclude
realization of the required rate of change. This
aspect is covered in greater detail in paragraph 6,
below.

T —— e p——n L
L) r /
4 . -

The actual variation of control valve area with
displacement, predicted from the valve design, is
presented in Figure B-14, A curve corresponding
to the ideal relation is included for comparison.  The
actual relationship was simulated on the computer
using a diode function generator, as shown in
Figure B ~12(b). Data was obtained on the simulated
valve by slowly varying X and recording area versus
displacement on an X-Y recorder. The resultant
curve is shown in Figure B-15.

From the characteristic for the valve, the
control range can be determined. A displacement
of 0. 412 in. produces the maximum required control
area of 1.011in. 2 The simulation of the valve was
extended beyond this point to cover any overshoot of
the valve beyond the noimal control range.

B-33
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(3)

Steady-State and Transient Behavior of Valve and Process

Steady state and transient responses were obtained
for the combined valve and process simulation, Figure
B .16 presents the steady~state variation of forward pro-
cess pressure with displacement, This data was obtained
by slowly varying displacement and recording the parametfers
on an X-Y recorder, Examination of this data indicates.
that this relationship is very nearly linear over the con-
trol range despite the deviation in the valve characteris.-
tics from an ideal relation. Some small bumps are also
evident in this characteristic. These arise from deviations
in the simulated valve characteristic ai the break points
of the diode function generator. The process is extremely
sensitive to these deviations and considerable effort was
expended in minimizing this effect.

Note that the maximum steady-state pressure
occurring when X = O in Figure B-16 is slightly above
5000 psi. This chart appears to coaflict with the desired
maximum pressure of 4500 psi. This discrepancy can
be explained as follows. The process equation coefficient
S was assumed constant for this analysis. However, S
actually can vary over some small range. This varia~
tion does not affect the dynamic cnaracteristic of the
process but does change the steady-state solution.

The minimum area 0. 29 in.”° was selected to allow
4500 psi when S is minimum. The average value of S
was used in this simulation, and the corresponding
maximum pressure is 4975 psi. In addition, the actual
minimum area of the control valve is 0. 289 in,” The
maximum steady-siate pressure, therefore, is slightly
above 5000 psi for the simulation.

Trangient resppnse data was taken by inserting
various size step changes in displacement and record-
ing the parameters of the process for both the injtial
and final free volumes. Response,.gata with the initial
free volume is shown in Figure B-17. Here the dis-
placement steps cﬁ}respond to pressure changes from
100 to 5000 to 100 psi, ' Response data with the final '
free volume are shown in Figures B~18 through B-21
for displacement steps which correspond to stéady~
state forward pressure changes from 100 to 5000

o
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Figure B-17 - Process Response to Step Change in Displacement

Initial Free Volume
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Figure B-18 - Process Response to step Change it Displacement
Final Free Volume B-39

CONFIDENTIAL

e




AFRPL-TR-65~209, Vol

GONFIDENTIAL 3

Figure B~19 - Process Response to Step Change in D1sp1acemen£
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to 100 psi, from 100 to 225 to 100 pei, from 2250

to 2750 to 2250 psi, and from 4500 to 5000 to 4500 psi.
The data of Figures B-17 and B-18 indicate that the
process responde fastest when both the pressure and
area are high and are the slowest when both are low.
Algo, comparison of Figures B~19 and B-2] shows
that the large area and low pressure condition is
faster than that of the small area and high pressure.
The most important observation from this data is
that the process with the final free volume is
approximately three times slower than with the
initial free volume. Several other size step changes
have been recorded to insure that this observation

is general, though the data is not included herein.

The aft process pressure displays an inter-
esting response to a displacement step, as seen in
FiguresB-17 through B-21. The steady-state flow
of material through the control valve increases with
decreasing area. However, if the area is changed
quickly, the forward process pressure does not
respond immediately, as shown above. The result
is that the initial material flow through the control
valve increases with increasing area, thus causing
the aft process pressure to change initially in the
opposite direction from that expected from the
steady-state operation. The maximum aft process
pressure occurs during such a transient. Figure
B-17 shows a maximum aft pressure of slightly
over 1000 psi. With the final free volume as in
Figure B-18, this maximum pressure approaches
1500 psi. The steady state maximum aft pressure
theoretically is 572 psi.

Frequency Response of Simulated System

The preceding sections have presented the simulation

of the position loop and the process plus some results on

the response of these portions of the simulated system. When

these elements are operated together, some change in

characieristics can be expected. The aft process pressure

produces a force which acts on the actuator and affects the
_ position loop. Both transient and frequency response data
-were obtained for-the position loop .and for the process.

5
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The transient responses have been presented for these portions
of the simulated system. Additional frequency response data
was obtained on the overall system. This can be compared to
h results for the individual elements.

i Frequency response information was obtained by injecting
' a sinusoidal disturbance of a small amplitude into the simulated
! system and recording all parameters of interest. Data was

: obtained for a wide range of disturbance frequencies. The data
was reduced by measuring the gain and phase shift between the
input and output signals at each frequency. These results were
plotted as a function of frequency. In the proper form, this
result identifies the dynamic behavior of the system. A typical
recording is presented in paragraph 7, below, along with the

! reduction of the data to a useful form., As noted previously, the
basic computer data must be adjusted to relate it to the physical
system. This conversion is also covered in paragraph 7.

, The frequency response plot for the position loop 1s

; presented in Figure B~22. Analysis of this plot indicates that
the position loop behaves in the region of interest as a highly
damped second-order system with a natural frequency around
15 cps. The deviation from the ideal second-order response at
higher frequencies is the result of non-sinusoidal! waveforms
0 .curring in the displacement for sine wave position command
signals, In this case, gain and phase shift measurements

- become inaccurate.

The valve and the forward process pressure frequency
response data is shown in Figure B-23 with the initial free
volume and in Figure B-24 with the final frec volume, The
valve and the forward process respond like a single-order system
with a nearly constant gain and a variable time constant. This
i type of performance is as predicted in b, above. The gain
varies as the slope of the curve in Figure B-16. The time

%
t

constant is a function of the operaiing pressure aud of the
; free volume. The variation of the free volume has the
greater effect on the time constant.

The frequency response plot of the combined position
! loop and process is displayed in Figure B-25, in this case
only one operating pressure was used. If neither the position
loop nor the process changes when the two are put together,
the combined frequency response curves should be the sum
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of the individual curves, By noting that the position loop is
quite flat up to 5 cps, the combined gain plot should conform {
to the process plot up to 5 cpa. General agreement is seen in
Figure B-25, except at the higher frequencies. The aft process
pressure acting on the end of the actuator does change the

position loop frequency reaponse slightly. Figure B-26 shows ﬁ
the position loop frequency reasponse when coupled to the
process. Thie set of curves is the difference between the
corresponding plots of the position loop and process and the {
process alone. In this case the position loop acts as a

4 second-order system with a natural frequency of 14 cps
and with a lower darmping ratio than when the position loop
| operates alone. o

b o

e

Control Design

The selection of a control configuration for the system
' composed of the position loop, the control valve and the
chemical process demands that some criteria be selected for
the control performance. In general, the performance
requirements are that the controlled system be capable of
producing large and rapid ramp changes in forward system
- pressure. Most degirably, this should be accomplished
with little oversghoot in the pressure at the end of the pro-
(? grammed changes. Of primary importance, the controlled

’ evstem must be stable throughout its complete range of

operation.

