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FOREWORD 

This report was prepared at Rocketdyne, A 
Division of North American Aviation, Inc., Solid 
Rocket Division, McGregor, Texas, to document 
work accomplished under Contract AF 04(6ll)-9090. 
The document carries the contractor's library 
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Air Force monitor for this effort is Richard 
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approved. 

Richard E. Spann 
Motor Development Branch 
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UNCIASSIFIED ABSTRACT 

The program originally outlined the development 
of three designs of lightweight, upper-stage 
motors using wire as grain reinforcement. During 
the course of the program, one of the original 
three upper-stage designs was replaced by a test- 
weight air-launched demonstration motor with 
extreme environmental requirements.  One of the 
upper-stage designs included a supersonic split- 
line gimbaled nozzle.  Static firing data of the 
upper-stage motors showed the design approach 
yielded high mass fraction goals. However, fab- 
rication experience proved that unusual care and 
development approaches were necessary.  Limita- 
tions and areas of risk, as well as preferred 
approaches, were established from the wide range 
of tests conducted during this Advanced Develop- 
ment Program. 
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CONFIDENTIAL 

SECTION I 

INTRODUCTION 

This report describes progress and results of advanced development 
effort under the Reinforced Grain Program, Contract AF 04(6ll)-9090, 
conducted under sponsorship of Solid Rocket Division, Rocket Propulsion 
Laboratory, Research and Technology Directorate, Air Force Systems 
Command, Edwards Air Force Base, California. Contract period was April 
1963 to March 1965. 

1.  OBJECTIVE 

(C)  The ohjective of the primary Advanced Development Prograii (see Fig. l) 
was to fabricate and test full-scale motors so that an engineering 
development program utilizing reinforced grain motors tailored to a 
specific mission could be initiated subsequently with minimum risk. 
Two motor types, representing typical upper stage and air-launched 
missile motors, were investigated.  Performance requirements for Motor 
A, B, and C, (high mass fraction units, utilizing ultra-thin fiberglass 
cases wound over wire filament reinforced grains) were based generally 
on upper stage Scout (Motor A) and second stage Skybolt requirements 
(Motors B and C), with payloads patterned after upper stage ICBM re- 
quirements.  Severe flight loads and temperature range (-75 to 170 F) 
were specified. Motor C requirements were similar to Motor B. with 
increased total impulse to bt obtained by replacing aluminum with 
beryllium in the propellant. Motor D, a cartridge-loaded reinforced 
grain in a steel case, typifies an advanced air-launched rocket motor 
incorporating stop-restart capability.  Figures 2 through o present 
introductory schematics of all four motors and the Motor B thrust 
vector control system. 

(c)  Initially the program was directed entirely toward demonstration of 
full-scale, high mass fraction motors -or upper stage application. This 
application uses the proven pressure-carrying capability and stiffness 
of the RFG to supplement the strength of the glass filament wound case, 
thus reducing inert weight.  Three distinct motor designs, designated 
Motors A, B, and C, were included in the program.  In the Motor C 
design, beryllium wire and powder replaces the conventional powdered 
aluminum to obtain a predicted significant increase in propellant 
impulse. Means of thrust reversal and thrust vector control were 
planned as integral parts of Motors B and C. However, the requirement 
for thrust reversal was later deleted because future systems probably 
will not require ports in the forward dome as a means of achievi.  thrust 
reversal. 
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CONFIDENTIAL 

EarJy  in 1964 it was determined that the extended effort and expense 
involved in developing the beryllium wire drawing process was not con- 
sistent with program funding and first-priority Air Force  requirements. 
Furthermore,  experimentation  showed that the principles and techniques 
developed to fabricate RFG motors with aluminum wire   would be adequate, 
with minimum adaptation,   for winding Motor C with beryllium wire when 
this  type wire becomes available  in adequate quantities and at reason- 
able  cost. 

(c)     During this same period,  the  increasing need for and deliberate emphasis 
on development of advanced air-launched missile propulsion systems, 
coupled with a recognition of  RFG's physical ruggedness and mechanical 
properties,   led to strong consideration for substituting an air-launched 
missile motor for Motor C.    Accordingly,  in February of 1964, the  pro- 
gram was redirected to continue Motor A and B,  discontinue Motor C,  and 
demonstrate an RFG stop-restart motor (designated Motor D) with envi- 
ronmental  capability over th'   extended range of temperature  (-75 to 
?50 F),  endurance-vibration and aeroheat. 

The  specific requirements  for all four of the development motors are 
presented in the following discussion. 

2.     SPECIFIC REQUIREMENTS 

a.     Original Program Requirements 

The  requirements for the three   original motors  (Motors A,  B,  and C) are 
presented first.    The modifications required to reflect the previously 
discussed redirections follow. 

(l)    Dimensions 

The motors were to be designed and fabricated according to the dimensions 
which  follow: 

o 
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Flightweight Motors 

(c) 
Outside Diameter,  in.   (max) 

Length,   in. 
Over-all  (max) 
Skirt to Skirt (min) 

Weight,   lb 
Total  (max) 

Mass Fraction (min) 

A B & C 

30 36.25* 

100 
51 

90 
40 

2600 3200 

0. 96* 0.937** 

*With skirts;   cylindrical section—36  in. 
**Total motor weight shall   include:     skirts,   igniters,  thrust  reversal 

system,  altitude nozzle,  and complete  thrust vector control  system 
including gas generator,  actuating devices, hydraulic oil,  and tank. 
In the event that a heavyweight gas generator is utilized,  the  gas 
generator weight used in calculating mass fraction will be  10.9 lb. 

(2)    Mechanical and Physical 

(c) 

Flight and payloads loading—buckling criteria,  simultaneously applied 
to forward thrust  skirt faces,  were  specified as follows: 

(a)    Motor A 

Axial Compression Load, lb 40,000 
Bending Moment, in.-lb 800,000 
Shear Load, lb 7,500 
Torsional Moment, in.-lb 110,000 

(b) Motor B Loads Simultaneously Applied to Aft Skirt 

, 

Axial Compression Load,   lb 3,000 
Bending Moment,   in.-lb 1,500,000 
Shear,  lb 30,500 

(c)    Motor C Loads Simultaneously Applied to Aft Skirt 

Axial Compression Load,   lb 15,000 
Bending Moment,   in.-lb 500,000 
Shear,  lb 10,160 

11 
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0 
(c) (d) Vibration (Motor B only)—Procedure 1 of MIL-R^25534A 

Exception:  Survey and endurance testing to be conducted at ambient 
temperature. 

Temperature cycling (Motors B and C) was to be conducted in accordance 
with MIL-Rr-25534A. The temperature range was -75 to 170 F. 

(c) (e)  Operational Temperature Range 

Motor A      50 to 90 F 
Motor B & C  -75 to 170 F 

(3)    Performance 

(c)     The rated performance at 60 F and applicable altitude  shall be as follows: 

Motor              I 

1 B c   i 

Altitude Condition Sea Level Vacuum Vacuum     j 

Thrust, lb 
Average 
Maximum 

16,750 
28,000 

21,000 
30,000 

23,000      i 
31,000    | 

Minimum Action Time Total 
1 Impulse, lb-sec 540,000 800,000 800,000    | 

Ignition 
Maximum Ignition Delay, sec 0.100 0.100* 0.100* 

Deliver Specific Impulse, 
i lb-sec/lb 
| (1000 psia at 0° Half Angle) 

250 
(S.L.) 

250 
(S.L.) 

300    I 
(Vac)      j 

| Nozzle Expansion Ratio Opt imum 25:1 25:1   I 

(c) ^Additional requirement—shall be capable of ignition to 90,000 
feet albitude.  Tests of Motors B and C to be conducted at 
simulated altitude of 100,000 feet or greater. 
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(4) Thrust Vector Control 

(c) Motors B and C shall have a TVC system capable of vectoring the thrust 
line of action a minimum of plus or minus k degrees from centerline in 
both the pitch and yaw directions. 

(5) Thrust Reversal 

(c) Motors B and C shall have thrust reversal capabilities according to the 
following criteria: 

1. Port location shall be in accordance with the design 
as mutually agreed upon between the contractor and the 
Contracting Officer or his designee 

2. Actuation shall be anytime after 10 seconds of burning. 

3. The initial nat reverse thrust level, excluding any 
transient thrust peak at time of actuation, shall be 
at least 200 pounds when port actuation occurs at a 
pressure level equivalent to the average chamber pres- 
sure at 60 F.  Subsequent to port actuation a net re- 
verse thrust shall be continuously maintained. The 
initial transient net reverse thrust peak shall be nom- 
inally 1000 pounds. 

4. Must achieve reverse thrust within 5 milliseconds (^2 
milliseconds) after signal. 

\ 5. Thrust reversal ports must withstand reverse thrust 
for seven seconds, regardless of time of activation 
in motor firing cycle. 

b.  Revisions To Program Requirements 

As the program progressed, the requirements changed and these modifica- 
tions were necessary: 

1. Because BPL mission analysis studies showed no need for 
thrust termination ports, direction was given to delete 
the thrust reversal ports in Motors B and C. 

13 

CONFIDENTIAL 



T^"^ 

CONFIDENTIAL 

2. The slow progress in beryllium wire drawing technology, 
and its high costs,   coupled with the recognition of the 
need for a rugged,  extreme environment, air-launched 
missile,  resulted in the replacement of Motor C with 
Motor D. 

3. A better definition of the Motor B external load    re- 
quirements,  required expanding the original specifi- 
cation. 

These modifications changed the  original  specifications as listed below: 

(1) Dimensional Requirement Revisions 

Motors A and B were unchanged. 

All requirements for Motor C were deleted. 

(2) Mechanical and Physical Requirement Revisions 

; 

Motor A requirements were unchanged, 

(c)    These design loads were added for Motor B: 

(c) 

Bending 
Compression, Shear, Moment, 

lb    j lb in.-lb 

Pressurized Condition 
Forward Skirt 15,000 3,000 300,000 
Case 15,000 3,000 300,000 
Aft Skirt — — — 

Unpress Condition 
(Max Long Accel) 
Forward Skirt 15,000 5,000 500,000 
Case 61,500 10,160 823,300 
Aft Skirt 61,500 10,160 823,300 

Unpress Condition 
(Max Lat Accel) 
Forward Skirt 3,000 15,000 1,500,000 
Case 12,300 30,500 2,469,000 
Aft Skirt 12,300 30,500 2,469,000 
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(C) The requirement "Motor B simultaneously applied to aft skirt" was changed 
to read "^est loads simultaneously applied to aft skirt" shall be: 

Axial Compression Load, lb 3,000 
Bending Moment, in.-lb 1,500,000 
Shear, lb 30,500 

The Motor B vibration, temperature cycling,and operating temperature 
range are unchanged. 

All requirements and references to Motor C were deleted. 

(3) Performance Revisions 

' 

■/ 

Motor A performance was unchanged. 

Motor B performance was changed as follows: 

(c) Motor B 

Altitude Condition Vacuum 

Thrust, lb 
Average 
Maximum 

24 ,000 
31,000 

Minimum Action Time Total 
Impulse , lb-sec/lb 800,000 

Ignition 
Maximum Ignition Delay, sec 0.100* 

Deliver Specific Impulse, 
lb-sec/lb 283** 

Nozzle Expansion Ratio 25:1 

^Additional requirement—shall be capable of ignition 
up to 90,000 feet altitude.  Tests of Motor B to be 
conducted at simulated altitude of 100,000 feet or 
greater. 

**Vacuum at motor pressure, actual expansion ratio 
and half angle. 
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All  requirements for Motor C were deleted. 

(4) Thrust Vector Contro)   Revisions 

Motor B requirements vere unchanged. 

All Motor C requirements and references were deleted. 

(5) Replacement of Motor C with Motor D 

(c)    This required the following summary of design objectives and nominal 
values for the new motor: 

1. Action Time Total  Im^" ' je,   lb-sec 
^Sea Level  Optimum Expansion) 

2. Thrust, Average 
Boost 
Sustain 
Restart, minimum 

3. Outside Diameter,   in. 

4. Over-all Length,   in. 

3.     Length,  Grain,   in. 

6. Propellant    Weight,  maximum,   lb 

7. Delivered Specific  Impulse,   lb-sec/lb 
(Corrected to Optimum 1000/14.7 psia 
Expansion and 0° Half Angle) 

8. Boost Grain Design Suitable  for Ignition 
From Sea Level to 80,000 Feet 

9. Restart Grain Design and Restart Suit- 
able  for Ignition From Sea Level to 
80,000 Feet 

10. Action Time,  sec 
Boost 
Sustain 
Restart, minimum 

11. Storage, years 

155,000 

5,000 
1,400 
1,400 

15 

100 

80 

680 

250 

12 
50 
10 

o 
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(c)      12. Thermal Environment Demonstration— 
Design Considerations 

Environment:   -75 to 170 F (Storage) 
250 F--60 min (Captive Flight) 
650 F—2 rain  (Captive Flight) 

• Demonstration: Temperature Cycling -75 to 250 F 
20 times Military Specification 
MIL- -25534A requirement (2 l/2 
cycles), end at 250 F, subject 
to 650 F (hold for 2 min), fire 
at 650 F ambient air temperature 

13. Case structure will be heavyweight 

14. Ignition delay for boost and restart, minimum, 0.100 sec 

15. Vibration design considerations for motors of the D 
configuration shall include the capability of with- 
standing vibration in accordance with Procedure 1 
of MIL-R^25534A. 

C) In addition to the design considerations specified above, the design 
included the capability of the motors to withstand a ^3g input through 
6 log-sweeps of 10 minutes each over the frequency range of 30 to 2000 
ops; and through log-sweeps of 10 minutes duration over the frequency 
range of 5 to 28 cps at 0.100 inch double amplitude and from 28 to 300 
cps at +4g input.  (A sweep is defined as either increasing frequency 
or decreasing frequency, and shall extend over a 10-minute period.) The 
Motor D configuration shall be capable of surviving the above vibration 
requirements at the following ambient air temperatures:  -75, 70, 170, 
and 250 F. 

3. PROGRAM PLAN \ 
• 

Based on the specification for the three separate motors, Rocketdyne pro- 
ceeded to establish the design, development, und test program necessary 
to accomplish these objectives. Because of the similarity of the 
missions for Motors A and B, and the different mission for Motor D (also 
because of its late addition), the program was aligned to conduct tests 
that supported both Motors A and B, with some additional tests required 
for Motor D. 

Tc facilitate program control it was divided into nine distinct tasks. 
Figures 7 and 8, respectively, show the  two-year evolution of the 
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(c)  program from its origin with Motors A, B, and C to its final structure 
of Motors A, B, and D. Tasks I through VII included the design, devel- 
opment, fabrication, and testing of two different flightweight motors, 
A and B, and one heavyweight Motor D.  Task VIII covered th« fabrica- 
tion and delivery of two each Motors B and D. Task IX covered the 
industrial hygiene and occupational medicine programs for beryllium 
motor fabrication and testing (related to Motor C only). A brief dis- 
cussion of each task follows. 

a. Task I—Program Plan (Motors A, B, and D) 
■ 

This task requires the prepaftion, submittal and maintaining an up to 
date program plan. The plan is to be updated monthly and will include, 
but not be limited to the following: 

b. 

1. Master Schedule 

2. Plan for testing of subscale specimens and full-scale 
motors 

3. 

4. 

Full-scale motor performance parameter definitions 
which conform to MIL-Rr-25532A;  the method of testing 
for full-scale motors  shall be as specified in MIL- 
R-25532A and data shall be reported in general  con- 
formance with requirements  of MIL-R-25532A 

Identification of major  component subcontractors 

Task II—Design and Fabrication Development 

I 

Conduct design analysis and design Motor A,  B and D including the 
reinforced grain,   core grain,  glass filament wound    and steel  cases, 
nozzle and associated systems (thrust vector control) where  applicable. 
Conduct grain winding and case winding fabrication development to 
advance  reinforced grain processing techniques and fabrication tech- 
niques for glass filament case winding for Motors A and B;   test fire 
igniters to determine and evaluate  ignition characteristics.    Accom- 
plish,  through fabrication and test  of  small test specimens,  that struc- 
tural and ballistic characterization is associated directly with design 
and fabrication of full-scale Motors A,  B,  and D. 
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c. Task III—Fabrication and Test of Full-Scale Motors 

(l) Motor A, 30-inch Diameter 

Five complete full-scale motors will be fabricated and tested. Testing 
shall consist of: 

1 Motor Type of GFW Case RFC Core Grain Test Requirements     | 

1   A Test Weight Al None Static Test Fire—Ambient 

Test Weight Al Al Static Test Fire—Ambient ! 

Test Weight Al Al Static Test Fire—Ambient 1 

Flightweight Al Al Static Test Fire—Ambient t 

Flightweight Al Al Combined Loads and Static 
Test Fire—Ambient       | 

(2) Motor B, 36-inch Diameter 

Six full-scale motors will be fabricated and subjected to the following 
tests: 

| Motor Type of GFW Case RFG Core Grain Test Requirements     \ 

r~ B 
Flightweight Al None Pressure Burst           ! 

Test Weight Al Al Static Test Fire—Ambient 
• 

Flightweight Al Al Static Test Fire—Ambient | 

1 

Flightweight Al Al Temperature cycle test,   j 
static test fire at ambi- | 
ent, hydraulically actu-  j 
ate TVC with hydraulic    I 
cart.                  j 

1 

1 

Flightweight Al Al Vibrate, static fire at   j 
-75 F hydraulically actu- | 
ate TVC with hydraulic    1 
test stand. 

1 Flightweight Al Al Temperature cycle, vi-    j 
brate, combined loads 
test, static fire at 
+170 F. Hydraulically 
actuate TVC with hydrau- 
lic cart.               | 
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(3)    Motor D,  15-inch Diameter 

I 

One full-scale motor will be fabricated and tested at ambient temperature 
(70 ± 10 F).    This motor will be   testveight    in design and is intended to 
prove  concept feasibility. 

d.    Task IV—Tooling and Special Test Equipment (Motors A, B,  and D) 

Design,  develop,  fabricate,  and/or procure tools,  fixtures and special 
test equipment necessary to perform the work provided for under this 
program. 

e.    Task V—Documentation and Drawings (Motors A,  B,  and D) 

Specified drawings and documentation shall be prepared, maintained,  and 
submitted.     (Submittal  of drawings was deleted when contract was 
terminated.) 

f.    Task VI—Photographic Documentation 

Provide photographic coverage  of Motors A and B consisting of one com- 
plete  16mm audio visual  report  in color, not exceeding 20 minutes in 
length.    (Submittal of final film report was deleted.) 

g.    Tat.k VII—Aerospace Ground Equipment (Motors A and B) 

Design, fabricate, and/or procure aerospace ground equipment necessary 
for handling, transporting, and testing of the motors. (This task was 
not completed since the program never developed a need for the equipment.) 

h.    Task VIII—Motor Delivery and Field Test Support 

Deliver to the Air Force two motors of the B configuration with altitude 
nozzles complete with thrust vector control system.    Deliver to the Air 
Force two    testweight D motors.    Provide field support for testing of 
delivered motors.    Deliver the necessary aerospace ground equipment for 
support of testing the deliverable B and D motors at a designated Air 
Force test facility.     (No motors were delivered to the Air Force.) 
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i. Task IX~Hygiene and Safety 

(C) Perform an industrial hygiene and occupational medicine program for 
beryllium motor fabrication and testing.  (This task was related only 
to Motor C, which was replaced by Motor D.) 
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SECTION II 

SUMMARY 

(c)    The  original Reinforced Grain Advanced Development Program,   initiated 
in April  1963,  was to  develop three  different  designs  of  lightweight, 
upper-stage motors designated Motors A,   B,   and C.     Motors A and B used 
aluminum wire  as grain reinforcement and Motor C  used beryllium wire. 
In early 1964 the high  cost and limited availability of beryllium wire 
required the  redirection of the program.    At this time Motor C was  re- 
placed with Motor D,   a  testweight air-launched demonstration motor with 
extreme environmental  requirements.    The  specific  requirements for all 
four motors are  listed  in the  Introduction. 

(c)    The  initial design and development was on Motor A,  a 30-inch diameter, 
100 inch long,   2600 pound motor.    Early development consisted of  sub- 
scale tests  and partial   full-scale  fabrication.     Six full-scale  motors 
were  fabricated and tested.     The  test  plan was  to begin with a heavy- 
weight conservative  motor  (to obtain an  initial   successful  firing to 
evaluate ballistic and  other data);   and  then  reduce the weight to the 
flightweight configuration.     The  results  of  the motor firings are 
summarized  in Table   I  and Fig.  9. 

(C)    The Motor B program was  initiated after the Motor A program to take 
advantage of the experience.    Motor B was similar  in design concept to 
Motor A,  was 36 inches  in diameter by 90.00 inches  in length,  and 
weighed 3200 pounds.     The motor was  initally  intended  'o have thrust 
reversal  ports,   but these were deleted at USAF direction.     It  also had 
a  supersonic split-line,   gimbaled nozzle.    Like  Motor A,   six motors 
were  scheduled  for development testing on Motor B,   starting with  a 
heavyweight motot  for  initial  firing and  reducing the weight on nubse- 
quent motors  to  the   flightweight design. 
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The contract was terminated after completing fabrication of the second 
Motor B. For a summary of the Motor B results, see Table II. 

TABLE II 

MOTOR B~Sl)MMABY OF TEST RESULTS 

Motor No. Type Test Summary of Design Test Results 

B-2001 3 cycle- Flightweight RFG, 1st cycle: 1150 psi 
hydrotest GIV case, & liner 2nd cycle: ll60 psi 

(0.210 inch); no 3rd cycle: 1430 psi; 
core grain failure design pressure 

1650 psi (one cycle) 
Successful cycle test 
with grain plastic 
strain indicated after 
first cycle 

B--2002 Static fire at Testweight RFG, Never subjected to test- 
ambient on hori- GFW case, and ing due to cracks in 
zontal test liner (0.38 inch) cast propellant core 
stand grain 

B-2003 Only component 
fabrication was 
initiated prior to 
contract termina- 
tion 

Motor D was initiated when Motor C was cancelled.  It was a 13-inch 
diameter t  100-inch long testweight, air-launched motor featuring a 
duty cycle of boost-sustain/stop-restart-sustain.  Three motors were 
planned to be fabricated with one static fired and the other two to be 
delivered to RPL.  The design was nearing completion when a program 
review was held with RPL.  Subsequently, the contract was terminated, 
effective 15 March I965. 
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SECTION III 

CONCLUSIONS AND RECOMMENDATIONS 

1.  CONCLUSIONS 

(c) Test results from static firings of Motors A and B showed that the design 
approach used in both motors to achieve high mass fraction goals (Motor A, 
0.96; Motor B, 0.937) through the use of a composite RFG/GFW structure 
and a oast core grain is feasible.  This was demonstrated by the suc- 
cessful test firing of Motor A at a mass fraction level of over 0.91» 
However, fabrication experience proved that this particular type of 
motor requires unusual care in fabrication and is subject to performance 
degradation arising from the addition of burning rate depressants in RFC 
propeJlant formulations to achieve regressive pressure-time characteris- 
tics.  The program provided a foundation upon which to base designs for 
a variety of RFG motors for specific applications. Limitations and 
areas of risk, as well as preferred approaches, were established from 
the wide range of tests conducted during the course of tuis Advanced 
Development Program. 

(C) Engineering and fabrication technology was developed which is directly 
applicable to any future programs utilizing reinforced propellants. 
These are the main achievements: 

1. New machines and techniques vere devised for fabricating 
thick wall, helically wound pressure vessels with geodesic 
isotensoid domes, using 7.3 mil aluminum wire filaments 
and FLEXADYNE* (CTL polybutadiene) propellant binder. 

2. Methods and materials for overwrapping glass cases on 
propellant grains were developed. 

3. Analytical techniques were evolved for handling complex 
viscoelastic fields in wire-wrapped domed structures, 
and for combining them with structurally thin (0.032 inch) 
filament wound glass cases. 

4. Methods were developed for designing the motor components 
to simultaneously satisfy the ballistic, structural, and 
processing (fabrication) requirements of a design wherein 
the propellant grain is a working structural member. 

^Trademark 
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3. End closure attachments (polar bosses) utilizing the sup- 
port of both the grain and the case were designed, developed, 
and proof tested.  The end closures also provided nozzle and 
igniter attachment points. 

6. Testing methods were developed to evaluate reinforced grain 
and motor reaction to both internal pressure loads and 
bending, compression and torsional flight loads. 

7. A very lightweight omni-axial, supersonic split line gimbaled 
nozzle applicable to conventional motors was developed for 
Motor B. 

8. Two nozzles and a thrust vector control system were delivered 
to AFRPL for test. 

9. All components critical to the final design except the ulti- 
mate flightweight case and liner were proven in separate 
tests, although not combined in one motor. 

10. There is an indication of a solution of the major structural 
and fabrication technique problems with the case/grain com- 
posite and the polar end bosses Joining them. 

11. Smooth progression of burning during core-to-RFG transition 
and through the multi-layered RFG was successfully demonstrated 
in Motor A-1002. 

12. Reinforced propellant specific impulse levels and burning 
rates, in formulations without depressants, were shown to be 
essentially the same (within measurement accuracy; as that 
of similar powdered aluminum formulations. 

13. Adequacy of Motor A nozzle and igniter performance were demon- 
strated in static tests. 

A flightweight configuration Motor A was successfully hydrotested to 
well beyond motor operating pressure limits (©ver 15%),  and the first 
Motor B was successfully hydrotested to 14^ over motor operating pres- 
sure limits after two pressure cycles. 

The first Motor B scheduled for static firing exhibited cast core grain 
cracking.  Subsequent contractual decisions and actions precluded further 
effort toward correcting this by design or process changes. 

(C)  The use of beryllium wire in Motor C did not progress far enough to 
evaluate combustion efficiency or to permit full-scale experimentation. 
Subscale winding of the small amounts of beryllium wire procured indicates 

c 
50 

CONFIDENTIAL 

— 



CONFIDENTIAL 

I 

(C) that the currently available beryllium wire is considerably more brittle, 
even in the annealed state, than aluminum wire. However, grains can be 
fabricated from beryllium wire with minor modification of aluminum wire 
winding equipment to increase the bend radius. Known future mission 
requirements at this time do not appear to warrant further work with 
beryllium RPG. However, the potential performance increases prompting 
the inclusion of Motor C in the program remains for possible future 
consideration. 

Although the program was terminated before the Motor D design could be 
tested, all data acquired and analyses conducted on the program indi- 
cate that the strength and ruggedness inherent in wire reinforced propel- 
lants can be utilized effectively to provide motors with extended vibra- 
tion, shock and temperature cycling capability. Based on data from 
tests of smaller motors, and optimization studies of Motor D design, 
there is considerable evidence that characteristics such as volumetric 
loading, delivered impulse, and service life/initial cost tradeoffs, are 
competitive with conventional cast propellants. 

When reflecting on the practicality rather than the feasibility of the 
concepts under development, the processing and fabrication difficulties 
encountered would have to be considered greater than normally expected. 
Error free fabrication of the motors presented many problems in process 
control and operator training throughout the program. 

A review of program objective-4 , progress and funding was made by the 
Air Force at the conclusion of the Motor A phase. The Motor B program 
was viewed in the light of Motor A experience and the similarity of 
the two designs. At the same time, Motor D objectives were closely 
scrutinized and compared with contemporary air-launched missile specifi- 
cations and projected requirements. 

As a result of the rfassessment, in early 1965, the . ir Force determined 
that while Motor B program objectives might be met or closely approached, 
the final product as designed would be largely unrewarding.  The cost to 
achieve these objectives would not be warranted in light of probable ad- 
vancements in conventional solid propulsion system performance (mass 
fraction, specific impulse) criteria.  Serious doubt was also expressed 
by the Air Force as to the real need in the foreseeable future for air- 
launched missile propulsion systems possessing environmental capability 
appreciably beyond the then current Military Specification requirements, 
that could not be achieved using conventional cast propellants. 
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The review culminated in an Air Force decision to terminate the program, 
on the basis that program progress and results to date did not warrant 
its continuance. Remaining funds were stated to be inadequate to attain 
suitable and worthwhile objectives in applying RFG technology to foresee- 
able Air Force needs. Also, serious questions were raised as to the 
wisdom of further pursuing any type of grain reinforcement, until such 
time as a future specific system has requirements for ruggedness or 
other properties not attainable by conventional propellants. 

Termination of program effort, except for final report preparation, was 
effective 15 March 1965« 

2.  RECOMMENDATIONS I 
It is Rockftdyne's opinion that (l) future air-launched system may well 
demand propellant grains and support systems« with properties permitting 
application tf higher g loadings and greatly increased vibration endur- 
ance cycles, as well as extended temperature range, and (2) thnt rein- 
forced grain appears, on the basis of experimentation, test results and 
analysis, to offer a most promising solution to these challenging and 
perhaps even formidable technical barriers.  For upper stage, high mass 
fraction motors capable of operating over extended environmental ranges 
and resisting severe flight load conditions, an all-reinforced grain 
motor, cylindrically-wound and slotted, without a cast core (Motor B 
design) offers a promising application of RFG.  The geodesic method of 
grain fabrication, although largely unrewarding for conventional bal- 
listic missiles, will be most useful in applications where the motor 
should be entirely consumable (no case at all) for other than perform- 
ance reasons (for example, when the last missile stage disappears for 
penetration reasons, and for clandestine delivery of payloads).  In the 
ensuing period and during review of program data and progress in the 
course of preparing this report, no information or conclusions have 
been reached which change Rocketdyne's viewpoint. 

In retraspect, several deficiencies in the planning and conduct of the 
ADP program are evident. The program objectives, as originally agreed 
upon by Rocketdyne and the Air Force were quite ambitious for advanced 
development.  In the light of the considerable and sometimes unpredic- 
ted problems of various types encountered, it is apparent that a less 
ambitious program in terms of types of motors would have been desirable 
and additional exploratory development prior to or concurrent with the 
ADP would have been of great benefit.  This would permit illumination 
and solution or circumvention of the more fundamental deterrents to 
smooth program pro .-ss, and would help prevent the costly and time con- 
suming effort of      ng approaches in the course of a full-scale, ADP 
effort. Dual app    -s, which would have offered some assurance against 
redirection, coul     oe taken in most instances in this program because 
of program scope a   anding limitations. 
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The initial primary goal of the program was to reach for the ultimate 
performance levels predicted for the RFG concept.  This carries an 
inherently higher risk than an incremental approach.  Contract incentives 
were placed entirely on motor performance on the basis of the highest 
attained in any one successful (full duration) firing.  Although a more 
conservative viewpoint stressing test motor success and stepwise approach 
to program objectives, indicating "attainability" vs "attainment" pre- 
vailed in the latter program phases, the predominant motivation was 
actual demonstration of advanced objectives at recognized high risk. 

Although valuable design information was obtained on this program many 
additional unknowns have been encountered.  Therefore, future applica- 
tions of the reinforced grain concept should be approached with addi- 
tional experimental attention to the phenomena which surrounds the vari- 
ables intrinsic to the concept.  From these basic experiments, the con- 
cept can be exploited to its fullest potential. 
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SECTION IV 

MOTOR A 

The design,  development,  fabrication,   and test of the RFG Motor A are 
presented in this section.     It is divided into  seven subsections.    The 
first part discusses design and development;  the  second part the first 
development motor;  and the  remaining five parts discuss the  static fired 
development motors. 

The major portion of the contract effort was devoted to this motor because 
of the similarity between it and Motor B.     As is common with large motor 
(30-inch,   36-inch diameter) development programs,  the new or novel  com- 
ponents and techniques are tested in less-expensive subscale models. 
This large motor design and development effort was oriented in a similar 
manner.     The basic design description  is presented first,   including a 
parametric  study which established the basic motor goals.     This  is fol- 
lowed by a ballistic design discussion which includes the ballistic design 
of the RFG and core grain and the necessary propellant development;  next, 
a structural  design is discussed,  presenting the acquisition of required 
design data and fabrication techniques and the method for analyzing the 
RFG/GF¥ composite structure.     The subscale  test results necessary to 
supporting the various design areas are presented within the discussion 
on the particular area. 

Throughout the actual ballistic and structural  drsign,  certain component 
requirements were developed.    Some  of  these components are common to all 
solid rocket motors and others are unique to the RFG motor.     Such com- 
ponents as the polar bosses and load rings are unique to the RFG motor 
but the nozzle,   igniter, and restrictor are common to all  solid rocket 
motors.     The development of  the components   to fulfill  their specific 
requirements  is discussed after the  structural  presentation in this 
order—polar bosses,   load rings,  nozzles,   igniters,  and insulators. 

After the discussion on the preliminary design and component verification, 
the fullscaie 30-inch diameter motor process development is presented. 
This  includes  the reinforced grain fabrication techniques,  application 
of the restrictor to the RFG,  and overwrap of a glass filament case  on a 
live grain.     The process development concluded with a recommended proces- 
sing procedure which is presented next.    Along with the process develop- 
ment of the motor,   inspection techniques were developed to ensure the 
quality of the  final  product.     These  techniques are presented after the 
process procedures. 
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The culmination to all the design, development, and suhscale testing is 
the fabrication and structural test of the first fullscale RPG motor 
(A-IOO6 .  This motor's discussion precedes the subsections discussing 
the fabrication and static test firing of the five development motors. 

1.  DESIGN AND DEVELOPMENT 

Motor A (Fig.  10)  is 30 inches in diameter by 100 inches long with 
dome shaped ends. A filament-vound skirt is made to integrate with, and 
attach to, the motor case at the case-head junctions. A metal ring flange 
is bolted to the skirts to provide a mounting for missile interstage coup- 
ling and to transfer external loads into the case and grain assembly. 

An opening is provided through the forward end of the motor to permit 
installation of the igniter. Another opening is provided through the 
aft end where a static, bell contour nozzle is installed. 

The grain is made in two sections.  The outer section which is also the 
load carrying grain, or RFG, is a thick layer of propellent matrix with 
a uniform winding of high strength aluminum wire passing helically through 
the layer, much like a wound ball of yarn.  The inside section is a cast 
conventional composite propellant. 

Special fittings, or polar bosses, are wound in both the forward and aft 
RFG openings to provide a means of attaching the igniter and nozzle, to 
seal the spindle opening during RFG winding, and to transmit loads into 
the case and grain. 

Thin metal rings, called load rings, are fitted to the polar bosses be- 
tween each primary RFG layer.  The purpose of the load ring is to reduce 
unit bearing loads in order that maximum joint strength may be obtained. 

The case, which is a thin shell of glass reinforced epoxy, serves as a 
primary structure to contain hot gases and to transfer external loads. 
The igniter is a conventional basket design. 

The RFG provides extra strength to aid the case in carrying pressure and 
external loads during the initial motor burning phase and acts as an 
ordinary propellant to provide thrust during the final burr» phase.  The 
core grain provides thrust for the initial or boost phase. 
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The floating restrictors provide stress relief to areas of high stress 
at the end of the core grain while the primary restricter acts as a high 
pressure seal and protects vulnerable components from hot gases. 

a.  Ballistic Design 

In considering the ballistic design of Motor A it must be remembered that 
the reinforced portion of the grain is utilized as a structural member, 
and that the strength of the RFG is reduced as the grain is consumed. 
Therefore, to utilize this unique structural feature to its fullest, the 
chamber pressure must be maintained at a maximum that is commensurate 
with the strength in the combined RFG and glass filament wound case. 
However, since the RFG is consumed during the motor firing (and the com- 
bined case and grain strength reduced), the chamber pressure must be 
decreased in proportion to the reduction in the case-RFG structural capa- 
bility.  This is accomplished by reducing the propellant burning rate. 
The rest of the propellant  (core grain) is a conventional composite and 
is selected and designed with convention techniques. 

(C) In determining the operating pressure limits of Motor A, a parametric 
study was conducted to optimize the mass fraction.  By varying the RFG 
initial pressure while holding the final pressure constant, the mass 
fraction was optimized at an average core pressure and RFG initial pres- 
sure of 800 psi for Motor A.  Of necessity another variable in this para- 
metric study was the RFG web thickness, the web thickness of 3.82 inches 
corresponded to the 800 psi pressure. 

This ballistic section is divided into three topics:  (l) Parametric 
Study, (2) Propellant Development, and (3) Ballistic Design RFG and Core 
Grain. 

(l) Parametric Study 

System analysis of Motor A was initiated to provide data for selection 
of operating characteristics. This analysis included evaluating pressure 
level, which would have a subsequent effect on mass fraction and total 
impulse.  The over-all ballistic requirements for Motor A are summarized 
below: 
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(c) Action time total impulse, lb-sec 540,000 

1 Average thrust, lb 16,750 

Maximum thrust, lb 28,000 

Nozzle expansion ratio Opt @ sea level 

Total motor weight, lb (max) 2,600 

Mass fraction 0.96 

Delivered spec impulse (l  ), lb-sec/lb 250 

(c) Of primary consideration was the mass fraction of 0.96.  Of secondary 
importance was the burning rate required in the outer layers. For in- 
creasing operating pressures in the core, the nozzle areas required were 
smaller; hence, the burning rates required in the outer layers of the 
RFG became smaller.  Difficulty was encountered in obtaining the low 
rates, because the specific impulse of these propellants decreased with 
the addition of depressants. Under certain simplifying assumptions the 
RFG outer layer burning rate can be shown as a function of core pressure. 
Core pressure is a function of propellant properties, grain geometry, and 
nozzle throat area.  In the study, propellant properties and core flow 
channel geometries were essentially fixed. Variations of core pressure 
required variation of the RFG thickness and, consequently, the core web. 
However, average burning surface of the core was essentially constant. 
With these assumptions the average core pressure is a function of throat 
area only. 

where P 

l/l-n At = 
n ■ 

chamber pressure 

throat area, average cone 

burning rate exponent 

constant 

Similarly, the final pressure in the RFG is a function of its propellant 
properties, geometry, and throat area.  The latter is fixed by the enve- 
lope, and only the hurning rate in the final layer was considered as a 
variable, along with throat area. Hence, the final pressure can be shown 
as follows: 

l/l-n where Pf ■ final chamber pressure 

A. = throat area 
t 

n ■ burning rate exponent 

K9 = constant 

r, ■ burning rate 
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(c) As the study was performed for a final pressure of 400^ ' psia (Pf), the 
two equations can be combined and the rate required in the outer layer 
can be shown as a function of core pressure. 

r = f 

where    r    = burning rate  in outer RFG layer 

P    = chamber pressure,  average core 

K_ = constant 

These data were calculated and are shown in Table   III. 

TABLE   III 

SUMMARY OF MOTOR A PARAMETER EVALUATION 

Final 

W1) W2) Relative 
Burning 
Hate, 

Initial Final Total Variation in./sec 
Pressure Pressure Impulse in Mass at 

1  (psia) (psia) (lb-sec) Fraction 1000 psi 

1200 400 566,700 0.003 0.137 
1100 400 566,300 0.002 0.151 
1000 400 565,400 0.001 0.161 
900 400 563,800 — 0.180 
800 400 561,700 — 0.195 
700 400 560,500 — 0.241 
600 400 551,700 — 0.286 
500 400 540,300 0.001 0.356 
400 400 521,200 0.001 0.482 

(1) 

(2) 
Also,  Core Grain Design Pressure 

Also,  GFW Design Pressure 

Propellant weight  is  essentially constant;  however,  inert weight from 
point to point varies as a  result of nozzle  throat and closure modifica- 
tions accommodating the pressure    levels.    Generally,  the nozzle throat 
area (and,  hence, weight of  the nozzle   insert) decreases as pressure 
increases.    Higher pressures,  however,   required the increase  structural 

(l)This was considered the minimum pressure that the  outer RFG layer 
could efficiently burn. 
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(c)    support in the areas of the nozzle and polar bosses.     This increased the 
over-all motor weight.    Along with the varying weight of the components 
was the limitations  of attainable burning rates required in the outer 
layers of the reinforced grain.     The minimum outer-layer RFG burning rate 
that could be assured corresponded to a core average pressure of 800 psia. 
At this pressure  the mass fraction was at a maximum,  and estimated total 
impulse was well   over the stipulated minimum of 5^0,000 lb-sec.     Hence, 
the level of pressure was taken as 800 psia;   this was defined as nominal 
maximum pressure.     On this basis average  pressure for the core was  set 
at 750 psia. 

(C)   With this initial RFG pressure the  structural requirements of the com- 
posite RFG-GFV case were established  (antji,  therefore,  the RFG web).     An 
RFG with 20<fc aluminum wire weight percentage and an ID of 22 inches cor- 
lesponded to the 800 psi nominal  pressure.     After testing Motor A-1002, 
the average pressure wa» adjusted to 775 psia, when the pressure-time 
record was found to be more neutral than originally estimated. 