Much of the work on control system synthesis has been
Y based on the minimization of the integral of the error squared.
[' The use of the theory developed for this criterion can form a
e worthwhile starting point in control system design. Modifica-
tions to the selected control for the specific requirements of
{ : . a system are then accomplished by optimization studies of :
' the system. With a computer simulation available for the , f
[_,.‘ : controlled system, this is readily accomplished.

1
For the type of process involved, studies and tests ; !
have shown that an optimum control configuration includes a ‘

: 1
) Boksenbom, Aaron S.; Novik, David; and Heppler, Herbert: Optimum
| Controllers for Linear Closed-Loop Systems. NACA TN 2039, 1953,

S : B-49
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proportional plus integral transfer function as the primary
control element. For optimum performance, the integral time
constant should be selected equal to the principal time constunt
in the process to be controlled. Where additional dynamics are
present beyond the main time const#nt, a lead network can com-

. pensate for these effects and will generally provide improved
performance. With the primary transfer function and the leagd
network selected in this fashion, the gain is established to
provide the fastest response consistent with stability and a
reasonable amount of overshoct,

A brief explanation of the factors involved in the selec-
tion of the process contfol may aid in understanding the
principles involved. As noted previously, the process acts
as a simple first-order lag and is the dominant factor in
the dynamic behavior of the systemn. The process can be
described by the following transfer function:

B, - B
VF 1+TPs

The transfer function of a proportional plus integral control
. is as follows:

1+

j v ' s
C 1 ) C

C C

. Neglecting the dynamics of the position loop for the moment,
. the combination of the process control and the process is
expressed as

TC_S l+'rps

If the process and integral time constants are set equal
(T . =T.);" the expression simplifies to :
C P
KC KP

T.s
C
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The result is a simple integration term.
behavior can be established and maintainzd for the complete open
loop of the controlled system, the dynamic behavior ot the closed-

[

L YL VI oy

If this type of

loop system is most readily optimized.

Frequency response information for a proportional plus

integral control is presented in normalized form in Figure B-27,
Exa.miriation of this figure reveals that below the break frequency

(W = ?—) the control approaches the behavior of an integrator

witl% a gCa.in slope of - 20 decibels p_elr de;:a:'_dé: and a phase shift of
~90”. Above the break frequency, the cénitrol acts as pure gain.

The position loop acts as a wé‘l-,lr-‘démpéé*:s;‘egzond«-o.rder
system as noted in ¢, above. ,Ir}tli:ysigp of this term yields a
complete open-loop transfer functiorof the form

VP = K. (1+ 1 ) KP‘ : KL
V.., ' C NS I'+T1_ 8 2
E P =+ T\df—g s t+1
w & n
n
With the ideal condition of TC = TP this redﬁ;',es to
VE TC s 2 2
s + _iv s + 1
w n

The dynamic‘shf the pésition foop occur at a high frequency
relative to the process and coatrol,
have some effect 0a the controlled system's performance.
effect can be reduced by including lead networks.
lead networks should be of the form to cancel out the effect of the

Their effect will, however,
This
Ideally, these

positien loop completely. Practically, a simple lead network is
worth trying in the optimization of the system design.

The {requency response data for the position loop and
process presented in Figure B-25 forms the basis for selection
A s indicated in this data, there is a
significant chunge in the process between the initial and final

of the coatrol constar's,

conditions.

For the initial ronditions, the time constaat of the
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process produces a break frequency of 0. 4 cps. ~ This indicates
that the integral time constant for the initial conditions should
ideally be approximately 0.4 seconds. Additional dynamics are
introduced by the position loop at a frequency of approximately
10 cps. This would indicate that a lead network having a lead
time constant of approximately 0, 0167 seconds should improve
performance. For a tentative selection of gain, a final gain
margin of approximately 12 decibels was selected. This corres-
ponds to a control gain of 20 decibels or 10 volts per volt. For
the final condition of the chemical process, the main process
lag produces a break frequency of approximately 0. 15 cps.

This indicates that the optimum integral time constant for

the final condition should be in the order of one second. Sirce
the position loop does not significantly change, the same rate
network should be effective. Since a greater margin of
stability is available, higher gains should be possible for the
final condition of the process.

In addition to the selection of the basic control configu-
ration and constants, the establishment of proper limits in
the control must be considered. Most impcrtant of these
limits are those imposed on the integrator. These should be
set to correspond with the physicallkmits of the valve. Beyond
this, limits on the overall coatrel signal must be imposed to
prevent saturation of the control elemeunts,

Computer mechanization of the control system is pre-
sented in Figure B-28. Fignre<B-28 @)presents the basic
proportional plus iategral control. FigureB-28 b)illustrates
the method of adding a lead network to the controel,

Control Optimization Studies

Following the selection of the conrrol configuration and
constants, the control performance was studied. This study
included the response to large and small step changes in the
pressure command signal and small and large ramp changes
in the pressure command signal. This work was continued
until an optimum control configuration for the complete range
of operation was determined.

The intended purpose of the controller is to allow con-
trolled pressure operation for pressure programs which
include large ramp changes between levels of constant pressure.

T s b
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{a) Controller Computer Diagram ——p—(P ;

{b) Lead Network if Required

Figure B-28 - Controller Block Diagram and Computer Diagram
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Since there is no set specification for the required time and
magnitude of the ramps, a step command signal was selected
for the controller optimization. The objective was to find a
contreoller which would provide fast operation yet would allow
only minimal overshoot and would be stable under all conditions,
Realization of this type of performance for step changes will
provide the desired performance for any type of input, Once
optimization was obtained for step changes, performance in the
intended mode was verified by using large ramp input commands.

Initial #2*tempts to optimize the controller revealed that
if any input change caused any system parameter to saturate,
then the response to this input change was an invalid indication
of the acceptability of the contreller. Some parameter satura-
tion was most likely to occur when the process is slowest, as
with the final free volume. With this condition, it was deter-
mined that a maximum input step of 250 psi could be used with-
out causing saturation. The pressure command signal used
for controller analysis was a step change in either direction
between 2250 psi and 2500 psi.

Operation of the system under the above described
conditions led to the following general observations. The
proportional plus integral controller provides satisfactory
closed-loop operation. Both the proportional and integral
gains must be optimized to each other to achieve the desired
response shape with slightly less than critical damping.

Both can be increased or decreased together within limits

to get a faster or slower system with the desired response
shape. If only the proportional gain is increased or the
integré.l gain is decreased, the system tends Lo become
overdamped. Likewise, if the proportional gain is decreased
or the integral gain is increased, the system becomes under-
damped and cscillations begin 10 occur. There is a maximum
value of both proportional and integral gains after which
greater valués will cause underdamping regardless of any
attempts to cptimize the two with respect to ea~h other.

This condition of maximum usable gains 15 consiaered the
optimum controllar configuration for any one free volume
condition.

The controller analysis was performed for both the

injtial and final free volume condition of the process. With
the fir»l free volume, the optimum proportional gain was
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higher and the integral gain was lower than with the initial
free volume. This characteristic can be predicted from the
process Bodie diagrams. The final controller configuration
was a compromise providing a relatively fast response with
the final free volume, yet not causing excessive overdamping
with the initial free volume.