(2)    Propellant Development 

The burning rate  of  the reinforced propellant was controlled by the 
burning rate of  the nonaluminized propellant used as the binder composi- 
tion in fabricating the reinforced propellant.     Since the binder composi- 
tion is the prime   influence on the resulting burning rate of the  rein- 
forced sections,   company-sponsored activities were concerned principally 
with developing binder propellants  that had a wide range of burning rates 
without sacrificing performance;   that is,   the  oxidizer loadings were 
maintained as high as possible  to achieve a high oxidizer/fuel  ratio. 

(c)   As a result of  this development,  binder compositions containing 87^ or 
88^ by weight of  solids were formulated for the RFG application.     These 
compositions exhibited burning rates from 0.135 in./sec at 400 psi   to 
0.590  in.ysec at  1000 psi.    An upper range  of burning rates  (0.3I  tc 
0.5^ in./sec at 1000 psi) was accomplished with a single composition by 
varying the ratio  of  the fine-to-coarse  oxidizer fractions.     This  com- 
position is identified as RDS-512;  the formulation is given in Table 
IV,    with the  burning    rate   (shown as a  function ol   the  oxidizer ratios) 
given  in Fig.  11« 
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Binder compositions with burning rates below that of RDS-512 require the 
use of burning-rate modifiers, or depressants.  Since the RPG designs 
required more extensive use uf propellants with lower burning rates, the 
company-sponsored phases of the propellant development were also concerned 
with burning-rate depressants, solid particle size ratios, and/or materi- 
als to reduce burning rate at low pressures by increasing the burning- 
rate exponent.  Over 40 individual ingredients and combinations of these 
ingredients were evaluated for their effectiveness in reducing the burn- 
ing rate in actual compositions.  In general, the most promising burning- 
rate depressants investigated were salts of metals from Group III of the 
periodic table, which includes barium, strontium and calcium.  Indica- 
tions were that the salt should be one that produces carbon dioxide (such 
as the citrates, oxalates, and carbonates). 

From this study, the greatest reduction in burning rate from a control 
value for a given amount of burning-rate depressant was accomplished with 
strontium carbonate up to a 3^ by weight level. However, increased quan- 
tities, above 3^, failed to reduce the burning rate still further.  On 
the other hand, calcium citrate at increased levels continued to decrease 
the burning rate, even though at the yfo  level, the citrate was not as 
effective as the strontium carbonate. By using a combination of calcium 
citrate and strontium carbonate, a slight reduction in burning rate below 
the individual ingredients could be achieved.  This is illustrated in 
Fig. 12. 

A low burning rate composition, RDS-514, was issued for reinforced grain 
application.  It contained (l) 88^ solids and (2) a depressant (50-50 
ratio of calcium citrate and strontium carbonate) level varying from 
0.1 to 7.0^. The burning rates that can be achieved by this composition 
(formulation given in Table IV) when using the allowable range of de- 
pressant levels are illustrated in Fig. 13^ Using this composition at 
the higher depressant levels resulted in processing problems associated 
with increased rheological properties.  To improve the processing consid- 
erations with propellants at the lowest burning rates (higher depressant 
levels), a second low-burning-rate composition was issued for this pro- 
gram.  This binder composition, RDS-523, contained the same depressants 
as RDS-514 but with the solids loading reduced to 87^ and with three 
optional levels (10, 20, and 30 parts per hundred rubber of plasticizers, 
for flow considerations); RDS-523 composition is given in Table IV.  The 
burning rate as a function of depressant level is illustrated in Fig. 14. 
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Figure  12. Strand Burning Rates of an 87.5% Solids-Loaded 
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Total  Level of 5% 

46 

CONFIDENTIAL 

■iMiw 



r—* 

CONFIDENTIAL 

\ o 
•H 

1*4    -P 

«     « 

cd & 

0)   o 
-P     >H 

OH 
& 

•H     | i E 
£ 

K       a o 

d 
oas/'ut 

m o 
i-H 

o 

a 
«   rH 
U   0) 
S  > CO   0) 

•H   ^ 
a a 
a* co 

•H  m 
iJ    CD 

E 
li 

O   «H 
S5   O 

r-l 

0/ 

•H 

CO 

'a-^BH 3uTUjng 

47 

CONFIDENTIAL 

• 



CONFIDENTIAL 

111111 i i i i i i i i i  i   i 

■ 

o 

in 

o 
O IA 

6 
oas/'UT   'ac^BH autajna puBJ^s pinbiq 

o 

o 

O 

in 

o 
-3* 

O 

tn a 
CO 

a» 
o 

CM   «H 
O 

s 
■ 
fa 

m 
■& 

* 

9 

-p 
e 
ca 
I ■ 
i 
it 

^ I o 

CM 

o o 

-p 
Ü 

m -p 
e 

eo ca 
i-H 

V   o 
5« s m 
MCM 
8 in 

a 
U   Oi 
-p > 

m* 
•H   -P 
d a 

•H   m 
J   to 

0) 
rH     SH 

O   «H 
S5   0 

£ 

48 

CONFIDENTIAL 

"—"■ 



A fourth propellant composition was issued for usage in this reinforced 
grain program. This propellant, RDS-526, is a conventional aluminized 
Flexadyne composition containing 86^ total solids with a burning rate 
modifier to achieve the design burning rate.  This composition is uc'd 
as the core grain and is processed by normal casting techniques. 

(3) Ballistic Design of RFG and Core Grain 

The actual design of this motor differs from conventional motors. Know- 
ing the charge configuration in a conventional motor design, the required 
burning rate (r) to yield a particular pressure, with other parameters 
known, can be determined explicity. However, in the reinforced grain the 
specific impulse and characteristic exhaust velocity (c*) vary with the 
amount of depressant added for burning-rate control.  This burning-rate 
variation is required by the decreasing chamber pressure.  To facilitate 
the design analysis, the following parametric curves were established. 

1. The relation of specific impulse vs burning rate was 
established, based on 6-inch motor firings.  From this 
curve a curve of c* vs r at 1000 psia was drawn (Figs. 
15 and 16). 

2. From the same 6-inch motor data, the variation of pres- 
sure exponent vs r at 1000 psia was determined (Fig. 
17). 

3. From the above, rate vs pressure curves were drawn, with 
varying pressure exponents depending on r at 1000 psia 
(Fig. 18). 

4. From this information a parametric curve of the product of 
c* x r at chamber pressure vs chamber pressure, with r at 
1000 psia as a parameter, was prepared (Fig. 19). 
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Figure  17. Estimated Variation of Pressure 
Exponent  (n) vith Burning Rate 
at 1000 psia, RDS-514 and-523 
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Figure 18. Motor Burning Rate vs Pressure, 
RDS-514 and -523 (Refer to Fig. 
17 for Exponent Value) 
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From the equation: 

p      SOC*T @ P 

where 

g = Gravity constant 

A ■ Throat area 

S = Burning surface area 

P ■ Propellant density 

c* = Characteristic exhaust velocity 

r = Burning rate 

P = Chamber pressure 

the product of c* x r @ P can be solved explicitly and can be shown as 
a function of burning surface. 

Motor burning rate was estimated from the uncured-atrand burning rate. 
The strand rate was found to be approximately 18^ lower than the motor 
rate. 

The functions described above were used as a basis for selecting the 
required rate in each layer of the RFG.  The calculations were straight- 
forward except for the allowance made for core propellant (sliver) which 
burns simultaneously with the RFG.  (Details of this method are discussed 
in the core grain subsection.) 

/(;\ Having established these relationships, the ballistic design for the RFG 
was initiated from the data provided by the parametric study. The enve- 
lope available for the reinforced grain of Motor A was defined by an out- 
side case diameter of 30 inches. Case thickness and insulation require- 
ments reduced the diameter to 29-64 inches. The original case liner 
thickness was set at 0.30 inch, however, the minimum attainable was found 
to be about 0.060 inch, and this was used as a final target. The RFG in- 
side diameter was set at 22.00 inches. Hence, the cylindrical web, based 
on the liner thickness of 0.060 inch, was 3.79 inches. 
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(C) The trade-off studies defined the nominal chamber pressure at the start 
of RFG burning to be 800 psia at 60 F. As the motor was to be fired only 
at 60 F, 800 psia was used as the design nominal.  The design nominal 
pressure-time requirement was defined by a straight line (pressure vs 
web burned) from 800 psia at the start of RFG burning to 400 psia at a 
web remainder of one inch. The design nominal pressure during the last 
inch of web was constant at 400 psia. Thus, the configuration and amount 
of propellant was obtained for the RFG.  This left the major effort in 
ballistic design in determining the burning rates for the propellant 
layers and estimating the performance of the RFG. 

Essentially all surface-burning modes in Motor A RFG are in the radial 
direction.  Because of the decrease in layer thickness in the domes, the 
flame front is burning more than one layer simultaneously. Hovever, the 
burning modes initiated in this manner were assumed to contribute little 
toward additional weight flow rate.  All burning in the cylindrical por- 
tion is theoretically normal to the initial surface.  The flame front in 
the domes was scaled, based on normal burning through these layers, their 
burning rates and thickness.  The total web through the RFG in the domes 
is significantly less than in the cylindrical section.  To provide simul- 
taneous burnout of all surfaces of the RFG, the conicyl in the core grain 
was dimensioned such that at the burnout of core web, a sufficient por- 
tion of core propellant remains in the domes to provide the simultaneous 
burnon !; of surfaces in the domes and cylinder. 

(C) Performance estimates were based on instantaneous burning surfaces and 
associated burning rates. Surfaces were first calculated for the RFG as 
if no core propellant were present.  Actually, at core burnout with all 
surfaces burning completely normal, 128 pounds of core propellant remains. 
Most of this comes from the star configuration, which has a cross-section 
sliver fraction^/of 0.16, based on the 22-inch OD of the core grain. A 
portion of this 128 pounds is in the domes. To account for this in the 
estimate of performance, an area equivalent to the volume of 128 pounds 
was added to the curve of RFG surface vs web.  The equivalent surface 
from the web then was used with the parametric curves in determining the 
burning rates of the grain. 

Miscellaneous propellant weight and burning rate data for the RFG for 
Motor A, with a liner thickness of 0.060 inch are presented in Table V. 

(2)Cross-section sliver fraction is defined as the cross-sectional area 
ratio of remaining core propellant to original core propellant, when 
the core burn front first reaches 22 inches diameter. 
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TABLE   V 

MOTOR A RFG PROPELLANT WEIGHT AND BURNING RATE DATA 

Helical 
Layer 
No. 

Uncured 
Strand Rate 
@ P, in./sec 

Estimated 
Motor Rate 
@ P, in./sec 

Propellant 
Weight, 

lb 

Propellant 
RDS 

Nuinuer 
Percent 

Depressant 

1 0.260 @ 735 
psia 

0.305 133 514 0.5 

2 0.220 @ 670 
psia 

0.258 139 514 1.1 

3 0.179 @ 600 
psia 

0.210 156 514 2.5 

4 0.170 @ 540 
psia 

0.200 156 523 2.6 

5 0.145 @ 470 
psia 

0.170 178 523 5.5 

6-9 0.132 @ 400 
psia 

0.155 575 523 6.0 

Total Propellant 1337 

Propellant in Domes 448 

Propellant in Cylinder 889 

Pressure and thrust-time were calculated by conventional methods,  using 
properties of the respective propellant layers.    At the interfaces of 
two layers with different burning rates,  there is theoretically a dis- 
continuity in the pressure-time function, as  two pressures can be calcul- 
ated for one time point.    This of course, will not occur,  primarily 
because a degree of propellant blending will  occur in the manufacture of 
the RFG.     As a method for constructing the curves,  the pressure-time 
curve with discontinuities was first drawn.     The degree of propellant 
blending was then estimated and its effect on pressure-time was drawn. 
Prtssure-time integrals were made to coincide with propellant weight and 
ballistic properties. 
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The total impulse was calculated for each layer based on its propellant 
weight and average pressure over the particular interval. The average 
pressure was based on the pressure-time curve with its discontinuities. 
Portions of the core sliver wore included with initial layers in deter- 
mining the total impulse. Detailed evaluations of each test and a dis- 
cussion of reinforced grain performance for each motor are given under 
the full-scale motor tests reports. 

Although the specific ballistic performance requirements for the core 
^rain were not specified, they are implied in the total motor performance 
specification and other considerations. 

(C) Physical dimensions of the core envelope were fixed by the over-all motor 
envelope and the RFG structural considerations.  The outside diameter of 
the grain was 22.00 inches, corresponding to the inside diameter of the 
reinforced grain.  The optimum initial RFG pressure from the trade off 
studies was 800 psia and from this the core average operating pressure 
for the core propellant was established at 750 psia. 

Propellant RDS-526 was selected for the core propellant and was tailored 
slightly for burning rate requirements.  Properties of the propellant 
applicable to Motor A core are: 

i 

Temp coefficient of  pressure  (TT^), 
^/deg F 

Pressure exponent  (n) 

Motor  burning rate at 1000 psia, 
60 F 

Characteristic exhaust velocity, 
(c*),  ft/sec 

Spec  impulse   (lgp)  at 1000 psia. 

.(•) 

zero deg half angle 

Ratio of specific heats 

Theoretical flame temp, deg F 

Density, Ib/cu in. 

(*) 

0.12 

0.30 

0.393 

5168 

250 

1.191 

5725 

0.0629 

(*)Based on  shifting equilibrium 
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¥ith thrust and pressure levels essentially defined for the core burning 
duration, weight flow rate was limited to a particular level. Within 
the range of burning rates available in RDS-526, average burning surface 
of the core grain was established commensurate with the pressure level 
and nozzle throat area.  From stress considerations and grain-design 
requirements the core-web value was determined to be 4 inches. 

Within these boundaries, grain design studies were undertaken to obtain 
the highest feasible volumetric loading.  Experience had shown that a 
conventional star configuration would be best, and this was taken as.the 
final design configuration.  However, other configurations were consid- 
ered, such as modified-star or dogbone configurations.  In the studies, 
port-to-throat ratios, erosive burning, and other variables affecting 
maximum pressure were considered. 

(C) Pressure neutrality was a primary consideration in the grain design, as 
the more neutral design could operate closer to 800 psia; thereby, it 
could deliver more impulse.  Conicyls (circumferential slots) in both 
forward and aft ends of the grain were incorporated for this purpose as 
well as stress considerations. 

As a concept requirement, the reinforced grain was a pressure load- 
carrying member; this called for keeping the core flame front away from 
the reinforced grain in the dome areas prior to the transition from core 
to RFG in the cylindrical section.  Initial design analyses considered 
restricting a portion of the core propellant to provide this feature, 
when both aft and forward polar bosses were the same.  However, design 
features of the aft polar boss enabled the core configuration to be made 
without restrictor in this area. 

(c) A five-point, conventional star cross-section was determined to be the 
optimum design (see Fig. 20).  The star angles were determined from the 
ballistic design analysis. The fillet radius of 1.10 inch was primar- 
ily a stress consideration, and the 0.87-inch radius at the star tip was 
the minimum radius which mandrel design would tolerate. 

(C) With this core design, and based on the 22-inch diameter of the core 
grain, the cross sectional sliver content is 16^.  However, this propel- 
lant is not sliver as such, as evidenced by data from A-1002 firing, 
where the tail-off impulse represented 3.i$ of the total impulse.  Most 
of this cannot be attributed to the cross-sectional sliver content of 
the core grain. As the flame front progresses into the RFG, the propel- 
lant remaining from the core has a relatively higher burning rate than 
the RFG, and it will be consumed well before the end of RFG burning. 
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Fig. 20 Motor A 
Core Grain Schematic 
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The final flightweight Motor A design weight summary is presented in 
Table VI. 

TABLE VI 

MOTOR A DESIGN WEIGHT SUMMARY (FLIGHIWEIGHT MOTOR) 

Propellant 
Core Grain 
RFG 
Igniter 

Total Propellant 

Wt, lb   j 

1,153.00  I 
1,349.00  | 

0.55 

2,482.55 

Inert 
;  Case and Skirt 

Liner 
Nozzle 
Aft Polar Boss, Load Ring, 

Flange, Pins 
Forward Polar Boss and Load Rings 

i  Igniter Assy 

!    Total Inerts 

34.0   | 
12.0   ! 
26.77 

19.07 ! 
14.95 
3.08  i 

109.87  1 

| Total Motor 2,592.42  | 

j Mass Fraction 0.958 i 

b.  Structural Design 

The case-grain structure was designed to support maximum chamber pressure 
as well as ultimate flight loads, whereas the filament-wound glass case 
was only designed to contain chamber pressure near the end of burning 
combined with flight bending loads.  Buckling of the thin fiberglass case 
would have been the critical load condition if a conventional grain had 
heen used in these motors.  However, because of the relatively high mod- 
ulus and inherent rigidity of the reinforced grain, the case was stabi- 
lized in a manner similar to a pressurized case. 

4 

: 

] 

i 

CONFIDENTIAL 

i 



~— 

CONFIDENTIAL 

The design of the reinforced grain-case combination provided a composite 
structure with a greater structural  efficiency throughout the burning 
time than conventional grain-rase combinations.     Design of the motor 
involved a balance between structural and ballistic performance and com- 
patibility of the entire  composite. 

The glass filament wound case/reinforced grain composite structure  for 
Motor A was designed as a mutually interacting pressure vessel.     The GW 
case consisted of S-994-HTS glass fiber-reinforced epoxy resin which was 
bonded through an R-143 rubber  liner to a  series  of interlayers of  fila- 
ment-wound, wire-reinforced Flexadyne propellant.     Structural  support 
fittings of titanium and glass/phenolic insulation were provided at the 
forward and aft ends for support during the winding and for attachment 
of the  forward head closure and nozzle.    The GI¥ case had integral  for- 
ward and aft skirts. 

The specific requirements for Motor A establish the maximum geometric 
envelope and externally applied loads.     In addition to these  loads,  motor 
internal pressure and thrust loids also had to be  considered in the 
structural design.     Magnitude of the thrust load was small enough in 
comparison with the  externally applied bending moment that it did not 
influence the design of Motor A. 

(C)    Trade-off studies  conducted early in the program dictated these maximum 
initial  and burn-out pressures  for the motor: 

Maximum Initial 
Pressure, psia* 

Maximum Burn-out   1 
Pressure,  psia*     * 

Motor A 880 kkO                I 

^Includes 10%  for variation in ballistic reproducibility 

(c)   These values were for 60 F operating temperatures.     Although it was  only 
required that Motor A be  fired at 60 F,   it was decided to design the 
RFG/GFW structure  so  it could be fired at 90 F.     This  increased the maxi- 
mum initial  and burn-out pressure for Motor A to  935 and 468 psia, 
respectively. 
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The  structural  design conformed to the  requirements called out in MIL- 
R-25532A in that it was based on an iiiternal pressure which was 1.25 
times greater than the maximum hot operating pressure with a 10^ assumed 
maximum variation in ballistic performance.     This value has proven 
slightly conservative  on other preliminary motor designs.    Flight loads 
were  interpreted as the maximum operating loads and the  structure was 
designed not to fail  at ultimate  flight loads which were  1.25  times 
greater than the maximum operating loads.     Thus,   the safety factors used 
were: 

S^    =1.25 internal pressure r 

SF    =1.25 flight loads 
u 

This gave  the following design ultimate structural  loads  for Motor A: 

Pressure,  psia 

Compression,   lb 

Bending moment,   in.-lb 

Shear,  lb 

Torsion,  in.-lb 

Initial 

1,170 

50,000 

1,000 ? 000 

9,375 

137,500 

Burnout 

585 

50,000 

1,000,000 

9,375 

137,500 

The RPG was capable of supporting  the major portion of the internal pres- 
sure until  just prior to burnout.     Therefore,  the critical design condi- 
tion for this motor was determined to be the  simultaneous combination 
of the following ultimate loads (which  occurred just prior to burn-out 
of the RFG): 

Pressure,  psia 585 
Bending moment,  in. -lb 1,000,000 

Shear,   lb 9,375 
Torsion,   in.-lb 137,500 

The GPW case was designed to withstand these  loads at 90 F. 
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(l) Design Data Acquisition 

At program initiation the proposed methods to be used in the structural 
analysis were still in need of improvement, and some materials and fabri- 
cation changes were indicated by a previous RFG contract (AF04-611-8193). 
These voids were planned to be filled by joint Air Force and Rocketdyne 
subscale programs. 

(a) Resin and Glass Studies 

One area of concern was in the glass filament wound cases. Although 
glass filament wound cases have been used in the solid propellant rocket 
industry for a number of years, the reinforced grain application required 
a new resin system with somewhat unique qualities. Consequently, Rocket- 
dyne made a study of many different systems before selecting one for RFG 
cases.  Since the glass filament wound case was wrapped directly onto 
the grain, the resin had to be one which would cure at a relatively low 
temperature and s+ill retain good mechanical properties when the rocket 
motor was subjected to a high temperature environment. 

After testing many different resin and glass combinations, seven were 
selected for final evaluation. All seven were tested at room temperature 
and all resins (but not all glasses) were tested at 200 F.  Owens-Corning, 
20-end, X99J!t (now S994), HTS glass roving with DER 332 resin and APCO 320 
curative were selected for preliminary design because of the high ulti- 
mate strength attainable.  The DER 332/APC0 320 resin was tested at room 
temperature with S994 glass, and at 200 F with Owens-Corning "E" glass. 
These tests, conducted on standard, Rocketdyne, 3-inch, open-end cylin- 
ders, showed an ultimate hoop stress of 352,000 psi.  One 18-inch dia- 
meter glass filament wound case, fabricated and tested at room tempera- 
ture , ruptured during a biaxial test at a composite hoop stress of 
300,000 psi.  Based on tests performed the following ultimate properties 
(Table VIl) were used for design of filament wound cases for reinforced 
grains.  These mechanical properties were used in the preliminary design 
of Motors A and B. 

Further resin studies continued on a Rocketdyne IR&D program where better 
values of all material properties were obtained for final full-scale, 
flightweight designs.  Of the many low-temperature curing resins studied, 
a few were subjected to final laboratory +ests.  Dow Chemical Company's 
resin, DER 332, was retained and all tests used the new Owens-Coming 
S994 fiberglass with the new resin curative EMI.  Comparative test re- 
sults are shown in Table VIII. 
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TABLE VII 

PROPERTIES USED IN FILAMENT WOUND CASE DESIGN 

c 

Materials 

Fiberglass:     Owens-Corning,  20-end, S994 (HTS) Roving 

Hesin:                Dow Chemical Co.  DER 332 

Curative:        Applied Plastics Co.  APCO 320 

Mechanical Properties 

Ultimate  Tensile Stress,  psi 
(circumferential wraps) 

Temperature,  deg F    | 
80 1        200 

270,000 216,000 

Ultimate Tensile Stress,  fsi 
(helical wraps,  in the direction 
of the   fiber) 230,000 184,000 

Ultimate Compressive Stress,  psi 
(in the  direction of the  fiber) 180,000 144,000 

Young's Modulus,  psi 
(in the direction of the  fiber) 

Tension, million psi 10.0 8.0           j 

Compression, million psi 9.0 7.2 

Ultimate  Interlaminar Shear Stress, psi 3000 2400         j 

Poisson's Ratio 0.12 0.12         | 

Composite Density 0.074 0.074 

6^ 
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TABLE  VTII 

IR8d) BESIN STUDY 

Resin DER 332 
Curative      i 

APCO 320 EMI   j 

Ultimate Composite Tensile Stress, psi 

j   at 80 F 

!   at 200 F 

293,000 

231,000 

304,000 | 

267,000 j 

1 Ultimate Interlaminar Shear Stress, psi 

at 80 F 

at 200 F 

|   at 250 F 

10,270 

6,450 

2,250 

9,510 

6,210 j 

5,580 j 

Because of its slightly better tensile stress and much better inte — 
laminar shear stress,  particularly at elevated temperature,  the EKil 
curative was selected for testing in subscale GIW cases.     Two 10-inch 
diameter GW cases without skirts,  10-019 and 10-020, were fabricated 
and tested at 200 F to determine the ultimate allowable stress at this 
temperature for the glass-resin composite.     Pertinent fabrication data 
for these cases are as follows: 

• Fiberglass 12 End S994         | 

| Resin/Curative DER 332/EMI         ! 

j Length-to-Diau:eter 1.0/1.0 
| 
i Winding Pattern Polar-4 Cycle-2 Covers 

j Polar Wrap Angle 20° 43' 
1 

I Glass Density, ends per inch 

!  Polar Wrap 414 

Circ Wrap 585 
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Burst pressure only was recorded for these cases.  It occurred at 1308 
and 1277 psi for Cases 10-019 ^nd 10-020, respectively.  These tests 
not only confirmed that the preliminary fiberglass ultimate stress values 
vere realistic, but also indicated that the decrease in ultimate stress 
at elevated temperature (200 F) was not going to present as large a prob- 
lem as anticipated. Figure 21  shows the GIV case after rupture. 
Initial rupture was in the cylindrical section. 

Two more 10-inch cases (10-021 and 10-022) were fabricated with skirts 
and hydrotested to verify the design stress allowables and to determine 
the effect of the skirts on the rupture pressure.  Pertinent design and 
fabrication data for these cases are shown below: 

c 

1 Fiberglass 12 End S994          ] 

Resin/Curative DER 332/EMI          i 

1 Length-to-Diameter Ratio 1.5/1.0 

| Winding Pattern Polar-4 Cycle-2 Covers i 

i Polar Wrap Angle 17° 42' 

1 Glass Density, ends per inch 

1   Polar Wrap 419                 1 

1   Circ Wrap 503                 1 

Calculated burst pressure at 70 F for those cases was 1016 psi in the 
circular wrap assuming the same maximum values of ultimate stress and no 
degradation for the skirt stress concentration factor.  Rupture occurred 
at 1108 and 1145 psi in GFW Cases 10-021 and 10-022, respectively and 
was in the hoop wraps. These cases were not balanced for a pressure 
loading because they were designed for combined pressure, bending, tor- 
sion, and compression. 
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Figure 21. GW  Case 10-016 After Rupture 
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Critical external load conditions for Motor A were expected to be unpres- 
surized bending and compression of the motor.     Compression and bending 
tests  of additional  10-inch motors which were scaled similar to Motor A 
showed the critical buckling load on the RFG/GPW combinations to be 
approximately 4.9 times as high as the critical  buckling load for the 
identical GIW case only.     These  tests confirmed previous laboratory test 
results of 6-inch motors  on a Rocketdyne-sponsored program.     The ratio 
of  critical buckling loads for the 6-inch motor tests was 3.53:1.    How- 
ever,   these laboratory specimens were cylinders only and a higher ratio 
was expected for the dome-ended motors.     Extrapolation of the 10-inch 
motor  test data to the full-scale motors indicated no buckling problem 
would be encountered with the full-scale motors as a result of external 
loads.     The only problem concerning external  loads which remained un- 
solved when the contract was  terminated was the inability of the GIW 
case  skirts to transmit the loads to the case without tearing out.     This 
problem is discussed in the  full-scale motor fabrication and test sections 
of  this report. 

(b)    Aluminum Wire 

(c) Another problem area that developed early in the initial phase of the 
piogram was with the reinforcing wire. Reinforced grains for Motor A 
were planned to be fabricated with approximately 0.0075-inch diameter 
and 20^ by weight aluminum wire (this percent was established in the 
trade-off studies). Tests were conducted with 5056 aluminum wire fur- 
nished by the Hudson Wire Company. Minimum guaranteed properties for 
this wire are as follows: 

Minimum Ultimate Tensile Stress,  psi 70,000 

Minimum Elongation, ^ 1.0 

(3) Composite properties as determined by tests conducted at Rocketdyne       for 
reinforced grains fabricated with low elongation 5056 aluminum wire were: 

(c) Maximum Hoop Stress at the 
Inside Surface, psi 

Maximum Hoop Strain at the 
Inside Surface, in./in. 

Young's Modulus, psi 

4500 

0.01 

6.0 x 10- 

c (3) Under Contract AF04(6ll)-8193 and Company IR&D 
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Current tests had shown poor structural  compatibility of the RFG and GPV 
on several  10-inch diameter tests which had been attributed to the low 
elongation of  the aluminum wire.     Rupture of 10-inch diameter GfW cases 
was consistently occurring at yjo strain.     However, when RPG/GFW combina- 
tion motors were  tested,  rupture  of the RFG was occurring when strain in 
the GJW case was only 0.3 to 0.7^.     Calculations showed that this strain 
in the  case,  and therefore outside diameter of the RFG indicated approxi- 
mately 0.6 to 1.4^ strain in the aluminum wire on the inside diameter of 
the grain.     It was surmised that failure was initating at the  inside sur- 
face and propagating to the GFW case as a result of the wires  reaching 
the maximum strain capability. 

Efforts to  obtain a higher elongation aluminum wire without decreasing 
the ultimate  tensile strength were unsuccessful.     It was evident that a 
wire with at least 2.5^ elongation (strain in GP¥ case at RFG burnout) 
would have  to be  obtained to be compatible with the fiberglass  case for 
ballistic  testing.     Consequently,   it was  decided to obtain aluminum wire 
with a minimum elongation of 5^ to exclude rupture of the RFG at the 
inner surface prior to rupture of  the GPW case. 

A survey of potential vendors showed  the best available wire had a mini- 
mum ultimate  tensile strength of 30,000 psi with a minimum elongation 
of 5/£.     Some  of  this wire was purchased on a company-sponsored program 
and a 10-inch diameter RFG/GIW motor was hydrotested.     This motor was 
identical  to previous 10-inch motors except high-elongation (5/0 aluminum 
wire was substituted for the low-elongation  {Vjo) aluminum wire.     Although 
the ultimate tensile  strength of the wire was decreased from 70,000 to 
50,000 psi,   the motor burst pressure was  increased 38^.     The high-elonga- 
tion (5/0 wire was selected for use  in the design of all  subscale and 
full-scale motors for this contract. 

(C)    Although 5/£ elongation was considered high for this high-strength aluminum 
wire,   it was still well below the minimum elongation of Flexadyne propel- 
lant and resulted in a much lower reinforced grain composite modulus of 
elasticity.     Based on composite properties obtained with low-elongation 
wire,  the following were estimated mechanical properties of reinforced 
grains  fabricated with high-elongation wire: 

L 

Maximum Hoop Stress at the Inside 
Surface, psi 3215 

Maximum Hoop Strain at the Inside 
Surface,  in./in. 0.05 

5 
Young's Modulus,   psi 1.5 x 10 

CONFIDENTIAL 



FP* 

I 

One variable in the aluminun wire which vas not investigated on this 
program was the  influence oa strui tural  efficiency of wire diameter with 
the high-elongation wire.     Ballistic testing on the previous contract 
had shown combustion efficiency with 5-mil wire to be slightly higher 
than with 7.5-mil wire.    Structural  testing,  however, with samples of 
2, 6, and 10 inches in diameter had shown a structural advantage of 
nearly 100^ by using 7•5-mil wire.     However,   since these  tests were all 
conducted with low-elongation wire,   the effect of the wire diameter on 
structural efficiency when using high-elongation wire was unknown.     It 
was decided that structural efficiency of the 7"5-mil, high-elongation 
wire was probably better than,  but certainly equal  to,  the 5-mil wire 
and since the difference in combustion efficiency was small,  the 7.5- 
mil,  high-elongation wire was selected for the remainder of the work on 
this program. 

(c)    Localized Buckling or Crippling 

Another area of  investigation was that of problems of buckling and crip- 
pling.     The  correct buckling coefficient for fiberglass cases and rein- 
forced grains in combination was to have been determined experimentally. 
(The forward and aft skirt design,  however, were similar to  current fiber- 
glass case design.)    Several experiments were completed by the Structural 
Plastics Department of Rocketdyne  to determine  the correct buckling co- 
efficient,  Ccr,   to be used in the conventional  cylindrical buckling 
equation: 

C    E      t 
cr c      c      z  

äcr
=      H (i) 

Tests were conducted on Owens-Corning S994 fiberglass cylinders with an 
R/t ratio of 50.  Based on test results, Rocketdyne recommended a C 
value of 0.49 for cylinders of this material which had an  R/t ratio of 
50 and were wound with two circumferential wraps for each helical wrap. 
This value was extrapolated for other R/t ratios by using the buckling 
coefficient vs R/t ratio curve in the "North American Aviation Structures 
Manual." For R/t ratios of interest, the following values of the buckling 
coefficient C„_ were determined: 

Radius to thickness (R/t) ratio  50    100   150   200 

Buckling coefficient (C )       0.49  0.47  0.45  0.43 
OX 
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The original program plan was to subject ten 10-inch GIV cases to external 
bending, compression, and torsional loads and to compare these with 10- 
inch RFG/GIVT motors subjected to the same type of loading.  Only three of 
the cases were fabricated and tested.  Two of these, 6401 and 6402, were 
subjected to axial compression at 170 F and the third was subjected to 
bending.  The bending test fixture was designed to apply a uniform bending 
moment over the entire length of the motor but a pin, which was used for 
compression loading, was inadvertently left in the fixture during the 
test and, therefore, loaded the case in a statically indeterminate manner. 
Subsequent compression tests of the RFG/GPW combination showed the com- 
pressive ultimate strength of the 10-inc}; motors was improved by a factor 
of approximately three and, therefore,the critical design condition for 
the full-scale motors was determined to be the combination of pressure 
and bending. 

(d) Fabrication Modifications 

The structural problem associated with fabrication was investigated on the 
20-inch motor because the design, winding cams, and winding techniques 
were already worked out for a partial-veb, 20-inch RPG. 

Ballistic considerations made it necessary to design and fabricate an 
RFG having very near uniform thickness in the cylinder and the domes. 
With conventional fi}ament winding techniques this was not possible 
because of the inherent buildup as the filament was wound on a smaller 
adjacent radius, as in the domes.  A technique of staggering the opening 
diameter on the dome of each layer in the RFG was developed which gave a 
very near uniform dome thickness. 

Previous hydrotests of RFG/GJFW motors had shovm that the method of analy- 
sis which treated the motor as a thick^wall, composite pressure vessel 
was slightly conservative in the cylinder, out these tests indicated a 
severe structural incompatibility in the region of the polar openings. 
The polar bosses on RFG's prior to this contract had been retained by two 
flanges or "load rings." One of these was located on the inside surface 
of the RFG and the other between the outside surface of the RFG and the 
GW  case. 

To provide better load distribution across the web of the RFG, a load 
ring was positioned between each helical layer that was wound with the 
same opening as the diameter of the polar boss.  The original design of 
the load rings used plastic to provide additional flexibility as well as 
better load distribution.  To evaluate the loading concept one 20-inch 
RFG and one 20-inch RFG/GFW motor were fabricated and scheduled for hydro- 
test.  Primary objectives of these tests also included further evaluation 
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of high-elongation wire, evaluation of structural capability of HFG's 
fabricated with uniform web thickness, evaluation of structural compat- 
ibility of RFG/GIW composite structure, and evaluation of polar boss, 
RFG, GFW interaction. 

The first 20-inch hydrotest (RFG/GIW 7202/7401) was a disappointment in 
that rupture occurred at a very low pressure.  Investigation after the 
test, however, revealed that the wrong aluminum wire had been supplied 
by the vendor and had been used to fabricate the RFG.  This test and 
subsequent design and fabrication changes which led to a completely 
successful 20-inch, RFG/GIW motor hydrotest are discussed in Appendix I, 

(2) Design Approach, GFW and RFG 

To obtain maximum structural efficiency, it was desirable to have the 
RFG and case stressed as near as possible to their ultimate for the 
duration of the burning time.  Thus, since the RFG structure burned away 
as a function of time it was necessary to design for a regressive pres- 
sure-time history.  Since the case and grain had different moduli and 
different failure points, it was important to consider the structure as 
an interacting, two-element, redundant structure. 

The analytical approach to the RFG and GFW case structural compatibility 
during internal pressurization loading was to consider the reinforced 
grain as a thick wall elastic cylinder contained in (and supported at its 
outer diameter by) a thin elastic case.  Infinitesimal elastic theory 
using a plain strain end consideration was applied to predict the 
stresses, strains, and deflections of the RFG and filament wound case at 
intervals during the pressurized burning period. 

Composite case and RFG hoop moduli were determined during hydrostatic 
pressurization testing of RFG's and filament wound cases.  These test 
values along with other dimensional parameters were then used as inputs 
to a computer program which determined the required case thickness, the 
initial RFG web thickness, and the required web thickness-vs-pressure 
curve necessary to maintain a sound structure until burnout.  Figure 
22 illustrates the RFG  and case design procedure.  The case was first 
designed to withstand an internal pressure equal to the motor burnout 
pressure (P2) and the ultimate flight loads.  An RFG web thickness was 
then calculated to ensure the composite structure would contain the 
maximum initial pressure (P^).  The following discussion on the GFW 
design, fullscale tests, and the RFG design presents the design procedure 
for the individual elements and the composite structure. 

» 
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Figure 22»       RFG-Filament Wound Case Design Criteria 

(a)    GW Case 

The  case  loads were c alculated as follows   (Ref.   Fig.  22) (i*) 

N 
P2 C ^ F

2 

»T 2    ^,2      2nC 

NeT " p2 c 

(^Symbols are defined on pages 8? through 93. and may be folded out 

for convenience in reading. 
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With the casö wrapped on a goedesic-isotensoid contour around the heads, 
the cylindrical helical angle was defined hy: 

a ■ sm 
-I/o 

The helical wrap thickness necessary to withstand the longitudinal loads 
was calculated as follows: 

N 

Z 77 2 
a     cos   a 

The circumferential (circ) wrap thickness required was calculated as 
follows: 

t =^ 
ft  a 

. 2 a z 
(t,, sin a)l ^— 

a e a e. 

The composite case thickness was: 

t    = t    + t,, 
c        z       9 

The composite modulus of the case was calculated as follows: 

E 
'9   c 

E 
A Ee + ^ 8in2 a] 
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The composite allowable hoop stress for the case was: 

P2C 

e      c 

(c) The conventional netting analysis was used to calculate burst strength 
for GIW cases. Hoop and longitudinal strength waa approximately balanced 
based on an ultimate fiberglass stress at 70 F of 388,000 and 422,000 psi 
in the polar and circ wraps respectively. Burst pressure in the hoop and 
circ directions was calculated by the following equations: 

P (Max. Hoop) -«— Na  A+No  A sin a! 
c Di i c gc e   p gp e      p I 

P (Max. Longitudinal) = — N a  A cos a Di LP «p *-      PJ 

where 

N and N   ■> the number of fiberglass ends per inch in the c     p 
circ and geodesic wraps respectively 

CJ  and a  = ultimate allowable stress in the fiberglass in 
s ft 
c     &p  the circ and geodesic w-.ps respectively 

A ■ the average cross-sectional area of a single 
end of fiberglass roving 

(C) Because the 10-inch GIW cases exceeded the design ultimate stress by 
approximately lOjt, it was decided to use the same ultimate fiberglass 
stress in the first full-scale GW  case tests as well as in a 20-inch 
RFG/GJV motor hydrotest.  These values of ultimate stress in the fiber- 
glass, (422,000 psi-circ wrap and 388,000 psi-helical wrap) although 
considered to be optimistic at the time, were demonstrated on numerous 
10-inch cases after all the various fabrication problems were solved. 
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(b) Reinforced Grains 

All HFG motors designed on this contract were designed specifically to 
utilize the structural capabilities of the RFG to resist the internal 
pressure and applied external loads. 

(C) Trade-off studies showed that to obtain the highest possible mass frac- 
tion, the core grain of Motor A should burn at 800 psi and that burning 
of the RFG should regress from an initial nominal value of 800 psi to 
;*00 psi at burnout.  Therefore, the GW  case was designed to support the 
internal pressure at RFG burnout and the RFG/GJVT composite was designed 
to support the initial chamber pressure.  Outside diameter of the case 
was set by contract at a maximum of 30 inches. Allowance for the GFW 
case skirt thickness and liner thickness set the outside diameter of the 
Motor A at approximately 29.6 inches. 

The maximum tensile stress and strain *'• the RFG occurred at the inside 
surface and in a tangential direction.  Calculations using the conven- 
tional thick wall cylinder equations were used to determine the first 
approximation of the web thickness: 

h " b2 M" /  2 2\ 2 
(a    + b )  - 2 b    P ] (1) 

»  +K 
ge      E      (b2 - a2)       { 

g, e 

P.   (a2 + b2 2 M    a) 
g 

(2) 
i 

2 g2 P*   (1 -|l ) 

i 
« 
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(C) In equation (l), 3215 psi was considered the maximum allowable hoop- 
stress value.  This value was determined from subscale motor testing and 
has proven to be slightly conservative.  P^ is the ultimate chamber pres- 
sure, considering reproducibility limits and a 1.25 load factor.  P' is 
the external pressure on the HFG or the pressure between the RFG and the 
GFV case and is given by the following equation: 

P S  (3) 
!   B+JL    b_     _D_ 

2   2  2,2    2,2 
a   a  c-b    c-b 

where 

= 2 P. (l + u ) 

B = b2 (1 - 2 ^ 

E 
gfl  1 +,4r   2 /       ^    2 »■i* TTf   b2(i-2uc)+c2 

c
9     g 

a ■ inside radius of RFG 

b = outside radius of RFG 

C = outside radius of GFV case 

Ego, Eco are Young's modulus of the RFG and GFW case respectively in the 

hoop direction. 

M , u are Poisson's ratio of RFG and GIW case respectively, 
g  c 

(C) Various values of "a" were substituted into Bq, 1, 2, and 3 for an 
ultimate pressure (P^ of 1170 psi.  These calculations showed the RFG 
inside radius should be approximately 11.0 inches, which gave a web 
thickness of 3*82 inches. 
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The preceding RFG equations were concerned with the calculation of 
circumferential stresses and strains only.  The RFG structure, however, 
was made up of helical wraps as well as circumferential wraps to encure 
a proper longitudinal pressure carrying capability. 

The RFG web was divided into 9 geodesic iso.ensoid (GZ) layers and 8 
fill layers. Fig. 23.  Only the GI layers w^re considered in deter- 
mining the longitudinal strength of the RFG because all the fill layers 
terminate before reaching the load rings on the polar boss.  For the 
sane reason, only the GI layers were effective in resisting shearout of 
the polar bosses. The fill layers were designed to provide hoop strength 
in the cylindrical part of the grain as well as to fill in between the 
GI layers on the dome and provide a near-uniform web thickness. 

Once the RFG preliminary web thickness had been determined, the final 
grain design was established by balancing the maximum pressure capability 
for the following conditions. 

Considering the RFG as a thick wall Isotropie cylinder gave a longitu- 
dinal stress a  of 

a 
I. 

P. a 
i 

u2        2 b - a 
C) 

For a series of concentric thin cylinders, the maximum value of Qg 
was given by the following: 

a  (max) = -—* )  cos2 a t 
8„        ^L n n 

g 
(5) 

t n=l 

i 

I 
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Cylinder 
GI Radius, 
No. in. 

1 11.000 
2 11.466 
3 11.942 
4 12.416 
5 12.891 
6 13.367' 
7 13.827 
8 14.287 
9 14.725 

1 



r* 

r 9 

\*)        Termination of Intermediate Laye 

Cylinder Helix    1 
1    GI Radius. Thickness, Angle,   j 

No. in. in. deg       1 

1      1 
11.000 1.133 31.20 

1      2 11.466 0.133 30.10    | 

I      3 11.942 0.133 28.60 

* 
12.416 0.133 26.50    | 

S     5 12.891 0.133 25.04    1 
1     ^ 13-367 0.114 23.70    | 
1     7 13.82? 0.114 22.40    j 
1     8 14.287 0.095 21.46 
s     9 14.725 0.095 20.40    | 

Figure 23.  Motor A Layer Detail 
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Near the polar bosses, only the 9 GI layers supported the longitu- 
dinal load and ogz  coulI be determined from the values of the material 
properties and winding geometry.  After agz had been determined, the 
maximum value of Pj from Eq. 4 could be easily obtained.  Maximum inter- 
nal pressure, based on shear of the wires at the polar boss, was given 
by the following: 

P. (max) 
w  wl D. (6) 

In the hoop or tangential  direction,   the  stress was a maximum at the 
inside surface and was given by the following: 

P.   (b2 • a2) 

\   ^^ =    Va2 (7) 

The maximum hoop stress which the RFG could withstand was given by the 
following equation: 

a f 

gc 

n=i 
w w V1 

t   L 
• 2 

sin a  t 
n n (8) 

t n=l 

In Eq. 8, every wrap angle must be included because every layer, whether 
GI or fill, contributed to the hoop strength. The value of agQ was 
determined from RFG geometry and material properties.  Substituting 
this value into Eq. 7 gave the maximum internal pressure the RFG could 
withstand in the hoop direction.  The number and thickness of the 
various layers were modified until the value of internal pressure from 
Eq. 4, 6, and 7 were approximately equal. 
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Modifications to the individual RFG layers was done with discretion 
because all internal layers affected the outside contour of the grain. 
This contour must be maintained near the design contour to make the most 
efficient use of the GPW case. Figure  108 shows the actual and design 
contour for the Motor A-1006 RFG. 
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SYMBOLS 

DIMENSIONS 

a 

b 

c 

e 

e 

gt 

R, r 

R 

Inside radius of cylindrical portion of RFG, in. 

Outside radius of cylinurical portion of RFG, in. 

Radius of outside surface of the case, in. 

Radius to the inside of the core grain web (Radius to 
base of core grain star point), in. 

Thickness of helical wraps on cafee , in. 

Thickness of circumferential wraps on case, in. 

Composite case thickness, in. 

Thickness of nth layer of RFG, in. 

Total grain thickness, in. 

Radius, in. 

w 

a 

a. 

■ Radius of polar dome opening, in. 

» Diameter of boss, in. 

3 Diameter of wire, in. 

a Filament wound plastic case and wire wound grain helical 
wrap angle (Angle between the wrap direction and longi- 
tudinal centerline of motor, degrees) 

• Wrap angle of nth layer of RFG, degrees 

N  ■ Number of wires 
w 
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LOADS AND SAiETY FACTOR 

P. 
i 

z 

SF 

= Internal pressure, psi 

= Ultimate design maximum pressure. Equal to the initial 
maximum hot operating pressure^'(including an assumed devia- 
tion from nominal) multiplied by the appropriate safety 
factor, psi. 

= Ultimate design pressure just prior to motor burnout. 
Equal to the maximum hot operating pressure just prior to 
burnout (including an assumed deviation from nominal) 
multiplied by the appropriate safety factor, psi. 

• Longitudinal load applied to a particular motor cross- 
section due to flight acceleration, lb 

= Moment applied to a particular motor cross-section due to 
flight or handling loads, in.-lb 

ö Safety factor 

= Ultimate safety factor 
u 

Glass Filament Wound Case 

E 
a 

E 

Poisson's ratio in circumferential direction 

Composite tensile modulus of case along the direction of 
the fiber,  psi 

Composite circumferential tensile modulus of case,  psi 
'0 

E      = Composite longiudinal compressive modulus of case, psi 

cr 

a. 

Critical buckling coefficient for axial compression loading 

Allowable tensile strength of case along direction of 
filament for circumferential (near 90°) wound thickness, psi 

Allowable tensile strength of case along direction of 
filament for longitudinal (low helical angle) wound 
thickness, psi 
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Allowable composite circumferential strength, psi 

Allowable composite longitudinal strength, psi 

Critical buckling stress for the case from any loading 
condition of interest based on the composite thickness of 
the case, psi 

Wire Reinforced Grain 

M g, 
Poisson's ratio of RFG in circumferential direction 

I 
E  ■ Composite circumferential tensile modulus of RFG, psi 

ge 
E  • Composite longitudinal tensile or compressive modulus of 
gz  RFG, psi 

o  ■ Maximum tangential tensile stress allowable in composite 
RFG, psi 

Longitudinal grain stress, psi 

Maximum tangential tensile strain allowable in composite 
6  RFG 

80 

I 

f  = Volume fraction of wire 

a 
w 

Allowable '.«usile stress of wire, psi 

Allowable shear stress of wire, psi 

CALCULATIONS 

P  ■ Pressure between case and RFG, psi 

N  ■ Total longitudinal tensile load in case from pressure, 
T  axial compression and bending, lb/in. 
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N. er 
Total circumferential tensile load in ase from pressure, psi 

'e 

«e 

Composite circumferential stress in case,  psi 

Composite  longitudinal tensile or compressive  stress in case, 
psi 

Maximum induced tensile  stress in grain during pressurization 
(at inside radius in circumferential direction),  psi 
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(3)    Core Grain 

(c) 

While the core grain is uot primarily a structural member,   certain loads 
are  imposed and the structural  integrity influences the motors'  ballistic 
performance.    The imposed loads are due in part to motor cool-down after 
cure,  thermal  cycling,  and ignition pressurization.    The core-grain stress 
analysis  serves to determine structural reliability under these loading 
conditions.    Analysis  of  the core grain is  limited to a two-dimensional 
axisymmetric configuration with elastic,   isotropic material  properties. 
Since the actual motor does not fit this description,  certain assump- 
tions about the geometry and mechanical properties are required. 

The Motor A requirements do not include a temperature  cycling capabili';^ 
so  thermal loading results only from motor cool-dovn after cure.     In 
this section the motor geometries are described,  and the methods and re- 
sults of  the analyses are presented.     The analyses are discussed  in 
terms  of motor performance;   conclusions about the analyses  and motor 
design are drawn.    A general description of the motor characteristics  is 
presented.     This is followed by the method of analysis,  and  is concluded 
by the calculated results. 

(a)    General Description 

Motor A is a five-pointed star configuration in the core grain with a 
wire-wound, RFG external  to the  core;   the RFG is encased in a glass fila- 
ment wound case.    The first restriction on the analysis  is  that of a 
two-dimensional capability.     This  is  accounted for by analyzing a grain 
cross-section assumed to be  in plane  strain.     While plane strain can 
exist only in a grain of infinite length,   the  length of the reinforced 
grain motor makes it applicable  and,   in fact,  slightly conservative. 

The cross section analyzed is shown in Fig.   24.     Since the  exact 
solution for this stress-analysis method applies to a simple  cylindrical 
grain,   the star-point design was accounted for through the use of a 
stress-concentration factor.     This  involves an experimental  determination 
of  the factor by which local stresses are  increased at the   internal bore 
due to the addition of the star point.    For the present analysis,   the 
stress concentration factors were determined from the data presented 
by M.  E.   Fourney and R.  R.  Farmerter.(5)    In addition,  photoelastic  tests 
on grain models were performed to verify these values. 

(5)Fourney,  M. E.   and  Parmerter,   R.  R.: Stress Concentration Data for 
Internally Perforated Star Grains,  NOTS TP2728,  NAVWEPS 7758, December 
1961. 
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The nature of solid propellant is such that the material properties are 
dependent on applied loadings. The existing stress solutions are for 
simple Isotropie elastic materials.  Therefore, the propellant is of 
necessity represented as an Isotropie elastic material; the analysis 
is performed for a specified rate or strain over a narrow range of 
temperatures, with the effect of these several small changes being ac- 
cumulated to give the result of the total temperature change. 

The material properties are given in Fig. 25, plotted as function of 
reduced strain rate.  The strain capabilities are displayed numerically 
with the calculated strains as a function of temperature for the strain 
rate (3 x 10~5 in./in./min) used in the thermal analysis. 

(b) Method of Analysis 

The equations used in the analysis of the grain cross sections are docu- 
mented by J. D. BurtonA") These were programmed into a high-speed digital 
computer to perform the analysis efficiently.  The primary engineering 
effort involved making the necessary assumptions to utilize the analysis. 

The following conditions are requisite to implementation of the analysis: 

Plane strain 
Homogeneous, Isotropie, elastic material properties 
Simple cylindrical configuration 
For the thermal analysis, a single grain with a thin-walled case 
No allowance for stress relaxation in the propellant 

Quite obviously the actual motor does not satisfy these conditions.  As 
mentioned before, the assumption of plane strain is applicable and con- 
servative.  The homogeneous, Isotropie requirements are fairly easy for 
the core propellant but are not applicable for the reinforced grain even 
though the analysis required this assumption. The elastic property re- 
quirement is satisfied by analyzing the grain for small temperature incre- 
ments, using the properties at the indicated strain rate and temperature 
representative of each increment.  The resultant stresses and strains 
are summed over the entire range of analysis to give a fairly accurate 
representation of the viscoelastic propellant in an elastic anal/sis. 

(6)Burton, J. D.: DIM  63-38, "Ignition Stress Analysis of Core Grain 
Motor A." 
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The simple cylindrical configuration is accounted for through the use of 
the stress concentration factor described previously.  Thus, the analysis 
is made for a simple cylinder of the same web as the actual motor and 
the results are increased by an amount equal to this factor.  For the 
thermal analysis, it was necessary to treat the part of the motor exter- 
nal to the core grain as a thin-walled case.  The assumption was made that 
the reinforced grain would be the main load carrier during thermal cy- 
cling. Thus, the glass case was ignored in this part of the analysis. 
The pressurization analysis is slightly more generalized; the RPG and 
glass case were both included, though represented as homogeneous, Iso- 
tropie elastic entities. The relaxation of stresses in the propellant 
with time were not accounted For,   so strain was used as the criterion 
for failure.  This is the generally accepted failure mode for internal 
bore loadings, e.g., pressurization or temperature cycling. 

(c) Calculations 

The calculated strains are presented in Table IX below. 

TABLE IX 

RESULTS OF IGNITION PRESSURIZATION STRESS ANALYSIS 

FOR MOTOR A CORE GRAIN 

Type of Loading 
Calculated Strain, 

in./in. 
Allowable Strain, 

in./in. 
MOS, 

Pressurization 0.083 P. 374 349 

Thermal 0.037 0.259 601 

Combined Loads ~ — 174 

(C) Examination of these data reveals a 174/^ margin-of-safety for Motor A 
at 60 F. 

■ 

c.    Components 

The remaining components that were developed for the motor are discus- 
sed next.     The discussion is arranged an follows:    polar boss,  load rings, 
nozzle,  igniter,   and restrictors.    Within each component discussion,  the 
design and development of the individual  component is presented. 
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(l) Polar Bosses 

The forward and aft polar bosses are composite metal-plastic structures 
(see Fig. 26) fitted into the end openings of RFG motors. 

These bosses are composite constructed components consisting of 6A1 4V 
titanium ring closures, silica phenolic internal insulators, and glass 
phenolic load ring supports. 

The forward and aft titanium ring closures are utilized as the primary 
structural components in the polar boss assemblies.  The components sup- 
port the hoop tension loads and retain the load ring support structures. 
Additionally, the forward ring supports the igniter closure and the aft 
ring is used to retain the nozzle. 

Internal insulator components are fabricated from MX-2646 silica phenolic 
molding compound. The insulator on the forward polar boss is used pri- 
marily as insulation for the titanium ring closure. Additionally, this 
insulator is designed to maintain a positive interlock with the igniter 
closure. The insulator on the aft polar boss provide» the entrance and 
interface control for the nozzle, and also serves as the insulation for 
the aft titanium ring. This component also provides a sufficient area 
on which to cast the core grain. 

The load ring supports are utilized as structural components in the 
design of the polar boss.  These supports are used to position the load 
ring during grain winding and to react the longitudinal loads applied 
through the polar boss into the load rings during motor firing.  In 
addition to the structural features indicated, this part functions as 
an external insulator for the titanium ring closures.  The material for 
these components is MX-4600, a phenolic glass tape. 

Prior to component testing, a requirement establishing a percentage of 
the total load for each load ring step was assumed as follows.  Comple- 
tion of the component tests indicated that each assumed load could be 
met or exceeded. 

Load Ring   Load, $ 

1st 
2nd 
3rd 
4th 
5th 
6th 
7th 
8th 
9th 

30 
20 
20 
20 
20 
12 
12 
12 
12 
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2483 

55 

33 

2614 

2592 

0.951 

0.958 

(C)  The Motor A mass fraction (O.96) dictates stringent weight control for 
all components. Each polar boss < nponent, load ring, closure, and all 
insulation pieces are designed to the minimum weight consistent with 
structural and thermal requirements. 

(c)  The effect of polar boss and load ring refinement on the mass fraction 
of a motor can be demonstrated by the computation below: 

Motor A Components, lb 

Propellant weight 

Heavyweight polar bosses 

Refined polar bosses 

Heavy boss motor weight 

Refined boss motor weight 

Hea.y boss mass fraction 

Refined boss mass fraction 

The significance, then, of performing stringent weight control in polar 
boss and load ring design can be observed by noting the difference in 
mass fraction of the motors having bosses of heavy and refined weights. 

(a) Background 

The concept of the present polar boss design evolved directly from thp 
testing results in the 10-inch and 20-inch reinforced grain programs,V'/ 
The initial use of a polar boss as a structural component was on the 
20-inch program. This design depicted the usage of a cone-shaped struc- 
ture, and depended on the tapered surfaces of the polar boss and the 
wound grain to support the longitudinal loading during motor operation. 
A 20-inch reinforced grain unit with this design was hydrotested and the 
results revealed longitudinal or.tward movements of the polar boss with 
respect to the reinforced grain.  This movement was attributed to the 
lack of a positive mechanical locking system between the interfaces of 
the polar boss and the reinforced grain structure. Hie design solution 
for this was to use the reinforced grain structure to support the longi- 
tudinal loads induced into the polar boss, through some method which 

(7)Contract AF 04(611 )-8193 
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The  so-called random oriented fibrous material« will normally have  fibers 
oriented  in one direction;  that direction will be dependent upon the 
manufacturing processes.    Most important in this process is the method 
of applying mold pressure. 

The   thermal properties are also especially important because aluminum 
load ring and BFG heating on the Wflk side  of the boss must he main- 
tained at a low level.     This requirement generally dictates  the use  of 
plastic materials rather than metallics.     In addition,  the inside melting 
and erosion must be maintained at a lower rate than provided by most 
metals. 

A polar boss design with the initial load rinp integral was attempted 
on the first 20-inch RPG polar boss and is depicted in Fig.   29 to 
illustrate the problems with molded plastic polar bosses. 

Mold 
Pressure 

Mold 
Pressure 

Integral Load 
Ring 

lie Fracture 

"A" 

Figure  29.    Polar Boss Design with Integral  Load Ring 
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The mold pressure was applied as shown per Fig. 29 causing a fiber 
orientation normal to the mold pressure direction,  or essentially in 
the hoop  (circumferential) direction.    The  integral load ring had the 
rotaticnal strength necessary to support the R,   load, but the tension 
strength across Plane  "A" was less than required to support R,   load. 
Fracture occurred at Plane "A" under a  load considerably less than re- 
quired. 

Subsequent polar bosses were fabricated from a crossplied gla?3  cloth, 
to be assured that tension strength in the  longitudinal direction was 
adequate.    The flange  could not be  integrally fabricated using a cloth 
wrap technique;   thus,   a ring seating surface was  fabricated for an 
additional ring to be   installed at the  location,  as shown in Fig.   30. 

CIZ J 
Figure  30.     Revised Polar Boss Design 

When considering nozzle   load design features,   the aft polar boss on each 
full scale RFG motor must  support nozzle  inertial   loads, and in some 
cases,  vectoring loads.     This requirement effects the following design 
areas 

Vectoring Loads.  The moments produced by nozzle inertial and 
vectoring loads caused increased polar boss loads and stresses. 
These are superimposed forces.  Since nozzle moment loading 
produces compression on one side of the boss assembly and 
tension on the other side.  These compression and tension 
stresses are in addition to those stresses caused by chamber 
pressure loading. 

Rotational Stiffness ans Sealing.  The moment loading, imposed 
by the nozzle assembly causes rotational deflection and creates 
difficulty with some sealing methods.  One of the prime advan- 
tages of the polar boss is in its ability to support rotational 
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The so-called random oriented fibrous materials will normally have fibers 
oriented in one direction; that direction will be dependent upon the 
manufacturing processes. Most important in this process is the method 
of applying mold pressure. 

The thermal properties are also especially important because aluminum 
load ring and RFG heating on tho back side of the boss must be main- 
tained at a low level.  This requirement generally dictates the use of 
plastic materials rather than metallics.  In addition, the inside melting 
and erosion must be maintained at a lower rate than provided by most 
metals. 

A polar boss design with the initial load ring integral was attempted 
on the first 20-inch RFG polar boss and is depicted in Fig. 29 to 
illustrate the problems with molded plastic polar bosses. 

Mold 
Pressure 

Mold 
Pressure 

Integral Load 
Ring 

Tensile Fracture 

"A" 

Figure 29. Polar Boas Design with Integral Load Ring 
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The mold pressure was applied as shown per Fig. 29 causing a fiber 
orientation normal to the mold pressure direction, or essentially in 
the hoop (circumferential) direction.  The integral load ring had the 
rotational strength necessary to support the IL load, but the tension 
stre-igth across Plane "A" was less than required to support R, load. 
Fracture occurred at Plane "A" under a load considerably less than re- 
quired. 

Subsequent polar bosses were fabricated from a crossplied glass cloth, 
to be assured that tension strength in the longitudinal direction was 
adequate.  The flange could not be integrally fabricated using a cloth 
wrap technique; thus, a ring seating surface was fabricated for an 
additional ring to be installed at the location, as shown in Fig. 30. 

/ • 
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Figure 30.  Revised Polar Boss Design 

When considering nozzle load design features, the aft polar boss on each 
full scale RFG motor must support nozzle inertial loads, and in some 
cases, vectoring loads.  This requirement effects the following design 
areas: 

Vectoring Loads.  The moments produced by nozzle inertial and 
vectoring loads caused increased polar boss loads and stresses. 
These are superimposed forces.  Since nozzle moment loading 
produces compression on one side of the boss assembly and 
tension on the other side.  These compression and tension 
stresses are in addition to those stresses caused by chamber 
pressure loading. 

Rotational Stiffness ans Sealing.  The moment loading, imposed 
by the nozzle assembly causes rotational deflection and creates 
difficulty wit'i some sealing methods.  One of the prime advan- 
tages of the polar boss is in its ability to support rotational 

106 



c 
loads with small rotational deflections.  It must be realized, 
though, that the boss assembly deteriorates during motor burn- 
ing; the rotational strength diminishes until finally, at burn- 
out, the rotational support is afforded only by the glass case 
attachment. 

(c) Composite Plastic Evaluation 

Since the initial evaluation indicated that a composite metallic and 
plastic boss would be required and that the plastic would be required 
as a thermal protection and a load carrying member, Rocketdyne proceeded 
to evaluate candidate plastic materials. The area of composite plastic 
components presents several problems, as outlined below: 

Random Fiber Orientation. The "random" fiber orientation ia 
something of a misnomer; any fabricated component is charac- 
terized by a particular orientation of fibers.  This orienta- 
tion depends primarily upon the pressure used in fabricating 
the component and the method and direction of applying the 
pressure. 

Machining of Polar Assemblies. The machining of component 
assemblies which are fabricated from various plastic and metal 
materials can be a significant problem.  The optimum machine 
speed and feed may vary considerably for the different materi- 
als, and a plan is required which will compromise but not 
cause damage to any of the materials. 

Thermal Treatment Problems. The thermal expansion character- 
istics of different materials in the make-up of a polar boss 
assembly may vary significantly. There can, therefore, be 
problems of unbending, delamination, and/or fracture of mate- 
rials during thermal curing processes if the design does not 
allow for the associated shrinkage and expansion. 

Test Coupon Fabrication.  The technique for fabricating plastic 
test coupons must be carefully worked out for each component 
design.  Experience has demonstrated significant problems in 
fabricating test coupons which accurately represent the struc- 
tural quality of the component part.  Generally, the molding 
pressure, method of applying pressure, geometry, and curing 
cycles must be equivalent for test coupons and components if 
coupon test results are to be meaningful. 
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©    Coupon Tests 
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A series of coupon tests /as performed to define structural capabilities 
of boss component parts fabricated from various high-strength glass- 
impregnated phenolic resins. 

Each of the materials tested having fill yarns parallel to the part 
centerline was wrapped on the mandrel, held between centers of a lathe, 
and heated to a maximum of 170 F.  During the wrapping cycle, a roller 
was used to apply pressure, ensuring a live load sufficient to prevent 
any wrinkling or wadding of the material. After the part was wrapped, it 
was then rubber-bagged and placed into a hydroclave and allowed to cure 
at 325 F for 3 hours under a pressure of 750 psi. After the part vas 
cured, it was lightly sandblasted to facilitate the removal of volatiles 
during postcure.  The part was postcured for 16 + 1 hour at 300 ♦ 25 F. 

Tensile, compressive, and interlaminar shear tests were performed by 
the fabricator and the Rocketdyne Engineering Test Facility.  The speci- 
men tests performed by the fabricator were in accordance with Federal 
Test Method Standard No. L-P-406.  The specimens which were tested by 
Rocketdyne were removed from a component blank part.  Data derived from 
these tests were then used to determine design features for polar bosses 
used in the reinforced grain program. 

The structural plastic materials which were considered and tested for 
polar bosses are as follows: 

Fiberite MX-4600 with 181-E Glass.  This material is a product 
of the Fiberite Corp. (a Division of Universal Manufacturing 
Co.).  The fabric used in this product is Style 181, Type E 
glass, which has 57 yarns in the weave direction and 52 yarns 
in the fill direction.  The resin used is a high temperature, 
modified, polymide, phenolic resin.  The properties of the 
uncured materials have resin content of 17—22^ and volatile 
content of 2—5^. 

Fiberite MX-4600 with x81-S Glass.  This material is not a 
catalogued item with the Fiberite Corp. The basic difference 
between this material and the MX-4600 is the 181, Type S glass. 
The IVpe S glass fabric has the same number of yarns in the 
weave and fill direction as Type E, but is processed in a 
different manner.  The uncured properties of this material have 
the same values as those of MX-4600. 

Conalon 506.  This is a product of the NARMC0 Resin and Coating 
Co. , and is a modified high temperature phenolic resin impreg- 
nated on 181 Type E glass fabric.  The properties of the un- 
cured material are resin content of 33—37^ (by weight), and 
volatile content of 6—8%. 
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Scotchply 1400.  This material is a product of Minnesota Mining 
and Manufacturing Co. The Scotchply 1400 is a pre impregnated 
tape made from a high temperature phenolic resin reinforced 
with continuous nouwoven E glass filaments.  The properties 
of this uncured material are resin content of 32—38^ (by weight), 
and volatile content 3»5—5^- 

The tensile specimens for which the fabricator reported tensile properties 
were in accordance with Federal Test Method Standard No. L-P-406, Method 
1011.  The parts were cured and postcured in the same manner as discussed 
above.  Following the cure cycle, the parts were machined t-) the configu- 
ration shown in Fig. 31- The part was then tested to failure.  The ten- 
sile properties reported by the fabricator for the various materials are 
as shown in Table X. 

The compressive specimens (per L-P-401, Method 1021) tested by the fab- 
ricator were tested parallel to the plane of the fabric, as shown in 
Fig. 32. The compressive specimen was cured and postcured in the same 
manner as mentioned in the fabrication method.  Upon completion of the 
cure cycle, the ends of this specimen were machined parallel to each 
other and perpendicular to the adjacent faces.  It was then placed into 
the compressive jig and tested to failure.  The results which the fab- 
ricator reported for this specimen are as listed in Table XI. 

The method the fabricator employed for the interlaminar shear test, per 
L-P-406, Method 1042, was a side-supporting steel plate to inhibit peel 
effects and cause a bond failure between piles of the glass reinforce- 
ment. This specimen was cured and postcured in the same manner as de- 
scribed in the fabrication method.  Upon completion of the cure cycle, 
two parallel cuts, one on each opposite face of the specimen and 0.50 
inch apart were made across the width of the specimen.  The incisions 
were of sufficient depth to sever the center lamina located mid-way 
between the two faces of the specimen.  See Fig. 33 for specimen config- 
uration. 

0,500 

JZ 
3.00 R 

V 2.2' 

8.50 

i 
0.750 

0.125 

I Figure 31.    Tensile Test Specimen 
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TABLE X 

TENSILE PROPERTIES, FTMS L-P-406 

|      Material Specimen 

Tensile 
Strength,   j 

Psi     | 

Fiberite MX4600 with 
181-E Glass 

1 
Average 

1 
2 
3 
4 
5 
6 

50,754 
45,903    j 
42,885 
46,667    ^ 
46,885    \ 
45.246 

46,390 

1  Fiberite MX4600 with 
181-S Glass 

1 
Average 

1 
2 
3 

65,574 
71,721 
77t500. 

72,265 

Conalon 506 

.' 
1   Average 

1 
2 
3 

21,774    \ 
26,230    j 
21,311 

23,105    j 

!  Scotchply 1400 

j 

Average 

1 

32 

29,851 
28,358 
29,104 

29,104    | 

110 

. üzlltt I ^11 ■ ■■ > 1 



c .250 

0.500 

•te^ 0.1250 

^Oi :   iiiiiiüüiii: 
^ ü:::::)i:üi(ä 

ill  I    : 

Oft 
rwIKü.:'- 

:;!r?si2«f 

Figure 32. Compressive Test Specimen and Fixture 
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Figure 33.    Interlaminar  Shear Specimen 
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TABLE XI 

COMPRESSIVE HlOHlRriES, PER FTMS L-P-40^ 

j              Material Specimen Tensile Strength,  psi 

1 Fiberite MX 4600 with 
181-E Glass 

1      Average 

1 
2 
3 
4 
5 
6 

59,231 
68,077                 | 
55,385               | 
74,074               i 
72,685               j 
65,228 

65,788 

Fiberite MX 4600 with 
181-S Glass 

!     Average 

1 
2 
3 

36,538 
39,313               ! 
41.221 

39.024 

1 Conalon 506 

|     Average 

1 
2 
3 

42,929               ' 
39,899 
45.500                \ 

42,776 

Scotchply 1400 

j     Average 

1 
2 
3 

37,984                I 
48,450 
39,922 

42,118 

The side supporting steel plates were held snugly against the faces of 
the specimen by means of two small "C" clamps located 2.50 inches center- 
line to centerline and fastened with the steel plates; the specimen was 
then tested until the rupture occurred.  The interlaminar shear values 
reported by the fabricator are as listed in Table XII. 
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TABLE XII 

INTEHLAMINAR SHEAR PROPERTIES, FTMS L-P-406 

|      Material Specimen 

Interlaminar | 
Shear, 
psi 

I  Fiberite MX4600 with 
1  181-E Glass 

i 

i 

1 
2 
3 
4 
5 
6 

6,774 i 
5,645 \ 
4,878 i 
3,724 j 
3,802    i 

ha 
Average 4,780 

1  Fiberite MX4600 with 
181-S Glass 1 

2 
3 

3,805 I 
3,008 | 
?f5?2 

i    Average 3,448 

Conalon 506 

Average 

1 
2 
3 

3,455    ! 
3,659 
4,605    | 

3,906 

Scotchply 1400 1 

2 
3 

4,198 | 
4.038 i 
MO? 

i    Average 3,881 
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O Full-Scale Component Specimen Test 

To further evaluate the candidate materials and to eliminate the variable 
of test specimen fabrication technique, Rocketdyne designed component 
specimens tests (specimens were obtained from full-scale blank billets). 

Destructive tests were performed on tensile, compressive, and inter- 
laminar shear specimens on all the materials previously mentioned except 
Conalon E-506.  Because the values reported by the fabricator were con- 
siderably lower on this material than on the three other materials 
tested, it was agreed that this material should be eliminated as a pos- 
sible candidate for fabrication of polar bosses. 

The tensile specimens (see Fig. 3^) were segments removed from a ring 
of reinforced glass 11.50 0D x 9.00 ID x 5-75 long. The results of the 
tensile tests are as shown in Table XIII. 

The interlaminar shear specimens, Fig. 34, were "hat" shaped sections 
removed from a reinforced glass ring. These specimens were placed 
between two flat platens and loaded until failure occurred.  Results 
of these tests are presented in Table XIV. 

The compressive specimens. Fig. 34, were "T" shaped segments removed 
from a reinforced glass ring.  These specimens were placed between two 
flat platens and loaded until failure occurred. Results of these tests 
are presented in Table XV. 

O Polar Boss Bench Test 

c 

The results of the previous tests indicated that MX-4600 with E glass 
would be the superior material. The remaining two tests, polar boss 
static load test and hydrotest, were the final test requirements to 
assure design requirements could be attained. 

The forward and aft polar bosses, using MX-4600 as the structural 
plastic component, were static load tested at four load ring locations 
(see Fig. 33). At each of the ring locations, the boss was loaded to 
the design load requirement and if no failure occurred it was further 
loaded until failure occurred.  The results and mode of failure are 
tabulated in Table XVI. Results indicated that the design require- 
ments were exceeded on each polar boss step. 
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Tensile Specimen: 

\/ 

y 
1 

V 

i 

1.00 nominal 

0.23 nominal 

Section-AA 

c 

Shear Specimen: 

1.00 nominal 

Load Application 

i 

0.20 nominal 

Compressive Specimen: 

0.25 nominal 

Section-BB 

1.00 nominal 

Load Application 

Figure 34.    Polar Boss Tensile,  Shear, and Compression Tests 
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TABLE XIII 

TENSILE TEST RESULTS 
i 

j 

1  Tensile 
Area, Ultimate Strength, j 

j  Material 1 Specimen sq in. Load, lb psi 

j MX4600 with 
| 181-S Glass !  1 0.245 7100 29,000    ! 

2 0.250 6100 24,100 (1) 
3 0.246 5750 23.300 (l) 
k 0.246 5150 21,000 (l) 
5 0.123 3600 29,200 (2) 
6 0.123 3925 32,000 (2) 
7 0.122 3825 30,700 (2) 
8 0.245 6320 25,796 (l) 
9 0.242 5210 21,529 (1) j 

! MXk600  with 
| 181-E Glass 1 0.246 8970 35,702   j 

2 0.257 9590 37,242    j 
3 0.255 7290 28,588   | 

■ ^ 0 256 7420 28,984    j 
5 0.257 7440 28,949    j 

\   Scotchply 
j IkOO 1 0.248 2000   1 8060 (3) I 

2 0.250 1440   j 5750 (3) 
3 0.253 2150   i 8500 (3) 
^ 0.253 2140   | 8450 (3) 

(1) 

(2) 

(3) 

This failure occurred in interlaminar shear and tension in 
grip area. 

Cross section of tensile area was reduced to prevent inter- 
laminar shear in grip area 

Irterlaminar shear occurred in the grip area. 

( 
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TABLE XIV 

INTERLAMINAR SHEAR TEST RESULTS 

Shear 
Area, Ultimate Strength, 

Material Specimen sq in. Load, lb psi 

j MX4660 with 
181-S Glass 1 0.415 1700 4096  1 

2 0.417 1720 4124 
I 3 0.418 2500 5980 

4 0.418 1240 2966 
| 5 0.416 1540 3701 

1 MX4600 with 
| 181-E Glass 1 0.388 1315 3389  1 
I 2 0.393 1380 3511 

3 0.297 1590 4007  1 
4 0.400 2158 5395  ! 
5 0.400 1924 4810  ! 

j Scotchply 
j 1400 1 0.416 80 192  i 

2 0.418 115 275  \ 

; 

3 
4 
5 

0.415 
0.417 
0.418 

415 493 

(1) Specimen failed when initial load was applied 
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TABLE XV 

COMPRESSIVE TEST RESULTS 

Area, Ultimate Compress ive 
Material Specimen sq in. Load, lb Strength, psi 

MX4600 1 0.258 8,400 32,945 
w/181 S 2 0.264 9,420 35,681 
Glass 5 0.258 9,520 36,900 

h 0.259 10,240 39,536 
0.260 10,240 39,384 

MX4600 1 0.251 8,134 32,406 
w/l8i E 2 0.252 12,088 47,968 
Glass 0.249 10,597 42,544 

4 0.250 12,288 49,152 
0.250 10,294 41,176 

Scotchply 0.266 4,440 16,691 
1400 0.264 5,220 19,772 

0.270 4,300 15,925 
0.264 5,000 18,940 

5 0.266 4,240 15,940 

o 
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Forward Polar Boss Aft Polar Boss 

Load Ring 
(Ref) 

Figure 35. Polar Boss Static Load Test 
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The forward and aft polar bosses, using MX-4600 E glass, as the structural 
plastic component for load ring support, assembled with their respective 
test components (see Fig. 36), simulated a conventional pressure vessel. 
These test components were designed to withstand approximately 5 times the 
ultimate design load, ensuring a \iolar boss failure. 

The forward Motor A polar boss was hydrotested to a pressure of 1525 psi 
before failure occurred.  The failure occurred when the titanium dome ex- 
panded in the hoop direction, causing a hoop failure in the plastic com- 
ponent which propagated down the longitudinal axis, resulting in an inter- 
laminar shear failure.  The wall thickness of the titanium dome was 0.030 
under the required design thickness, because of a machining error.  How- 
ever, it was felt that the part would still have the capability of meeting 
the ultimate design pressure. Compared to the design pressure of 1170 psi, 
the fail pressure of 1525 psi indicates a margin of safety of 0.3 for the 

forward boss, where the margin of safety is defined as: 

rallowable pressure _ «1 100 
L_ design pressure    ü 

Qifo -l] l00 ■o-3 
-1170 

The aft Motor A polar boss was hydrotested to a pressure of 2187 psi. At 
this pressure the closure retainer pins failed in shear and the pressure 
dropped.  Comparing this pressure to the design pressure of 1170 psi, the 
fail pressure of 2187 psi indicated a margin of safety of 0.87 for the 
aft polar boss. 
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Forward Polar Boss 

f 
Titanium 
Dome 
Closure 

Pressure 
Vessel 

• 

Aft Polar Boss 

Aft Load u?^ 
Ring  Support~fc ^Z, 

Retainer Pin 

^^^1 

Closure 

Pressure 
Vessel 

Figure   36.     Polar Boss Ifydrotest o 
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(d) Insulation 

The material used for interior insulation of the polar boss assemblies 
of Motor A was a phenolic/silica fabric molding compound, MX-2646, 
supplied by the Fiberite Corp., Winona, Minnesota. Table XVII contains 
a listing of some of the more pertinent physical and mechanical proper- 
ties of this material. The insulation components were compression mold 
ed in billet form, postcured and then machined to drawing dimensions. 
Initially, only minor processing and machining problems were encountered 
with this componen . As the program progressed, two problems related to 
the material became apparent. The first difficulty was shrinkage of the 
MX-2646 component during motor cure operations. The shrinkage caused 
stresses between the insulator and titanium structure of the boss assem- 
bly that resulted in '.nbond.  In an effort to correct this condition, 
postcure duration was extended from 16 hours at 300 F to 72 hours at 
350 F. Although dimensional stability was improved, a second problem, 
thermal cracking during postcure, was encounted.  Investigation revealed 
that circumferential cracks were initiating in the unreinforced resin 
matrix that exists between the highly oriented reinforcement material. 
Inasmuch as existing tooling and processes could not effectively provide 
random reinforcement orientation, it was decided to attempt to elimin- 
ate the cracking tendency by reducing the thermal shock experienced by 
the material during postcure. A stepwise postcure was initiated as one 
means of coping with the crack problem.  In addition, the cross section 
of the part was reduced to a practical minimum prior to postcure, to 
lower the thermal gradient.  The effectiveness of these measures was 
still in the process of being verified at the time the program was 
halted. 

To provide accurate thermal coefficient of expansion data for design 
analysis purposes, tests were conducted on two MX-2646 billets molded 
by different suppliers.  The results of these tests are contained in 
Tables XVIII and XIX. Eventually the material supplied by Lone Star 
was selected because of their ability to remove the billet from the 
mold and place it in postcure without cooling the billet down from the 
cure temperature. 

The bonding capability of MX-2646 to the core propellant (RDS-526) was 
verified by a series of tests.  Results of these tests are contained in 
Table XX.  Since phenolic resins are known to produce reaction products 
at elevated temperatures that are detrimental to solid propellants, 
suitable cure and postcure cycles were developed.  Propellant physical 
properties were not affected significantly during 4 weeks of aging at 
170 F with MX-2646 that had been postcured a minimum of 48 hours at 300 F. 
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TABLE XVII 

PHYSICAL AND MECHANICAL PROPERTIES 
MX-2646 MOLDING COMPOUND 

o 

Specific gravity, ^.02 1.79 

Compressive strength, psi 36,000 

Flexural strength, psi 20,000 

Tensile strength, psi 13,000 

Izod impact ft lb/in, notch (side) 

Modulus in flexure, 10 psi 

2.0 

2.5 

Shear strength, psi 13,000 

Thermal conductivity    @ 300 F 2.40 

BTU/hr (ft2) (deg F/ft) @ 500 F 2.15 

Specific heat @ 150 F 0.24 

Barcol hardness 68-72 

Molded shrinkage, linear, in./in. 0.0007 

Linear thermal expansion Normal 5.1 

(80 to 500 F) x 10 

in./in./deg F         Parallel 4.9 
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TABLE XVIII 

CALCULATED LINEAR COEFFICIENTS OF EXPANSION FOR MX-2646* 

1                        Inside Radius                       1 

Point 
A/'deg F/in./in« 
-75 F to 75 F 

i           Room Temp R = 2.30 in.  ! 
75 F to 225 F |  225 F to 340 F \ 

!  2 

3 

4 

Avg 

46 x 10"6 

26 x 10"6 

40 x 10"6 

17 x 10"6 

32 x 10"6 

29 x 10 

11 x 10 

11 x 10~6 

6 x 10'6 

14 x 10"6 

\         15 x 10"6    1 

38 x 10 

19 x 10 

18 x 10"6 

!                      Outside Diameter 

Point 
A/deg F/in./in. 
-75 F to 75 F 

Room Temp D = 7.563 in. | 
75 F to 225 F   j  225 F to 340 F  | 

1  1 

1  2 
3 

! * 

Avg 

25 x lO"6 

6 x 10"6 

             No Change 

25 x 10       i    No Change     | 

          '    No Change 

          |    No Change 

6     i               i 
6 x 10           No Change 

s                          Thickness                         ! 