Asg indicated in paragraph d, above, the addition of a lead
network to the controller might permit better system per-
formance. If the lead network were set to compensate for the
dynamics of the position loop, a higher gain could be used in
the corttoller to provide faster system response.

The lead network was included in the controller for
observation. The result was that the lead produced a notice-
able improvement only in the optimum controller for the
initial free volunis condition. When the lead network was
used with the final controller configuration, there was no
discernible improvement in the system performance.

The final values of proportional and integral gain were
6. 67 volts per volt and 2. Q0 volts per volt-second, respectively.
Figures B-29 audB -30 show the system response for the two
process conditior: when these gains were used. A higher
set of gains, 10 volts per volt and 3 volts per volt-second,
were usedin Figures B-31 and B-32. These higher gains

‘were considered optimum with the initial free volume.

Figures B-33 andB -34 show the system response to ramp
changes in the pressure command. For these ramp command
responses, the final controller configuration was used,.
Response to pressure command changes of 2500 psi are shown
in Figures B-35 and B-36. Note that the contrel valve actua-
tor hits a limit in both directions of the transients. The re-
sulting pressure response appears to have less overshoot
because of this limiting.

The comolete computer diagram for the simulated sys-

tem is shown in Figure B-37.

Termination Simulation

The control valve specification requires that the valve
change area from mini mum to maximum in 15 milliseconds
under the termination condition, The resulting control valve

B~57

e s b i



CONFIDENTIAL

AFRPL-TR-65-209, Vol 1

: - 2s0pet - o p . e o .
h Pressure Command V| s . | CONTROLLED SYSTEM RESPONSE |
- el TO SMALL sngm?u'r :
i : o Proportiomsl gain = 6;61‘
! — Integral gain . = 2/seec )
i 2500 pet A o Initial Free Volume . _ -
‘ ’ bt 1.0 sec -_—— L. R |
B Forward Pressure P, 2500 pat R
: AfAft Pressure P, - L
: oo /kies pei
- \F'lﬁ psi
fde e \g_ 500 pet —— - o oo
" ,Position Co;ﬁm.tn? Vi _— 5 o
- h el Lo - o - T emie
‘ i
4 Actuator Position x e —_—
0. .
Figure 'B-29 - Controlled System Response to Small Step Input
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Figure B-30 - Controlled System Response to Small Step Input
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Figure B-31 - Controlled System Response to Small Step Input
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Figure B-32 - Controlled System Response to Small Step Input
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Figure B-33 - Controlled System Response to Small Ramp Input
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Figure B-34 - Controlled System Response to Small Ramp Input

CONFIDENTIAL

B-63

e e e e




- CONFIDENTIAL

- AFRPL-TR-65-209, Voll .

I ——
f
i
P

R o ;
ONTROLLED SYSTEM . [J
. . . ) RESPONSE TO LARGE .

vp N o L o . STEP INPUT - .. P

D . , L o . Proportional gain » 8,67 E i
L.+ 3750 pai - e - - — Integral gain - 2/sec S
PR . ) ' . Initial Free Volume

1250 pol

~—= ] 0sec | e——

. e e Py

: © 3780 pei

i

\-_/"-'v--v—»«—'——-,_ 1

1000 psi ~==—=— . ‘

1250 pst

by e
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Figure B-36 - Controlled System Response to Large Step Input
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Figure B-37 - Complete Computer Diagram for Controlled System

e



a.

AFRPL-TR-65-209, Vol I

design utilized two servovalves in the hydraulic system. Only
one servovalve was used for normal position loop operation,

The other, used only during termination, was called the dump
valve. Both ports of the dump valve were connected in parallel
to vent the closing hydraulic side of the actuator to the hydraulic
return during termination. This connection allows the fluid-
contained behind the larger closing area of the actuator to be
expelled with a minimal combined orifice pressure drop. This
connection is shown pictorially in Figure B -4.

As an approximation of the dump condition, the following
assumptions were made. The combined operation of the servo
and dump valves acted as & servovalve with an enlarged orifice
te the closing side of the actuator, where the effective opening
orifice area was held constant. Upon termination, the torque
motor current of the servovalve went immediately to zero, as
explained in paragraph 5, below.

The above changes were incorporated into the computer
simulation and the termination was recorded. As shown in
Figure B-38, the actuator traveled the required one inch in 12 -
milliseconds., In this termination simulation the control valve
was not operated with the process.

. 5. RECOMMENDED CONTROL OPERATION

The preceding paragraphs described the utilization of the

o analog computer amplifiers to effect the system simulation. The
b L. use of these amplifiers was not necessarily most efficient or most
: © practical. This section describes the recommended usage of
i { amplifiers to effect the CSR control gystem, along with other im-
! portant considerations, such as the use of limits,

Control Configuration

Paragraph 4, e, above, identified the desirable con-
troller characteristics for nse with the CSR system. The
amplifier configuration oi<F-igure B-39 @) will display these
desired characteristics. The effective gains of this con-
trol’er arv 6. 67 volts per volt for A, and 2 volts per volt-
second for integrator A,. The parameter scaling is +3 volts=
5000 psi for V_ and V_ and #i9¥ = 1 inch for Vv_. If V_ is
not available as u negative signal, then A5 wilbee reqiired for
inversion.

——
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Figure B-38 - Control Valve Termination.
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Figure B-39 - TR-10 Computer Diagram for Actual System
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The pressure program V

rather than an X-Y plotter.
and definitely more reliable.

should be generated by a DFG
The DFG should be more stable
In the specific case of the use of

the TR~10, the pressure program may have to be tailored to the
limited capabilities of the DFG, though this shculd not be a
serious restriction. Figure B-39(b) shows the TR-10 DFG confi-
guration, Integrator A, gemerates the time base after the pro-
gram is started. A7 and A8 are required to comnplete the DFG.

The position loop feedback voltage -V_ must have the
negative of the amplitude scale of V.. If the position potentio-
meter is supplied by zero to 10 volts, the potentiométer out-
put will probably have less than rero to 10 volts output, An
amplifier connection should therefore he used to get the proper
scaling of VF as shown in Figure B -39 {c).

The position loop configuration can be effccted with only
one amplifier. A bias is required fo return the spool position
to null from its normally open condition. Figure B -40 shows
the amplifier connections. Shown also is the bias for the
dump valve, which nulls this spool the same as for the servo-
valve. The method of termination is shown with relay con-
tacts for both the servo and dump valves. In both cases, the
torque motor current is made zero and the sposls return to
their normally open positions, and the actuator opens rapidly,
As can be seen, the control valve will terminate upon loss of
power because of the choice of normally closed contacts from
the terminated signal. Either loss of power or opening these
contacts will cause the terminate relay to open.

The selection of the controller gains discussed in
paragraph 4, e, above, was based on the system performance
where all par;i‘neters remained within the normal operating
Normal operation is not consistent with this condition
becausw the valve obviocusly must close completely to make the
pressure maximum, When parameter saturation does occur,
the system performance is affected. Care must be taken to
prevent this saturation from adversely changing the system

In the
steady state, the integrator voltage is VX because the error is

b. Limits
limits,
performance.
Consider a programmed increase in pressure.
B-70
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L.“Z\
v .
X § . e
‘o/ : Servo Valve
) Blas
R
_ /\\ )
-10 — —4 N\ _
Ay 0
i i . Dump Valve
115 VAC l
Terminzate Signal
Note: Contacts are shown in terminate condition.
Figure B-40 - Servovalve Drive and Termination Circuitry
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C.

zero. The integrator gain was chosen so that the new steady-state
voltage is reached just as the pressure reaches its programmed
level. In this case the overshoot is at a minimum, If, however,
the valve completely closes during the transient, the process will
respond more slowly than if the problem was linear and the area
could get smaller as commanded by the controller output. In this
case the integrator will change more than that which corresponds
to the new steady-state value and considerable overshoot can occur.

Though this problem cannot be eliminated, it can be reduced
sufficiently by limiting the output of the integrator such that its
operating range corresponds to the steady-state operating range of
the control valve.

The output of an amplifier or integrator can be lirmited by

the use of semiconductor diodes as shown in Figure B-41 (a)and (b).

In Figure B4l @) the amplifier output voltage cannot be higher
than that which satisfies the equation

o« (B, , +10) = 10 +v, ,

ut f

where v, is the forward voltage drop of the diode. Figure B-41(b)
shows an amplifier limited for both positive and negative voltages
where & = 1/2,

Another need for limiting is introduced by an undesirable
characteristic of a good operational amplifier. If a TR=10
amplifier is saturated, an internal compensating network causes
the amplifier to recover slowly, a typical recovery time being
several seconds. Therefore, all TR~10 amplifiers which could
saturate under normal startup and operating conditions should be
limited by a circuit as shown in Figure B-41(). In Figures R -38
and B -39 amplifiers A 1’ A4f A6 and A 1 should have limiters.

System Performance

The controller configuration determined through this
analysis will provide the desired system performance only if
the simulation of the system has been accurate. Duplication of
the characteristics of the differential equations given in
paragraph 4, above, is assured because of the accuracy of ana-
log computer. The diffar. .~ ... ions, however, were assumed
to be correct., If the s to.t - .« - ¢ nosition loop deviates

e mas
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(b)

Figure B-41 - Compuier Amplifier Limiting L1rcuiiry
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from that described by these equations, the closed-loop system
performance must be different from that predicted.

Acknowledging the possibility of a somewhat inaccurate
system simulation, consider the effect of using the above con-
troller in the actual system. Refer to Figure B-25, recalling
that a Nyquist type instability, where oscillations are sustained,
can occur only when the open loop gain is greater than unity
when the phase shift is 180 degrees, Add the characteristics
of the controller to this Bodie diagram to obtain the open loop
characteristic of the system. Analysis of this diagram shows
that a Nyquist type instability can occur only under one of the
following conditions: the proportional gain was increased by a
factor of 4, 7 or either the process time constant was decreased
or the position loop time constant was increased by a factor of .
4, The conclusion is obvious that the stability criterion used
in this analysis was very conservative. The safety factor on
each of the system parameters should be sufficient to absorb
a deviation in the actual system open loop performance from
that predicted in this analysis. :

CONTROL VALVE LIMITATIONS

As statedin paragraph 4, E, the control valve area versus stroke

relationship does not conform to the ideal control valve characteristic,
This deviation was forced by the geometric limitations of the valve as
shown below.

The limitation is the maximum rate of change of area versus

stroke for a particular sized valve pintle. First, the required rate
. of change of area can be calculated from

_ 0. 475
A7 G- 3%

where X = 1 represents the maximum valve area. Then

aA 0. 475 ) o
aX @5 - 4.4x) 3% X(-0.328) X (-4
0. 686
45 - 4.4x) =38

|
|
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dA  _ dA _ 0,686 na - .2
® - R () 1_.343 14. 6in. °/ 100% useful
max X=1
stroke. -

Now consider the maximum rate of change of area for a valve
where the pintle diameter is D. The increase in area caused by a
movemé\nt of the pintle will be at best the area swept by the pintle
circumference. In this case,

dA < 2
_— w . .
ax --.D in. “/in

The specified control valve envelope festricts the maximum
pintle diameter to 2. 57 in, To meet the area versus stroke rela-
tionship shown above, the useful stroke must be

Useful Stroke * l‘%‘i = 1,81in. ,
requiring the total stroke to be over™2 in. However, a total stroke
of over 2 in. is unrealistic when considering that the control valve
must terminate in 15 milliseconds. If a valve with a 0.5 in. stroke
was to be made to conform to the specification, then

R 14. 6 ' _
D - -ﬂ—m = 9.31!1. N

which is also unreasonablé for several reasons. The actual valve
is made with D = 2. 57 in. and the useful stroke = 0.5 in, Here

_g% = 257X M X0.5 = 4,04 in. 2/100% useful stroke,
m .

ax

The valve area.does conform to the specification for apprbximately
85% of the stroke; the maximum conforming stroke with ideal pintle
and seat configuration occurs when

0,686
T oaam 38

(]

4, 04
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4. 4

= 96% .
FREQUENCY RESPONSE DATA

All the performance data from the simulated control system
was recorded on six~channel curvilinear strip charts, as in Figure
B-42. All transient response and frequency response data was ob-
tained from these recordings. In the particular case of reducing
the frequency response data to a usable form, the Bodie diagram,
the recordings must be taken with a known computer parameter
scale; amplitude and phase shift information must be measured for
each frequency, and the resulting data must be rescaled to the
actual problem param:ters and plotted.

An example is included to show the frequency response data
reduction for the combined position loop and process open loop
ope ration. Figure B -42 shows the computer response of the initial
process to the sinusoidal variation of the position command signal
at 0. 1 cycle per second, Recall that this frequency corresponds

to an actual system variation at 1. 0 cps because of the time scaling.

Shown also is the recording calibration and the amplitude, period,
and phase shift of the two signals of interest, V_and V_(V_ =P

. . . - X S'' S F
in the computer simulation).

V.. (s)

The desired final form for this is \7§m = K decibels at an
angle B degrees, ‘where VS and VX are act}x(la.l s'yétggg’ parameters,
As a definition, '

. Vs :

K B 20 ‘iog —=——1 decibels

101V
| X
and

%] = Ek_lf'_s..?_fk.lit X 360 e

period

In order to properly scale the measured parameters, the
{ollowing scale factors must be used:
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Figure B-42 - Example of Frequency Response Data Reduction
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Actual System Computer Simulation
Ve 10V = 1inch 100V = 1inch S
2 3V = 5000 psi 100V = 5000 psi SEE
Now the desired frequency response data can be calculated: ; 1
_ 6.7V X 50 psi/V X 0.0006 V/psi . i
K = 20 log 10 - . - ‘
4,37V X 0,01 ia/V X 10 V/in,
) 0. 201 :
= 20 10g 10 6:—4—3?
= - 6.76db ;
_ 2. 1 seconds o '
6 - 10. 2 seconds  ~ 360 .
o - v E J

= 74 .

The above frequency data peints can be found in Figure B ~25 with the
initial free-volume for a frequency of 1 cps.
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. APPENDIX C - DESIGN ANALYSIS FOR NOZZLE NO, 1{2-TO-1 EXPANSION)

INTRODUCTION

This appendix presents the design analysis data for the first stop-

start test nozzle. Heat transfer, materials analysis, and design are
discussed herein. This nozzle is the first in a series of six test nozzles
which will be used for altitude testing.

The materials laboratory test results are presented in paragraph

2, below.