1 Point 
A/deg F/in./in. 
-75 F to 75 F 

Room Temp T = 1.90 in.  | 
75 F to 225 F 225 F to 340 F  i 

1  1 

1  2 

3 

4 

Avg 

14 x 10"6 

13 x 10~6 

13 x 10"6 

13 x 10 

13 x 10~6 

Overall 

84 x 10"6 

63 x 10"6 

70 x 10"6 

63 x 10"6 

-6 
70 x 10 

Average - 19 x 10 

33 x 10"6    1 

7 x 10"6 

7 x lO"6 

7 x 10"6 

6    i 
14 x 10      I 

*Hollow cylinder; billet supplied by Lone Star Plastics 
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TABLE HX 

CALCULATED LINEAR COEFFICIENTS OF EXPANSION FOR MX-2646* 

!                   Inside Radius                    | 

j Point 
^/deg F/in./in. 
-75 F to 75 F 

i       Room Temp R - 1,6475 in. | 
[J75 F to 225 F 340 F to 225 F i 

1 

1   2 

3 
k 

Avg 

12 x lö"6 

12 x 10"6 

7 x lO"6 

-6 
12 x 10 

11 x 10~6 

23 x 10"7 

23 x 10"7 

45 x 10"7 

12 x 10"7 

25 x 10"7 

53 x 10"7 

53 x 10"7 

53 x 10~7 

i  16 x 10"6 

79 x 10"7    | 

1                    Outside Diameter                \ 
A/deg F/in./in«         Room Temp D - 11.625 in. | 

1                    No Changes Noted 

|                       Thickness                  | 

1 Point 
Vdeg F/in./in. 
-75 F to 75 F 

Room Temp T ■ 1,390 in. \ 
75 F to 225 F 340 F to 225 F I 

1   1 
2 

3 • 

4 

Avg 

24 x 10"6 

83 x 10~7 

83 x 10"7 

No Change 

63 x 10"6 

1 

11 x 10"6 

8 x lO"6 

-6 11 x 10 

No Change 

-6 10 x 10 

OVERALL AVEI 

12 x 10"6    | 

12 x 10"6    | 

12 x 10"6 

-6 lx a 10 0    j 

-6     i 12 x 10     | 

UGE - 28 x 10   i 

*Hollow cylinder;  billet  supplied by Cincinnati  Testing 
Laboratories 

e 
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(e)    Thermal Analysis 

(s) (c)    A detailed thermal  analysis^  '    was performed on each of the  bosses. 
Analysis was carried out in two parts.     First with a combustion tempera- 
ture of 5725 F for 10.5  seconds  (corresponding to burning of the core 
gnin) and second with a combustion temperature  of 6325 F for 20.5 sec- 
onds,  corresponding to combustion of the RFG. 

O    Aft Polar Boss 

Below is a discussion of  the thermal analysis performed on the aft'polar 
boss.     It includes ablation losses,  char depths,  and time distribution. 

Ablation Losses and Char Depth—The ablation losses vs time and the 
ablation loss of the aft polar boss at end of firings are shown in Figs. 
37 and 38.     The forward section of the aft polar boss loses 0.20 inch 
on the upper surface and 0.15  inch on the  lower surface.     This section 
of the aft polar boss  is made of MX-2646 and has a char depth of 0.10 
inch. 

The MX--4600 material  protecting the titanium piece of the aft polar boss 
loses 0.34 inch on the  forward end and decreases to negligible loss at 
the case.     The char depth of the material  is 0.04 inch throughout the 
material. 

Temperature Distribution—The aft polar boss temperature distribution at 
the end of firing is  shown in Fig.  39.     The  titanium piece  of the afi 
polar boss,  at the end of firing,  experiences no  temperature rise.     For 
the aft polar boss,  as for the forward polar boss,   the load rings were 
assumed to be omitted to determine whether or not sufficient insulation 
material was available  to protect the polar boss. 

O    Forward Polar Boss 

The results of the analysis of  the forward closure and polar     yss are 
presented in Figs.   40,   41,  and 42.     The following paragraphs discuss 
the ablation loss and  temperature distribution of  the forward head 
obtained from the analysis: 

v   'The complete analysis technique  is presented in Appendix C. 

128 

CONFIDENTIAL 

O 

! 



■ 

h^v^ Ablation Loss 

Y////A   Char Depth 
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Ablation Losses and Char Depth—The ablation loss vs time and the abla- 
tion loss and char depth of the forward closure and polar boss at end 
of firing are shown in Figs. 40 and 41.  It can be seen from Fig. 40 
that all the parts are still protected by undamaged insulation at the 
end of firing.  The ablation depth of the MX-2646 silica phenolic pro- 
tecting the forward closure and upper surface of the polar boss was 
0.16 inch for the closure and decreased to 0.14 inch on the upper sur- 
face of the polar boss.  The variation of ablation in the MX-2646 in- 
sulation is because of variation of exposure time.  The char depth 
throughout the MX-2646 is 0.0? inch. 

The interior side of the polar boss, which is protected by MX-4600 glass 
phenolic, lost 0.19 inch on the aft end of the boss and decreased to 
negligible loss at the case.  The char depth of MX-4600 is 0.04 inch 
throughout. 

Temperature Distribution—The temperature distribution of the closure 
and polar boss at the end of firing is shown in Fig. 42.  The tempera- 
ture of the titanium parts of the closure and polar boss is the principal 
concern of this region and varies from a high of 187•! F in the closwe 
section to a low of 144 F in the polar boss region, as shown in Fig. 
42.  These temperatures are sufficiently low to guarantee structural 
integrity of the section.  The analysis also showed that the polar boss 
heating enters through the MX-2646 insulation and not from the load ring 
area.  This is primarily due to the longer time of exposure which the 
MX-2646 material experiences. 

For this analysis the load rings were assumed to be removed.  This is an 
extreme condition which will never be present under actual conditions, 
but this approach ensures that sufficient insulation is present to ade- 
quately protect the polar boss. 

(2) Load Rings 

The load-ring concept was initiated after difficulties arose in trans- 
ferring the polar loads into the RFG, using the original cone-shaped 
polar bosses.  In the load-ring concept, the polar boss transfers its 
load into the load ring, which is sandwiched between the geodesic-iso- 
tensoid RFG layers.  In this manner the load rings transfer the polar 
loads into the RFG structure, utilizing the RFG load-carrying capability 
to reduce the load requirements of the case.  A typical load ring for 
Motor A is illustrated in Fig. 43. 
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(c) The load rings are thin, lightweight washer-shaped rings of 6A1 4V 
titanium.  Nine of the rings are required on each Motor A polar boss. 
Starting with the innermost ring, or ring number 1, each succeeding ring 
is made smaller in both ID and OD. A step is machined on the polar boss 
to match each load ring's ID (Ref. Fig. %%)«   The steps form a stop 
to position the rings.  The shoulders also provide a means of transfer- 
ring polar-boss loads into the load rings.  Motor assembly is made easier 
by the stepped configuration, since the rings are passed over the close- 
fit step diameter for a short distance only. 

Design required that each load ring be made strong enough to handle the 
loads expected, yet be as thin as pos2ible to prevent excessive buildup 
at the boss.  The width of the load rings was determined from the warp 
width of the RFG wire reinforcement, one warp being the number of wires 
applied simultaneously plus the wire spacing.  This width being enough 
to handle the warp width of the geodesic warp across the pole, plus 
about 0.25 inch.  This allows space for the polar wires to move under 
pressure yet still be retained by the load rings.  This is very important 
since the shear allowable of the geodesic wires across the load rings is 
a critical failure point.  The general cross section of the load rings 
was largely dictated by the natural space existing between RFG layers 
(see Fig. 44)  in the polar boss region.   The contour of  the outside 
face of the ring is determined by the inside contour of the next RFG 
layer.  The inside contour is determined by the outside contour of the 
RFG layer under the ring.  In a few cases the natural space available 
between RFG layers was quite small, particularly toward the outer edge 
of the rings. When this occurred, a slight adjustment was made in the 
RFG-layer contours to allow insertion of a load ring with a minimum 
thickness of 0.030 inch.  This was determined to be a practical minimum 
thickness from a fabrication standpoint due to machining considerations. 

(a) Design Considerations 

Early attempts to assign specific loads to individual load rings did not 
meet with much success, due to the absence of data describing the load- 
ing pattern of the RFG.  The task of supporting the load ring design was 
also harder because of considerable variations in load-ring thicknesses 
and the random orientation of thick and thin rings. 

CONFIDENTIAL 

O 

■1 ■ ■■■■■— 1 n 



r ^ *i 

CONFIDENTIAL 

♦ 

i 
i 

5 

i 
I 

137 

CONFIDENTIAL 



— r ■* >  . 

Eventually an approximation equation was used to determine the theoret- 
ical load-carrying capability of each ring. The individual loads were 
then added to obtain the total load capability of the rings on each boss. 
This load was then compared with the maximum ultimate load expected dur- 
ing motor operation. When compared, the combined-load-ring strength and 
the calculated design ultimate load were nearly the same.  It was rea- 
soned that the weaker rings would deflect and force the stronger rings 
to carry more load.  This would justify the method used to determine 
the polar boss load-ring strength capability. 

(b) Load Ring Static Tests 

By testing various load ring materials on the 10- and 20-inch subscale 
programs, and on the predevelopment phase of the Motor A program, a 
material choice was established.  The results of these tests, and con- 
clusions drawn from them, are discussed below. 

The 10- and 20-inch polar bosses (see Figs. 45 and 46) incorporate the 
first load ring into the polar boss structure. When these bosses were 
static load-tested (Ref. Fig. 4?), severe material separation occurred 
at the base of the load ring as shown in Fig. 48.  The 20-inch polar 
boss was fabricated from silica phenolic molding compound and an alumi- 
num sleeve.  The 10-inch polar boss was fabricated from MX-4600 phenolic 
glass tape and an aluminum sleeve. 

The load rings tested on the 20-inch program were fabricated from 
phenolic glass molding compound.  These tests revealed severe cracking 
and delamination at extremely low loads.  The load rings tested on the 
10-inch program were fabricated from phenolic glass tape.  Since the 
load rings were being bench-tested under relatively high loads, it was 
initially thought that this material was adequate for load rings for 
Motor A. However, when the load was relaxed and the load ring was in- 
spected, severe crazing, chipped edges, and ply delamination were noticed. 
During .the development of the 10- and 20-inch load rings and polar bosses, 
the design had been based on vendor-supplied and industry-reported data 
concerning the properties of the reinforced plastic materials.  Under the 
test conditions and application of the materials for this program, pre- 
mature failure occurred (or the failure load was marginal enough to 
reject the material).  This type of material problem plagued development 
of both the load rings and polar bosses, causing extensive program delay. 
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Results of the 10- and 20-inch phenolic load ring tests indicated that 
these materials were not acceptable for production use in full-scale 
motors.    Three other candidate materials were tested;   6A1  4V titanium, 
4130 steel, and 7075-T651 aluminum.    Material properties of these three 
candidates are shown in Table XXI. 

TABLE XXI 

LOAD RING MATERIAL STUDY 

E. 

Property 
Aluminum 
(7075-T651) 

Titanium 
(6A1 4V) 

Steel 
(4130) 

Density, Ib/cu in. 0.101 0.160 0.283 

Thermal Conductivity, 
Btu/hr(ft2)(deg F/ft) 70 4.3 24.7 

Melting Temp, deg F 890—1180 2730—3135 2600—2760 

Specific Heat, Btu/lb/deg F 0.23 0.135 0.11 

Modulus, psi 10.4 x 10b 16 x 106 30 x ID6 

Ultimate Tensile Stress,psi 83,000 130,000 140,000 

Yield Stress, psi 73,000 120,000 120,000 

Motor A Load Ring wt, lb 4.85 7.69 13.6 

Wt Savings, lb (compared to 
steel) 8.75 5.91 

Strength Capability Not adequate on 
some sections 

Adequate Adequate 

Thermal Conductivity 
(compared to steel) 2.83 greater 5.74 less   
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Verification tests were conducted on load rings made from aluminum and 
steel; the load rings were considered to have failed when the yield 
strength of the material was exceeded.  This was evidenced by pronounced 
wrinkling around the outer edge of the ring.  Figure 49 illustrates 
ring condition before and after testing. Detailed results of these tests 
are presented in Table XXII. 

Upon completion of the above static tests, load rings fabricated from 
titanium were tested. However, it was thought that a test utilizing a 
polar boss/load ring combination would be more applicable to Motor A 
than the tests previously performed.  Detailed results of these tests 
were presented in the polar boss component section.  In a comparison of 
steel, aluminum, and titanium, the latter proved to be superior. 

TABLE XXII 

MOTOU A STATIC LOAD RING TESTS 

Motor A 
Part No. 

Assumed Load 
Ring Values, 

lb 

4130 Steel 7079-T651 Aluminum 
Applied 
Load, lb Deflection 

Applied 
Load, lb Deflection 

802357 No. 1 
802357 No. .2 

802365 No. 1 
802365 No. 2 

802367 No. 1 
802367 No. 2 

802371 No. 1 
802371 No. 2 

32,300 

19,400 

12,100 

12,100 

72,496 
60,000 

50,744 
35,231 

40,010 
39,000 

42,000 
42,000 

0.139 
0.126 

0.220 
0.193 

0.166 
0.199 

0.139 
0.153 

60,036 

14.067 

16,156 
18,970 

19,520 
18,147 

0.211 

0.103 

0.188 
0.202 

0.141 
0.081 
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(c) Heat Transfer Analysis X  ■ 

The need for a load-ring material with a low heat-transfer rate was 
apparent when considering flame front propagation. As the front advances 
it reaches the inside surface of the load rings first.  If the transferred 
heat is great, there is a possihility of preignition occurring in front 
of the load rings (ahead of the normal flame front).  This could result 
in premature loosening of the polar boss. 

A thermal analysis was conducted concurrent with the static load tests 
on the three metallic load rings.  The analysis was carried out on all 
three materials for various thicknesses corresponding to the thickness 
of various sections of the load ring.  Temperature histories of the vari- 
ous thicknesses of the three materials are presented in Fig. 50. 

The purpose of this analysis was to determine the probability of propel- 
lant autoignition after exposure of the load ring to the combustion gases. 
The failure criteria of the analysis was the prope11ant/load ring inter- 
face (opposite the approaching flame front) attaining a temperature of 
1000 F prior to being overtaken by the flame front. 

A typical steel load ring was analyzed; it was found that failure was 
not reached except for sections thinner than 0.18 inch, as shown in Fig. 
51.  Closer examination of the problem pointed out that the high con- 
centration of wire in the polar boss region lowered the flame temperature 
in the immediate region, and acted as a heat sink. 

• 

The maximum time lag between flame-front contact on the load ring and 
1000 F at the interface was 0.32 second for both steel and titanium. 
Aluminum was eliminated as a load-ring material because the intprface 
temperature rise was more pronounced than that of steel or titanium as 
shown in Fig. 50. 

A considerable weight saving also acted in favor of selecting titanium, 
after studying the results of the tests run to develop rings for the 10-, 
20-, and 30-inch motors.  Ultimately, titanium was selected as the load 
ring material because it is considerably lighter than steel, has a rela- 
tively low rate ol heat transfer, and stronger than steel or aluminum 
which has not been heat treated. 
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(3)    Nozzle 

Motor.A nozzle  is an extremely lightweight design,  since mass fraction 
was  the major design objective.     As a  result, each feature of  the nozzle 
received detailed consideration to ensure an optimum design. 

(C)   The nozzle  is an optimized 80^ bell contourv-J made up of a Graph-I-Tite-G 
insert backed with a pyrolytic graphite insert,  then wrapped with FM5128 
graphite phenolic and FMi)067 silica phenolic. 

The effects of ablation and corrosion in the nozzle must be considered 
to determine their effects  on the motor ballistic performance.     In addi- 
tion,  the  temperature distribution must be  considered to determine  the 
structural ability of the nozzle  to withstand the applied forces. 

(a)    Ballistic Requirements 

(C)    The  final   design for the Motor A nozzle  is an 80^ bell   nozzle.     The 
parabolic  contour has a maximum divergence half angle of 23 degrees at 
the  inflection point aft of the throat  region.    The lip angle at the 
exit plane is 11.5 degrees.     The  throat diameter is 5.125 inches, with 
an exit diameter of 12.55 inches and expansion ratio(10)  of 6:1.    This 
final design contour was employed in motors A-1001, A-10Ö2, A-1003, 
A-1004,  and A-1005. 

(C) The ballistic performance requirements were stated at 70 F, sea level. 
Hence, the nozzle was designed for optimum performance at these condi- 
tions. 

• 
(c) In the preliminary analysis the average pressure over the total action 

time was estimated to be approximately 600 psia.  This pressure was used 
in the nozzle design studies, and on this basis the expansion ratio of 
6:1 was chosen.  This ratio results in an optimum theoretical thrust 
coefficient at 600 psia, sea level conditions. During the duration of 
core burning, the nozzle is slightly under-expanded, while during burning 
of the RPG, the nozzle is slightly overexpanded. 

191 

(10) 

Length to be 80^ of the  length of a  15-degree conical  nozzle  of the 
same expansion ratio. 

The ratio of the exit area with respect tothe throat area. 
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(c) As the mass fraction of the motor was a major parameter influencing 
design of all components, the nozzle weight was treated with appropriate 
importance.  This was the primary reason for using a shorter, contoured 
nozzle. Data indicated that an 80^ bell nozzle would weigh approximately 
three pounds less than a 15-degrce conical nozzle.  In the range of 
weights encountered in Motor A, three pounds of inert weight would 
change mass fraction by approximately 0.001.  It was not anticipated 
that the thrust coefficient of the contoured nozzle would be improved 
over that of a 15-degree conical with the same expansion ratio.  In the 
design analysis it was assumed that the 80^ bell nozzle would exhibit 
the same thrust coefficient as the 15-degree conical nozzle. Test data 
verified these assumptions. 

(c) 

(c) 

Nozzle designs were evaluated over the length range from 60 to 80^ 
of the 15-degree conical nozzle length.  In particular, thrust coeffi- 
cients were determined for 62, 72, 7^, and 80^ of 15-degree conical 
lengths. For these different lengths, the wall radius was varied and 
various parabolic contours (differing in maximum and minimum divergence 
angles) were considered. From these data the 80^ length with its optimum 
contour (with respect to thrust coefficient, mrss traction, and over-all 
specific impulse of the motor) was selected for optirauiu performance. 

Nozzle throat diameter in Motor A is an implied requirement from total 
impulse requirements, maximum thrust and pressure limits, duration, grain 
geometry, and other variables.  The parametric studies resulted in the 
throat diameter of 5.125 inches. 

(b) Component Description 

Selection of materials for each nozzle component presented the same 
problems as in every solid propellant nozzle. The entrance section must 
provide smooth gas transition into the nozzle without material degrada- 
tion in this turbulent flow area.  In this design ^t was complicated by 
the design being a light, short submerged nozzle in which the entrance 
material had the dual function of forming a back side sealing surface 
and matching with the polar boss component.  The throat component must 
provide good erosion properties at high temperature while retaining 
adequate strength.  In this design the throat material was backed up 
with a thermal barrier to provide protection to the structural retention 
member, the skirt.  The skirt provides the final expansion of the exhaust 
gases as well as fulfilling its structural requirements.  To prevent 
extensive erosion and material degradation just aft of the throat insert. 
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a material was chosen that had high erosion resistance at elevated tem- 
peratures.     Increased reliability was obtained by including an attach- 
ment ring in the  skirt to provide a more positive  interlock between  the 
nozzle and polar boss. 

The materials selected to fulfill    these requirements in the Motor A 
nozzle are high temperature ablative plastics,  high density graphite, 
and an aluminum attachment ring embedded in the plastic material  on the 
periphery of the nozzle.     Illustrated in Figa. 52 and 33 are the designs 
representing a lightweight and heavyweight nozzle configuration.     Figure 
34 is a design featuring a heavyweight nozzle configuration with a com- 
posite throat construction. 

The heavyweight nozzle was designed to be used for extrapolating corro- 
sion and char data experienced in the first motor firing.     These data 
were to be used in determining whether or not the flightweight nozzle 
design had sufficient material  thickness  in the exit cone region to with- 
stand a 35 second firing duration. 

The selection of  the materials and their configurations lor Motor A 
nozzle also afforded an excellent opportunity to evaluate materials  for 
subsequent use in Motor B nozzle,    A discussion of these materials  is 
presented. 

O    Throat 

Graph-1-Tite G^ 'was selected for the nozzle throat because of its high 
strength, high temperature, and good erosion properties.  Generally, 
better material erosion resistance and mechanical properties are accom- 
panied by higher density, and due to the fabrication techniques employed 
in the manufacturing of Graph-I-Tite G, higher mechanical and physical 
properties are obtained.  Graph-I-Tite G is produced by the reimpregna- 
tion of an extruded graphite.  This process continues until desired pro- 
perties, tensile strength, compressivf strength, and density are reached. 

(ll)A product of Basic Carbon Corp., Sanborn, New York. 
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O Heat Barrier 

The heat barrier in Motor A nozzle consists of two telescoping cones 
made from pyrolytic graphite, (rv  It was necessary to fabricate this 
component from two cones because severe cracking and delamination occurs 
if the thickness-to-radius ratio is excessive. 

The heat barrier's function is to protect the forward portion of the 
skirt from extreme heat during the latter stages of motor firing and, 
thereby, reduce its structural capability.  Selection of this material 
was made because of its directional heat transfer properties and its 
very high mechanical properties at elevated temperatures.  By utilizing 
the low heat transfer directional properties, the heat passing through 
the throat insert would be directed away from the skirt. 

O Expansion Ring 

The expansion ring is made from an AMS 3209 silicone rubber.  Its func- 
tion in the design is to prevent high compressive loads from occurring 
in the graphite throat or the entrance cap (because of thermal expansion 
during motor firing). 

O Entrance Cap 

This part transacts the turbulent flowing gases smoothly into the nozzle 
throat, thereby preventing severe erosion in this area.  This component 
is fabricated from FM5128v3) graphite phenolic cloth, which is wrapped 
at a 45 degree angle with respect to the nozzle centerline.  This pro- 
vides better erosion resistance. 

O Liner Cone 

The liner functions as a protective insulator, from high velocity gases, 
for the nozzle skirt adjacent to the throat exit plane.  The material 
used in this component is identical to that used in the entrance cap, 
and is wrapped at 30 degrees with respect to the nozzle centerline. 
Again this angle keeps the material edges perpendicular to the gas flow 
for better resistance to erosion. 

(a 
The deposition of graphite by the pyrolytic decomposition of 
carbonacious gases at low pressures on hot surfaces. 

A product of U.S. Polymeric Corp., Santa Ana, California. 
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O Attachment Ring 

The attachment ring is fahricated from 7075-T651 almainum alloy.  This 
ring contains the attachment pin holes, used for coupling the nozzle to 
the thrust unit, and allows the load to be evenly distributed into the 
nozzle skirt.  Secondly, it provides additional hoop restraint at the 
area just aft of the throat section. 

0 Nozzle Skirt 

The nozzle skirt functions as the main structural component in this 
nozzle design.  It is used to retain the aluminum attachment ring in 
place, thus transferring all nozzle loads developed in the motor firing. 
Additionally, it serves a.« an ablative material in the exit cone aft of 
the liner.  This skirt is fabricated from FM^Oöyv1^) a hig 
forced phenolic tape. 

gh silica rein- 

Q 

O    Pyrolytic Graphite Washer 

The washer  illustrated in Fig.   54  (heavyweight nozzle) was  selected 
for use  as an erosion resistant  throat material,   primarily based upon a 
requirement  for evaluation of  this material   for subsequent use   in  the 
Motor B nozzle  throat. 

0    Material  Properties 

The mechanical   and  thermal  properties  of all materials utilized  in  the 
Motor A nozzle  are  listed  in Table   XXTII.     Stress calculations  performed 
on nozzle  components  indicate  the  pin  bearing  load  on  the attachment 
ring represents  the  stress condition with the  lowest margin  of   safety. 
A positive margin  of 0.64  is  the  calculated value for  this  component. 

(c)    Thermal Analysis 

(c)    A detailed two-part  thermal   analysis was   performed on  the nozzle.     First 
with a  combustion temperature  of  5725  F for 10.5  seconds   (torr«'spou*ling 
to  burning of  the  core grain),  and  second with a  combustion  temperature 
of 6325 F for 20.^  seconds  (corresponding to combustion of   the  RFG). 

(14) A product of U.S.   Polymeric Corp.,   Santa Ana,   California 
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TABLE XXIII 

MATERIAL PROPERTIES 

Material 
Tensile 

Strength, psi 
Coef Ther Expan 

10-6 in./in./üeg  f 
Density 
gm/cnil 

Graph-I-Tite G 2900 0.90 1.87 

Pyrolytic^ 
Graphite (U 

650 @ 1000 F 
(c Direction) 

10.0 @ 1000 F 
(c Direction) 

2.18 

14,000 @ 1000 F 
(a Direction) 

5.0 • 1000 F 
(a Direction) 

FM 5128 8500 6.6 1.48 

IM 5067 14,000 3.0 1.76 

Alluminum Alloy 
7075-T651 

83,000 13.1 2.76 

AMS 3209 >2' 1700 670.0 1.25 

' 'A Direction is Plane of Disposition; c Direction is Normal to Plane 
of Disposition. 

(2) x 'Synthetic Rubber 

The results of the analysis as discussed below considered the ablation 
loss, corrosion loss, and the temperature distribution. 

O Ablation Loss and Char Depth 

The ablation IOSP vs time and the ablation loss and char depth of the 
nozzle materials at the end of firing are shown in Figs. 55 and 56. 
All ablation of the nozzle occurs in the PM5128, a graphite phenolic 
material located just forward and aft of the grpphite insert.  The second 
aft of tiie graphite insert loses a maximum of 0.10 inch and decreased to 
zero loss at a point 3.50 inches downstream of the nozzle insert. 
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The char depth of the FM5128 material in the entrance sectior is 0.10 
inch for three-fourths of the length of the section.  The char depth 
then dips down to a depth of 0.22 inch following the contour of the 
graphite insert until it intersects the pyrolytic graphite section.  In 
the aft section of this material the char starts at the hottom of the 
pyrolytic graphite and rises rapidly to a depth of 0.24 inch and in- 
creases to a depth of 0.28 inch at the downstream end.  The remaining 
portion of the nozzle, made of FM5067 silica phenolic, has a char depth 
of 0.10 inch just aft of the JW5128 and decreases to 0.08 inch at the 
nozzle exit. 

O Temperature Distribution 

The nozzle temperature distribution at the end of firing is shown in 
Figs. 57 through 59. All bonding surfaces are below 1000 F with the 
exception of the pyrolytic graphite-to-Graph-I-Tite G graphite insert 
and the Graph-I-Tite G-to-FM5128. 

The temperature history of bond surface between the pyrolytic graphite 
and Graph-I-Tite G graphite at sections 2, 3, and k  are shown ia Fig. 
57.  Figure 58 shows the bond surface temperature history for the Graph- 
I-Tite G-graphite-to-FM5128 bond. 

It is easily seen from Figs. 57 and 58 that after 5-50 seconds the 
Graph-I-Tite G graphite insert must have sufficient bearing area on the 
pyrolytic graphite to withstand its loads.  The interface between the 
nozzle and the aft forward polar boss is 70 F except for the entrance 
portion which reaches a maximum of 73.2 F, 

O Corrosion Loss 

(c) The corrosion loss of the Graph-I-Tite G graphite insert was calculated 
and found to be very small.  The entrance region of the insert will have 
an increase in diameter of 0.112 inch.  The magnitude of the diametrical 
increase progresses to a maximum of 0.13 inch at the throat, as seen in 
Fig. 60, and then decreases to 0.088 inch at the exit of the insert. 
The loss at the throat represents an area increase of 5-14^ or 1.16 
square inches. 

163 

CONFIDENTIAL 



mmmm 

CONFIDENTIAL 

3000 

fe 2000 
H 
II 

•I 

I 
1000 

3.0 20 
Time, Sec. 

I ijrmo   17.      Prodictod Bond  T,inp   Trmprratiirp  v.s  Titno 
Rpfveen 101-(ir.iphi < n  and PWKi" 

0 

•"•m 

in » 

CONFIDENTIAL 
—————— 



i 

CONFIDENTIAL 

» Figure 58, 

Time, Sec. 

Predicted Bond Line Temperature vs Time 
at Nozzle  Station 5 

165 

CONFIDENTIAL 

- -"- mi*.m* 



— 

-^ -i i mi        "mmmt        m—w««^». m   imy-    mi  ■     n ■^■^Hi I »HI   IM» i   —win    ■        -^ 

mno« P-. wig «u«. T«»« »« «w na« J 
"   \mimt&m***n^&mmm 

0 9 • 

■M * * 

■ ■ •■ 
^ i i- 
^ # # 

II 

. •    - -•        -*—I^AJ 
■ 



Figure 59. Predicted Aft Polar Boas 
and Nozzle Temperature 
Distribution at End of 
Firing 
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(4)     Ignitor 

The requirement for a lightweight ignition system for Motor A which could 
meet all program design requirements with a minimum of igniter and motor 
development testing dictated a state-of-the-art ignition system. 

These requirements could best be met by utilizing the ignition system 
concept developed and qualified for the SPARROW III-()b rocket motor. 
The ignition train taken from this system and adapted for RFC use is 
made up of a Wm-55 Mod IX McCormick-Selph initiator, an intermediate 
charge of Boron-Potassium Nitrate (B-KNOj), pellets, and a main charge 
of Rocketdyne formulation P-73 pyrotechnic grains.  To further minimize 
weight, it was advantageous to design a forward motor closure which 
would serve the dual role of closure and igniter mount.  To retain the 
intermediate and main charges, a steel cup and a perforated basket of 
laminated phenolic glass were utilized.  Combining these components 
resulted in the igniter shown in Fiji. <>l • 

(a) Closure Design 

The end closure  for Motor A was designed to reliably close the forward 
opening of the motor and provide an easily accessible ignition attach- 
ment point.  The closure design, shown in Fig.  10, consist of n 
threaded titanium dome which is insulated with MX-'JMb.  The insulation 
is also threaded to ensure a better interface seal when installed in 
the forward polar boss.  The closure is provided with two pressure 
ports, an initiator opening and a port for CO.) injection (CO,, is used 
to extinguish burning of inerts after firing.}. 

(b) Ballistic Requiremenls 

(C) Based on the minimum ignition requirements as determined by the method 
presented in Appendix IV and using the following motor parameters. 

Throat Area, Surface Area. (irain Length,    Port Area, 
A+            A L             A 
t             s g             p 

20.61  sq in. "5862  sq  in. 18.72   in. r)1.78 sq  in. 
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(C) The required charge weights were calculated as follows: 

Hotor A:    Q = K    (A f'**35     (L ) 0.625 <v 0.313 

K(3862)0-^    (58.72)0-625    (51.78)0-313 

K(36.7)    (12.73)    (3.443) 

K(617) 

From Fig. 1 of Appendix E, for P-73 the weight required • 210 grams. 
Thus, if 250 grams of P-73 are used in the igniter, it is seen that 

230 - 210 
210 x 100 = 19%  over minimum required for Motor A 

(c) 

It was found in the SPARROY program that the ratio of the igniter basket 
open area to the pyrotechnic grain surface area, referred to hereafter 
as K ratio, was very important in ignition shock.  Thus, a design study 
was made to determine the configuration of pyrotechnic charges which 
would consist of about 230 grams of P-73 and would allow K ratios on 
the same order as the ratio of the SPARROW igniter. 

The dimensions of the annular pyrotechnic grains investigated were 1- 
inch 0D x 0.50-inch ID x grain length. With a density of 0.130 Ib/cu 
in. and these diameters, the total grain length required to obtain 250 
grams is: 

(l.O2 - 0.502) (0.785) {1}   (O.I50) Ib/cu in. 

(454) gm/lbft, 250 

34.7 I = 250 

I - 7.2 in. 

To vary  the  K ratio without  changing  basket   parameters,   three  grain 
lengths were   investigated.     These were   lengths that would result   in a 
whole number  of  pellets  in 7«2-inches of charge with the middle   lenffth 
being about 0,5-inch.     Those chosen were 0.40, 0.48, and 0.()0  inch  (18, 
15,  and  12 grains,   respectively). 

o 
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To obtain a K factor ratio equal to the SPARROW igniter value,   the 
following was examined: 

onAmmr v e    J. Basket Open Area SPARROW K factor = -—: r—■ !  Gram Surface Area 

Sixty 0.25-inch diameter holes plus one 0.5-inch diameter hole  in a 
basket  provides an open area 

= 60 (l/kf (0.785) + (i/2)2 0.785 

= {3.75 + 0.25} 0.785 

= {4}o.V85 

■ 3*140   sq in. 

0.30 

Grain Surface Area 

0.40 

T 

T 
0.75 

A).75^ ♦ O.4A0.3 x 20 + 

(0.752 - 0.42}{o.785 x 2 x 20) 

=  {I.IJTT) b   .  {0.441  - 0.126) 40 

6.9- ♦ 0.315 x 40 

= 21.65 * 12.60 

I 

m 34.25 sq   in. 

K = 3^| = 0.0915 

To match this K value in the RFG ignition system,  the  following basket 
parameters were established: 

1. 0.50-inch diameter opening in the aft end of basket 

2. 6 rows of perforations down the basket 
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3. 10 perforations on each row for a total  of 60 holes down basket   (ft) 

4. Perforations  should be   spread out to assure  holes over at 
least the 7«2-inch  length of the charge. 

Thus,  basket open area in equation form is: 

A = (0.5)2 0.785 + 60 (d)2 0.785 = 0.1% + kl.l d2 

Where d is equal  to  perforation diameter 

For  the nominal grain  length of 0.48 inch,  ti'ie  total grain surface area 
is: 

(l2 - 0.52) 0.785  (2)  + (X0.5TT + l.Orr)  0.48 . (b) 

(0.785 - 0.196)'J + (l.5n) 0.48 - 

(0.589)2 + 2.2()  - 

1.178 + 2.26 = 

3.438 sq in./grain 

For 15 grain A    =  (15)   (3-438) = 51.5 sq in. 

K, 0.0915 , o.m+kj.iAz 
51.9 

d = 0.3097 

Use d = 0.312 

The resulting K value is: 

K 
_ 0.196 ♦ 47.1  (0.312)2      0.196 H- 4.58 m 4.776 

51.5 _ 515 51.5 
(c) 

K = 0.0927 

for 0.48-inch length grains 

For 0.4-inch length grains: 

o 
A0 ,      = 2(1" - 0.5 ) 0.785 + (l.Oi! + 0.5rT) 0.4 
b 1 grain 

= (0.785 - 0.196)2 + 1.5n (0.4) =-• 1.178 + 1.88 

= 3«058 in./grain 

0 
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S Total = (3.058) (18) = 55 sq in. 

K = %^6 = 0.O868 
55 

for 0.4 inch grains 

For 0.6 inch length grains: 

Ag Total = 12 (l.l78 + 1.5 (0.6)} = 12 (l.l78 * 2.835} 

= 12 (4.013) 

= 48.1 sq in. 

K = ^ = 0-0993 

for 0.6 inch grains 

(c) Test Program 

The proposed igniter development test program consisted of 10 igniters. 
The first six scheduled tests were to examine ehe effects of K factor 
variation on igniter ballistic performance. Of the four remaining 
igniters, two were scheduled for environmental testing and two were 
placed in reserve for final design confirmation testing, considering the 
Motor B1 ignition requirements. 

The initial six development igniters were fired 13 September 1963» 
These tests investigated the relative variation in energy release rate 
which is associated with the variation in pyrotechnic burning surface. 
This was accomplished by holding the charge weight and perforated 
basket open area constant and varying the pyrotechnic grain length. 
Two each of igniters with grain length of 0.40, 0.48, and 0.60 inch 
were fired.  The firings were conducted in Rocketdyne chamber number 
FF-T-891-102, which has a chamber volume of 2185 cu in. The pressure- 
time replots of these firings are presented in Figs. 62 through 67 
(replots of TO 8001 through TO 8006 firings). Table XXIV is a summary 
of the prefiring and firing characteristics. These six tests gave 
confidence in the design to provide the 0.100 second ignition requirement 
for Motor A by using the 0.6 length pellets. Results of the developed 
design are presented under the full-scale motor tests. 
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TABLE XXiy 

DEVELOPMENT IGNITER PREFIRING AND FIRING CHARACTERISTICS 

Grain Length 0.400 Inch 0.480 Inch 0.600 Inch    j 

Charge Assembly Drawing 99-802107 99-802107-11 99-802 107-21 

Test Order 8003 8004 8005 8006 8001 8002 

Calculated Charge Weight 
Based on Average Densities 
and Grain Sizes  (gras) 245 245 250 250 256 256    1 
Igniter Conditioning Temp, 
deg F 70 70 70 70 70 70 

P       ,  psig 
max'  r    * 235 219 258 250 300 289 

Time  to P      , ms 
j                     max 

160 160 135 140 160 160    I 

(5) Restrictors 

Early development RFG grains were manually restricted on the outer 
diameter using R-140 (a Rocketdyne restrictor formulation containing 
polybutadiene polyme reinforced with carbon black) and loaded into 
oversize steel cases.  When fiberglass case development began, the R-140 
surface was found to be too soft and uneven for fiber winding.  A new 
restrictor, R-143, and an improved application technique were developed. 
This restrictor is thixotropic, viscous enough not to run when applied 
in thicknesses up to 0.060 inch, yet sufficiently fluid to hv  stripped 
onto a rotating grain.  It cures to a Shore A Hardness of greater than 
50 which is ideal for glass winding.  R-143 contains a Butarez base 
which is compatible with Flexadyne propellant.  A smooth surface and 
controlled thickness is obtained by the use of a restrictor template 
held stationary while the grain is rotated. 

R-143 is similar to R-140 but contains more carbon reinforcement and a 
trimer acid which almost doubles its carboxy content.  A high MAP0 
(methyl aziridinyl phosphine oxide) content keeps its viscosity in an 
easily processible range.  Good bonds are developed between cured 
Flexadyne propellants and uncured R-143.  Glass reinforced epoxy resins 
boiul well to air-cured surfaces of R-143 provided the surface is thor- 
oughly cleaned with toluene.  Normal minimum properties of R-143 are: 

o 
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Ultimate elongation 

Ultimate tensile strength 

Shore A Hardness 

Tear strength 

Density 

150^ 

400 psi 

50 

25  lb/in. 

0.0357  lb/cu in. 

(C)     The formulation is 

tft, % 

Butarez CTL,  Type  II 73.53 
Bnery Trimer Acid 3162-D 7.35 
Acetylene Black 14.71 

MAPO 4.41 

100.00 

d.  Process Development 

(l) Reinforced Grain Fabrication Techniques 

This section includes a review of the early fabrication efforts and the 
development of the improved multi-helix angle concept stressing the 
factors that are important to grain fabrication design.  These factors 
consist of layer thickness, pattern selection, gear ratio determination 
weight and volume fractions, and effects of winding variables on build- 
up.  In addition, a summary of the fabrication development for Motor A 
is presented. 

A description of the winding machines used on the program for the 36- 
and 40-inch machines is presented in Appendix V.  A glossary of RFG 
terms and symbols used in the description of the design and fabrication 
is presented at the conclusion of this discussion (see page 209), and 
may be folded out for convenience in reading. 
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To wind an RFCi into an efficient pressure vessel requires a thirk-walled 
cylinder with domed ends and polar bosses or end closures wound integrally 
with the grain.  It also requires the use of longitudinal (low angle) 
windings for longitudinal strength and hoop (high angle) windings for 
hoop strength in the rylindrical section.  As in glass filament design, 
the most favorable RF(I dome design is a geodesic isotensoid dome. 

A geodesic, or stable path, is the shortest path that may be generated 
on a surface of revolution. A geodesic filament path tends to stay in 
place since it is the shortest distance on the surface.  A geodesic 
isotensoid dome is one in which the geodesic path on the dome is not 
only stable but statically remains stable upon application of internal 
pressure.  The filaments in the path are loaded equally and in pure 
tension.  Such a geodesic is applicable to a single filament path in a 
thin shell (normally defined as a thickness less than 10^ of the shell 
radius) structure. 