ANALYSES

Materials Evaluation

(1) Introduction

The refractory materials used for the nozzle throat
area are exposed to severe heat flux conditions and represent
a critical problem area from the standpoint of maintaining
dimensional stability and structural integrity. In single-
pulse firings, the throat life is controlled by:

1 Melting temperature,
2. Thermal shock resistance, and
3. Chemical reactivity and erosion resistance.

In the case of nozzles to be used for start-stop
applications, additional factors such as thermally-induced,
low-cycle fatigue, and the effects of recrystallization and
grain growth on thermal shock resistance must also be
considered. It is well known that materials subjected to
pulsed thermal exposure will undergo cracking, which
depends upon the magnitude of the temperature differential
and the number of exposure cycles. Although extensive
effort in the area of thermal fatigue has beén devoted to
evaluating turbine alloys and brittle refractory ceramics,
relatively little information exists on tungsten or graphite,
the materials being considered for restartable nozzles.

In the case of tungsten when multiple firings occur, recrys-
tallization may take place after the first firing cycle and

Cc-1
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continued grain grow.h may result during subsequent pulses.
i The beneficial effects of the worked structure are, therefore,
lost and the nozzle insert may be susceptible to thermal
shock #t some subsequent stage of the duty cycle.

P———

The purpose of this investigation was to examine the
susceptibility of tungsten and pyrolytic graphite to thermal =
fatigue under conditions which may involve up to 20 cycles
and iemperature differentials approaching 5000 F. In
addition, attempts have been made to evaluate the
influence of high-temperature exposure on grain growth in
tungsten. The ultimate aim is to obtain sufficient data to
allow satisfactory material selection for restartable rocket
nozzle structures.

i
14
i
i
i
;

(2) Experimental Procedures [

(a) Materials

: " ‘Unalloyed tungsten, tungsten-1% thoria, and
pyrolytic graphite were the three refractory materials _

f studied. These materials were selected on the basis i

i of their high-temperature capability, along with £

‘i adequate thermal shock and erosion resistance when

exposed to single-pulse duty cycles.

; Teste were conducted to determine thermal

" fatigue resistance, grain growth under cyclic and
. : constant-temperature exposure, and variations in

' transition temperature produced by grain size changes.
The thermal fatigue studies were conducted on 1/4-
and 1/8-in. diameter rods of tungsten and tungsten- 1%
thoria alleys. The pyrclytic graphite was obtained

, in.the form of 'discs, 3 in. in diameter and 1/2 in.

j thick. The '"C'" axis of this highly anistropic material
was oriented perpendicular to the faces of the disc.
Rods {3 in. long by 1/4 in. diameter) with the "'C''-
axis perpendicular to the rod axis were fabricated ‘o
from these discs for the low-cycle thermal fatigue
studies. Coupons from unalloyed tungsten sheet in
two conditions, as-received~recrystallized and hot-
cold-worked 75%, were included to determine the
effects of prior ruicro-structureon the constant-
temperaturz, grain-growth behavior of tungsten.

- - ~—
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§ Specimens of tungsten-1% thoria could be
B ‘ , readily obtained only as 1/8 or 1/4 in. diameter rods.
' ‘ The former, which had a partially wrought case and
; a fully recrystallized core, was used to determine i

effects of thermal cycling on grain growth. The
latter was fully wrought material used for constant-
temperature studies and transition temperature
determination. 1

o P AT
»

{b) Thermal Fatigue Testing

To determine the relative susceptibility of the
three materials to low-cycle thermal fatigue, rod
specimens were heated by self-resistance and
cycled a minin%um of 25 times between room temper-
ature and 5000 F in the apparatus shown in Figure
A ’ G~1. The test cycle consisted of applying the power
for 30 seconds, then force-cooling the specimen with a
dry nitrogen gas jet for 150 seconds. The rods used
- were 1/4 in. in diameter by 3 in. long with a 2. 3 tn,"

‘ distance between grips. Roth smooth and notched
| P specimens were cycled. The noiched specimens
consisted of a 60°V notch machined to a depth of
RN . 0.016 in. with a maximum radius of 0. 005 in. at the
S ) root. The maximum test temperature in all cases ’
was determined using a two-color pyrometer. A
chromel-alumel taermocouple was placed at the
i bottom of the specimen to insuge that this section i
of the specimen was below 400 F (the assumed
minimum ductile-to-brittle transition temperature
for tungsten) before the next cycle was started.
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{c) Grain Size Studies

The effects of various thermal environments on

. the recrystallization and grain growth characteristics
{_f of unalloyed tungsten and tungsten-1% ThOz were
studied using several techniques. To evaluate the ]

. influence of cumulative time at the temperature : |
L maximumlin a particular duty ¢ycle, constant temper- o
: ature tests were employed. Coupons 3/4 by 1/8 in. ot

unalloyed tungsten with two different processing

o histories and 1/4 in. diameter by 1 in. rods of tungsten
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Thermal Fatigue Evaluation

Figure C-1 - Schematic Diagram of Equipment Used for Low Cycle
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-1% ThOz , were heated in a vacuum {Brew furnace)
for varying lengths of time (5 hours, 1 bhour, 20
minutes and 5 minutes) at constant temperature.

Test temperatures of 3000, 3500 and 3900°F
were employed. The extent of recrystallization and
amount of grain growth were determined both metal-
lographically and with hardness measurements., The

grain boundary intercept method was used to measure

grain dimensions with the final values representing
the average of at least five separate readings.

Rod specimens of both unalloyed tungsten and
tungsten- 1% ThOz heated by self-resistance were
used to study the variztion in microstructure produced
by constant and cyclic temperature exposure above
4000 F. The apparatus previously discussed for the
thermal fatigue testing was used with 1/8 and 1/4 in.
diameter by 3 in. long specimens. Both the maximum
temperature and number of cycles were varied to
determine their combined effect. Grain size and/or
hardness values were measured on all specimens.

Variations in grain size produced by thermal
exposure are significant only if they produce an
increase in thermal shock susceptibility. On a
comparative basis, bend ductility transition temper-
ature represents a convenient laboratory method
for rating the ability of tungsten nozzle inserts to
resist thermal shock.

Bend specimens of unalloyed tungsten and
tungsten-1% ThOa were subjected to two thermal
environments which produced rather gross changes
in microstructure. Flat bend specimens of unalloyed
tungsten (2 by 0. 340 by 0. 080 in. ) and round bend
specimens of tungsten-1% ThOz (2 by 1/4 in. diameter)
were prepared. A standard three-point bend test,
1-1/2 in. span, was usedwith a cross~head speed of
0. 050 in. /minute. The variation on bend angle with
temperature was used to determine the ductile-to-
brittle transition. ‘
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(3)

Results arg Discussion

(a)

(b}

Low-Cycle Fatigue

None of the three materials -- unalloyed tungsten,
tungsten-1% ThOz or pyrolytic graphite -- showed
any indication of low-cycle fatigue failure after o
exposure to 20 cycles whlch 1nvolved temperature T

-diff€¥ences ds high as 4600°F. (4;00 F to 5000 F)

Both notched and smooth rod specimens were heated

By

for one hour in air at 1000°F following thermal { .

cycling to heat-tint any possible crack. The specimens
were fractured after heating. No sign of crack initiation

O,

was observed. L

Pyrolytic graphite also appeared immune to
thermal fatigue over the range of variables examined.
In addition, no indication of dimensional change was
present in the pyrolytic graphlte specimens after :
heating 50 times to 5000 F. .