In a geodesic isotensoid dome, the low angle windings provide the total 
hoop and longitudinal strength in the domes only. Additional hoop 
strength is roquired in the cylindrical section to supplement the low 
angle winding hoop strength.   Since these high angle windings do not 
extend over the dome, a thickness discontinuity results at the dome 
and cylinder intersection.  This difference in web thickness, as well 
as the increase in thickness at the polar openings, produces undesirable 
variations in iho  dome contours which adversely affect the ballistics 
and strength of the grain.  The conditions are aggravated as I he web 
thickness increases. 

Early 10-inch grains were fabricated with alternating layers of polar 
and high angle helical wraps.  In designing 20-inch grains a reasonably 
constant web and the proper dome contour were obtained by using pro- 
pellant impregnated wire screen as a filler material.  The scrern was 
applied over the domes as an exuension of the hoop windings and inter- 
spersed between the successive longitudinal layers.  This technique 
was never fully developed due to processing and application problems 
and ballistic hazards.  The probability of void inclusion and layer 
delamination of the screen precluded a reliable tirain. 

The method evolved for the design and fabrication of 10-, 20- "0-, and 
l()-inch diameter motors under this contract is called the multi-helix 
angle concept.  In this design concept, the number of geodesic isotensoid 
layers required for longitudinal strength are determined and these layers 
are distributed through the web.  The structural designer, working with 
the required pressure and the grain envelope, determines ihv  wire layers 
required, the inner and outer grain contours, and the position and the 
contour of each geodesic isotensoid layer. 
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To build the domes to the desired contour for each geodesic isotensoid 
layer, a method was evolved of winding a series of layers terminating 
at different diameters along the dome profile, Fig. 68.  This method 
takes advantage of the characteristic polar buildup inherent in filament 
winding which makes it possible to attain greater web thickness in the 
dome than in the cylindrical section. 

By terminating a series of layers stepwise up the dome and permitting a 
terminal buildup at the reversing point of each layer to reach a pre- 
determined contour, a fairly smooth profile can be obtained.  These 
series of layers are known as intermediate or filler layers and their 
number and winding angles can cover a wide range depending on the grain 
design.  The layer winding angle depends on its position on the dome 
since the stable winding angle (a) is defined (see Fig. 68) by the 
relationship: 

i  R -1 _£ 
R 

a = sin 

where 

R   = terminating radius of the   layer 

R   = cylindrical radius of the  layer 

As Rp increases with each  successive intermediate  layer the correspond- 
ing winding angle  (a)   increases,   (Fig.  69),  producing a greater hoop 
component.     Thus,  the  intermediate  layers perform two  functions: 

1. Provide the necessary buildup on the domes to make the 
correct contour for the succeeding geodesic isotensoid 
layer. 

2. Furnish the necessary hoop strength for the cylindrical 
section of the grain. 

i 

The grain is usually overdesigned in hoop strength so that a consider- 
able latitude is available to add or subtract covers in the layers as 
required by the grain buildup. 
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I A. Geodesic Isotensoid Layer 
Helix Angle ■ ^C = Arc 
sin R /B = 31.6° 

p' c 

Tangent Line 

B.  Intermediate Layer 
Helix Angle = 43° 

i~l 

C.  Intermediate Layer 
Helix \ngle = 54° 

4 

D.  Intermediate Layer 
Helix Angle . 66° 

Figure 69. Winding Pattern, First Cycle of Motor A RFG 
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The geodesic isotensoid layers perform triplicate functions in providing 
all the longitudinal strength for the grain, the hoop strength for the 
domes, and tying the polar bosses into the grain.  Since the RFG concept 
is a ballistic grain, it is necessary to divide and intersperse the 
geodesic and intermediate windings so that the structural balance is 
maintained as the grain web is consumed. 

(a) Grain Layer Thickness Design 

Current design practice is to make a layout of the grain beginning with 
the inner and outer grain contours and positioning of the geodesies for 
structural and fabrication advantages.  The intermediate layers are then 
positioned in the layout to provide the contours required. Layer thick- 
nesses are calculated and the buildup checked. One of the many early 
RFG design problems was obtaining accurate calculations of layer thick- 
nesses which would allow initial detailed design layout. Layer thick- 
nesses on a typical domes grain can be separated into three distinct 
sections, each, with a different method of calculation.  These sections, 
as discussed below, are referred to as the cylindrical section (the 
region between the dome tangent planes), the dome section (that region 
between the dome tangent and the inflection point), and the polar sec- 
tion (region from the inflection point, including the point of maximum 
buildup, to the polar boss or other termination of the layer). 

Ü Cylindrical Section 

Layer thickness of the cylindrical section is determined by addition 
of the «over thicknesses. A helical cover consists of a sufficient 
number of wraps to completely cover the surface of the grain.  Since a 
helical pattern crosses over itself in opposite directions, a cover 
thickness is twice the thickness of the winding filament. 

Thus, the cylindrical layer thickness (t ) is; 

t = 2t N 
c    v 

where 

t    = wire  thickness w 

N    = number of covers 

The cover thickness is usually greater  than twice the wire diameter 
because  of propellant  buildup.     Cover  thicknesses using 7.5 mil wire 
run between 0.016 and 0.018 inch. 
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O Dome Section 

The layer thickness at any point (t) on the dome section is defined 
by: 

where 

2    2 
R  - R -^ R  - R 

= t \ — E- c U2 - R i 

R ■ cylindrical radius c   ' 

R = polar radius 

R, = radius at point t 

t = cylindrical layer thickness 

This equation is used in glass filament winding design but is not as 
accuracte for RFG design since it gives a uniformly thicker layer than 
actually wound.  The equation allows for increasing warp thickness over 
the dome, increasing to a maximum at the poles.  However, the separate 
filaments do not provide a significant corresponding change in warp 
thickness.  The equation accuracy can be improved by multiplying the 
calculated thickness (t.) by the ratio of the warp width at the point 
on the dome under consiaeration to the warp width at the cylinder 
(wt/Wc). 

O Polar Section 

Knowledge of the layer buildup at the pole (or at a reversing point) 
is necessary for accurate grain design. An empirical equation for 
determining layer thickness in the polar region was developed defining 
the maximum buildup at the radius R + \ip    (see Fig. 70).  This 
equation is not completely accurate, altnough it was used on Motors A 
and B. W was usually obtained by measuring the polar warp width and 
multiplying by the cosine of the dome angle. 
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Figure 70-  Calculation of Buildup at Pole 

For thickness between the maximum buildup (tmax) and the polar opening 
let W approach zero.  Assume tx = thickness at any point along the 
polar region; then 

t  = 
x 

2p ■ c/c • N » Tv 
360 and p ■ cos -1 

R 

R + vr 
P   x 

It can be seen that as W approaches zero the thickness t  approaches 
zero and the contour is defined as in Fig. 71« 

2p x C/C x N x T 
w 

max 360 

€ 

i 

190 

O 

Ütiln niMiMr 



i 

i 
Dome Tangent 

Winding Layer 

Load Ring 
^—Polar Boss 
/     s- Steps 

where 

Figure 71«     Dome and Pole Layer Thickness 

p      cos 
i       R 

-1  fi- 
ll    + W 

P        P 

C/C ■ circuits per cover 

N  = number of covers 

T  = warp thickness on cylinder 

c 

W  ■ radial warp width 
P H 
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During the course of the contract a more accurate method for determining 
the polar buildup was prepared.  It reflects the web buildup during fila- 
ment winding as a function of warp overlap.  In the cylindrical region of 
a mandrel the buildup attained for one full cover (tc) is the result of 
one complete overlap of the warp and is equal to twice the warp thick- 
ness (t ). x w' 

t = 2 t w 

Increasing overlapping occurs in the dome regions and the web thickness 
increases as the mandrel diameter decreases.  Several other factors 
influence the buildup across the dome and at the polar opening.  The 
variation in warp width, the minimum (or polar) warp width (V ), and the 
winding pattern (TVC ) influence the number of warp crossings. A 
single circuit or multi-circuit pattern may be employed. Maximum thick- 
ness occurs along a line which is one warp width away from the polar 
opening and is the minimum radius at which complete overlapping occurs. 

The thickness at this point (t ) may be determined as follows: 

for e/p < 2 p:  t = t  (N + l) r        p   w  p 

for e/p > 2 p:  t = t « r        p   w Y 

where 

N  = number of patterns, (see Figs. 72 and 73) 
P 

e/p = 3<>o/c 
I3     w     w 

p  = Arc Cos {L-f)/{L+f) 

Y = 360/(c/c) 

If a layer consists of multiple covers, the average dimensions should 
be used in the above equations and the calculated thickness per cover 
may be multiplied by the number of covers to obtain the layer Uiickness. 
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0 

Circuit Lying on 
Developed Surface 

2P  = Limiting Increment for 
Maxirniun Overlap 

W 

= Arc  coa - W 

R 
L = 

B 
sin o 

(see Fia;.   72) 

for 

e/p < 2p.   t    = t    (N + 1) ' p w B/p  = Pattern  Incromenl 

9/P>2p, tp = tw^ 
C 
P 

t ■ Max Cover Thickness 
P 

Y » Circuit Increment 

160 
t = Warp Thickness c/c 

N-, = Number  of Patterns 

Figure  73.    Polar  Buildup 
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(b) Pattern Selection 

At this point, the grain design is completely laid out.  At first this 
was done before complete pattern selection was made. Usually the approxi- 
mate winding angle was used for layer thickness and cam design computa- 
tions and the slight changes later required for the proper pattern were 
ignored.  It is now apparent that careful pattern selections must be 
made before accurate winding angles, layer thickness, or winding cams 
can be calculated. 

The basic winding ratio (R^) is the ratio of mandrel rotation to cam 
rotation (OM/öC^*  This ratio is determined by dividing the mandrel 
rotation during one circuit (Gf) by one cam revolution (360 degrees). 
This ratio would yield a single circuit-repeating pattern and must be 
advanced or retarded to progressively or regressively cover the mandrel. 
Since the required adjustment is in terms of the mandrel circumference, 
the ratio (fi^) must be in terms of mandrel turns to cam turns (Tp/Cp) 
or (turns/pattern -!• circuits/pat terns). The fraction must be composed 
of integers and a slight shift in R^ is usually required.  The corrected 
winding ratio is determined from the following: 

\ = 

T    + W  / p —    c/Circumference 
C 

P 

where 

W    ■ circumferential warp width ■ VL/Cos a < 
c r N 

The number of circuits per cover  (c/c) must equal the number of patterns 
multiplied by the number of circuits  per pattern plus or minus the one 
circuit gained or lost due to the  shift in R,,   i.e.: 

C/C = C    N    +1 N 
P    P 

where 

N    = number of patterns 
P 
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In the  relationship above,   if  one  circuit must be addod  to C    N   ,   then 
the winding ratio  is retarded and  the minus  sign  is used,   i.P.. 

T    - W 

%  -^ 
■1± 

Conversely,   if a circuit  is  lost,   the   sign  in the above equation  is plus. 

NOTE:     There  are  two exceptions to  the above  relationships which are 

1.     If C/C = C   , no advance  is  required and 
2.     If C    =  l/no circuit is  lost or gaine 

P 

Some amplification  of the basic  steps  covered follows: 

d IV = Tg/Cp 
d arid C/C = C    N 

P    P 

1.     Once  the winding angle  (a)  an the  total mandrel rotation 
per  circuit  (9^) are  determined  they must be  checked to 
■M   if thoy will   result  in a  suitable winding pattern. 

A suitable winding  pattern  is —— and the  resultant 

Tc  and C       must  be   integers without a common divisor. 
i» usually necessary to vary Of   slightly to  obtain an 

It 

integer solution.     The amount fi  can be  changed without 
affecting  the   pattern accuracy is  difficult  to predict. 
A  fair rule of   thumb  is  that   if 9t varies enough to affect 
the  winding angle   (a)  by one  degree  thon 9*   should  be 
recalculated  for the  new angle a  and a  new integer  ratio 
obtained. 

3-     The   next   step   (previously discussed)  is  the   (N-)   in the 
equation     c/c = C    N    •♦•  1. 

p p - 

Cp is already determined and the number of circuits per 
cover (C/C) is obtained by dividing the mean layer circum- 
ference by the circumferential warp width (Wc).  Thus, the 
solution for Np must be an integer also.  One is added or 
subtracted depending on which will most closely approach 
an integer solution.  It is apparent that if an integer 
result is not obtained the value of Wc must be adjusted 
(which in effect means changing angle a) or Cp, or both. 
In any case, it is sometimes necessary to retrace stpps 
1 and 2 before integers for T , Cp, and N result. 
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c 
4.  Finally, the winding ratio (R^) is obtained as shown. 

This is a ratio between mandrel and cam revolutions that 
must be built into the winding machine to obtain the re- 
quired winding pattern. 

(c;  Gear Ratios 

The previously determined winding ratio is converted into the winding 
machine by the gear train built into the machine with the change gears 
provided.  The gear ratio (GH) for a simple case of direct drive is 

i^ _ GR _ A^C 
R^       B-D 

A, B, C, D are the order of change gears in the 36-inch and two 40-inch 
machines.  The reciprocal of the winding ratio results from the fact 
that all winding calculations are based on the mandrel-to-cam ratio 
while the machine constants are based on cam-to-mandrel ratios. 

Early in the RFG studies when there was a limited number of change gears 
available, gear ratio calculations were done manually.  Since this was 
tedious and inefficient, particularly with five and six decimal place 
accuracy required, gear ratio values for a large number of gear selec- 
tions were printed out on the computer.  The present method is the use 
of a gear computer program in which the required gear ratio, accuracy, 
and range of gear sizes are specified.  The program prints out all gear 
combinations which will meet the specified gear ratio and accuracy toler- 
ances.  The program is written for the IBM 7094 and has the code name 
JWGEAR. 

(d) Weight and Volume Fraction 

Since design wire percentage is specified in weight percentage, it is 
necessary to convert this to volume percentage to calculate wire spacing. 
Volume and weight fractions of a composite material are calculated as 
follows: 

1.  f = 

w 

f 

t 
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2.     f    = 
f    P v 

w   r, i^ p 

3.    p Composite  = ^   fv P = "T- 

L P 

where 

f    = fraction by volume of each constituent 
v ' 

f ■ fraction by weight of each constituent 

P = density of each constituent 

A typical example for finding the aluminum wire volume percentage of a 
grain with \2%  by weight of 7.5-niil wire and a propellant matrix density 
of 0.062 Ib/cu in. is as follows:  (Aluminum 5056 wire density in 0.095 
Ib/cu in.). 

Aluminum 

Propellant 

w 

0.12 

0.88 

1.00 

0.095 

0.06',2 

1.26315 

14.19354 

15.45669 

p Composite = l/I5.45669 - 0.06469 

fv(A1) ■ 15:45669 = 0-08172 or 8-17* 

Theoretically, wire voliune  percentage based on wire spacing with wire- 
to-wire contact between  layers assumes 

F    = ^—^ 
v "   4D w 

where d is the wire diameter, 

D is the centerline distance between wires, and is equal to: 
w 

D =11-^ 
w  4f 

v 

o 
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In the example above 

.   (0.007?) 
W      k   (0.08172) efÜä ■ sump in. 

This wire  spacing will give   12^ aluminum by weight if the spacing remains 
relatively stable and there  is wire-to-wire contact between layers. 

Wire  spacing combs are made  by textile equipment  supply companies in 
standard spacings called dents  per inch;  therefore,   it  is necessary to 
choose  the closest spacing available and go back through the calculations 
to find what weight percentage the standard spacing will give.     In the 
example above,  the  spacing required is 0.07207.     Possible spacings and 
weight  percentage are: 

14 dents/in.       = 0.07142 spacing -  12.098 wt 0 

13.5 dents/in.  = 0.0740? spacing -  11.683 wt % 

Practically speaking,  it is often difficult to predict how close the 
theoretical spacing will  be  to the resultant wire weight  percentage. 
High angle helix wound cylindrical grains are usually very close  (ifi 
or  less variation).     Dome giains vary more  sinne the warp does fore- 
shorten on the dome,  giving high wire content,  but wire-to-wire contact 
between  layers is not as readily obtained.    Usually the variation is 2 
to 3^ below the estimated percentage.    Wire tension, winding speed,  and 
propellant viscosities affect wire  percentage during grain fabrication; 
however,   for the same grain design,  the grain-to-grain wire weight per- 
centage variation is very small. 

Theoretically, wire percentages up to 25/6 by weight can be wound before 
the wire  spacing gets too small  for good comb design.     It is difficult 
to obtain higher than 22 or 23/S because as the wire  spacing gets smaller 
the wire  is more difficult to pull through the propellant.    Twelve per- 
cent wire  (by weight)  li readily attainable but wide wire  spacing re- 
sults  in an intermeshing tendency.    At this point,  an intentional  lack 
of wire   layer contact is necessary to get lower wire  percentage. 

(e)    Effect of Winding Variables on Buildup 

In determining the effects of  several winding variables  on grain build- 
up,   the   following tests on fabrication time, wire tension, matrix pro- 
pellant  thickness, mandrel  speed,  and winding angle were  conducted. 
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The effect of variation in fabrication time on grain buildup was studied. 
Contrary to expectation the influence of time was greater with high wire 
tension than with low tension.  Therefore, excessive buildup experienced 
as a result of processing delays—wire breakage, propellant heating, 
etc.—cannot be eliminated by operating at high wire tension.  Fabrica- 
tion time in minutes per cover was varied from 30 to 66, with the mini- 
mum buildup occurring at the low processing time.  Presumably the effect 
of time is a result of the change in propellant viscosity as the propel- 
lant cools. With the short time there is a wide spread in buildup for 
different wire tension values, but at longer time periods this is not 
the case.  These results indicate that with fresh propellant, buildup 
can be controlled by wire tension while with longer processing times 
tension appears immaterial and propellant characteristics become the 
controlling influence.  From these data, and using the current techniques, 
it is apparent that to maintain control over buildup the wire must be 
wound over freshly applied propellant and that excess propellant re- 
maining on the grain longer than 30 minutes should be scraped off. 

The 30 minute time limit probably can be extended when a heated spreader 
blade becomes available in the mechanized propellant feeding equipment. 

Another factor related to processing time and propellant cooling is the 
thickness of application of propellant.  Up to this time application has 
been an uncontrolled variable dependent upon individual operator tech- 
nique.  Obviously the thinner the application the better as far as ob- 
taining wire-to-wire contact.  The new feeding system should alleviate 
this problem. 

As discussed in the preceding paragraphs, wire tension had little effect 
when processing time was lengthy.  On the shorter 30 minute period build- 
up per cover decreased as wire tension was increased (rapidly in the 
range of 300 grams tension, then diminishing at higher tension).  A 
tension of 400 grams appears to give the desired wire-to-wire buildup of 
0.015 inch per cover.  At 500 grams tension a reduction in thickness 
below the theoretical occurred, indicating interlacing and bending of 
the wires.  This does not seen: desirable from optimum wire strength or 
uniform, reproducible buildup and aluminum content.  Also, more wire 
breakage can be expected at higher tension levels. 

The recommended wire tension is 400 grams under normal conditions of 
propellant viscosity, application, and winding time.  This oplimum ten- 
sion value may be altered if changes in these process variables occur. 
Also, the condition of the wire gathering system, particularly the 
rollers and combs at the follower head, will effect the actual tension 
experienced at the grain.  It is important that the wire system be kept 
clean and in good operating condition. 
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Mandrel speed was considered a significant factor in buildup thickness 
from earlier work on 10-inch grains (following the reasoning that rapid 
speed prevented sufficient time for the wires to pull down through pro- 
pellant to the previous wire surface). The tests on the 27-inch mandrel 
did not follow this theory.  Variation in mandrel speed from 3 to 5 rpm 
did not appear to effect buildup thickness.  One test at 2 rpm was made 
but the long winding time made it noncomparable to other data.  In the 
faster speeds intentional stopping periods were used to give an over-all 
constant fabrication time. 

Only two tests were made at the low helix angle of 35 degrees.  In a 
comparison of these data with results at an angle of 62 degrees with 
equivalent tension and fabrication time, no difference in buildup was 
observed as a result of different winding angles.  At low helix angles, 
the layer buildup was expected to be higher than at higher angles be- 
cause of the larger radius of the wire path and the resulting lower 
force from wire tension in the direction toward the mandrel axis. Ex- 
perience with polar winding on 10-inch grains had supported this theory, 
however, if the effect exists on the 30-inch grain it is not of suffi- 
cient magnitude to be detected. 

Propellant IU)S-512 was used as the standard for comparing RDS-523 and 
514.  Two tests with RDS-523 with 6^ depressants gave buildups of 
0.0148 and 0.0158 in./cover when using 400 grams wire tension. This 
is essentially equivalent to the cover thickness for HDS-512 at low 
processing time.  One test with RDS-514 with 2^ depressants resulted 
in a buildup of 0.0175 in./cover or about 15^ thicker than with RDS- 
512.  This increase is not desirable but may be tolerated for a few 
layers in the grain. 

Buildup thickness is sensitive to other propellant changes besides 
formulation. Three tests were made with the same mix of RDS-512 as 
used previously after the cold box had failed, allowing the propellant 
to thaw. Application of the propellant appeared to be nearly normal 
but the resulting buildup was too high, as much as 50^ above standard. 

In general, propellant behavior was found to be the most important 
single factor in grain buildup, and, in addition, the least controllable 
variable. The propellant is affected by both the temperature on the 
grain and the state of curp.  Limiting the processing time and appli- 
cation thickness is helpful but incomplete.  The heated spreadei blade 
will further aid in keeping the viscosity low on the grain providing 
the propellant pot life is not exceeded. The degree of curing is the 
one variable over which little or no control exists. The slow tedious 
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hand-filling of the propellant tubes results in some propellant remain- 
ing in the mix can at casting temperature for several hours.  It is 
possible for much of the pot life of part of a mix to be consumed in 
tube loading.  Added curing occurs in the cartridge oven before appli- 
cation to the grain and this period is variant in time depending on 
winding requirements.  Even though close monitoring is maintained the 
usage rate is not always predictable.  There is no apparent solution 
to control of this last procuring period (short of rapid induction 
heating or other innovation), however, tube loading time may be re- 
duced when the new mechanical propellant feeder with its larger, rec- 
tangular tubes, becomes operational. 

(f) Fabrication Development 

Fabrication development ultimately determines design accuracy and is 
necessary since the present state of winding theory does not allow 
completely accurate design by calculation and layout.  There are enough 
variables in a new grain wound with the multi-helix angle concept that 
a fabrication development program is usually essential. 

The fabrication development program for multi-helix angle domed grains 
consisted of a series of windings in which consecutive grain layers 
were wound 1 to 3 cycles at a time.  This allows comparison of totel 
buildup as well as individual layer buildup with predicted buildup. 
The geodesic layer buildup at the polar boss is a critical design dimen- 
sion which must be carefully determined.  Other design features which 
are checked during fabrication development winding are: 

1. Position of the intermediate layer reversing positions 
on the domes 

2. Buildup of the intermediate layers at the reversing point; 
this determines the allowable dome distance between geodesic 
layers for a given cylindrical thickness 

3. The best load ring design for each geodesic layer 

4. Buildup of the geodesic layers in the dome 

5»  Required polar boss steps lengths for load rings and 
geodesic polar windings 

6. Dome web thicknesses and internal and external cylindrical 

lengths 

7. Cam design, gear ratios, propellant, and warp widths used 

o 
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Motor A had a fairly extensive fabrication development program with the 
first two partial grains RFG-1206 and RFG-1207, to check out cams and 
grain design helix angles with respect to dome buildup through the first 
cycle and the second geodesic layer.  The partial grains were made with 
live propellant, which was applied only to one dome in each case.  In 
this way about one-tenth of the propellant required for an entire grain 
was used with no sacrifice in information obtained. 

The winding pattern for both grains consisted of the first geodesic 
isotensoid (GZ) layer of seven covers, a 43 degree helix layer of nine 
covers, a 54 degree helix layer of nine covers, a 66 degree helix layer 
of four covers, and a second GI layer of seven covers (Fig. 74). 

The two grains differed from each other in the number of wires used in 
the warp on the GI (24 for RFG-1206, 36 for RFG-1207) and in the re- 
versing point on the intermediate helix fill layers which were all made 
with a 36-wire warp. 

Observation of the winding on RFG-1206 indicated that the cams produced 
winding patterns precisely according to design, confirming the depend- 
ability of the cam design methods.  However, study of the measured dome 
contours indicated that some changes had to be made in the intermediate 
layer design, the load ring configuration and location, and the location 
of maximum dome buildup of the GI layer because of the warp width re- 
duction at the pole base.  This indicated that the estimated narrowing 
of the warp width from the 20-inch grain studies was erroneous. 

A study was made in an effort to determine the factors affecting this 
reduction in warp width. Factors considered were dome contour, Z-axis 
orientation and the distance between the final wire guide and the wire 
contact point on the mandrel.  It is apparent that there would be no 
reduction in warp width if the final wire guide could be maintained 
parallel with the dome contour; however, this is not possible with 
existing equipment. 

Since control could be exercised over the distance between follower and 
grain contact point, the first geodesic isotensoid layer cams were re- 
designed to produce a follower path with a minimum clearance from the 
mandrel surface in the polar region. 
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RFG-1207 was a repeat checkout of  contour buildup for the first cycle 
and second GI layer using the redesigned cams. The first geodesic 
isotensoid layer was wound using these cams and a 24-wire warp.  No 
appreciable increase in the warp width could be determined; therefore, 
it was concluded that the clearance did not affect the warp width within 
the limits investigated.  Since the minimum clearance method was no 
improvement, the first GI cams were returned to the original follower 
path. 

The dome of RFG-1207 was smoother than RFG-1206.  This improvement was 
accomplished by winding each intermediate layer in two portions, one 
portion being wound slightly lower on the dome than the other.  The 
cylindrical buildup of RFG-1207 was equal to the predicted value of 
0.01645 in./cover. 

The propellant used in RFG-1206 and RFG-1207 was HDS-512 (58.5^ fine AP). 
This propellant had been previously used in reinforced grains, and pro- 
cessing characteristics were satisfactory. 

The next factor studied was the number of wires in the GI layer warp. 
This was increased from 24 to 36 in an effort to decrease the polar 
buildup. A lower polar buildup was expected because the wider warp 
requires fewer circuits per cover thus fewer wire crossovers at the 
pole. The grain was then rewound and the polar buildup on the first 
geodesic layer was the same thickness as predicted. However, the polar 
buildup of the second GI layer was greater than predicted.  It was also 
noted that the warp width of the second GI layer was narrower than the 
first.  This information led to the development of a method for pre- 
dicting polar warp width which takes into account the increasing size 
of the grain with successive layers.  The method is graphical and is 
based on the length of the wire path across the dome. As successive 
layers of the grain are wound, the length of the wire path increases 
and the warp width decreases.  The method was used to successfully pre- 
dict the polar buildup of the four GI layers of RFG-1208.  Thus, the 
correct warp width is an important factor in calculating predicted layer 
thickness. 

This third partial grain in the Motor A fabrication development phase, 
RFG-1208, consisted of three full cycles plus the fourth GI layer. 
Both domes and small portions of the cylindrical section adjacent to 
the domes were covered with propellant.  Special low viscosity propel- 
lant was used for about 3A inch width adjacent to the polar boss on 
one end of the grain to determine the effect of propellant viscosity 
on polar buildup. 
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The use of low viscosity propellant next to the pole on one end of the 
grain gave a significant reduction in polar buildup.  The buildup at the 
low viscosity end was approximately equal to design and was very close to 
buildup predicted by the previously mentioned method.  Based on this 
buildup data it was planned to wind future reinforced grains with low 
viscosity propellant adjacent to the poles. 

Buildup at other points in the domes and in the cylinder was lower than 
expected. The cylindrical buildup averaged 0.0150 in./cover, which is 
equal to wire-to-wire contact, compared to 0.01645 in./cover predicted. 
The low buildup was probably due partially to there being no propellant 
in the cylindrical section to restrict transmission of wire tension 
back to the domes and partly because the RDS-512 propellant used in 
fabrication was a lower viscosity (lower percent fine AP) formulation. 
It was decided to limit this bare cylinder effect on the next grain by 
covering a larger portion of the cylinder with propellant. Propellant 
processibility was satisfactory. 

Evaluation of data from this grain revealed new dome buildup and load 
ring contour information.  Based on this information, cams were designed 
for winding through the seventh GI layer.  The polar bosses for the 
-prototype hard mandrel were redesigned to reflect the dome buildup data, 
and new load rings were designed. 

The fourth partial grain, RFG-1209, was wound through the sixth GI layer. 
Propellant was applied over all of the grain surface except a 12-inch 
band in the center of the cylinder.  Propellant used in the outer layers 
of this grain, RDS-514 with 6$ depressants, had its first trial in a 
reinforced grain and was not processible. 

Fabrication was satisfactory to the fifth GI layer, where use of de- 
pressed propellant was started.  Processing this propellant resulted in 
nonuniform buildup because it could not be controlled to obtain a smooth 
layer, but extruded as uneven lumpy globs.  Part of this problem was a 
reduction in pot life caused by difficulty in potting the propellant 
into dispensing tubes when it was mixed.  Processing this propellant on 
a large scale was determined not to be feasible and the winding was 
stopped at the end of the sixth GI. 

The propellant processing problem was discussed with the propellant 
laboratory and new formulations were devised for the next grain, RFG- 
1211.  (There was no RFG-1210 fabricated.) 
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The fifth partial gram, RFG-1211, was wound on the enlarged reusable 
mandrel beginning with the sixth GI layer and continuing through the 
ninth.  Propellant was applied to all of the grain except a 12-inch 
band in the center of the cylinder. 

The purpose of IlFG-1211 was to check grain and cam design of the outer 
layers and processing characteristics of three new propellants. The 
first two were RDS-514 at lower depressant levels than used previously. 
The third was a new formulation, RDS-523, which has 87% AP vs 88^ for 
RDS-51^ and 30 parts per hundred rubber (phr) plasticizer vs 20 phr for 
RDS-5U. 

The three propellants used in fabrication of RFG-1211 were prepared with 
the object of reducing viscosity and therefore improving processibility 
and reducing buildup.  Location and cylindrical buildup obtained were: 

Cycle 

6th 

7 th 

8 th 

Average 

Propellant 

RDS-514 w/0.5^ depressant 

RDS-514 w/2.5^ depressant 

RDS-523 w/6.0^ depressant 

Buildup, in./cover 

0.0157 

0.0163 

0.0200 

0.0178 

The buildup for the 6th and 7th cycles was on target, while that of the 
8th cycle was slightly higher than desirable. The only apparent explana- 
tion for the differences obtained is the propellants and a possible 
difference in application of propellant by operating personnel. 

Operation of the winding machine was improved for this grain over that 
for the previous grain by using the direct gear train with precision 
gears to eliminate considerable backlash. Also a friction brake was 
installed on the gear train output shaft to eliminate the effect of 
backlash through the cam system. 

The winding of these five fabrication development grains demonstrated 
the application of the multi-helix angle grain concept to large motors, 
and the feasibility of the design and processing techniques. Consider- 
able experience was gained during this winding program with respect to 
minimizing layer thickness, buildup at the poles, control of polar 
buildup, predicting warp width and layer thickness, and optimizing cam 
design. 
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Particular terms used in frrain winding are defined as follows: 

1. Helical winding is a general term for any winding on a 
surface of revolution in which the winding material is 
laid down at an angle to the rotational axis of the sur- 
face being wound.  Geodesic isotensoid, polar, and cir- 
cumferential windings are merely special cases in which 
the helix winding is further defined. 

2. Geodesic-isotensoid winding is a pattern which is stable 
and in uniform stress throughout its path. Since a geo- 
desic line is the shortest distance between two points on 
a surface of revolution, it is a stable wind and remains 
so under pressure. The isotensoid refers to the uniform 
tensile stress level at any point in the winding path. 

3. Polar winding is winding laid down lengthwise on the 
grain from pole to pole primarily to resist longitudinal 
loading. 

'i.  Circumferential winding is that around the cylindrical 
portion of the grain primarily intended to handle hoop 
loads.  In general, high-angle helix winding (75 to 90 
degrees) is referred to as circumferential or circ 
winding. 

Multi-angle winding is a series of helix windings at 
different angles used to alleviate polar buildup and 
obtain uniform dome thickness. 

Helix angle is defined as the angle between the warp 
laydown and the longitudinal axis of the grain. 

A wrap is one complete warp laydown, from dome to dome 
and back.  It is equivalent to one circuit of the machine 
cams and is also called cam circuit.  The warp width, grain 
diameter, etc., determine the number of wraps per cover. 
The term wrap angle is sometimes used instead of helix 
ang1e. 

8.  A winding cover consists of sufficient number of wraps 
to completely cover the surface of the grain.  Since a 
helical pattern crosses over itself in opposite directions, 
a covor thickness is twice the thickness of the winding 
material.  In circ winding with glass filament, where 
the helix angle is essentially 90 degrees, a cover is 
considered a single pass along the cylindrical surface 
or a single material thickness; however, this ia a 
special case. 

5. 

6. 

7. 

1 
4 

O 
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9« A layer is defined as all the winding (a specified number 

of covers) done at one particular helix angle. 

10,  The reversal point is the point on the dome where the pattern 
reverses direction and is described as the radial distance 
of this point from the grain axis. 

) % 
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GLOSSARY OP SYMBOLS 

a - winding or helix angle, the angle the filament makes with a plane 

through the axis 

C - control cam revolutions per pattern 

D a centerline distance between adjacent wires in warp 

f -  volume fraction of wire content in grain 

f m weight fraction of wire content 

N m  number of covers 

N = number of patterns in pattern calculation 

R ■ radius of cylindrical section 

R. m wire follower guide height from grain axis 

R ■ radius at the pole or distance of winding termination from grain 

axis 

R, = grain radius at point t 

R, « winding ratio or ratio between mandrel and cam revolutions 

p = density, also angle of polar rotation in dome buildup calculation 
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t - layer thickness on cylindrical section 
c 

T = mandrel revolutions per pattern 

t (T ) = wire thickness 

6 ■ mandrel rotation 

9. » total mandrel rotation per circuit 

W = wire band or warp width on cylinder 

W > warp width at pole in radial direction 

W. - warp width at a point 
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(2) Application of Grain Restrictor 

Following the grain winding and partial cure, a thin thermal barrier is 
applied to protect the glass filament wound case from the hot gases 
during the final burning of the RFG.  The major difficulty with restric- 
tion operations is thickness uniformity.  It develops from problems with 
the grkin dimensions. Variation in grain diameter from end to end, and 
before and after cure, necessitates variation in restrictor thickness. 
In addition, variation in eccentricity and lack of accurate measurements 
contributed to restrictor nonuniformity. 

A large factor in measuring the diameter was the use of the periphery 
tape around the uncured grain.  Since the grain was not rigid, the 
measurement depended on the tension applied« The contour measuring 
device developed late in the program was a step toward better dimen- 
sional control; also, a new optical transit showed promise in this area 
Probably the most feasible method of obtaining a thin, uniform restrictor 
thickness despite grain surface variations is to wind the restrictor on 
the grain using an inert fiber or wire.  This has been done on small 
cylindrical grains but the extrusion of binder fluids onto tne surface 
of domed grains was a potential problem. Experimental work is required 
to determine whether or not this would be a problem with a wound-on 
restrictor. 

The restrictor application technique developed for this motor was to 
apply the R-l43(15) to a grain asseubly that had been prepared by wiping 
clean with a toluene-dampened cloth. After cleaning, the grain is oven 
dried for 1 hour at 170 F and a light coat of MAPO wiped on the propel- 
lant surface.  The R-143 is applied in three steps. First a thin prime 
coat is spread and worked into the surface with a plastic spatula.  This 
layer was smoothed and partially cured (l6 hours at 170 F).  The second 
(or fill) layer was applied to within 0.030 inch of final dimensions to 
build up the restrictor thickness and provide a base for a more uniform 
final coat. Both this fill and the finished layer were applied and 
smoothed with the contoured template while the grain was revolving.  The 
fill was partially cured and the final layer was cured 48 hours at 170 F. 
After 24 hours yf the final cure period the heating was interrupted and 
the surface inspected for dimensions, ridges, and depressions.  At this 
point any ridges were sanded down and R-143 added to depressions if 
necessary.  If restrictor was added the unit received a further full 
48-hour cure. 

T1^ 143 is a Rocketdyne  prepared restrictor. 
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(3)  Glass Filament Wound Cases 

Development of the glass filament wound (GFV) cases was primarily asso- 
ciated with the application of existing materials and processes to the 
fabrication of Motor A thin-wall cases.  Presented in the following 
discussions is a summary of the GfV process development, which was 
accomplished through the fabrication and test cf partial and full-scale 
GPW case configurations. 

(a)  Partial Case Fabrication Development 

Fabrication development of the GJV case on Motor A was initiated by making 
two partial full-scale cases for development investigations.  The fabri- 
cation of these two partial cases (Cases 1406 and 1407) is discussed 
below. 

When GIV Case 1406 was wound on the 40-inch winding machine, several 
problems were encountered.  Since this was the first attempt to wind a 
complete cover on a mandrel on this machine, adjustment was necessary 
to get all systems aligned properly.  The maximum speed at which the 
machine could be made to operate stably was approximately one cycle per 
minute.  In addition to this being the first attempt to wind on this 
machine, this was the first attempt at winding a case with unequal end 
openings. 

In view of the various "firsts" connected with this winding operation, 
the results appeared good.  Winding proceeded without interruption after 
initial checkout patterns except for two planned stops. One was to 
change a glass supply spool, and one was to change resin pots and clean 
the resin system. 

Although the pattern lay-down was not perfect, it was sufficiently 
accurate for a two-cover case.  Three main sources of inaccuracy in 
pattern were noted: 

1. The tracer valves did not always remain exactly on the 
cam surface.  This was not a consistent variation, and 
as a result, pattern gapping (approximately l/l6-inch) 
resulted at random intervals in the cylindrical section 
only. 

2. The final glass-feed eye was larger than is desirable 
for the four-roving band, and at times caused excessive 
band spread.  This resulted in splitting of the band at 
times. 

the 
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3*     Since this caae had unequal end openings,  the helix 
angle was necessarily a compromise between the optimum 
helix angles for each of the end openings.    A veiy slight 
amount of band slippage was noted on the domes during 
the  latter phases of winding. 

Case 1407 was the  second partial case to be wound on the 40-inch winding 
machine.    Prior to winding this case considerable time was spent in 
"tuning up" the machine and testing various minor variations of the 
winding pattern to achieve the optimum lay-down with these cams. 

The winding speed was appreciably increased over that used for Case 
1406.     The average winding speed for 1406 was 1.09 rpm, while that for 
1407 was 1.60 rpm.    Although both speeds are rather slow,  this resulted 
in 30% reduction in winding time. 

Once winding was started, no difficulties were encountered.    The machine 
continued to  operate smoothly for five hours with no adjustments. 

The results of winding 1407 indicate that both the machine and winding 
pattern design were sufficiently developed to be used for the  first 
hydrotest case with no further changes.    There was,  of course,  always 
room for improvement,  and minor changes were made. 

(b)    Pall-scale Case Fabricacion and Test 

After completing the partial case  fabrication development the  first 
complete full-scale Motor A GfW case fabrication was initiated.    Three 
full-scale cases were fabricated and tested.    Below is a discussion on 
each case. 

O   GIV Case A-1412 Fabrication 
. 

(C)     Case A-1412 was the first full-scale Motor A case and was wound for 
hydrotest purposes.    A-1412 was wound so that the circumferential wrap 
had 1174 ends per inch (instead of 886, as designed for flight load 
requirements) to balance the case for hydrotest.     The helical wrap had 
744 ends per inch instead of 716,  cue to gear ratio limitations.    Fol- 
lowing are  the principal characteristics of this case: 

o 
216 

CONFIDENTIAL 
l 

Aw^ta^Ai 



CONFIDENTIAL 

(c) Case ID, in. 

Cylinder length, in. 

Case OD, in. 

Type pattern 

Helical band width, in. 

Helical ends per inch 

Circ band width, in. 

Circ ends per inch 

Resin system 

Glass sytem 

29.71 

48.20 

29.83 

5A Helical 

0.258 

743.6 

0.545 

1174 

DER332/EMI 

S-994 HTS Roving and 
143R Glass Cloth 

Prior to the winding, difficulty was encountered in obtaining a good 
restrictor coating on the mandrel.  The third attempt at restriction 
was acceptable.  The primary problem lay in obtaining a uniform 0.030- 
inch thick coating on a mandrel that permits 0.030 inch diameter vari- 
ation.  Considering that a reinforced grain will probably not be as 
uniform as a molded sand mandrel this problem may be increasingly severe 
in RFG/GJW combinations. 

The helical wrap was wound at a speed of 1.25 rpm and required 10 hours 
winding time, including one stop to change resin pots. 