Grai.. Growth Characteristics

The influence of constant temperature exposure
on the grain size of unalloyed tungsten is summarized
in Tables C-I and C -1IL

In general, there was relatively little grain
growth at exposure temperatures to 3920 F. The
tungsten which was initially in the w%ought condition
recrystallized after one hour at 3000 F and the
resultant size was comparable to that obtained in the
as-received, recgystallized sheet. At a temperature
exposure of 5000 F for 20 minutes, the tungsten
tended tc exhibit a noticeable but uniform incregge
in grain size. The specimen, aged at 3920 F for a
relatively long time (300 minutes), exhibited some
tendency for discontinuous grain growth, with the
resultant grams ranging in size from 5.1 X 13 -2
96 x 1077

to

Grain growth in thoriated tungsten showed the
typical elongated recrystallized structure. As in the
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TABLEC-I - EFFECT OF TIME AND TEMPERATURE ON THE GRAIN -

SIZE OF TUNGSTEN SHEET (As-Received, Recrystallized Condition)

Tempoerature Time Average Grain Diameter
Specimen ("F) (Min) (10™® mm)
Coe 5000 5 6. 1%
18 3920 300 5.1 to 96. C (discontinuous
growth)
17 3910 60 3.6
16 3920 20 3.6
15 3920 5 3.0
14 3510 300 3.4
13 3510 60 3.2
22 3500 20 3.9
24 3500 5 3.6
28 3000 300 4.6
‘33 3000 60 3.6
As-received N 3.5

*
Data for this sample cbtained on rcd specimens.

TABLE C -1l - EFFECT OF TIME AND TEMPERATURE ON THE GRAIN

SIZE OF TUNGSTEN SHEET (Hot-Cold Worked 75% at 2300°F)

Tem%erqture Time Average Grain Diameter
" Specimen { F) {Min} (107% mm;
BT 3920 300 4.6
11 3910 60 3.4
10 3920 20 3.4
9 3920 5 3.9
8 3510 300 3.2
7 3510 60 4.5
20 3500 20 3.8
25 3500 5 4. 6
30 3000 300 3.6
32 3000 60 3.4
Cc-7
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-

case of unalloyed tungsten, the average grain crosas-
seciion was relatively 1nsensxt1ve to thermal exposure
up to temperatures of 39 20°F (Table C-III). Although
the longitudinal grain dimensions were large, they

also appeared to be relatively stable until temperatures P
approaching 5000°F were attained. 1

In contrast tc the relatively uniform increase in ' 1 i
grain size which took place as a result of constant-
temperature exposure for times comparable to rocket ,
nozzle applications, cychc temperature exposures in {0
the range between 4500°F and 5000°F produced
discontinuous and exaggerated grain growth. The
cyclic exposure involves a total cyrle tirne of approxi-
mately 30 seconds and the specimen was held at o
maximum teinperature for 15 seconds. The center of
the specimen contained a single grain which virtually
encompassed the entire cross-section. The discontin-
unus grain growth produced by the thermal cycling { i
'F cccurred with a high degree of reproducibility while P

' a single exposure at a time comparable to the total
cumulative time involved in the cyclic expcsure at
the maximuwm temperature produced only a uniiorm
grain size increase. The relationship between the
number of cycles and temperature required to produce _
the discontinuous grain growth in unalloyed tungsten N
is tabulated in Table C-IV and shown in Figure C -2,
while the influence of temperature on grain size for
a given number of cycles is presented in Figure 3.
; : Tungsten-1% Th0z specimens did not undergo discon-
: tinuous grain growth as a result of thermal cycling i
(see Table C-V). “i

[
e

i "The sharp increase inogra.in size in unallc, ed : ;

j tungsten in the 4500 to 5000 F teraperature range is s

Eeg comparable to that repoited previously by Jeffries in o |

i i bis pioneer work on tungsten sintering . i i
£
J

= :
Z. Jeffries, Met. Chem. Engineering, 16, 503, (1917,

Cc-8
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TABLE C -1Ii - EFFECT OF TIME AND TEMPERATURE ON THE GRAIN

SIZE OF 1/4-1NCH TUNGSTEN-1% TEO0s ROD (70-90% REDUCTION)
|
, ¥ |
- Tem%erat_;ure Time Average Grain Width - ;
Specimen (OB |* (Min) (16" mm)
A2 - 5000 : 5 6.1
- A4 5000 1 12,7 | i
! H .
g c 3920 20 2
' B 3920 5 6.1 !
N : 5
ﬂ_, A 3510 300 5.1 f
_ D ' 3510 60 4.2
B'f _— 19 © 3500 | 20 4.2 |
| 23 3500 5 4.6 . |
27 3000 " 300. 5. 1 . 3 ‘
f 31 3000 60 3.9 ! !
l ! ]
} As-received o RN 4.2
; : o - *
}“ - Lengths of grain all greater thar. 75 mm at 100X, widthswere arbitrarily
i chosen as index =f grain growth.
| /
!
i S ‘
| |
I 5 |
] H 1
P
r
!
g |
i c-9 :
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TABLE C-IV - EFFECT OF TIME, TEMPERATURE AND THERMAL

CYCLING ON THE GRAIN S1ZE OF 1/8-iNCH TUNGSTEN ROD

Tempoerature Time per Cycle Average Grain Diameter
("F) | {Sec) (10”* mm)
5000 600 5.5
5000 1 300 6.1
5000 : 10 30 Single crystal” (Discon-
‘ : ' tinuous growth)
5000 : 5 30 6 3
5000 1 60 4.6 -
4750 17 " 30 4.8 (13)T { Discontinuous
. ' growth)
; &°
4500 ) 20 30 : 3.9 (13) (Discontinuous
growth)
4500 10 30 3.9
i 4000 20 30 4.6
4000 10 30 4.2

W
Center section of rod one large grain, approximately 25 mm by 60 mm.

TDiarneter of large grains.
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Figure C-2 - Relationship between Number of Thermal Cycles and

Maximum Temperature Required to Produce Exaggerat?d
Grain Growth in Unalloyed Tungsten Rod
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(c)

in general, the tendency for discontinuous
growth is a sensitive function of temperature gradients,
degree of constraint, and impurity content, The
mechanism presumably involves the production of a
critical amount of plastic strain during the first
thermal cycle., This strain results from thermal
expansion and the presence of a suitable constraint
on the material. Subsequent cycles in the 4500 to
5000°F range produce a few critical nuclei which
grow very rapidly at the expense of the neighboring
smaller grains, Jeffries has shown that exposure
temperatures above approximately 5000°F may
again produce a uniform grain size (similar to the
dotted line in Figure (-3} because the nucleation
rate increases so that many campeting grains are
formed.