Approximately 2 hours were required to install the skirt mandrels, and 
2.5 hours to wind the eight helical covers.  Circ winding speed was 5 
rpm and was limited by the ability of the resin pot to pick up the 
resin. Had variable temperature water (VTW) been available to raise 
the temperature of the resin slightly, this winding speed could have 
been increased. 

The principal problem encountered was the filling of the skirt-mandrel- 
case interface area. Further development is required to perfect this 
technique. 

Table  XXV presents a summary of the measurement and weight data ob- 
tained on GFW Case A-1412 during fabrication. 
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TABLE  XXV 

WEIGHTS AND DIMENSIONAL DATA OF GFW CASE A-1412 

Mandrel Weights, lb                                  | 

|  Flange, aft 2.671 | 

j  Flange, forward 2.02  j 

Unrestricted mandrel with flanges 
j  installed 1679.8  j 

Restricted mandrel 1692.1  | 

i  Restrictor weight 12.3 

I  Mandrel, case, and skirt rings 
j  after cure 1772.1 

j  Case with skirt rings 80.0 

j  Skirt rings 31.9  I 
GIW case only, based on differences 

i  of mandrel weights 48.1   j 

| Glass Weights, lb                                   J 

12-end roving (helix) 11.982 | 

{  20-end roving (circ) 11.684 ! 

Weight of glass fabric in skirt i 3.988 

Total weight of glass 27.654 | 

'  Resin content (%  by weight) 29.4   | 

Case, based on glass weight and resin 
|  content 39.2  | 
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TABLE XXV 

(Continued) 

Diameters (cylinder), in. Fore Center Aft Average 

Mandrel before 
restriction 29.625 29.650 29.620 29.632 

Restricted mandrel 29.715 29.710 29.700 29.708 

Average restrictor 
thickness ba&ed on 
diameters 0.038 

Case after cure, 
before mandrel removal 29.876 29.873 29.863 29.871 

Case after mandrel 
removal 29.860 29.865 29.863 29.863 

Shrinkage 0.008 

Skirt diameter 
(average) 29.946 

Thickness, in. 

Total wall (cylinder) 0.087 

Helical wrap 0.035 

Circ wrap 0.052 

Skirts at bolt circle 0.155 

Lengths, in. 

Inside cylinder length 48.385 

Outside skirt-to-skirt 
length 56.20 

Outside boss-to-boss 70.316 

O GFW A-1412 Test 

The first hydrotest of a 30-inch diameter GFW case (A-1412) was con- 
ducted 10 January 1964, see Fig. 75. 

» 
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Figure 75.     Before Hydrotest  of Case A-1412 
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(C)  Calculated ultimate pressure for GFW case A-1412 was 770 psig in the 
hoop direction and 777 psia in the longitudinal direction.  Strain 
measurements were obtained during test by use of strain gages affixed 
directly to case surface. Typical GFW case instrumentation is illus- 
trated in Fig. 76. Rupture occurred at 538 psig.  Failure was a typ- 
ical hoop failure and approximately 75/^ of the circ wraps broke, see 
Fig. 77. The only cylindrical portion which did not fail was a small 
band approximately 8 inches wide adjacent to the aft tangent plane. 
Both domes appeared to be in good condition as well as both polar 
flanges. The forward (lower) skirt was sheared loose from the case 
but the aft (upper) skirt showed only very slight damage which was 
limited to one circ roving near the dome-cylinder-skirt junction. 

Measurements of the case after hydrotest showed the. helical and circ 
wraps in the cylindrical portion of the case were 0.050 and 0.040 inch 
thick, respectively.  Calculated stress based on these measurements 
and design stress are given in the following table: 

Stress,  psi            j 

Calculated Design 

Composite hoop 

i  Helical wraps  (direction of fiber) 

Circ wraps  (direction of  fiber) 

91,600 

90,500 

187,500 

230,000 

270,000 

The preceding table shows the stress in the GFW case was below design 
value.  Only the stress in the circ wraps in the direction of the 
fiber is directly comparable because the helical wraps did not fail. 
Ultimate stress of the circ wraps was only 69.5^ of the design value. 

Inspection of the GFW case prior to hydrotest showed an epoxy bulkhead 
was still inside the case.  This bulkhead was formed by the adhesive 
which the vendor used to bond the sand mandrel halves together.  This 
bulkhead was approximately 2.5 inches wide, and 0.35 and 0.50 inch 
thick at the outside and inside diameters, respectively.  It was decided 
to leave the bulkhead intact rather than break it out and risk ruining 
the case. 

Four additional strain gages were bonded to the GFW case to help deter- 
mine the magnitude of the stress concentration caused by the bulkhead. 
One of these gages was not functioning at the start of the test but the 
other three were satisfactory. 

221 

CONFIDENTIAL 

.^..^^ 



* iiBTiocs PI« wig ILMK« vmmtsm wmtraim 
—„.. ■■■ ] 

Front 

S-25 r 
S-20   [ 

s-2i ca 

8.0 + 0.25 
True Typ 4 

Places 
S-22   [ 

\ 

Forward 

I Frönt  i 

Ihs- 
^ 

13 -v 

|   M 
S-5 

]   S-17 

-If 
S-l 

S-2 

|| S-10 

^ 

S-19 

lit. 14       / 
^—*-> 

r7 i 
Aft 

Bending 
Moment 

j Si<ie    | 

^1^. 

II S-17 

S-19 

08-18 

P 

/i 

1 
■——- ^ 

 •     r   Ml mi ■ 
—'^ "-^  --^-^ 

--— 



Bending 
Moment 

I »ige    | LP-2 

^ 

II s-1? 

jp-s^a. 

ns-i8 

/I 

c 
10.3 

t 
10.0 + 2 

10.0 + 2 

i 
10.3 r 

Heir 

\U-15 

0 8-8 
CDS-7 

I 
iS-3 

S-4 

.    S-ll 
II    S-12 

I   S-16 

9 

h 

LP-l 

NOTE: 

1. Position Case With S-l, 2, 5,  6, 
9, 10, 13, and 14 Directly In 
Line With Tension Cylinder And 
Toward Front Of Test Cell. 

2. Do Not Use PA-7 Strain Gages. 

3. Strain Gage Calibration Range 
± 35,000 min/in. 

k.    Locate Gages On Domes In Line 
With Winding Pattern. 

3.  LP-l Must Measure 1.0 Inch 
Minimum. 

6. LP-2 Must Measure 2.0 Inches 
Minimum. 

Figure 76. Typical GFW Case 
Instrumentation 
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Figure 77. After Hydrotest of Case A-1412 
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Data showed some erratic strain variations in the vicinity of the bulk- 
head. Four of the six strain gages on the GFW case near the bulkhead 
were not recording after the pressure reached 485 psig« These data, 
plug the location of the failure, arc not conclusive but do indicate 
that the case was either damaged near the bulkhead prior to +he test 
or else it caused a stress concentration and resulted in a premature 
failure. 

(C)  The following conclusions were made as a result of this test: 

1. The hydroteat stand and test setup worked very well. 

2. The case liner and XAGZ-coat held 133^ of the normal 
Motor A case operating pressure. 

3>  Both domes appeared to be capable of withstanding the 
770 psig design pressure.  This indicated the winding 
pattern was good and also indicated the unequal dome 
openings were satisfactory. 

4.  Rupture pressure was only 70^ of design ultimate. 

3. Case A-l'4l3 should be designed identically to this case 
to see if improved fabrication technique would improve 
the ultimate pressure capability of the case. 

6.  Data shown in Figs. 78 and 79 indicate the design was 
fairly well-balanced.  Hoop and longitudinal strain 
values are approximately equal. 

O GBV Case A-1413 Fabrication 

Case A-1413 was the second full-scale Motor A case, and was wound 
essentially identical in design to A-1412 except that the skirt length 
was increased by l/2-inch on each end. Winding was started on the 
helical wrap and continued with no serious problems other than a 
slightly unusual amount of fuzzing of the glass roving. 

At this point winding operations were halted and the mandrel was 
allowed to rotate slowly while heat was applied to the helical wraps 
to aid in removal of excess resin before the skirt tooling was in- 
stalled. 

' 
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Figure 78.     Pressure-vs-Hoop Strain for GFV A-1412 
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228 



HH 

Subsequently, the mandrel was removed from the machine and the skirt 
tooling hung on the spindle.  The mandrel was reinstalled and the skirt 
tooling was worked into position over the domes of the case. At this 
point it was discovered that the innermost portion of the skirt mandrel 
support structure was approximately 3/8 inch too long, and the tooling 
could not be placed in the proper position. 

The decision was made to remove the skirt mandrels and send them to the 
R&D shop for modification.  During removal of one of the skirt mandrels 
it slipped and fell against the aft dome of the helical wraps, cutting 
approximately a 3-inch gash in the outer layer of rovings.  At this 
point there was no choice but to cut off the entire helical wrap and 
start over again.  It was decided not to start the helical wrap until 
after the skirt tooling had been modified, placed on the machine, and 
checked out.  This situation was corrected and winding commenced. 

During winding, the amount of fuzzing and end breakage was noticeably 
worse than before and it became apparent that there was entirely too 
much abrasion of the roving and excessive end breakage.  Winding was 
stopped and the glass was cut from the mandrel. 

A modification to the guide pins of the resin pot was made and winding 
started again.  No further fuzzing or end breakage occurred, and the 
helical layer was completed. 

The mandrel was rotated, wiped, and the skirt mandrels were placed in 
position for circ wraps. Winding of circ wraps commenced and no un- 
usual problems were encountered. 

The winding of A-1413 was plagued with a series of unfortunate occur- 
rences, some of which were preventable.  It is believed that the final 
product was not unduly affected by these events.  Considerable improve- 
ment was made in tJ.e smoothness of the joint between the skirt and dome. 
Also, better control of both tension and resin content was possible 
with the new resin pot.  The actual winding speed of the helical wrap 
was increased by 40^ on this case, largely due to the smoother cam 
contour used.  The winding data are presented in Table XXVI. 

c 
229 



CONFIDENTIAL 

(0 TABLE XXVI 

WEIGHTS MTA OF GF¥ CASE A-I413 

| Mandrel Weights, lb                                | 

!   Unrestricted mandrel with 
1   flanges installed 1679.6   | 

Restricted mandrel 1697.4  j 

Restrictor 17.8  j 

Cured case, with mandrel, and 
skirt rings 1780.9  1 

|   Case with skirt rings 83.5 

i   Skirt rings 32.0 

GFV case only, based on differences 
of mandrel weights 51.5 

1 Glass Weights, lb                                  j 

1   12-end roving (helix) 11.434 

20-end roving (circ) 12.430 

Estimated weight of glass fabric 
i 

4.02 

Total glass weight 27.884 | 

Resin content (^ by weight) 29.4 

GPV case, based on glass weight and 
j   resin content 39.5  | 

O GPW Case A-1413 I'est 

(c)  GPW A-1413 was set up to hydrotest 27 January 1964 see Fig. 80.  Rupture 
of the case occurred at approximately 641 psig which is 19^ higher than 
the first case (539 psig), but still 15-5%  below the design ultimate 
pressure of 770 psig, see Fig. 81.  The initial failure, as shown by 
movies, was in the cylindrical section about 2.5 inches forward of the 
aft tangent plane.  A discontinuity, which ijt caused by ending the skirt 
glass fabric, exists at this location, and was probably the major reason 
why the GPW case did not roach the design ultimate pressure.  No stress 
concentration factor was included in the calculated ultimate pressure 
of 770 psig because previous 10-inch test data indicated only a small 
stress concentration factor existed at this point. 
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Figure  80.     Before Hydrotest  of  Case A-U13 
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Figure 81. After Hydrotest of Case A-1413 
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Measurements of the helical wraps after hydrotesting indicated a thick- 
ness of 0.033 inch, which was an improvement over the 0.040 inch thick- 
ness of the helical wraps on GFV case A-1412.  There were not enough 
circ wraps left intact to give a representative sample for thickness 
measurements of the circ wraps.  From observation prior to testing, 
however, it appeared that the circ wraps had a great deal of excess 
resin and were probably thicker than those on GUV case A-1412.  No 
accurate estimate of the resin content could be made, but it was high 
enough that approximately 70%  of the strain gages bonded to circ wraps 
were lost before the case ruptured.  The presence of excess resin will 
cause premature gage failure due to localized resin crazing (resin 
cracking) which causes a local stress and premature gage failure. All 
of the gages bonded to the helical wraps were still functioning prop- 
erly at the time of rupture. 

Deflection data, as measured with linear potentiometers, appeared to be 
excellent with the exception of the aft dome.  This linear potentiometer 
bottomed out after approximately 0.3 inch deflection.  The necessary 
travel for the manner in which it was mounted was 1.5 inches.  Pressure- 
vs-straln curve?  (Fig. 82), were almost identical to A-1412 except 
for the 19%  increase in pressure which also increased the helical and 
circ wrap strain from approximately 2.4^ to 2.7^. 

Some changes based on this test were made in the fabrication of the 
GJW case for the RFG/GIV A-1006 composite hydrotest.  GFW case A-1414 
was fabricated after A-1006 which is discussed under the full-scale 
motor section.  These changes are tabulated here : 

1. Wrap a flightweight case as originally designed 

2. Use 12-end roving for all wraps instead of 12-end for 
helical wraps and 20-end for circ wraps (as was done 
on A-1412 and A-1413) 

3. Remove excess resin from the helical wraps, as done on 

A-1413 

4. Remove excess resin from the circ wraps, even if it 
requires removing the grain end case from the oven 
once or twice during the cure cycle 

5. Modify the skirt design to reduce the discontinuity 
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O GJV Case A-1414 Fabrication 

This was the third and final destructive test of a 30-inch diameter 
case, but it was the first and only test of a flightweight Motor A 
case without the RFG. It differed from previous Motor A fabrication 
development cases in that (due to the bending load to be applied) the 
straightness of the skirt could not be compromised. Development work 
undertaken just prior to fabrication indicated that the most readily 
available method of making the transition fill between case cylinder 
and skirt ring was uylcn cord and room cure rubber, FRC-1201. However, 
the actual fabrication was unusually difficult and lengthy due to the 
unpredictability of rubber cure. 

Further study was made during actual winding, using the same batch of 
rubber and curative to be used in the transition area. An excellent 
fill was eventually made by preheating the rubber to 130 F prior to 
adding the curative. The material had about 13 minutes working life 
and cured to good firmness in 3 to 4 hours using hot air blowers. 
Figure 83 shows how the skirt area was built-up, and the area that 
was affected by heat. 

The problem of filling in the 3-iuch gap between the thrust attachment 
ring and the tangent line was a very difficult one to solve for the 
following reasons: 

1. The fill must be as flat as possible to avoid having 
built-in corrugations in the skirt 

2. The fill must be firm enough to withstand the compressive 
force of winding tension 

3. The fill must be a material that can be applied to the 
mandrel between the helical and circ wraps, while the 
case is on the winding machine.  If cure is required, it 
must not involve sufficient heat to be detrimental to 
either the case or propellant. 

4. The fill material must be either completely removable, 
or partially removable and sufficiently pliable to 
prevent excessive stress concentrations when the dome 
expands. 

There conditions were not all met within the time and fabrication 
development allowances of the program. Two alternate approaches are 
offered, but both require added fabrication development work. 
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1. A preformed silastic rubber grommet would be used in 
the fill area instead of the HlC-1201 now being used. 
If this grommet fits properly it would simplify the 
processing problem of making the fill and reduce the 
time required between helical and circ wrapping.  It 
would also eliminate the requirement for heat.  How- 
ever, it is questionable if this would yield as straight 
a skirt as desired, and whether or not it would be 
possible to remove after case cure. 

2. Redesign the skirt winding mandrel to the more con- 
ventional type that extends all the way in to the case 
dome and would require only a 1/8- to l/4-inch fill in- 
stead of a 3-inch fill.  This mandrel would have to be 
completely removed after cure.  A thrust ring would 
have to be made to fit the skirt ID and be pressed 
into the skirt (rather than the built-in thrust ring 
used). 

, 

i 

b 
- 

Either of these metuods would require the fabrication and testing of 
another case to prove  the skirt strength.  The first method would be 
the least expensive, and the second would be the most likely to succeed. 

After winding was completed, the case was wound in paper toweling and 
dry glass roving under high tension with a metal strip the length of 
the case between the toweling and roving.  After 10 minutes in the 170 I 
oven, the roving was cut (using the metal strip for backing) and the 
paper toweling was removed.  This procedure reduced excess resin and 
gave a much better looking surface to the case. 

Some difficulty was experienced in removing the toweling in the skirt 
area, where resin from the B-staged cloth seeped through.  It is 
planned to use glass cloth under the paper toweling in the skirt areas 
on the next case. 

Due to the unpredictability of cure of FRC-1201, it was suggested, on 
future cases, to run preheat/cure tests simultaneously with helix 
winding.  It is anticipated that these tests will eliminate skirt 
winding problems and reduce case processing time to the minimum. 

O GPW Case A-1414 Test 

GPW case A-1414 was tested to failure 12 March 1964.  The flightweight 
case was designed to withstand a limit iiternal pressure and limit 

237 

■—:A
-"-

:
— -- 



■I 

CONFIDENTIAL 

(c) bending moment of 468 psig and 8.0 x 10 in.-lb respectively. These 
loads with a 1.23 load factor are equivalent to an ultimate pressure 
and ultimate bending moment of 585 psig and 1.0 x 10" in.-lb respectively. 

(c) GJW case A-1414 was pressurized to 170 psig in 30 seconds and held 
approximately constant while the bending moment was applied. The 
bending moment was applied and reached a value of 8.0 x 105 in.-lb at 
58 seconds. Pressure was increased from 170 psig at 70 seconds to 497 
psig before the case ruptured.  The servo valve on the compression 
cylinder had a tendency to stick and when the pressure was increased 
from 170 psig, the compressive force increased from 17,000 pounds to 
21,000 pounds before the sticky valve freed itself and the force re- 
turned to 17,000 pounds. At 80 seconds the bending moment was approxi- 
mately 9.0 x 10-? in.-lb and is the maximum bending moment which was 
applied to the case before failure of the cylinder-skirt bond at 90 
seconds. 

(c) Movies of the test showed the skirt pulled off of the cylinder and 
broke some of the circ wraps at a pressure of approximately 295 psig. 
This damage, however, did not cause failure of the pressure vessel 
until 30 seconds later when the pressure reached 497 psig. 

(c) Damage to the circ wraps, which occurred when the skirt-cylinder joint 
failed, probably contributed to the slightly low burst pressure but 
strain gages located on the opposite end of the cylinder indicated the 
case would have burst below 585 psig without the skirt failure.  Longi- 
tudinal strains in the cylinder and strains in the domes were very 
close to the expected values, but hoop strain was approximately 10 to 
15^ higher than expected. 

Pictures of this case before and after testing are shown in Figs. 84 
and 85* The data relating strain and pressure are presented im  Fig. I 
86. 

As a result of this final case test, no change was made in the helical 
wrap, but the circ wraps were increased approximately 15^ to meet fhe 
design requirements.     Because  some  fabrication problems were encountered 
with the skirt on this case and improved fabrication techniques were 
expected to increase the  strength of the joint  10%, no significant 
design change in the  skirt was planned.    The resin content of this 
case was approximately 30^ (by weight) and additional work was planned 
to get the resin content down to the design value of 20^. < 
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Figure   8k.     A-1414 Before  Testing 
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Figure 85.    A-1414 After Testing 
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e. Processing Procedure 

The fabrication development effort associated vith the RPG, GFV, and the 
RFG/GFV composite established a sequential fabrication process to be 
used on the full-scale motors. Disbursed throughout the whole motor 
fabrication sequence is quality control inspection of the rav products 
going into the motor as veil as sequence control inspection of the fab- 
rication operations. 

The detailed manufacturing operations, discussed below, are arranged in 
the order of prewinding operation, RPG fabrication, grain, restrictor, 
GFV case fabrication, winding mandrel removal, core propellent, and 
motor assembly. 

(l) Prewinding Operation 

The prewinding operations discussion has been divided into winding man- 
drel fabrication, propellant preparation, hardware preparation, and 
winding preparation. 

(a) Winding Mandrel Fabrication 

The winding mandrel for Motor A is made of molded sand and PVA (poly- 
vinyl alcohol) mounted on a steel spindle. The sand mixture was mixed 
in either a vertical blender or a cement mixer. The nominal binder 
formula is: 

Water 

Polyvinyl alcohol 

Ethyl alcohol 

20^ Sodium hydroxide 

Wt, f 
70 

20 

8 

1.8 

This binder was mixed 5 parts to 100 parts of sand. The binder was fre- 
quently mixed in advance in a Hobart mixer and stored in airtight con- 
tainers. The mandrels were made in fiberglass molds in two halves which 
were bonded together with EC-1648. Either the polar bosses or simulated 
bosses were placed in the molds to shape the sand. The molds were coat- 
ed liberally with silicone grease as mold re ease agent. The sand was 
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packed continually as  the mold filled and  the mandrel dried in the oven 
at 190 to 225 F.    Dry time varied betveen 48 and 72 hours depending on 
use of vacuum.    After mandrel removal      om the molds  the two sections are 
bonded together and the taper for mold release vas worked down to get 
the  cylindrical requirements. 

(b)    Propellant Preparation 

0) 

Special propellant development was undertaken for the  reinforced grains 
matrix during the early development phase.    One of the advantages of 
reinforced grain is the ability to process uncastable propellant and 
achieve a higher total solid  loading.    Matrix propellents contain either 
87 or 88^ oxidizer with a bimodal or trimodal blend of oxidizer.     In 
some propeHants,   some fine oxidizer is replaced with a burning rate 
modifier.    RDS-514 and RDS-523 with large amounts  of burning rate modi- 
fier are very difficult to process due  to high viscosity.    Some propel- 
lents use 10 micron spherical  oxidizer instead  of regular 7—11 micron 
grind to reduce viscosity. 

O Matrix Propellants Burning Rates 

The following matrix propellants have been formulated for Motor A rein- 
forced grains. Liquid strand rates multiplied by 1.175 will give motor 
rate  (radial direction). 

Lab Liquid 
Desig- . Lab Spec. Mfg. Spec. Adv Strand 
nation No. No. No. (in./sec) Remarks 

m)S-514 RA0119-934 RA0119-935 0.21—0.33 0 to 2.5^ de-   I 
@ 1000 psi pressant 

RDS-523 RAÖ119-948 RA0119-949 0.15—0.21 1.0 to 6.056 de- 1 
@ 600 psi pressant 

RDS-529 RA0119-962 RA0119-963 60 0.112 + 
0.030 @ 600 
psi 

Used at load { 
ring area only I 

RDS-526 RA0119-958 RA0119-959 53 0.42—0.46 
• 750 psi 

25 to 40^ grind/ 
total AP       j 
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O Propellent Storage 

(c) Since grains require some time to vind, propellent usage is slower than 
mixing rate and propellent must be stored after mixing and before use. 
The heat history (time at elevated temperature) is minimized by moving 
the propellent to a -70 F cold box as soon as possible (3 hours after 
curative addition) after casting the mix into tubes.  Samples ere teken 
of the mix end results accepted prior to use.  In this way all propel- 
lent is determined es eccepteble before use insteed of relying solely on 
liquid strend burning retes es is done in normal motor casting.* Propel- 
lent hes been stored es long es four months et -70 F with no significant 
change in physicel properties.  Prior to USP the propellent is stored 
et embient for ebout en hour, then pieced in e 170 F oven for e minimum 
of 30 minutes. Propellent stored in the oven for two hours becomes too 
viscous to use, especielly for high solids content.  If more then 50—60 
psi is required to extrude the propellent from the tube et e reesoneble 
rete, it is discerded beceuse the high viscosity will produce off design 
buildup end increese the possibility of voids. 

O Applicetion 

€ 

Propellent is epplied  to reinforced grdins with the use  of pneumetic 
propellent feed guns.    The guns ere filled with cylindricel polyethylene 
certridges which ere filled with propellent;   finally e  seeling cup is 
inserted.    The propellent gun is connected to dry eir or nitrogen end 
the propellent is then extruded  out the gun nozzle onto the grein.    The 
nozzle  is pressed egeinst the grein to make the propellent edhere to the 
grein.    The entire grein  is wound with e slight excess of propellent to 
prevent voids.    The propellent leyer should not exceed  l/l6-inch thick- 
ness,   to ellow the wire  to pull down to the previous wire  cover. 

On greins as lerga as Motor A it is desireble  to edd the propellent 
fester and more uniformly then  can be done with the manuelly opereted 
guns presently used.    An eutometic propellent feed system wes designed 
end febriceted utilizing lerger propellent certridges.    This feed system 
wes designed for the  cylindricel grein section  only (domes must still be 
covered manually).    The  chenging curveture of the domes es  the greins 
are wound meke the construction  of an automatic  feeder for the domes 
too complicated end expensive  for the present  state of development. 
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(c)    Hardwere Preparation 

The hardware preparation consists of  coating and vater-proofing the polar 
bosses,  load ring cleaning,   priming and wrapping with plastics  for sur- 
face protection,   cast polar flange coating, and glass  case skirt attach- 
ments  weighing and installing before  case winding. 

0    Polar Bosses 

The bosses  are  fabricated at the machine  shop where   the load ring steps 
are machined in the  plastic  (leaving a porous   surface subject to moisture 
absorption).    Therefore, when the bosses arrive at the processing area 
they are cleaned by wiping with a cloth saturated in    methyl  ethyl ketone 
(MEK)   then oven  dried at 225 F.    When cool, each boss  is coated by brush 
or spray with Epon 926 for moisture proofing and cured 2 hours at 190 F. 
The aft boot is  then  bonded to the polar   boss  using EC-1648.     The boss 
and boot are enclosed  in polyethylene and polyken tape and/or RTV-60 
rubber as additional   protection from moisture  during mandrel molding and 
washout.    Extreme effort is made to keep  the surface  clean for subsequent 
propellent bonding.     After  coating and preparation the bosses are stored 
enclosed in polyethylene with desiccant. 

O    Load Rings 

The titanium rings are cleaned by water washing,  immersion in nitric 
acid solution,  water washing,  tri-sodium phosphate/hydrofluoric acid 
solution, water washing, then oven drying.    The  rings are  then  coated 
with a  bondmaster primer individually wrapped with strips  of polyethyl- 
ene and labeled .    The  number one  load rings are  bonded to each boss us- 
ing EC-1648 adhesive   prior to assembly in  the mandrel. 

O    Case Polar Flange 

The case flange   is cleaned  and  coated  (using the same procedure as used 
on the   load  rings) and enclosed   in polyethylene  for storage. 
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(d) Winding Preparation 

The mandrel preparations prior to winding included installing the polar 
bosses and coating the mandrel with Tenite(l"), RTv(17), and tape(l8). 
The Tenite is used to seal the sand surface and the give the liner suf- 
ficient rigidity to hold it to the grain during sand/PVA washout. The 
Tenite is applied in seven layers. The RTV (3—5 mils thick desired) 
is used as a safety liner should the tape layer (applied just before 
winding) not be waterproof.  It is applied by spraying. To form a seal, 
the inside surface of the bosses were taped radially and coated with RTV 
and had a 1—2 inch flap of tape extending beyond the number one load 
ring.  This flap overlapped during mandrel taping. The tape layer was 
overlapped on itself 50^ on the cylinder and 66^ on the domes.  It was 
stretched only enough to prevent wrinkles and make good contact. The 
tape acts as a release agent; it does not bond to piopellant. 

Figures 87, 88, 89, and 90 illustrate the different steps in mandrel 
preparation, i.e., Tenite coating, RTV coating, boss installation, and 
taping. 

The specified wire guide is installed on the follower to obtain the 
desired wire spacing. The wire spools are mounted on the tensioner 
f>niad1<>s>^™, the tensioners are each checked, cleaned, oiled, and adjusted 
as. necessary; and 36 wires are threaded through wire guides to the man- 
drel.  The wire tension is checked on each wire as soon as winding 
begins.  In the background of Fig. 91 the assembled system is shown. 

Preparation for winding includes, in addition to mandrel assembly and 
coating and wire preparation, such things as: preparing data sheets 
with gear ratios and requirements, arranging cams, designation of pro- 
pellent, oven adjustments, setting up the contour pantograph (a device 
to translate the actual measured dome contours being wound to paper for 
design verification) with prepared mylar tracing of required design con- 
tour lines, installing and aligning spreader blade, and setting-up pro- 
pellent feed guns. 

(loJienite is an Eastmen Kodak acetate product used to seal and coat the 
!mandrel surface. 
RTV-3O1 -60 are G.E. room temperature cure silastic rubbers. 
Polyethylene tape was used and the prepared bond was 2-inch wide grey 
Polyken tape made by Kendall Company. 

(19)The wire feed system is discussed in detail in Appendix V. 
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(2)    RFG Winding 

Grain winding is started with a  checkout pattern to check gear ratios, 
camR,  and vire  carriage  centering,    Fig.  91.       A grain is wound in 
cycles, each cycle  consisting of a geodesic  isotensoid layer  (adjacent 
to poles) and three to five intermediate  layers at increasing helix 
angles.    A load ring is  installed at each polar boss between successive 
geodesic layers.    After a  layer is  completecl,  the grain  is pantographed 
to compare  contour buildup with design and to determine  if added wind- 
ing is necessary.     Load rings are checked for proper buildup on the 
applicable boss step after a geodesic  layer is wound.    Before winding 
the next geodesic  layer,  the  load ring is  coated with a  light  layer of 
R-143 restrictor sufficient to cover the boss step and seal between the 
ring and step.    A complete Motor A reinforced grain consists  of eight 
cycles plus the ninth geodesic layer,  and has nine  load rings at each 
po1ar boss. 

After the wire pattern  is determined as satisfactory, propellant is 
applied.     Figure  92 shows the winding of a high angle fill   layer and 
Fig.  93 illustrates load ring installation and restricting.       At com- 
pletion of winding the excess propellant is carefully scraped off to the 
outside wires.    The wire ends are secured  (until the grain  is  cured) by 
wrapping several turns around the mandrel spindle and taping fast. 

The reinforced grain is normally cured for 120 hours at 170 F including 
warm-up time.    The grain is slowly rotated for the first 12 hours  to 
prevent eccentricity.    The finished grain,  ready for restricting,   is 
shown in Fig.   9**. 
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(3)    Grain Restriction 

Following grain cure,   dimensions are measured,   the surface   is cleaned 
(using  toluene),   dried,   primed  (with MAPO),  and  the R-143 restrictor 
applied in  two to  three   steps.     The  final   layer   of  the R-143 receives 
hours   of cure at   170 F.     The   finished grain  is weighed and   the dimen- 
sions   obtained before winding  the  glass  filament  case.     A restricted 
grain set-up roady for  glass   case  winding is shown in Fig.   01. 

'.8 

(4)    T/FW Case  Fabrication 

Glass   case  fabrication  consists of   (l) winding  a holix wrap which   is 
generally longitudinal  with   the motor axis,  and   (2) \vinding a circ wrap 
which   is 90  degrees  to  the motor axis.     Glass  cloth for  the case   skirt 
reinforcement was   integrally wound  with  the  circ  wrap. 

The wet winding process,   wherein the dry roving   is wotted with  liquid 
resin and the  case  wound  in a  continuous  operation,  was used  throuchout 
the program. 

For purposes  of discussion the processing operation will be   divided  into 
three  groups:     (l)  preparation of  GFW operations,   (2) windina operations, 
and   (3)  finishing,   or postwinding,   operations. 

(a)    Preparation of  GFW  Operations 

Normally the  first step   in the  case  fabrication process was   preparation 
of  the   glass   cloth  for   the case skirt reinforcement.     Cloth  preparation 
consisted of  applying a prescribed  amount of resin to sufficient  cloth 
for reinforcement for  one case, room-temperature   curing the  resin   to a 
B-stage   condition   (partial  cure),   cutting  the  cloth  to  the   required 
dimensions,   then packaging and storing at 0 F until   time  for use.     Th(> 
resin/curative system used was   the   same   as  that  used   in  case winding. 

During  the Motor A developmont program,   it was  determined  that resin con- 
tent and degree  of  B-stago were critical   in  the   fabricating   of the  skirts. 
It was   found  that 20-25  weight percent resin  in   the  composite,   cured at 
70  to  80 F for 24  to 30  hours,   gave   the  best results.     This   combination 
yielded  skirt material  with  the following characteristics: 
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1. Reasonably stiff, to facilitate handling and use, but not 
too cured to prevent resoftening at 125 to 150 F to obtain 
interblending of the resin with the resin used in winding 
the case 

2. High enough resin content for uniforn? vetting of the glass, 
but not so high as to result in extruding excess resin during 
winding and case cure 

Because of the spaces between the woven strands, the resin capacity of 
the glass cloth was considerably higher than the desired content. 
Therefore, much technique development was necessary to obtain uniform 
resin distribution. The desired results were obtained by first pre- 
heating the resin to about 110 F to reduce its viscosity, then applying 
a small amount to the cloth and spreading it rapidly over the surface 
with a rubber spatula. This very light resin coating was then absorbed 
into the body of the cloth by interaction with the material added to 
the surface of the cloth during manufacture. 

The next step in the operation was "to preassemble the nkirt mandrels on 
the spindle with the restricted reinforced grain and install the assembly 
in the winding machine.  The mandrels were preassembled over the domes 
to predetermine the position on the spindle which would result in ade- 
quate clearance for the helix wrap.  This preassembly operation minimizes 
skirt mandrel handling required after helix winding. After accurate 
indexing, the mandrels are moved to the ends of the spindle until after 
helix winding. 

Next, some preliminary helix winding was accomplished, using scrap 
roving without resin. During this winding, the roving tension is set 
and the machine adjusted to position the pattern adjacent to the polar 
openings.  The final step prior to winding was to remove the scrap 
roving and clean the restrictor surface with a toluene-dampened cloth. 

(b) Winding Opert-tions 

With the machine adjusted as described above, helix winding was next. 
During all winding, roving tension was controlled by CTC (Compensating 
Tension Controls, Inc.) Model 800C012 tensioners. Tension settings of 
OtS to 0.3 pound per end at the controller resulted in O.k  to 0.6 pound 
per end at the case surface.  This tension was found to give uniform, 
firm winding without excessively abrading the glass fibers. 

O 
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From the tensioners , the glass rovings were drawn through a resin impreg- 
nation bath and a series of guide rollers as shown in Fig. 96.  The 
final roving guide, which traversed 0.5 to 1-inch above the restrictor 
surface, was a partial torus which flattened and spread the strand fol- 
lowing impregnation. 

Only four spools of 12-end roving were used in the Motor A cases because 
a greater number did not appear desirable due to the problem of "flat- 
tening" the strand to a uniform band on the case surface. 

Resin content (from the resin bath) was controlled by the squeegee 
roller at about 35%  (weight) of the composite.  This resin content was 
high enough to ensure thorough wetting and case uniformity, but low 
enough to minimize excess resin problems on the final case. 

Because of erratic winding machine operation during start-up, it was 
necessary to wind each helix cover (total surface of restrictor covered 
with glass, with last strand positioned adjacent to the first one) in 
a continuous operation. 

The number of helix covers varied from case to case, depending on design 
pressure. However, at least two covers were always used to improve 
uniformity of the case (i.e. , any slight gapping in one cover would tend 
to be covered by the random positioning of the second cover, furnishing 
a means of transmitting the load from the gap to the adjacent roving). 
Figure 97 shows a heavyweight case near completion of helix winding. 

Resin content in the roving was additionally controlled by means of a 
water jacket which maintained the resin bath at about 110 F. Also, 
resin and curative were kept in an oven during the winding operations 
and mixed and added to the resin bath in small quantities.  Mixing and 
adding the resin in small increments, about 1.5 pounds at a time, also 
extended the pot life to the 3 to 4 hours required for a helix cover. 

Daring the helix winding operation, excess resin was removed from the 
case surface by use of soft rubber squeegees and abosrbent toweling. 

Following helix winding, the next step was to change winding machine 
gears and cams to those required to obtain circ wrap winding parameters, 
and reassemble the skirt mandrels to the predetermined positions. Ad- 
ditional excess resin was then removed from the helix wrap by wrapping 
the cylindrical section in two or three layers of plain weave glass cloth, 
winding a circ wrap of scrap roving, heating the unit with a hot air 
blower, then removing the roving and cloth.  It should be emphasized 
that removing too much resin was not a problem.  It was found that ex- 
treme effort was required to obtain a resin content as low as 20% weight. 
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The next atep was to fill the area between the cylindrical section of 
the case and the edge of the skirt mandrel.  The purpose of this fill 
was to obtain a uniform cylindrical configuration from the case proper 
to the case skirt. 

The case is now ready for the first circ cover (movement of the traverse 
from one end to the other while winding each roving adjacent to the pre- 
ceding revolution).  The skirt cloth reinforcements were added (Fig. 98), 
and alternately, circ wraps wound until the case was completed as de- 
signed. A completed case is shown in Fig. 99.  Excess resin was then 
removed using the same methods described previously, except that the heat 
source was changed.  Instead of using a hot air blower, the case was 
placed in the 170 F curing oven for approximately 20 minutes prior to 
removing the scrap roving and glass cloth. 

After excess resin removal, the case was cured for 20 hours at 170 F. 
Following cool down, removal of the skirt mandrels (leaving skirt attach- 
ment rings in place), removal of the cord portion of the skirt-to-dome 
fill, installation of skirt attachment ring bolts, and removal of the 
spindle in preparation for mandrel washout was accomplished. 

(5) Winding Mandrel Removal 

Because of the size, weight, and fragility of the GFW case, a sophisti- 
cated handling system during mandrel washout was required.  Pneuma-Grips 
(handling equipment with inflated rubber grxps) were purchased to handle 
the grains during manufacturing operations, and a shed was constructed 
for mandrel washout.  Ulis shed contained two hoists (so that the motor 
could be up-ended during washout) a water outlet with a mixing valve 
(for water temperature control, to prevent thermal shock), and a pit to 
receive the washed-out sand. 

The steel mandrel spindle was first removed, then the motor placed in 
the vertical position, and the lower opening plugged.  The cavity left 
by the spindle was filled with water until absorption was complete, 
Fig. 100.  Large motors required approximately 50 minutes.  Water 
temperature was adjusted to approximately the temperature level of the 
internal surface of the grain which depended on the cooling time from 
the cure oven.  Washout proceeded as fast as possible to minimize pos- 
sible propellant/water contact time. 
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Figure 100.  Washout of Soluble Mandrel 
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Aftev the soaking period, the plug was removed to allow the water and 
sand to drain.  Loose sand was flushed out with a stream of water. The 
lightening tuhes (periorated metal cylinders used to reduce the required 
sand) were removed to prevent liner damage as soon as they were loosened. 
The inside of the cavity was dried with clean rags and the liner removed 
immediately; any drops of water were dried with clean rags (Fig. 101), 
The Tenite , RTV, and tape were normally all removed at once by loosening 
the liner at one end and pushing it toward the other.  In this way. the 
Tenite/sand surface remained wrapped inside the tape and sand falling 
to the grain surface was minimized.  The grain was placed in an oven, 
and hot air was blown through the grain to remove any water traces. The 
motor was dried for two hours at 100 F and two hours at 120 F.  If water 
was noted behind the liner, the grain received an additional two hours 
at 130 F.  The "step-drying" was used to prevent grain thermal shock. 

After mandrel removal the motor was ready for casting the core propel- 
lant.  The following discussion covers the sequence of operations neces- 
sary for casting the core propellant into the HFG cavity. 

(6) Core Propellant 

€ 

(C) RDS-526 was used as the core propellant.  It has excellent castinc; 
characteristics as a result of the low 86^ solids loading.  Iron oxide 
(lj&) was used to obtain the design burning rate and the l6j£ aluminum 
content contributed to both the processibility and performance.  The 
core propellant was mixed in either the 25-gallon or 200-gallon vertical 
mixers for Motor A, 

The core casting operation consisted of preparation of RFG. core mandrel 
fabrication and assembly in RFG, propellant mixing, casting, curing, 
and mandrel removal. Following is a discussion of these operations. 

(a) Preparation of RFG 

Prior to casting the core propellant, the interior surface of the RFG 
was cleaned by toluene wiping, then coated lightly with MVPO. The junc- 
tion fillet between the grain and polar bosses was filled with R-H0. 
The R-147 doubler was installed and surface-primed for propellant bonding 
with Chemlok EXB-500-1. 
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(b) Core Mandrel Fabrication and Assembly 

The casting mandrel was made with a metal core to which foam star points 
were bonded after insertion inside the RFC.  The mandrel assembly also 
included two foam conicyls which were machined from polyurethane blocks. 
The star points were formed in molds, using Nopco Lockfoam. Assembly 
of the mandrel was very tedious.  The metal core was sprayed with sili- 
cone mold release, except for tho attachment slot for the the star 
points, where adhesive DC-269 was applied.  The mandrel core was then 
inserted into the RFG and the foam star points inserted and attached 
one at a time.  All conicyl foam parts were previously wired for dis- 
section (i.e., loops of wire were placed around the conicyl so that the 
foam could be cut into removal pieces by pulling the wire loops), and 
then were coated with RTV-60.  The conicyls were made in segments and 
assembled (using DUCO cement) inside the grain.  A preassembled mandrel 
is shown in Fjg. 102.  The mixer or cast can in casting position over 
a motor in the casting pit are shown in Figs. 103 and 104, respectively. 

(c) Mixing and Casting 

Standard mixing procedurea were used and casting was performed using 
standard vacuum bell procedures with a perforated disc deaeration plate. 
Prior to casting, the motor was preheated at 170 F for a minimum of 20 
hours to bring the reinforced grain to near the casting temperature. 
During casting the minimum vacuum allowed was 27.5 inches Hg and the 
mixer temperature was held at 165 F.  Vibration was used during casting 
and for 15 minutes after. 

(d) Curing 

Curing of core propellant was accomplished in the casting pit using 
circulating aJi at  1/0 P.  The standard cure cycle was 72 hours boating, 
then stepwise cooling at the rate of 5 F every three hours. 

(e) Mandrel Removal 

The casting mandrel was removed by breaking down and pulling the motal 
core.  Then, the foam star points and conicyls were manually removed 
by cutting and breaking the foam. 
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Some  difficulty was encountered in removing the foam because of the poor 
accessibility and the danger of scarring the propellant surface.     It is 
recommended that this procedure and/or design be revised in any future 
motors.    The preferred method is to leave the foam in place if ignition 
timing is not critical.     If the foam must be removed,  lower density 
foam should be used and techniques,  such as crushing by pressurization, 
should be considered. 

(f)    Final Grain Preparation 

After mandrel removal,  the level of the core propellant was measured. 
If the end core surface was below a given point,  it was restricted 
with EC-19^9.    At the aft end, the space between the boss and the R-142 
sleeve, which was filled with nylon cord during casting, was filled 
approximately two-thirds with a blend of Epon 813 and Versamid 140,  then 
topped with EC-1949 to prevent gas flow from undercutting the nozzle 
insulation. 

(7) Motor Assembly 

Final assembly consisted of installing the nozzle and forward closure 
and then leak testing.  The unit was received from NDT area then weighed, 
as was each subassembly.  The nozzle and polar boss were cleaned, then 
dry fitted and reworked, as required, to match.  The nozzle was instal- 
led after applying a bead of RTV-731 to seal at the offset in the insul- 
ation by means of an installation fixture.  Figure 105 shows begin- 
ning of nozzle assembly; the drive pins were inserted with a special 
pin tool. 

The forward closure and polar boss were cleaned and checked for fit 
(without installation of the igniter). The phenolic threads were sanded, 
as required, to prevent a force fit.  The igniter was installed in the 
closure and, after being weighed, the closure was installed in the boss 
with the 0-ring lubricated with IiB-300-X. 

After weighing the motor, the initiator shipping plug, pressure tap 
plugs, and nozzle test plug were installed.  The motor was then leak- 
tested with 20 psig nitrogen for 5 minutes. 

Following successful leak testing, the nozzle plug was removed and the 
exit cone sealed with sheet plastic and tape. At some convenient time 
before, during, or after assembly, the case and nozzle were instrumented 
by bonding on thermocouples with epoxy adhesive. A finished motor is 
shown in Fig. 106. 
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f.  Development of Quality Control and Nondestructive Test 
Requirements and Techniques 

The problems encountered in establishing inspection and test requirements, 
and the techniques developed by SRD Quality Control to verify design 
requirements for the RFG rocket motor are described below. 

(l) Quality History 

The quality history of each unit is maintained on the Quality History 
Card.  The requirements on the card are defined by the Engineering 
Department in the reinforced grain process order, letters, and the 
motor process specification.  From these requirements, Quality Control 
developed the Quality History Cards for defining the necessary inspec- 
tions and recording the results. Basically, the quality history in- 
cludes raw material inspection, surveillance of propellant sand-PVA 
mixing, winding the grain fabrication, surveillance of motor process- 
ing, and motor weights and measurements. An example of a typical 
history card is included in Fig. 10?. 

(2) Process Inspection 

These requirements included normal raw material acceptance plus mix in- 
gredient weighout.  Propellant physical properties and liquid strand 
burning rates were used for propellant acceptance.  Surveillance of pro- 
pellant tube loading and storage conditions were also accomplished. On 
most motors, Quality Control also checked the propellant during the 
winding operation to ensure that the correct propellant mix was used for 
each layer. 

(3) Motor Weights 

Accurate weighing is essential to achieving the required total weight 
and calculation of accurate mass fraction of each motor. A very ac- 
curate weighing unit was employed to handle in-process weighing.  In 
some instances it was necessary to weigh the motor after successive 
process operations to obtain incremental weights of restrictor, GFV case, 
and core propellant.  It was very important to maintain a calibration 
of weighing instrumenta and not recalibrate during processing of a motor, 
if possible. 
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The problem of determining percent of filament by weight is common to 
reinforced grain and the filament wound case work.  This factor is an 
output of machine settings, gear ratios, filament weight, winding speeds, 
propellant or resin feed rate, and other less tangible influences.  Ef- 
fect on the propellant grain includes structural integrity as well as 
ballistic performance.  In the filament wound case, structural strength 
is affected. 

The problem of distribution of filament is also common to both the 
grain and the case, and also affects both strength and ballistic per- 
formance in the grain and the strength of the case. 

(4) Measurements 

Dimensional measurements start with the mandrel assembly and include 
boss-to-boss length, and diameters on total indicator reading (TIR). 
These and other dimensional measurements were obtained throughout the 
grain/case winding prooess and were used to evaluate and determine 
necessary changes and/or adjustments. 

In a conventional solid rocket motor, veb thickness is the difference 
between a pressurp vessel or liner and the core or mandrel (making some 
allowances for sarinkage , or expansion).  In a filament reinforced 
grain, the web dimension is affected by such things as core or mandrel 
dimensions, propellant feed rate, filament tension, rotating speed, 
propellant sag, and shrinkage or expansion which could be inconsistent. 
Propellant grain web thickness affects total impulse, the ballistic 
pressure and thrust curve as well as thrust and pressure tail-off. 
Measurements in these areas were taken to ensure the maximum reproduc- 
ibility. 

(5) Inspection and Test Problems 

Many of the fabrication processes used in the reinforced grain program 
were essentially identical to familiar processes used in the manufacture 
of conventional rocket motors.  These processes presented no new con- 
trol problems and adequate inspection and test procedures wore estab- 
lished early in the program.  These processes included chemical raw 
material preparation, propellant mixing and storage, restrictor and 
inhibitor preparation and storage, and hardware preparation. 
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Other fabrication processes were new to the rocket and missile industry 
and presented new inspection and test problems.  The majority of these 
new problems were associated with the winding operation peculiar to a 
reinforced propellant grain.  The characteristics of greatest concern 
are discussed below. 

(a)  Integrity of Bond Lines 

The initial approach to bond line inspection was radiography since it 
would produce a known result.  This method proved to be adequate but 
expensive.  In an attempt to reduce inspection cost, and provide, if 
possible, better bond line definition, the following methods were ex- 
plored: 

1. Radiography 
2. Ultrasonics 
3. Dopp1er Radar 
4. Microwave 
5. Beta-ray Backscatter 
6. Eddy Current 
7. Infrared 
8. Statiflux 

Of the above  listed methods  only three were pursued as a promising 
means of  obtaining useful information.     Radiography was used very suc- 
cessfully for various inspection characteristics.     Three machines,  300 KV, 
400 KV,  and 1000 KV were available for use during the program and tech- 
niques were developed that were very satisfactory.    Until  the  13 MEV 
Linear Accelerator was obtained   (during full-scale RFG fabrication) 
there was no capability for radiographic inspection of assembled motors 
of  larger sizes,  except through use of  tangential shots.     Various  tests 
were performed with both ultrasonic and infrared equipment aimed pri- 
marily at obtaining a satisfactory method of evaluating the various 
interfaces and/or bond lines  in the RFG motors. 

Using a modified ultrasonic thickness gauge,  scans were made of  the case- 
to-insulation and insulation-to-propellant bond  lines.     Glycerene was 
used as  a couplant between the probe and  the motor.     Acceptable  results 
were  obtained on the case-to-insulation bond line,  but definition was 
very poor  on the  insulation-to-propellant bond line.     Inspection of 
bond  lines and/or other characteristics   of greater depth  in the motor by 
various ultrasonic techniques was not possible because  of  limitations 
of the equipment and the development of  the state-of-the-art. 

I 

279 

aMilWWW11""* 

J 



0 

Since the infrared method also looked promising for bond line inspection 
it was investigated.  Two techniques were pursued.  One was soaking the 
motor to a given temperature prior to scanning and the other was use of 
a heat lamp being moved ahead of the probe.  Both techniques produced 
results similar to those of ultrasonics (with the same limitations). 
Infrared inspection was very time consuming; since this method was con- 
siderably slower and more expensive than ultrasonics, it was discarded. 

(b) Propellant Voids 

The method used to determine the presence of this type of discontinuity 
is radiography.  During X-ray inspections, it was noted thtiü at least 
95/^ of all voids visible on the resultant X-ray film were surface voids. 
They are as prevalent in live propellant as in inert grains.  To elimi- 
nate false reporting of internal voids, X-ray technicians drew sketckes 
of each section of the grain covered by a single piece of film and, as 
accurately as possible, called out all surface voids or imperfections 
which could cause misinterpretation of these sketches.  Otherwise, sur- 
face voids made intelligent interpretation difficult. 

Cylindrical graina were X-rayed through the single wall and the double 
wall; the configuration of grains with domed ends limited exposures 
through the double wall only.  This presented a problem in the accurate 
location of internal voids. 

A representative from the nondestructive testing section of the Quality 
Control Laboratory visted X-ray Products Corporation for the purpose of 
determining the feasibility and adaptability of fluoroscopy as a non- 
destructive testing tool for reinforced grains.  This concept consists 
of inserting a 3^0 degree rod anode X-ray tube into the grain and rotating 
the grain in front of a fluoroscopic screen.  Two factors influenced 
this approach, which for all practicable purposes can be classified as 
advantages.  An advantage was the maneuverability of the grain during 
examination, which results in a third dimension perspective which aids 
in the location of voids. Also, inspection of a single wall (instead of 
superimposing one wall on another, as in done with the film method) is an 
advantage. 

(l) Conclusions 

Conclusions relating to the following controls were reached; 
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1. Percent of Filament by Weight—This  characteristic can be ade- 
quately controlled by preweighing of propellant and filament 
and maintaining accurate constituent weight history.     This 
method can be expected to provide a maximum of a 1% variation, 
which is adequate for all practical purposes. 

2. Distribution of Filament—Processing experience and visual 
inspection has proved adequate for  this  inspection character- 
istic.     Since  the winding machine malfunction is the primary 
cause of  improper filament distribution,   the condition is 
detectable  and correctable at the  time  it occurs. 

3. Grain Web Thickness—To accurately measure the grain web 
profile,  a tool was designed to be used in conjunction with 
a surface plate.     The tool was designed to provide simul- 
taneous measurements  of the grain OD and ID.    With such a 
device,   variations in grain web thickness can readily be 
detected. 

4. Propellant Voids—Conventional radiographic inspection with 
techniques developed specifically for reinforced grains proved 
adequate for  this characteristic. 

5. Integrity of Bond Lines—Using ultrasonic scanning for the 
case-to-liuer  interface   (and radiographic inspection for 
other bond lines),  this characteristic  can be adequately in- 
spected. 

It can be concluded that a solid propellant rocket motor utilizing the 
reinforced grain concept can be adequately inspected and tested during 
and after fabricating processes,  and that sufficient assurance  of rocket 
motor quality and integrity can be provided. 
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SECTION V 

MOTOR A—FULL-SCALE FABRICATION AND TEST 

Development of the Motor A configuration consisted of fabricating and 
testing six full-scale motors.    This development vas performed after 
design and  development of  full-scale RFG motors with GIW cases.    The 
fabrication of Motor A and tests results are discussed  in this  section 

1.    DEVELOPMENT MOTOR A-1006 

The process development effort,  vhich vas conducted separately for the 
RFG and GP¥ case,  culminated  in the fabrication of a  full-scale RFG/GFW 

motor assembly.    The first full-size,   30-inch RPG/GFW had a  tvo-fold 
purpose:     (l)  integrate the process development of glass  case  and RFG, 
and  (2) evaluate by hydrotest the  structural  integrity and  inter-rela- 
tionship of  case and grain.    The motor  (less core) was wound as Motor 
A-1006.(20)    The fabrication and configuration represented the  latest design 
and process  innovations resulting from the preceding work.     The motor 
was wound as a  flightweight unit. 

Fabrication of this grain brought together for the first time  all of the 
process sequences  involved  in fabricating an RFG motor through GFV case 
winding.     This  represented the  first actual processing of the  following: 

1. Molding and assembly of  full-scale soluble mandrel 
2. Winding of full-scale RFG on soluble mandrel 
3. Application of liner to full-scale motor 
4. Winding of flightweight GIW case over full-scale RFG grain 
5. Soluble mandrel and  liner reroaval process with full-scale motor 

a.     Fabrication 

(C)   The first full  size 30-inch Motor A reinforced grain, A-1212,  was wound 
from 20 to 28 January 1964.    Steel  load  rings were used with flight- 
weight phenolic-titanium polar bosses.     Close-to-design weight and 
dimensions were obtained,  thus verifying attainability of the multi- 
angle helix Motor A design.    Final  reinforced propellant weight was 
1356  pounds with 18.1^ aluminum wire.    Average final diameter was 29.582 
inches with a maximum of 29.625 inches,   for an average web of 3.77 
inches  in the  cylindrical section. 

W) Frequently referred to as A-1212, which is the RFG number. 
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(C)  Propellants with seven different burning rates approximating ballistic 
design requirements were used over the 40 winding layers.  The grain 
consisted of eight cycles plus the ninth geodesic layer. Each cycle 
contained a geodesic layer and three to five intermediate layers, each 
wound at a higher helix angle than the previous layer. 

(1) Equipment 

The grain was wound on ih* 36-inch 3-axis  cam-actuated machine.     The 
microtension wire-tensioning system made by Eastern Equipment and Con- 
trols  Company was used in conjunction with manual propellant application 
and a pneumatic  spreader blade. / 

The grain was wound over a molded sand/PVA soluble mandrel which was 
coated with Tenite  and Polyken tape. 

The GFW case was wound on the  3-axis 40-inch winding machine. 

(2) Materials 

Prior to winding, the steel load rings were coated with a baked-on film 
of Chemlok EX-B500-1 as a primer for propellant bonding. The stepped 
phenolic surface of the bosses was coated with Epon 926 to provide a 
moisture seal and as a bonding aid. As the load rings were installed 
during winding, a bead of adhesive. EC-1648, was applied to the edge of 
the seating step on the boss to serve as a sealant between boss and ring. 
This adhesive is expected to be replaced with a more pliable material 
on subsequent units. 

Annealed 5056 alloy aluminum wire supplied by Hudson Wire Company was 
used.  This met the current specification for 7«5-niil diameter wire of 
5/6 minimum elongation and 50,000 psi minimum tensile strength. However, 
most of the spools were found to be in the range of 8 to 10%  elongation. 

The matrix propellant consisted of three formulations, RDS-512, -514, 
and -523. The location in the grain and burning rates of the different 
mixes are shown in Table XXVII. Low-viscosity propellant, LCA-4654, was 
applied on the domes for an area 1-inch wide around and adjacent to each 
boss. 
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TABLE XXVII 

PROPELLANT FOR RPG A-1212 

Mix No. HDS No. 
Depressant 
Level, % 

Grain 
Location, 
Layers 

Liquid Strand 
Burning Rate 

r, in. P, psi 

K-12-20-M81 512 — 1 GI-2-G1 0.353 760 

K-12-20-M82 512 — 2 He1-3 GI 0.288 680 

K-12-26-M82 514 1/2 3 Hel 0.259 625 

K-12-31-M81 514 1 4 GI-4 Hel 0.214 550 

L-1-6-M81 514 2 5 Gl-5 Hel 0.181 490 

L-1-8-M81 523 4 5 Hel-6 Hel 0.147 430 

L-I-3-M8I 523 6 7 GI-7 Hel 0.135 400 

K-12-28-M81 523 6 7 Hel 0.130 400 

L-1-24-M81 523 6 8 GI 0.132 400 

L-1-24-M83 523 6 8 Hel 0.130 400 

L-I-9-M8I 523 6 8 He1-9 GI 0.135 400 

The case was wound with Owens Corning S-994 12-end roving using the 
resin system Dow Epoxy Resin 332/8 phr EMI (2-ethyl-4-methyl-imidazole) 
The skirt laminations were made from 143-reversed glass cloth impreg- 
nated with the same resin and B-staged prior to winding. 

(3)  Processing 

(a) Grain Winding and Restriction 

(C)  The detailed winding data are presented in Table XXVIII.  The grain con- 
tained nine geodesic-isotensoid layors wrapped over individual load 
rings to transmit the closure load to the end bosses.  Each of these 
layers was separated by intermediate layers ranging in winding angle 
from 26 degrees to 80 degrees.  Each helical layer was wound to provide 
designed grain growth as measured by cylindrical diameter and pantograph 
traces of the head-end dome contour.  Thickness of the grain at the 
polar bosses matched design dimensions of load rings and boss steps very 
closely.  No alterations were required for the next grain. 

I 
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TABLE XXVIII 

GRAIN WINDING DATA FOR RG-12 

Cycle   | 

1 2 

Layer  | 

Gl Intermediate GI Intermediate GI       1 

Winding Parameters 

Winding Angle,  deg 31.2 43.7 56.6 71.7 30.1 42.8 58.1 69.9 80.0 28.6     1 

j      N«. Covers 7 9 9 4 7 4 4 7 10 7        j 
Cam Revolutions 250 279 212 52 264 128 92 105 70 280        J 

|      Mandrel Revolutions 430 594 602 243 430 268 265 434 494 448        1 

1 Cylinder Build-Up 

I     Cyl Dia,  in. 

(Mandrel) 

j          Head          22.030 22.280 0.575 0.855 0.974 23.130 0.245 0.372 0.550 0.925 24.160] 

j          Center      22.060 22.284 0.600 0.885 0.985 23.195 0.317 0.425 0.635 0.025 24.2151 

|         Aft            22.035 22.259 0.563 0.860 O.968 23.180 0.285 0.386 0.582 0.955 24.185 

i     Layer Depth (av),  in. 0.117 0.152 0.127 0.055 0.096 0.057 0.056 0.097 0.189 O.IO9] 

|      Cover Thickness (av),   in. 0.0167 0.0169 0.0141 0,0138 0.0137 0.oi43 0.0140 0.0139 0.018 0.015d 

1 Misc Data 

Gears Used A 56 55 52 33 55 51 43» 31 33» 56 

1                            B 76 84 96 70 82 82 50 76 64 76 

C 78 66 65 44 76 74 49 50 39 74 

D 95 92 100 98 83 96 59 87 70 78         j 

|     Winding Speed,  rpm 4 5 5 6 4 5.5 5 5.5 5 3 

Layer Time,  hrs 6.8 ■2.7 2.3 0.8 5.2 l.b 1.1 1.8 2.3 5.1 
|     Cycle Time,  hrs 16 20.5 

}     Wire Meter Rdg/Layer*» 3574 4233 3930 1487 3599 2185 1884 2832 3104 3600 

Wire Data 
i 1 

Wire Diameter and Elongation, 
||      7.5 mil,  5)« min 

1 
1 

1 
1     Number of Wires in Warp,  36 1 

i 
1     Wire spacing,  in., 0.044 " 

|     Warp Width,  in, 1.620 

|     Wire Tension (nominal),  gpa, 400 

|     Final Wire Weight,   lb,  243.8 

»Indirect Gear Train 

»«This Represents The First Use Of The Wire Meter And Calibration Was 
Not Complete. The Heading Is Roughly Equivalent To Feet. 
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ABLE   XXVIII 

iING DATA FOR HG-1212 

f Cycle 1 
1 3 4                                                                   | 

Layer                                                                                                                                                                                                          | 

■ GI Intermediate GI Intermediate                                               | 

■         | 

9 80.0 28.6 38.5 48.4 66 26.5 34.9 45.8 58.3 73.3 80.0 

10 7 5 I 9 7 2.3 5 6 3 12              | 

70 280 251 244 171 297 90 167 150 39 96            | 

494 448 471 550 456 448 159 486 402 195 1584             | 

[550 0.925 24.160 0.285 0.550 0.790 24.990 0.050 0.197 0.350 0.453 0.745     1 
[635 0,025 24,215 0.355 0.612 0.860 25.056 0.120 0.278 0.440 0.552 0.815     | 

1582 0.955 24.185 0.320 0.558 0.824 25.012 0.075 0.210 0.400 0.473 0.820 

l()97 0.189 0.109 0.067 0.127 0.126 0.097 0.031 0.073 0.084 0.048 0.151 

[0139 0.018 0.0156 0,0134 0.0159 0.0140 0.0139 0.0135 0.0146 0,0140 0.0160 0.0126   | 

33* 56 52 53 32* 55 50 52 52 34 30*           j 
64 76 81 91 54 38 66 72 88 88 63 
39 74 68 73 64 63 64 58 60 50 43             1 
70 78 82 96 65 67 85 85 95 98 69             | 

15 5 3 4 4 6 3   5 7   

Is 2.3 

20.5 

5.1 4 4 2.5 

20.7 

8.7 2.0 2.5 1.5 0.5 3.0         | 

•«4.7         1 
3104 3600 2535 4155 3779 3700 1406 2745 2886 1312 4487             j 

• 

• 

2 
1 .. 
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TABLE XXVll 

(Contin el 

Cycle       1 

5 6 

Layer      | 

GI Intermediate GI Intermediate                      1 

1 Winding Parameters J 
|      Winding Angle,  deg 23.0 32.4 43-7 55.1 66.0 23-7 29.9 40.3 49.3 6    1 

No. Covers 7 6 7 5 6 6 3 4 4          | 1    1 
Cam Revolutions 312 251 252 147 120 280 135 160 134         | 23 

Mandrel Revolutions 451 408 510 432 414 401 210 292 288          j 71     1 

Cylinder Build-Up 

Cyl Dia,   in. 1 
(Mandrel) 

|          Head          22.030 26.000 0.139 0.332 0.485 0.670 26.835 0.935 0.060 0.150 J 
|          Center      22.060 26.025 0.206 0.420 0.555 0.735 26.900 0.990 0.115 0.225 .1 
i          Aft            22.035 26*. 020 0.181 0.370 0.517 0.696 26.860 0.945 0.065 0.180 .J 

Layer Depth (av),   in. 0.111 0.080 0.099 0.073 0.091 0.082 0.046 0.062 0.053 .1 
|      Cover Thickness (av),  in 0.0159 0.0133 0.0141 0.0146 0.0152 0.0137 0.0153 0.0155 0.0133 1 

Misc Data 

Gears Used A kl* 52 57 51 41 64 50 56 58          | 38 

B 40 59 81 93 96 77 57 71 79          1 7     I 
C 43 69 68 71 57 79 60 69 59 6    ] 

ji                               & 31 99 97 98 83 94 82 100 93 9    1 
J      Winding Speed,   rpm 3 4 4 5 3 3 4 — —1 
'      Layer Time,  hrs 6.4 7.0 3.4 2.0 2.0 4.0 2.3 1.5 1,5 ki I      Cycle Time,  hrs 27.8 18.1 
j      Wire Meter Rdg/Layer»* 3750 3360 4203 2900 2954 4047 2024 2576 2365         | 5350  j 

♦Indirect Gear Train 

**This Represents The First Use Of The Wire Meter And Calibration Was Not 
Complete. The Reading Is Roughly Equivalent To Feet. 
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TABLE XXVIII 

(Continued) 

Cycle 

Layer 

61 Intermediate GI Intermediate GI 

9.3 

0.150 

.0.225 

0.180 

0.053 

0.0133 

63.1 

10 

230 

710 

22.4 

6 

293 

405 

32.4 

4 

180 

280 

0.435 

0.517 

0.460 

0.143 

0.0143 

27.640 

27.765 

27.716 

0.118 

0.0197 

0.808 

0.940 

0.920 

0.091 

0.0228 

46.1 

4 

148 

299 

0.000 

0.108 

0.034 

0.079 

0.0198 

67.3 

11 

220 

632 

0.414 

0.460 

0.445 

0.196 

0.0178 

80.0 

9 

81 

509 

21.5 

5 

254 

340 

28.7 

4 

200 

300 

0.671 

0.758 

0.713 

0.137 

0.0152 

28.854 

28.980 

28.890 

0.099 

0.0198 

0.941 

0.045 

0.990 

0.042 

0.0105 

37.8 

4 

177 

300 

0.090 

0.175 

0.110 

0.067 

0.0168 

51.2 

5 

175 

375 

0.240 

0.332 

0,289 

0.081 

0.0162 

62.7 

5 

125 

360 

20.4 

5 

264 

343 

0.330 

0.456 

0,407 

0.056 

0.0112 

29.537 

29.625 

29.584 

0.092 

0.0184 

• 5 

38 

75 

61 

94 

4.3 

18.3 

5350 

60 

70 

83 

98 

2 

4.5 

4281 

63 
100 

93 

94 

4 

2.2 

2750 

54 

75 

61 

89 

5 

1.3 

2857 

34 

69 

50 

84 

7 

3.0 

6703 

32» 

51 

35 

67 

5 

4.3 

22.5 

4574 

54 

64 

69 

78 

2 

5.8 

3000 

68 

60 

52 

89 
2 

5.0 

3068 

57 

83 

78 

92 

3 

2.5 

2910 

53 

78 

61 

90 

5 

1.5 

2830 

32 

69 

58 

77 

5 

2.8 

25.5 

2800 

56 

77 

94 

89 

2 

4.2 

7.2 

3212 
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(C) Final grain weight (1356 pounds) was exceptionally close to the design 
of 13^9 pounds.  The aluminum content was 18.1^, computed by the recorded 
weight of wire used and grain weight.  This is below the 20jt design 
figure for two reasons.  First, the buildup in the cylindrical section 
was O.OIS1* in./cover vs wire-to-wire contact of 0.0150. A buildup of 
0.0150 in./cover would have given about 18.8^ aluminum.  Second, the 
propellant used had a density of 0.062 Ib/cu in. instead of 0.060 lb/ 
cu in. being used when wire spacing was selected early in the program. 

It was not planned to make design changes which would increase the alumi- 
num content at this stage of development.  The newly fabricated auto- 
matic propellant feed system has a heated spreader blade to maintain the 
propellant in a more fluid condition.  A lower buildup per cover is ex- 
pected and, consequently, a higher aluminum content. 

Over-all winding time was 23 shifts of eight hours each, excluding the 
machine setup period and grain removal and transfer to cure.  This time 
included frequent stoppages.  There were two periods for load ring 
installations on the mandrel, and other delays were related to oven mal- 
function, electric power failure, and too-frequent wire breakage. 

The frequent wire breakage is attributed to numerous factors, principally 
defective spools, excessive friction in wire guides, a tendency for the 
wire to climb out of the gathering system, and rough or chattering machine 
operation.  It is believed that much of the breakage and lost time will 
be eliminated by improvements initiated on the wire system, specifically 
a restraining bar to prevent wire from working out of the gathering 
rollers and installation of rollers at the fish-eye guides to eliminate 
the sharp bend and accompanying frictional drag at the guide eyes.  In 
addition, machine performance has been smoothed by installing a pressure 
gage in the tracer valve discharge line to enable more accurate tune-up 
and adjustment of the machine. 

As anticipated, some alteration in the number of covers in certain layers 
was made during the winding to obtain grain growth conforming to the 
design contour pattern.  A comparison of the initial estimate of layer 
buildup and the actual construction is shown in Table XXIX. The design 
contour was closely matched in most respects.  The principal deviation 
occurred near the junction of the domes and in the cylindrical section, 
where the grain buildup was less than design.  This deficiency can be 
corrected in subsequent grains by increasing the number of covers in 

the high-angle intermediate layers. 

A copy of the pantograph tracing of the aft dome is presented in Fig. 108. 
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TA.BLE XXIX 

MOTOR A-1006,  LAYER CONSTRUCTION FOR RG-1212 

' Estimated |  Actual 
Layer Covers j  Covers j  Change  1 

i l-GI 7 1    7 
0    1 

| 1-43 10 (    9 1  -1    i 
! 1-54 9 9 i   0 
| 1-66 5 4 -1    1 
I 2-GI 7 7 1  o   ! 

2-43 6 4 -2    1 
2-54 7 4 i  -3 
2-66 8 7 1  -1 
2-80 3 10 +7 
3-GI 7 7 1   0    { 
3-35 7 5 -2 
3-45 8 8 0 
3-60 9 9 o   1 
4-GI 7 7 0    1 
4-30 5 2.3 -2.7  | 
4-40 5 5 0    1 
4-50 6 6 

0    1 
4-65 3 3 o   1 
4-80 3 12 +9    I 
5-GI 7 7 o   | 
5-30 6 6 0 
5-38 7 7 o   ! 
5-47 6 5 -i 
5-60 4 6 +2    | 
6-GI 6 6 0   1 
6-26 4 3 -1    | 
6-32 5 4 -1 
6-40 4 4 0   1 
6-56 9 10 +1       j 
7-GI 6 6 o 
7-32 4 4 o   1 
7-46 4 4 o   1 
7-67 6 11 +5 
7-80 9 9 0 
8-G1 5 5 0 
8-29   | 4 4 0    | 
8-38 5 4 -1   1 
8-51   | 6 5 -1   j 
8-63 5 5 o   1 
9-GI —S 5 . 0   1 

Total  1 239    i 245.3  ! +6.3  i 
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Design Final Contour 

2 
Figure  108.    Pantograph Tracing for 

HFG A-1212  (Motor 
A-1006) 
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(C)  The grain vraa cured at 170 F for a nominal 48 hours, cooled, then 
restricted with 11-143.  Before restriction some time was required to 
remove globules of extruded binder from the grain surface.  These were 
more numerous and larger than on any previous grain; probably a result 
of the thick layer of highly plasticized RDS-523 propellant. Restrictor 
weight was 28.3 pounds and the average cylindrical thickness was 0.099 
inch. Restrictor cure was 48 hours at 170 P. 

(b) GJW Case 

GIW 1415 was the first Motor A case wound over a Motor A grain. 

Case winding parameters for helix and circ wraps are shown in Table XXX, 
a schematic cross-section of skir'j lamination is shown in Fig. 109, and 
weights and dimensions of the completed case are shown in Table XXXI. 

The total elapsed time for the cuse fabrication was 25 hours, excluding 
cure.  The actual helix winding time was 8.5 hours and actual circ 
winding time was 4.0 hours. Excess resin was removed by wrapping the 
case in toweling and placing the motor in a 170 F oven for 15 minutes. 
Cure was at 170 F for 20 hours. 

(4) Postwinding Processing 

After case cure, the sand-PVA mandrel was washed out, tiie Tenite-Polyken 
tape removed, and the grain dried four hours at 170 F. (21) The fillets 
between the polar bosses and the inner surface of the grain were filled 
with Ht-1201-HT, then the interior of the grain was completely covered 
with a multiple-layer coating of No. 1 LAGZ rubber material to provide 
a moisture barrier and permit the grain to be hydrotested without a 
bladder.  The grain was instrumented per testing instructions. A tabu- 
lation of significant weights is presented in Table XXXII. 

b.  Testing 

■ . 

(C)  Motor A-1006 was hydrotested on 10 February 1964.  The motor was de- 
signed to withstand an ultimate internal pressure of 1170 psig applied 
on a one cycle basis only.  The motor was t«sted by internal pressuriza- 
tion and withstood 1345 psig, exceeding the design ultimate pressure by 
14.9^.  The pressure vs time curve is shown in Fig. 110. 

(2]^rhis was a precautionary step to remove any moisture which might 
have contacted the grain. 
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TABLE XXX 

MOTOR A-1006 WINDING PARAMETERS, GLASS 

FILAMENT CASE GFW 1415 ON RG 1212 

Helix Wrap 

5A             | 
17.2 
0.261 
12-end S-994, 4 Balls 
735              1 
341 
2                 I 

j  Pattern, Helical 
Helix Angle, deg 

1  Helical Band Width, in. 
|  Helical Band Roving 
I  Helical, Ends/in. 
|  Circuits Per Cover 
j  JNumDer oi Lovers 

|  Roving Tension 

\         12-end Roving Betweea Tension Controller 
and Winding Machine, lb 

48-end Band Downstream of Feed Eye, lb 
3 1/4 
33 

Roving Feed Eye, in. 0.30 

Circ Wrap 

90 
0.218 
12-end S-994, 4 Balls 
880 
1 
266             1 

Pattern Circ, deg 
Band Width, in. 

\    Roving 
Circ, Ends/in. 
Circ Covers 

1  Mandrel Revolutions per Cover (Half Circuit) 

i Roving Tension 

12-end Roving Between Tension Controller 
and Winding Machine, lb 

48-end Band Downstream of Feed Eye, lb 
3 lA 
33 

Resin System 

Resin D.E.R. 332 w/8 phr EMI hardener was 
mixed 2.0 pounds/0.16 pounds and added 
to the resin pot as required. 

Resin pot was maintained at room 
temperature. 

t 
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TABLE XXXI 

MOTOE A-1006. WEIGHTS AND DIMENSION OF CASE GIV 1415 

Weight, lb 

Helix Roving 

Circ Roving 

Skirt Cloth (Calc.) 

Case Weight at Estimated 29.k% Resin* 

Case Weight by Load Cell Readings 

Thickness, Estimated Based on A-1412, in, 

Helix Wrap 

Circ Wrap 

Total, Cylinder 

Over-all Dimensions, in. 

Tangent 

Skirt to Skirt Outside 

Diameters 

Forward Skirt 

Cylinder (l) 

(2) 

(3) 
Aft Skirt 

*A-U12 and A-U13 were 29.4)* by analysis 

296 

CONFIDENTIAL 

11.39 

8.97 
4.06 

24.42 

34.6 

34.5 

0.035 

0.039 
0.074 

48.9 
58.0- 
58.06 

30.000 

29.875 

29.895 

29.870 

29.973 

C 
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TABLE XXXII 

PROCESSING WEIGHTS FOR MOTOR A-1006 

| Polar Bosses v/lnsulation (2) 

lb  1 

22.9 | 

Load Rings (18) t  13'0 
Mandrel, Spindle, Bosses 1311.2 

Aluminum Wire 243.8 

Propellant With Aluminum 1356.0 

Restrictor (Rr.143) w/Case 
Flanges 30.3 

GF Case (Plastic) 34.5 

Case Skirt Rings 39.7 

Final Grain w/Case 1493.0 
1 

The motor was at ambient temperature (about 60 F) during testing and 
vas oriented in a vertical position.  The extensive instrumentation 
included pressure transducers, four linear potentiometers, and 46 strain 
gages. 

(C)  The motor performed satisfactorily during pressurization to 1345 psig. 
At this point, the pressure dropped to a lower pressure and held awhile. 
Then the test was terminated.  External inspection revealed slight 
flats in the cylindrical section.  Internal observations indicated 
that two ridges extended from the aft tangent to the forward dome. 

The structural performance was near that predicted by theory. 

(l) Analysis 

(C)  Maximum and minimum recorded HFG and GIW case strains are shown in 
Table XXXIII. The GfW hoop strains are somewhat less than was expected. 
For the maximum pressure of 1345 psig, maximum hoop strain in the 
cylindrical portion of the GIW case was 20,200 microinch/inch, as 
shown in Table XXXIII, and was well below the 30,000 microinch/inch 
expected strain at rupture.  The location of instrumentation is shown 
in Fig. 111. Maximum strain in the forward dome was 6386 microinch/ 
inch at gage 27 whereas the maximum strain in the aft dome was 24,218 

I 
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TABLE XXXIII 

MAXIMUM AND MINIMUM BECORDEP RW 
AND GW CASE STRAINS,  RPG A-1006 

€ 
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120° ± 5° (Typical 3 Places) 

S-19 thru 
8-24 

S-13 Thru S-18 

S-9,10,A3,44   JQ3^ 
P-2 

S-7,8^1,42 i l/2 thru 
(Typical 8 

S-l thtu S-6 " Places) 

S-l thru S-6 

S-19 thru 
S-24 

(S-41) 

B-3| 
■S-4 

S-6 Gä-   
S-5 I) 

"E 

S-13 thru 8-18 

T 
6 

i 

NOTES: 1. Do Not Use Type PA-7 Strain Gage. 

2. Locations Indicated For LP-1 thru 
LP-4 and S-25 thru S-40 Are Approxi- 
mate (Except as Shown hy Dimensions). 
Locate Gages Consistent with Dome 
Windings and Surface Conditions. 

3. Strain Gage Calibration Range: 
± 35,000 M in./in, 

k.    LP-1,4:  7/l6 in. Minimum r»eflection. 

5. LP-2,3:  1 l/2 in. Minimum Deflection. 

6. Measure LP-2 and LP-3 Gage Length to 
Nearest 1/32 in. 

7. (S-X) Denotes Strain Gage on Inside 
of Grain. 

8. Hydroburst Esitmate: 1180 psi allow 
for 1800 psi Maximum. 

9. For Clarity, Instrumentation not Shown " 
in all Views. 

10. Dimensions Shown are in inches. 

_, 
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.Minimum Possible Distance 
(Typical 15 Places) 

WTTTT 

Figure 111.  Location of Strain Gages 
and Linear Potentiometers 
for Motor A-1212 
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m. croinch/in.  at gage 34.     Both of these  strains were below the 30,000 
microinch/in.     The  large  strain recorded by gage 34 illustrates the 
localized condition created by the proximity of the polar boss.     The 
maximum internal hoop strain at the  internal  surface of the grain was 
31,200 microinch/in.  at gage 22.    This strain is also less than the ex- 
pected wire rupture  strain of 50,000 microinch/in. 

External  inspection revealed slight flats running from the upper to 
lower tangent in the  cylindrical portion of  the motor.     These flats were 
approximately diametrically opposite each other.     Internal observation 
indicated that two ridges extended along a straight longitudinal path' 
from the aft tangent to the iorward dome.     One ridge was more pronounced 
than the  other—it was about 3-inches wide and 1-inch high.    The size 
of  the ridge diminished as  it continued into the  dome.     The direction 
also changed,  following a path parallel to the dome wraps.    The ridge 
seemed to have  originated at a failure  in the RFG web near the forward 
boss steel load rings. 

Replots   of reduced data show strain vs pressure only to  the point of 
maximum pressure.     The recorded digital data, however,   show longitudinal 
GFW case strain continued  to increase even though  chamber pressure was 
decreasing.     This  increase  of GFW case strain and a corresponding 
decrease  in chamber pressure has been observed in all RFC/GFW motor hydro- 
tests when the RFG ruptures without rupturing the  GFW case.     GFW case 
strains  increase because  the chamber pressure acts directly on the  case, 
when the RFG fails,  rather  than on the composite structure.     The  in- 
creased GfV case strain and resultant increase in volume caused the 
sudden decrease in chamber pressure. 

(c)    Extrapolation of  the  test     train vs pressure curve  in Fig. 112 indicates 
that the GW case would out have ruptured until the chamber pressure 
reached approximately 1460 psig if the RFG had not ruptured first.     This 
extrapolated pressure  is  extremely close  to that predicted,   1440 psig. 

Two theoretical analyses which were not available when the motor was 
designed are  compared to test results to evaluate  both methods of analy- 
sis.    References   22 and 23 are  theoretical methods which have been used 
to establish separate computer programs.     After the descriptive physical 
characteristics of the materials involved are selected for the computer, 
it solves the elastic-plastic equations and prints  out values of the 
desired parameters.     Therefore,   the  curves plotted  in this report for 
both references utilize  the computer printout for  the particular elastic- 
plastic solution. 

(22)Steyer, C.   C.:    Analysis of Thick-Walled.  Layered Anisotropie Elastic 
Cylinder Subjected to a Radial Pressure Utilizing Three-Dimensional 
Material Properties,  Rocketdyne  SHD,  Design and Development Section 
Memo 64-24, July 1964. 

(23)Daly, J.M.;    Elastic-Plastic Grain and Case Stress Analysis, Rocket- 
dyne SRD, Advanced Design Memo 63-21,  December 1963. 
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(C)  Figure 112 is a plot of internal pressure vs hoop strain in the GPV 
case. Although both references agree very closely with test results, 
Kef.22 is more accurate in the elastic region up to a pressure of about 

. 400 psig.  From this point onward, Ref. 23 has much better correlation. 
For an allowable hoop strain in the GW  case of LOfi,  the extrapolated 
burst pressure for a single pressure cycle from test data would be 
about 1460 psig. Based on extrapolation of test, Ref.23 tends to be 
closer than Ref. 22 in predicting burst pressure. 