Bend Ductility Transition Temperature

The preseace of very large grains as a result
of thermal exposure for titnes and at temperatures
comparable to the duty ¢ycles in restartable nozzles
raises the obvious question as to the effect of this
microstiructure on thermal shock susceptibility.
Sheet bend specimens of unalloyed tungsten were
exposed to thermal cycles whuh involve temperature
differentials from 400 to 4500° F, and 400 to 5000°F,
The resulting grain size was very large and some-
what heterogeneous. Rod bend specimens, 1/4 in.
diameter of unalloyed tungsten and thoriated tungsten,
were also thermally cycled to 50060 F. The bend
ductility for the sheet specimens of unalloyed
tungsten, shown in Figure C-4, indicate that the
material after thermal cycling had a surprisingly
low transition temperature (approximately 450 to
500°F), which was comparable to the materials
which did not undergo the 1:}(}erma] exposure. The
specimens exposed to 5000 F had a slightly bigbher
transn)on temperature than the specimens treated
to 4500°F. The results obtained for the thoriated
tungsten rod bend specimens, shown in Figure C.-5,
indicate that the tungsten-1% T'.73 alloy had a slightly
lower transition temperature than the unalloyed
tungsten.

Transition temperature is arbitrarily defined as minimum temperature at
which specimens are capable of sustaining a 45 bend.

C-14
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Unalloyed Tungsten

60 T l
i i ;
i - \ |
i HE &4 l Lk
a0 L : L B
8 !
& | 1. _
? ! '
!
g { : !
20 d i -
,9/ 4 W-1% ThO,, 10 CYCLES TO 4500°F
‘3 a o8 © O W-1% ThO,, 10 CYCLES TO 5000°F
,o/ ® W, 10 CYCLES TO 4500°F
ol _=* _ In i J
300 400 500 600 700 800

TEST TEMPERATURE ~ °F

Figure C-5 - Bend Transition Temperatures for Rod Specimens of
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(4)

Previous firing experience has indicated that
a bend ductility transition below 650°F was adequate
to insure against thermal shock failure for the parti-
cular operating conditions and geometry of the first-
stage Minuteman motor. Most current start-stop
nozgles operate at conditions comparable to Minute-
man and require even smaller throat diameters (leas
thermal shock susceptibility). On the basis of this
background and the data presented in Figure C-4,
the grain growth experienced under cyclic temper -
ature expoaure should not produce serious thermal
shock problems in tungsten inserts for restartable
nozzle structures,

Conclusions

Tests were conducted to determine the susceptibility
of tungsten, tungsten-1% thoria and pyrolytic graphite to
low cycle, thermal fatigue. The results indicated that
these materials did not sustain any crack initiation or
significant dimensional change after exposures which
involved up to 50 cycles at temperature differentials
approaching 4600°F. Although the specimen size used in
the thermal fatigue studies was relatively small by
comparison to an actual nozzle insert, the combination
of full restraint and a sharp notch iatroduced rather
severe factors which tend to indicate that thermal fatigue
would not be a problem in start-restart nozzles operating
for comparable cycles.

Grain growth studies showed that ¢yclic exposure to
temperatures in ranges between 4500 and 5000 F produced
extremely large grains in unalloyed tungsten. Bend
ductility transition tests indicated, however, that the
extremely large grain sizes produced by this treatment
did not significantly degrade the mechanical properties,
The overall results were consistent with the conclusion
that tungsten, tungsten-1% thoria, or pyrolytic graphite
should be structurally reliable for use in current start-
stop nozzle sizes. This conclusion must be tempered
with the realization that large grain sizes can be a factor
contributing to brittleness. Additional effort is required
to further determine the microstructural factors which
control the transition behavior in tungsten,
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Heat Transfer

To establish iim.is for the operating requirements of the
nozzle, steady-state analyses were made at the two extreme
conditions. One limit, 80 1b/secc mass flow for 6 seconds,
results in maximum surface temperature and very steep tem-
perature gradients. The other limit, 4 lb/sec mass flow for
120 seconds, results in deeper heat penetration and lesrer
gradients. The data obtained from analyses of each major
section of the nozzle were used to compute the thermal stresscs
existing in the component sections. '

Transient analyses allowing for cyclic operation of pulses t
were made next to obtain the effects of heat soakback on ;
insulation requirements. Since the greatest total heat input .
occurs for long-duration, low-mass-flow peration, a duty cycle !
was chosen which consists of 12 10.5-second pulses at 4 lb/sec
flow rate, each followed by a cooldown of 10 minutes. The
cooldown time was selected to provide restarting at the time
instant when the supporting steel reached a maximum value due _
to heat soakback. While it is recognized that in actual operation
the pulse and cooldown times will vary arbitarily, this selected ‘
condition simulates the most severe heat soak within the operating
envelope. Using as a baseline a maximum value of 200 F for the

shell temperature, the analysis showed that a silica phenolic

thickness of 2 inches is required at the throat.

A similar analysis was made to determine the expected
temperature at the forward end of the nozzle. Based on pre-
liminary selectign of graphite as the hot-side material, the shell
would reach 300 F under the influence of the selected duty cycle.
This was deemed borderline, but acceptable. A change in
material from graphite to carbon-cloth phenolic at this location
was made as aresult of preliminary stress calculations, and
the difference in thermal diffusivity between these materials
(z x 1072 for graphite versus 6 x 1074 for carbon-cloth phenolic) i
will provide considerable reduction in the expected temperature. '
Approximate calculations indicate maximum expected temperature
at this location of 120°F,

The design criteria selected for the nozzle were very con-
servative for the first of the heavyweight test nozzles. Both the

analytical methods and the boundary conditions selected were
chosen to provide maximum thermal protection.

c-17
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DESIGN

This nozzle, shown in Figure C -6, is designed as a test vehicle
to obtain the maximum amount of data for design of a flightweight stop-
start nozzle. The nozzle inlet is made of carbon cloth, which was
selected for its erosion resistance and insulative properties. Fiber
orientation is perpendicular to the nozzle centerline for minimum
erosion considerations. o '

CGW monolithic graphite was selected for the nozzle throat
because of its erosion resistance properties. Graphite is used to
establish a base line and to determine the erosive properties of the
motor. Tungsten and pyrolytic graphite throats will be evaluated in
future firings.

RUD graphite is used in the nozzle exit for erosion control.

Silica is used for insulation in this nozzle, primarily for its
char strength.

TX fiber is used as an insulator in the nozzle exit. Laboratory
tests have shown this material to be a superior insulator. This test

will evaluate its performance in a nozzle firing.

The nozzle support shell ig 1020 steel.

Using graphite in this nozzle results in nozzle split line problems.

To overcome this, Belleville springs are provided to accommodate
graphite expansions and to close the resulting gaps that will occur
during cooldown. These gaps would remain upon reignition if the
Belleville springs were not used.

Initially, the springs are preloaded to provide a 38, 000-pound
load. They then are compressed further to accommodate expansion
of the graphite. During cooldown, as gaps occur due to contraction
of the graphite, the force provided by the compressed washers is
sufficient to '"close' the assembly and eliminate the gaps.

A detailed stress analysis was conducted for the nozzle (but not
included here), which indicated that the design is conservative, and
an adequate margin of safety exists.
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— Figure C-6 - Design for Nozzle No, 1 (2-to-1 Expansion)
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FABRICATION

This nozzle incorporates components which require standard
plastic molding and machining practices. The gilica components will
be match-metal die moldings. T-X fiber will be tape wrapped. The
carbon phenolic component will be machined from a billet molded from
a 12- by 12- by 3-in. high stack of plys in a hydroclave.

Lo
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APPENDIX D - DESIGN ANALYSIS FOR NOZZLES NO, 2 AND 3
(20-TO-1 EXPANSION)

1. INTRODUCTION

. This appendix presents the designanalysis data for the secondand
- v third stop-start test nozzles. These nozzles feature a 20:1 expansion
ratio exit cone and will be fired in an altitude facility. Heat transfer,
materials evaluation, and design are discussed herein.

The design criteria for these two nozzles was the same as the
first nozzle (Appendix C}, except for the addition of a 20:1 expansion
[ cone. In order to increase the reliability of this nozzle, the monolithic
graphite in the exit cone’ was replaced with carbon cloth. This minimizes
the expansion forces in the nozzle and eliminates the requirement of the
Belleville washers. A ''slip joint" is provided to accommodate the
expansion of the throat graphite and minimize flow to the silica.

R s 1 st

2. ANALYSES

a. Materials Evaluation

.. Results of the materials evaluation program were presented
in Appendix C. The materials selected for the second and third
nozzles were based on those used in the first nozzle. The one
exception is using carbon cloth in the throat extengion rather

than the monolithic graphite used in the first nozzle, Carbon
cloth has a higher erosion rate than graphite; however, it is

less prone to cracking and does not produce the expansion loads
that exist with monolithic graphite.

P

Heat Transfer

(
Io

! T (H) Theoretical Analysis

To establish limits for the operating requirement of J
" the nozzle, steady-state analyses were made at the two i i
-/ extrerne conditions. One limit; 80 lb/sec mass flow for i
6 seconds, results in maximum surface temperature and *

very steep temperature gradients. The other limit, 4
lb/sec mass flow for 120 seconds, results in deeper heat

L J

D-1 |
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(2)

penetration and lesser gradients. The data obtained
from these analyses were used to compute the thermal
stresses existing in the component sections.

Downstream of the throat, at an area ratio of 2.3,
the nozzlewall consists of 0.750 in. of carbon cloth,
1.12 in. of silica phenolic, and 0.32 in. of steel. In
order to determine the maximum steel temperature, a duty
cycle of a ten-second heat pulse, followed by a 10-minute
cooldown, was imposed. The heating occurred at the
lowest mass flow rate, since this leads to the worst con-
ditions. The maximum steel temperature is about ZZOOF.
extrapolated to the end of the twelfth cooldowr. Similarly,

. the extrapolated char depth is about 0.2 inches. The

actual calculations were carried out for only four cycles
in order to cénserve computer time. At this time, the
slopes of the curves are fairly constant, allowing for a
valid extrapolation.

At an area ratio of 5.0, the nozzle is composed of
1.0 in. of silica phenolic, 0.25 in. of steel, and 0.1 in.
of glass overwrap. At the end of 12 duty cycles, the
outer surface temperature reaches a maximum value
of about 325° F. and the char depth is about 0.1 inches.
Although these numbers represent extrapolated values
f¥om the end of the sixth cycle, they would be expected to

be valid. _ ——

Expérimeéntal Analysis

A laboratory test was conducted to investigate the
requirement for exit cone section thickness in a pulse
firing operation. A section from a previously tested
exit cond was used with an oxy-acetelyne torch and
plasma jet as heat sources. The heat flux provided by
both sodrces was greater than would be experlenced by
the exit cone in actual firing. N

\\

In a pulse operation, the mass mean-temperature.,
of an exit cone section is considerably greater than in a
continuous single-pulse firing of equivalent duration.
This fact was demonstrated in the laboratory test. There
seem to be two factors which influence the increase in
exit cone temperature in a pulse operation: (1) the heat

o o e o crommam 4 rmicaie ot
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e soakback, in effect, can initiate each succeeding pulse
( ' with an effectively increased ambient condition, depending
. on pulse timing; and (2) the total heat absorbed and stored
’ — can be significantly increased by virtue of the increased
iR : temperature difference between gas stream and liner wall
’ surface temperature, when averaged over the total duty
3 cycle.

(3) Comparison of Theoretical and Experimental Results

* In the theoretical analysis for the heat pulse cycle,

the silica thickness used was about one inch, and the back-
R side temperature was approximately 3257F after 12 cycles,

The silica thickness used for the experimental tests was

3/4 in. After 12 cycles with the plasma jet, the extrapolated
» backside temperature shown is 260°F. Also, the heating
U cycle used in the experimental test was comparatively
' more severe than that used for the theoretical case. There-
fore, it is concluded that the theoretical analysis is quite

conservative.
{ Based upon the theoretical heat transfer analysis and
oy the experimental results, an exit cone thickness of one inch

was used in the design. This thickness should provide an
adequate margin of safety.

3. DESIGN

s
-~

This nozzle, shown in Figure D-1, is designed as a test vehicle
to obtain the maximum amount of data for design of a flightweight stop-
; start nozzle. The design was directed to be similar to the first nozzle,
L. except for the addition of a 20:1 expansion cone for firing in an altitude
' facility,

The nozzle inlet is carbon cloth. This material was selected for
its erosion resistance and insulative properties. Fiber orientation is

o

U perpendicular to the centerline for minimum erosion.
: ) CGW monolithic graphite was selected for the nozzle throat
i [; ' because of its erosion resistant properties. Graphite is used to
’ ! establish a base line and to deterrnine the erosive properties of the
motor.

@]
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Figure D-1 - Design for Nozzles No, 2 and 3 (20-to-1 Expansion)
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The exit cone extension is carbon cl>th. In order to increase
the reliability of this nozzle, the monolithic graphite used in this area
was replaced with carbon cloth. This minimizes the internal expansion
forces in the nozzle and eliminates the requirement of Belleville
springs to accommodate expansion. A slip joint is provided to
accommodate expansion of the throat graphite and minimize direct
flow to the silica.

Silica is used for insulation in this nozzle, primarily for ite char
strength.

The exit cone is silica. This material is chosen because of its
satisfactory performance in this area of the nozzle. A glass overwrap
is provided to carry the.structural loads in the exit cone.

The support structure is made of 1020 steel for cost considerations.

On a flightweight unit, a better grade steel would be used to minimize
weight.

A '"glip seal" is provided for the CGW graphite to grow axially.
The diametral fit with the carbon cloth will prevent flow in the split
line from reacting with the silica.

Retention of the silica exit cone is achieved primarily by the
molded resin interface between the silica cone and the steel. A
redundant tab retention arrangement is added to provide retention
if the '""bond line' temperature is excessive,

A detailed stress analysis waes conducted for the nozzle (but
not included here), which showed that the design is conservative,
providing an adequate margin of safefy.

FABRICATION

This nozzle incorporates components which require standard
plastic molding and machining practices. The silica insulation and
carbon cloth components will be molded in a match metal die. Diced’
material will be used for the silica insulation and 120 segments will
he used for the carbon cloth.

The exit cone will be a convolay layup. A pattern is developed
and approximately 215 "plys" cut from this pattern w1ll be ''laid up"
longitudinally on a male mandrel at a helix angle of 35° at the small

s



AFRPL-TR-65-209, Vol 1

D-6

end of the cone, The component will then be hydroclave-cured at
1000 psi and 300°F. The O.D. of the cured cone will be machined
and the steel ring bonded to it. A glass overwrap consisting of

120" "gore' segments will be "laid up'' by hand over the silica cone
and steel ring.

The overwrap will then be cured at 200 psi and 300°F in an
autoclave. The component will then be finish-machined and bolted
to the throat agssembly,