(C)  Internal pressure vs hoop strain at the inner surface of the RFG is 
shown in Fig. 113*  In the elastic region, Ref.23 more closely follows 
test results.  If the curve from the test could be extrapolated, the 
predicted burst pressure would be about 1430 psig based on an allowable 
strain m the RFG of 5«00^.  This would compare very favorably with the 
predicted burst pressure of about 1370 psig from the Ref. 23 curve where- 
as Ref. 22 predicts about 1730 psig. Although the strain gage used for 
comparison was near the skirt, the induced discontinuity strains should 
have been small. 

Figure 114 represents plots of composite hoop stress vs composite hoop 
strain in the hoop wrap of the GFV case.  Both stress and  strain were 
calculated using the theoretical results of the two analyses and show 
good agreement.  Composite hoop stress vs hoop strain for the total GFV 
case wall is also shown in Fig. 114. 

All of the data shown in Figs. 112, 113, and 114 were calculated by a 
digital computer. An IBM 7094 and 1401 is used for Refs.22 and23 re- 
spectively. 

(2)  Conclusions and Recommendations 

The following conclusions are based on the results of the test and 
analyses. 

Structural performance of Motor A-1006 exceeded design requirements. 

Reference 23 theoretical data show better correlation with GJV case test 
data than Reference22. A final evaluation of RFG theoretical data may 
be made only with additional one cycle burst tests. . 

t 
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Figur* 112 ia a plot of internal pressure vs hoop strain in the GFV 
€ftM. Althoufh both references agree very closely with test results, 
Ref .22 is «ore accurate in the elastic region up to a pressure of about 
%00 psig- Froa this point onward, Ref. 23 has much better correlation. 
For an allowable hoop strain in the GFW case of 3.0^, the extrapolated 
burst pressure for a single pressure cycle from test data would be 
About 1%60 psig.  Based on extrapolation of test, Ref.23 tends to be 
closer than Ref. 22 in predicting burst pressure. 

Internal pressure vs hoop strain at the inner surface of the RFG is 
shown in Fig. 113*  In the elastic region, Ref .23 more closely follows 
test results.  If the curve fron the test could be extrapolated, the 
predicted burst pressure would be about 1430 psig based on an allowable 
strain in the RFG of 5«00^. This would compare very favorably with the 
predicted burst pressure of about 1370 psig from the Ref. 23 curve where- 
as Ref. 22 predicts about 1730 psig. Although the strain gage used for 
conparison was near the skirt, the induced discontinuity strains should 
have been «sail. 

Figure 114 represents plots of composite hoop stress vs composite hoop 
strain in the hoop wrap of the GW case.  Both stress and strain were 
calculated using the theoretical results of the two analyses and show 
good agreement.  Composite hoop stress vs hoop strain for the total GFV 
case wall is also shown In Fif« 114. 

All of the data shown in Figs. 112, 113, and 114 were calculated by a 
digital computer. An IBM 7094 and 1401 is used for Refs.22 and23 re- 
spectively. 

< . 

(2)    Cone lot ions and Becomnendatio ns 

:. 

Iht following conclusions are based on the results of the test and 
analyses. 

Structural performance of Motor A-1006 exceeded design requirements. 

Reference 23 theoretical data show better correlation with GIV case test 
data than Reference22. A final evaluation of RFG theoretical data may 
be made only with additional one cycle burst tests. . 
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More test data are needed to provide a conclusive evaluation of the 
referenced analyses.  These tests should be conducted on a one cycle to 
rupture basis to provide better test data, as well as to assist in 
establishing the validity of the two methods of analysis.  Subscale 
models should be fabricated in such a way that failure is forced to 
occur in the cylindrical portion of the RFG.  This would increase tho 
range of the test curve in Fig. 113 and allow a more meaningful cor- 
relation between the two theories at the ultimate allowable strains. 

Both the computer programs and the analyses should be adjusted to show 
better correlation with test results. As this occurs and bettar test 
data are accumulated, optimum motor design will result. 

Strain gage instrumentation functioned satisfactorily, and there was a 
minimum loss of gages during the test. 

, 
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2.  DEVELOPMENT MOTOR A-1001 

This motor represented the first scheduled firing of a fullscale RFG/GIW/ 
core motor, thus several design modifications were made to the flight- 
weight design to provide a conservative "heavyweight" motor. The areas 
of major design modification were concerned with the GW  case and insula- 
tion.  To provide a considerable margin of safety, the case thickness 
was increased approximately threefold, and the case insulation thickness 
was increased approximately tenfold. 

(C) The liner was increased to a thickness of 0.5 inch in the cylindrical 
section. This thickness of liner will provide a margin which will take 
up to five seconds premature burnthrough.  Ta the domes where the insula- 
tor becomes thicker, the protection offered would handle seven to ten 
seconds of premature burnthrough. 

(c) P^sed on the increased case thickness, the case alone would have a p~es- 
feire capability of about 2300 psi.  This case configuration was derived 
on the basis of consideration of probable failure pressures of oth^r 
motor components.  In evaluation of the capability of these other areas, 
the location of minimum strength was associated with the nozzle assembly 
where a pressure capability of about 2100 psi was indicated. 

(c) To accommodate the increased case and insulator thickness, several layers 
were deleted or reduced in the eighth and ninth cycles.  Two of the fill 
layers in the eighth cycle were eliminated and two were reduced by 50^. 
Also, the ninth GI layer was reduced from five covers to three. 

A new polar GIW flange for the aft polar boss was required to accommodate 
the heavyweight case.  This flange is larger in diameter in order to 
extend under the extra glass wraps of the heavyweight case design. All 
load rings for this motor were steel, although the final flightweight 
design was scheduled for titanium. However, due to availability of mate- 
rials and the fact that titanium represented primarily a weight savings 
over steel, steel rings were used. 

Also, because of failure of the vendor to provide acceptable forward 
closures as scheduled, a heavyweight forward closure was designed and 
fabricated of steel.  Insulation of the steel forward closure was accom- 
plished with MX-2646, per flightweight design. 

I 
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(c) 

Performance and mass fraction estimates for the flightweight design 
Motor A and Motor A-1001, utilizing additional insulation and case thick- 
ness, are shovn in Tables XXXIV and XXXV, respectively. Estimated 
thrust- and pressure-time curves are shovn in Fig. 115. 

TABLE XXXIV 

ESTIMATED PERFORMANCE SUMMARY, 
A-1001 AND FLIGHTWEIQrr DESIGN 

Flightweight 

Total Impulse, lb-sec 

Design A-1001 

561,600 547,800 
Avg Thrust, lb 17,340 18,170 
Action Time, sec 32.4 30.1 
Avg Pressure, psia 575 600 
Core Propellant Weight, lb 1135 1135 
RFC Propellant Weight, lb 1349 1249 
Total Propellant Weight, lb 2484 2384 
ISp @ 1000 psia ^composite motor) 241.3 243.6 
Igp @ 1000 psia (core propellant) 250.0 250.0 
Igp @ 1000 psia (RFG propellant) 
Delivered Igp ©Motor Conditions (S.L.; e = 6:l) 

234.0 237.8 
226.1 229.8 

Inert Weight 107.9 254.7 
Mass Fraction 0.96 0.90 
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(c) TABLE XXXV 

ESTIMATED WEIGHT AND MASS FRACTION, 
A-lOOl AND FLIGHTVEIGHT DESIGN 

I 

Nozzle Assembly 
Case 
Liner 
Igniter 
Forward Boss 
Aft Boss 
Load Rings* 
Drive Pins 
0-rings 
Flange 

Total Inerts 

Igniter Pyrotechnics 
Core Propellent 
HFG Prope11ant 

Total Propellant 

Total Motor Weight 

Mass Fraction 

A-1001 

29.65 
96.00 
82.06 
2.58 

10.52 
12.70 
13.59 
0.56 
0.10 
6.93 

254.69 

O.56 
1135.00 
1249.00 

2384.56 

2639.25 

0.90 

Flightweight Design 

26.77 
34.00 
12.00 
2.58 
10.52 
12.70 
6.94 
0.56 
0.10 
1.71 

107.88 

2484.56 

2592.44 

0.% 

*Steel for A-1001; Titanium for flightweight design 

0.56 
1135.00 
1349.00 
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(c) 

25,000 

Fitwrt 115 Estimated Thrust and Pressure Time, 
A-1001 and Flightweight Design 

a.     Fabrication 

(l)    Equipment 

The  grain was wound on the  36-inch,  3-axis,   cam-actuated machine.     The 
electric, microtension wire-tensioning system  (made  by Eastern Equipment 
and Controls Company) was used with manual   propellant application and a 
spreader blade for distrubution of applied propellant. 

A molded sand-polyvinyl  alcohol   (PNA) mandrel   coated with Tenite and 
polyken tape was used to wind the grain. 

(2)    Material 

(c)     The aluminum wire used was 7.5-oiil  diameter,  alloy 5056 heat-treated by 
the  supplier, Hudson Wire Company,  to give  5^ minimum elongation and 
50,000  psi minimum tensile. 

0 
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1 

The matrix propellant consisted of two formulations, RDS-514 and RDS 523, 
with various levels of depressant to give tailored ballistic character- 
istics. Low-viscosity LCA-5249 was used on the dome areas adjacent to 
the polar bosses. 

The restrictor used was R-143, a Flexadyne binder with carbon black 
filler. 

The entire surface of the steel load rings was coated with Chemlok EX- 
B500-1 and the coating was cured one hour at 170 to 190 F. Each ring 
was wrapped with 2-inch strips of polyethylene to prevent handling con- 
tamination and moisture contact. Strips were removed just prior to in- 
stalling each load ring in its proper position on the polar boss. 

The MX-4600 phenolic polar bosses were cleaned with methyl ethyl ketone 
(MEK) and dried 24 hours at 350 F.  The polar bosses (after drying) were 
coated with Epon 926 and cured for two hours at 190 F. The Epon 926 
acted as a moisture-proof barrier.  The polar bosses were wrapped in 
polyethylene sheets prior to installation on the sand mandrel, to provide 
additional protection against moisture during mandrel washout. 

(3) Processing 

(a) Grain Winding and Restriction 

(c) The process targets for the first attempt to wind grain A-1201 were; 
(l) 350 + 25 grams tension for aluminum wire to reduce the wire breakage 
experienced in A-1212, (2) a slightly heavier application of propellant 
in the dome area to prevent any voids or porosity, and (3) a lower- 
burning-rate propellant with higher viscosity in the dome area adjacent 
to the polar boss.  The use of lower-burning-rate propellant around the 
polar boss was considered necessary, to meet ballistic design parameters 
and prevent the flame front from burning through the dome area before the 
cylindrical area was spent.  The grain winding was stopped when the sec- 
ond load rings did not fit into the polar boss step because of excessive 
buildup of the first geodesic layer.  The pantograph trace of the first 
geodesic layer appeared to be identical to that of grain A-1212. A check 
of the load rings showed that the rings met the design specifications. 
Evidentally, the pantograph accuracy was not sufficient to show variation 
of 0.050 inch from design. An improved device for checking dome contour 
was developed. 

> 
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/fA The second, and successful, attempt to wind A-1201 was completed on 
^ ' 2? February 1964, see Fig.  116.  It had modified process targets of 

400 * 23  grams tension for aluminum wire, a slightly lower application 
of propellant in the dome area, and a lower-viscosity propellant in the 
dome area adjacent to the polar boss. The propellant in the dome area 
adjacent to the polar boss for the first attempt was LCA-5249, a plas- 
ticized 83%  solids-loaded propellant, with 3%  strontium carbonate and 3% 
calcium citrate as burning rate depressants.  The propellant for the 
second attempt was LCA-5281 containing 80^ solids-loaded propellant, with 
3%  strontium carbonate and 3%  calcium citrate as burning rate depressants. 
The lower-total-solids LCA-5281 gave a lower-viscosity propellant, but 
the 6^ depressant content caused the propellant to be very tacky, which 
made spreading difficult. 

In the second attempt, the aluminum wire tension was set at 400 grams 
and monitored frequently to maintain tension control.  Carbolloy eyes 
used in the wire-tension gathering system were cleaned frequently to 
remove any accumulation interfering with the tension control of the 
wires, particularly those coming from the bottom of the tension-control 
console. Wire breakage for the winding of A-1201 was considerably less 
than that which occurred when winding A-1212.  The reasons for less wire 
breakage in winding A-1201 were:  (l) smoother operation of winding 
machine, (2) more frequent cleaning of carbolloy eyes for wire-gathering 
portion of tension control, and (3) better quality of wire.  Improvements 
^ the wire-gathering portion of tension control and smoother operation 
of winding machines will reduce winding time.  The winding time for the 
second attempt was J-l/fl days, and time for RFG-1212 (A-1006) was 7-l/2 
days. A summary of the RFG winding data is in Table XXXVI. 

(c) Two wire^weight totalizers were used and they showed excellent agreement 
with the aluminum-wire weight obtained from Quality Control History 
Cards.  The difference of 1.8 pounds could be the scrap wir discarded 
in occasional wire breakage.  The total weight of aluminum wirr used 
(from totalizers) was 226.1 pounds. 

The tension-monitoring transducer equipment for checking aluminum-wire 
tension gave staisfactory service throughout the grain winding.  This 
device is a satisfactory tool for monitoring wire tension in the grain 
winding operation. 

> 
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c TABLE XXXV 

WINDING DAT 

| Winding Parameters 

1 
Mandrel |     l-GI [    1-43 i    1-54 1-66 2-GI |    2-43 L   2-54 !     2-j 

j      Winding Angle,   deg I   31.2 I 43.7 1 56.6 1 71.7 30.1 1 42.8 i   58.1 1    9.1 
Target No.  of Covers l    7 7 !  8 !    6 7 4 I    5 1     8 1 

i      Actual No.  of Covers |    7 !    7 !    8 1    5 7 4 5 |     8 ] 
j      Cam Revolutions 250 217 192 65 266 128 115 120 1 
|      X-axis  Insert 0 0, +2 +1 i    ^ +1 |    0 1       +1 1   +1,  +2 o,j 

Follower Setting 0.9 1.3 1.25 1.5 \   0.9 0.8, 
0.5 

1.25 1.1 
0.1 

Cylinder Buildup Data ] 
Cylinder Diameter Aft 22.090 1 22.345 22.535 22.779 22.923 23.130 23.280 j   23.388 23. 
Cylinder Diameter Center 22.115 22.350 22.585 22.812 22.964 23.193 23.327 23.4'J1 23. 
Cylinder Diameter Forward 22.085 22.325 22.557 22.785 22.929 23.160 23.295 1   23.492 i   23. 
Layer Depth (Avg),  in. — 0.122 0.110 O.II7 0.074 1    O-111 0.070 |     0.078 .     0. 

j      Cover Thickness  (Avg),   in. — 0.0167 0.0157 0.0146 j  0.0148 0.0159 0.0175 0.0156 0. 

Miscellaneous Data j 
Change Gears A 56 55 52 33 55 51 43* 31 

Change  Gears B 79 84 96 70 82 82 50* 76 
Change Gears C 78 66 65 44 76 74 49* 50 
Change Gears D 95 92 100 98 83 96 59* 87 
Winding Speed,   rpm 2 1/4 3 1/2 4 6 4 4 ^.5 6) 
Layer Winding Time, hr 3.4 2.5 3 1.4 3.6 4.3 3 2 
Total Elapse Time for Layer,  hr 5.7 3.5 4 2,0 6.3 5.5 4.3 2. 

Winding Parameters 5-GI 5-30 5-38 5-47 5-60 6-GI 6-26 6-32 6 1 
|      Winding Angle,   deg 25.0 32.4 43.7 55.1 66.0 23.7 29.9 40.1 49. 
1       Target No.  of Covers 7 6 6 6 6 6 3 4 5 

I      Actual No.  of Covers 7 2 6 5 6 6 0 4 4 1 
Cam Revolutions 315 84 216 145 120 282 — 160 136 i 

j      X-axis  Insert +1 0 0, -2 -2,  -1 -2, -1 0 — -1, 0 -2'J 

0^ 1      Follower Setting 1.45 1.15 1 1/2, 1.6 1.5, 1 1/2   1.6, 
3/8 1.5 0.6 1.1 I. 

Cylinder Buildup Data 

Cylinder Diameter Aft 26.075 26.134 26.390 26.534 26.735 26.962 — 27.117 27.! 
Cylinder Diameter Center                i 26.150 26.225 26.485 26.650 26.836 27.065 — 27.216   I 27. 
Cylinder Diameter Forward 26.114 26.225 26.450 26.600 26.785 27.022 — 27.160   | 27. 
Layer Depth (Avg),   in. 0.128    ! 0.041 0.124 0.077  \ 0.095 0.116 — 0.074 ! 0. 
Cover Thickness   (Avg),   in. 0.0183» 0.0205 0.O2O7 0.0154 0.0158 0.0193 — 0.0185 0. 

Miscellaneous Data 

58^ Change  Gears A 56           j 52            i 57          i 51          1 41          j 64 — 56          i 
Change Gears B                                    1 79 59          | 81            1 93          i 96         ! 77          ! 71 791 
Change  Gears C 78           j 69 68           } 71 57         1 79          1 69 59^ 

I      Change Gears D 80 99          ! 97          | 98            \ 83         1 94          1 100            1 93 < 
Winding Speed,   rpm 3           1 5          , 4 1/2    \ 5          | 5         1 3 6.3       1 5* 
Layer Winding Time,  hr 3.75 0.75     I 2 1/2    j 3          1 2 1          1 1 1/2     j 2. 
Total Elapse Time for Layer,  hr 1.7 2          i 4 1/2 3 1/2    | 2 1/2 5.1      j 3          | 2. 

♦Indirect gear drive 
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TABLE XXm 

WINDING DATA 

Layei r 

1   2-54 L 2-66 
2-80 3-GI ! 3-35 3-45 3-60 4-GI 1    4-30 4-40 4-50 i    4-65 4-80     j 

[58.1 1   69.9 i    80.0 1   28.6 1 38.5 !   48.4 r66.0 26.5 1 34.9 45.8 58.3 1 73.3 80.0        j 
5 1      8 1      8 i    7 6 !     8 10 7 4 4 6 )   7 !  6      ! 
5 1      8 7 \    7 i    3 1     8 12 1    7 4 4 6 !    7 1  6      ! 

15 120 1    49 284 108 248 228 301 156 136 150 91 48            \ 
►+1,   +2 0,   +2 +1,   +2 1   0 1       -1 ,   -1,  +1 -2,  0 

+ ,   -2 
i    0.5, 

0 -1 -1, +1 -1, +1 -1, +1 -1, +i j 

1.25 |      1.5, |    2 1/4, 1   1/8 i         1 0.8, 1.1 i    1.6, 0.85 0.8, 1    1.2, 11/2 i 
I     0-75 1 1/4 1.4 1.2 1    1.1 1.5 |    0.9 

1 23.388 23.700 23.825 1   24.075 24.145 24.490 24.804 25.038 25.127 25.275 25.455 26,655 25.796   i| 
23.491 23.730 23.856 23.856 24.239 24.506 24.850 25.095 25.200 25.315 25.525 25.696 25.885   | 

[23.492 23.720 23.896 i  24.107 24.225 24.510 24.871 25.096 25.187 25.330 25.535 25.700 25.892 
[   0.078 0.132 0.070 0.122 j     0.101 0.099 0.170 0.118 0.048 0.068 0.099 ,    0.090 !     0.087   ' 
[   0.0156 0.0165 0.010 0.0174 0.0337 0.0124 0.0142 0.0169 U.0120 0.0170 0.0165 0.0128 0.0145I 

143* 31 33* 58 52 57* 31 59 50* 52 52 34 29* 
1 50* 76 64* 76 81 40* 80 6 52* 72 88 88 56* 
r49* 50 39* 74 68 39* 71 61 67* 58 60 50 31*       ! 
159* 87 70* 88 82 61* 97 80 55* 85 95 98 59*        1 

4.5 6 6 1/2 3 1/2 6 4 1/2 5-6 3 5 4 5 5 6          1 
3 2 1.5 3 1/2 1.3 4 1/2 4 1/2 3.8 2 2 2 4.2 1.7       i 

1   4 3 
2.5 3.1 5 4.5 5.5 4.8 5.0 8 3.1 3.7 5 3.1      j 

I   6-32 6-40 6-56 7-GI 7-32 7-46 7-67 8-GI 8-29 8-38 9-GI    ! 

140.1 49.3 63.1 22.4 34.2 46.1 67.3 80.0 21.5 28.7 37.8 20.4       1 

1    '' 5 9 6 3 3 7 10 5 3 2 4 

1    4 4 9 6 2 3 5 13 5 3 2 3 
1160 136 207 294 90 111 100 117 255 147 88 159 
1-1, 0 -2,  0 -2, +1 0 +1, -1 0 +2,  0, 

+3 
+1,  0,   -5 1,   +2 +1 +2 +3 0,-1, 

0        ! 
1   1'6' 0.9 1 1/2, 1.25 1   1/2, 1.5 1.6 0.5,   1  1 I/*, ,  1.5 1 1 1/4 1.6    i 

1   1-1 1.0 0.7 2 2  1/3,   1 I  1/8 

1 27.117 27.285 27.525 27.784 27.789 27.821 28.035 28.550 > 28.855 28.900 28.940 29.062   j 
|27.216 27.325 27.650 27.915 27.940 27.987 28.200 28.700 28.984 29.025 20.075 29.200 
127.160 27.275 27.610 27.825 27.945 27.976 28.156 28.645 28.874 28.964 29.015 29.108 
1   0.074 0.168 0.048 0.123 0.025 0.019 0.101 0.251 0.136 0.030 0.024 0.057 
1   0.0185 0.0420 0.0053 0.0205 0.0125 0.006 0.0202 0.0193 0.0272 0.010 0.012 0.019 

156 58 38 60 63 54 34 30* 54 68           i 71 91            I 
171 79 75         ! 70 100 75         ! 69          \ 47*         1 64 60 45 47           !! 
169           | 59           i 61         j 83          i 93 61          ! 50          1 31*         | 69 52 44           | 32 
ioo         1 93            | 94          1 98          1 94         i 89         1 84           j 70* 78 89         1 93 83 

1 6-3 
5            1 6-8 2 2           1 —      i 5 6 3 2 1/2     i 3         ! 1.5 

11 1/2 2 4          1 4           I 2 1         1 1          j 5        1 4          ' 1 3/4    | 1 1/2    | 6 1/2 
1 3       1 1       \ 2.7 4.2      1 5.2       j J  1/2     j 1-5 4.2 5 1/2    1 6      ! 3 1/2 2.2 7.7      I 

1 
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(c) TABU; XXXVI 

(Continued) 

1   General 

j   Winding Parameters 

|       Cycle 9 Total     1 
]       Layer |    GI 
j       Winding Angle ,  deg 20.4 
|       No.   of Covers,  dwg 802139 i         5 245      j 
j       No.   of Covers Revised Design 3 221      j 
j       Actual No. Covers 1          4 226      j, 
I       Cam Revolutions 212 
|       Mandrel Revolutions !      276 ! 

|      X-axis Insert 0 
1       Follower Setting,   in. 1.6 

!   Cylinder Build-Up Data 

i|       Cylinder Dia,   in.  Revised Design,  Center 29.100 
I      Cylinder Dia,   in.. Head 28.995 
|      Cylinder Dia,   in..  Center 29.090 
j      Cylinder Dia,   in.. Aft 29.050 
1      Layer Depth (av)  in. 0.0510 
j      Cover Thickness,   in. 0.0128 Avg         j 

|  Miscellaneous Data 

|      Gears Used A 32 
* 

*                             P 47 
C 91 

\                             D                         . 83 
j      Winding Speed,  Mandrel rpm 4 
j      Layer Time,  hours 2.6 94.0 ! 
-       Total Elapsed Time Complete Cycle,  hrs 4.1 132.9 | 

Propellant Type,  f depressant RDS-523(6.0J0 
Props 11 ant Usage,  tubes 846       | 
Propellant Usage, wt lbs 1041       j 

|      Wire Meter Rdg 3192 
Wire Weight,   lbs 5.84 226.1   i 
Al % by weight                                                      j I 17.84| 

c 
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(c) 

Table XXXVII is a tabulation of propellant properties. An attempt was 
made to calculate the aluminum content of each layer of the reinforced 
grain. The data are erratic and somewhat inconsistent, because the 
weight of propellant used per layer wap calculated from an average yield 
of propellant from each polyethylene caulking tube (used for applying 
propellant). 

Two  restrictor coats were applied after the grain winding and the second 
restrictor application resulted in a surface smooth enough for glass 
filament case winding.  The restrictor weight was 89.5 pounds of R-143. 
The average diameter after restriction was 29-713 inches with a maximum 

of 29.727 inches.  The average restrictor thickness was about l/2 inch. 

(b) GFW Case 

(C) This case was  wound on March 9 and 10; 1964, using the 40 inch winding 
machine.  Commensurate with other design safety factors for this first 
Motor A to be fired, the GF case was 300^ of Motor A design in the helix 
wrap and 400^ in the circ wrap.  The winding configuration was as follows 

Helix wrap 

j Circ wrap 

No. 
Covers 

Ends/in./ 
Cover 

Total 
Ends/in. Roving 

3 
8 

750 

440 

2250 

3520 

4 balls, 12 end | 

4 ballsy 20 end 1 

Skirt laminations were made per Motor A design requirements and inte- 
grally wound in the first three circ covers. The elapsed total case 
processing time, excluding cure, was about 48 hours.  Operation was con- 
tinuous and closely followed the predicted processing schedule. Actual 
winding times were 24.6 hours for the helix and 6.5 hours for the circ 
wrap. 

Winding of the helix layer of the heavyweight case differed from a flight- 
weight case in that the second and third covers were wound at slightly 
higher helix angles. The purpose of this was to move the second and 
third layers back from the pole.  This was necessary to limit the thick- 
ness of the case at the pole.  Excessive thickness would interfere with 
nozzle-attachment drive pin installation.  The pattern was adjusted only 
slightly on the forward pole, and the case was allowed to build up to 
about l/4 inch past the flange edge. 

0 
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TABUS XXXVII 

RFG A-1201 PROPELLANT PROPEIPTIES 

Burning Rate 

Mechanical Properties at 77 F 

Number Elongation, Tensile Modulus, 
Layer Propellant  formulation in./sec at  p«i Lot Number (*m).  * (SJ,   psi (E),   psi of Tubes 

1-GI HDS-514 (0.5* depreewnt 
RDS-514 (0.5* depressant; 

0.269 at 735 L-2-11-M81 17 149 1202 20 
0.269 at 73? K-12-27-M81 — — — 17 

LCA-5281 (6.0*) 0.123 at 71'» 17 149 1202 3 
1-43 RDS-514 (0.5*) 0 269 at 735 K-12-27-M81 17 149 1202 35 
1-54 HDS-514 (0.5*) 0.269 at 735 K-12-27-M81 17 149 1202 34 
1-66 HDS-514 (0.5* 0.269 at 7','5 K-12-27-M81 17 149 1202 21 
2-GI HDS-Sli (0.9* 0.237 at 679 L-2-12-M81 16 174 1442 27 

LCA-5281 (6.0*) 0.123 at 715 — — — 2 
2-43 HDS-514 (0.9* 0.237 at 670 L-2-12-M81 16 174 1442 17 
2-66 RDS-514 (0.9* 0.237 at 670 L-2-12-M81 16 174 1442 20 
2-66 RDS-514    0.9* 0.237 at 670 L-2-12-MB1 16 174 1442 27 
2-80 RDS-514 (0.9* 0.237 at 670 L-2-12-M81 16 174 1442 25 
3-GI RDS-514    1.8*) 0.201 at 600 L-2-12-M82 15 113 902 36 

La-5281  (6.0*) 0.123 at 715 — ~ mm 2 
3-43 HDS-514 (1.8*) 0.201 at 670 L-2-12-M82 16 174 902 25 
3-35 RDS-514 (1.8*) 0.201 at 670 L-2-12-M82 16 174 902 25 
3-45 RDS-514 (1.8*) 0.201 at 670 L-2-12-M82 16 174 902 34 
3-60 RDS-514 (1.8*) 

RDS-523 (2.6*) 
0.201 at 670 L-2-12-M82 16 174 902 32 

4-Gi 0.172 at 540 L-2-13-M8I 21 102 795 40 
LCA-5281 (6.0*) 0.123 at 715 — — — 3 

4-30 RDS-523 (2.6*) 0.172 at 540 L-2-13-M81 21 102 795 13 
4-40 RDS-523 (2.6*) 0.172 at  540 L-2-13-M81 21 102 795 24 
4-50 RDS-523 (2.6*) 0.172 at 540 L-2-n-M81 21 102 795 — 
4-65 RDS-523 (2.6*) 0.172 at  540 L-2-13-M81 I] 102 795 29 
4-80 RDS-523 (2.6*) 0.172 at 540 L-2-13-M81 21 102 795 20 
5-GI RDS-523 (5.5*) 0.140 at 470 L-2-13-M82 16 17 655 35 

LCA-5281  (6.0*) 0.123 at 715 — — — 5 
5-30 RDS-523 (5.5*) 0.140 at 470 L-2-13-M82 16 17 655 
5-38 RDS-523 (5.5*) 

RDS-523 (5.5*) 
0.140 at 470 L-2-13-M82 16 17 655 13 

5-47 0.140 at 470 L-2-13-M82 16 17 655 26 
5-60 RDS-523 (5.5*) 

RDS-523 (6.0*) 
0.140 at 470 L-2-13-M82 16 17 655 32 

6-G1 0.125 at 400 L-2-14-M81 18 60 539 36 
LCA-5281  (6.0*) 0.123 at 715 — — — 8 

6-26 RDS-523 (6.0«) 0.126 at 400 L-2-14-M81 18 60 530 27 
6-32 RDS-523 (6.0*) 0.126 at 400 L-2-14-M81 18 60 5-W 20 
6-40 RDS-523 (6.0* 0.126 at 400 L-2-14-M81 18 60 539 29 
6-56 RDS-523 (6.0* 

RDS-523 (6.0*) 
0.126  at 400 L-2-14-M81 18 60 539 36 

7-GI 0.126  at  400 L-2-14-M81 18 60 539 — 
LCA-5281  (6.0*) 0.123 at 715 — — — 

7-32 RDS-523   6.0*) 0.126 at 400 L-2-14-M81 18 60 529 — 
7-46 RDS-523 (6.0*) 0.126 at 400 L-2-14-M81 18 60 529 — 
7-67 RDS-523   6.0* 0.150 at 400 L-2-14-M82 20 58 491 — 
7-80 HDS-523 (6.0* 

RDS-523   6.0*) 
0.130 at 400 L-2-14-M82 20 58 491 39 

8-GI 0.130 at 400 L-2-14-M82 20 58 441 36 
LCA-5281 (6.0*) 0.123 at 715 — — — 4 

8-2V RDS-523 (6.0*) 0.130 at 400 L-2-14-M82 20 58 491 22 
8-38 RDS-523 (6.0* 0.130 at 400 L-2-14-M82 20 58 491 — 
9-GI HDS-523 (6.0*) 0.130 at 400 L-2-14-M82 20 58 491 38 

LCA-5281 (6.0*) 0.123 at 715 — — — 2 
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Dome sections of the  finished case are shown in Fig.   117 (Aft) and Fig. 
118 (Forward). 

Final weights and dimensions for the  case are presented helow: 

(c) Weights 

Restrictor 89.5 lb 
Aft Flange 8.1 lb 
Helix Roving 35.5 lb 
Circ Roving 36.9 lb 
Glass Cloth  (Calc) 4.1 lb 

Total 76.5 lb 

Case Weight at Estimated 29.4^ Resin 108.4 lb 
Case Weight by Load Cell Readings 106.2 lb 

Estimated Thicknesses 

Helix Wrap in Cylinder 0.105 in. 
Circ Wrap 0.156 in. 

Total 0.261  in. 

Average Cylinder Thickness Bast (d on Dia 0.256 in. 

Over-all Dimensions 

Inside Tangent Length 48.98 in. 
Skirt to Skirt Outside Length 59.20 in. 

Diameters 

Forward Skirt 30.410 in. 
Cylinder  (l) 30.242 in. 

2) 30.215 in. 
(3) 30.428 in. 

Aft Skirt 30.428 in. 

GPV-1412 and GIW-1413 were 29.4^ resin by analysis.    Weights do not 
include approximately 8.5 pounds  of cord and rubber used in skirt tran- 
sition filling. 
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Estimated Thickness 
0.21" at 7.5" Radius; 
0.105" at Tangent 

1   5/1' 

IV  '  ir •   ''■'   V'':i~>:-''.;V ■*.,■■■■■ 

^'n-i-v?^':!;:;". v^v ■■;■ ■•,v^«v 

I Reinforced y^ 
J       Grain       p 

15/38"- 
K29/32 

■ /'•;.•.■<■•.',i.^.» No Scale 

Figure 117   .    Motor A-1001 GFV Case Dome Section, Aft End 
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Restrictor 

Estimated Thickness 
0.21" at 7.5" Radius; 

0.105" at Tangent 

, 

i/v .3A \ 

Fifcure 118 .  Motor A-1001 GPV Case Dome Section, 
Forward End 
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(4)  Postwinding Procedure 

Upon completion of glass case cure, the sand mandrel was  flushed out with 
water. Judging from Tenite and phenolic scraps which were found among 
the sand at a latter date, two discrepancies occurred during washout: 

1. A portion of the phenolic ballistic sleeve was broken off, 
apparently by impact with the spindle or one of the light- 
ening tules. 

2. Portions of the Tenite liner came out with the sand.  The 
Tenite coating was thinner than desirable and was also 
bonded to the epoxy "bulkhead" formed by bonding the two 
mandrel halves.  This bulkhead, or epoxy ring, holds a 
fair amount of sand and consequently is fairly heavy. 
¥hen it fell it pulled some of the Tenite with it. A 
tape liner will be placed over the joint in the future 
to preclude this from reoccurring. Neither of these 
discrepancies were noticed until after the drying opera- 
tion. 

(c) The unit was dried for 12 hours at 170 F, then it was taken from the oven 
and the tape removed. A leached area (propellant became spongy and 
parted from the wire) approximately four inches wide (containing many 
bumps) the full length of the cylindrical section was then apparent, Fig. 
119. Additional soft 'bulges" were found in both domes.  These were 
scattered.  Radiographs were made in an attempt to determine the full 
extent of the grain damage, but no conclusive results were obtained. 
The best estimate of damage depth was approximately 1/8 to 1/4 inch. 

After consideration of the grain damage it was decided to restrict a 
limited area of the grain and static test the unit without a core grain. 
In the Motor A design, the RFG web is reduced near the end bosses, and 
the total w^b is maintained by increasing the core thickness in this 
area.  To piotect the thin area for firing without a core gcain, the ends 
were restricted with R-140, see Fig. 120, in a band about 2-l/2 inches 
wide around each port.  This was done one end at a time. After the for- 
ward dome was cured, the center cylindrical section was noticeably worse. 
The "bulges" then were 3/4 to 1 inch high, and nearly formed a continuous 
irregular strip the full length of the cylindrical section. The aft port ^ 
was then restricted and cured. After this additional temperature cycling, 
the center strip was slightly worsened. 
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11-140 

16-1/2" _ I?" 

AFT DOME 

16-1/2"  - 

11-140 

FORWARD DOME 

Figure    120.    Dome Restrictions of RFG,  A-1001 
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Several of the raised bumps in the center strip and at the aft dome were 
penetrated with a dentist's pick and a piano-wire probe in an attempt to 
ascertain if any voids were present.  In the cylindrical area three bumps 
were penetrated to a depth of 2-1/l6 inch.  TVo spots on the dome were 
penetrated 1/2 inch.  In all cases the propellant seemed "soft" at these 
depths but no voids were found.  The wetted areas of IlG-7205 (a 20-inch 
hydroburst grain) also how this same "softness".  The propellant in 
RG-7205 was visibly porous. 

The center strip was restricted with R-140, see Fig. 121, a nominal two 
inches beyond the affected area on each side and within l/2 inch of the 
dome restriction at each end.  An attempt was made to provide a minimum 
thickness of 1/2 inch over the raised bumps, then taper the layer to 0.1 
inch at the edge. 

After the final restrictor cure, the unit was resubmitted to X-ray.  No 
additional information was obtained as to the defect depth.  No voids 
were found and the lower density area could not be seen on the tangential 
shots through the thick web. 

(5) Final Assembly 

(c) The deletion of the core grain necessitated the design and fabrication 
of a special igniter.  The ignition system was composed of a W)5  Mod IX 
initiator, an intermediate charge of 3 grams of B/KNÖ_, and a main charge 
of 400 grams of Rocketdyne formulation P-120A.  This material was uti- 
lized in place of P-73, the material used in the basic Motor A igniter 
main charge, to take advantage of the higher gas content in its exhaust 
effluent and thus provide more rapid pressurization of the large void 
left bv deletion of the core grain. 

The nozzle, containing a monolithic throat, was installed and the motor 
was sent to test. 

b.  Testing 

The motor was static fired 3 April 1964.  Because of the severe damage 
to the grain and the anticipation of a malfunction, the motor was tested 
vertically on a rigid stand (see Fig. 122).  The forward skirt was fitted 
to the lower half of the hydrotest fixture.  Pressure, limited strain, 
and thermocouple measurements were taken, but no thrust measurements. 
Motion pictures were made. At approximately 670 milliseconds the motor 
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Restricted Area 

— AFT TANGINT 

Damaged Area 

- FWD TANGENT 

Figure 121.   Cylindrical Restriction of A-1001 
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Figure 122.    A-1001 in Firing Stand 
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ruptured and burned a great deal  of propellant and inert material  in a 
widely scattered area.     The nozzle,  expansion cone,  aft polar boss with 
load rings,  parts  of  the forward polar boss with eight of nine  load rings, 
approximately 130 pounds  of unburned propellant,  and miscellaneous parts 
of restrictor and GIW case have been found and examined. 

(l)    Analysis 

Performance predictions, based on the condition of this unit after pro- 
cessing repairs, were made and are presented in Table XXXVIII and Fig. 123. 
A replot of pressure versus time for Motor A-1001 is shown in Fig.124 • 

(c) The first indication of pressure occurred at 140 milliseconds, although 
pressure did not increase significantly until approximately 300 mili- 
seconds.  The ignition transient is similar to that which was expected, 
with the maximum rate of rise occurring at approximately 370 psi.  This 
value of pressure at inflection of the pressure-time curve appeared 
normal, considering the initial pressure of 500 psi which had been 
estimated. 

(c) There was an approximate 300-millisecond time span from initiation to 
the first indication of pressure (see Fig. 124).  Between 300 miliseconds 
and 600 milliseconds the pressure increased in a fairly smooth manner to 
760 psig, with the exception of a ringing oscillation of the pressure 
transducer from 508 milliseconds to 600 milliseconds.  Pressure increased 
from 760 psig at 610 milliseconds to 790 psig at 628 milliseconds.  At 
this time, the pressure began to increase very rapidly to 1835 psig at 
662 milliseconds and then decreased to 1280 psig at 665 milliseconds. 
The pressure record was lost at 666 milliseconds after increasing again 
to 1375 psig«  Only eight strain gages were used for this test because 
of the heavyweight case ani the low strain readings which were expected 
from a successful firing.  The maximum recorded pressure (1835 psig) was 
2.3 times the expected maximum pressure (800 psig), and strains in the 
GIV case reached 22,000 microinches/inch.  Based on analysis of the pres- 
sure, strain, and motion picture data the following sequence is hypo- 
thesized as the most likely to have occurred. 

At approximately 533 milliseconds, a large piece or pieces of material, 
presumably R-140 restrictor, came out of the nozzle. This was followed 
by another small piece 24 milliseconds later. After the restrictor was 
torn out of the defective area the spongy RFG started to bum, causing 
pressure to increase, and concurrently gas pressure leaked to the liner 
of the case.  Strain gages show a slight pressure leak to the liner at 

J 
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TABLE XXXVIII 

ESTIMATED I'ERPORMANCE HPG MOTOR A-lOOl 

€ 

Average Pressure,  psia 490 

Action Time,   sec 19.1 

Average Thrust,   lb U,500 

Total  Impulse,   lb-sec 277,000 

RFG Propellant Weight, lb 1266 

I J1 at 1000 psia,  lb-sec/lb sp                         r         >                   / 237.0 

Del  ISp at Motor Condil 
lb-sec/lb 

/ions. 
218.5 

■ 
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about 590 milliseconds, when the pressure was 73^ psig.  Between 730 
psig, pressure begins to increase drastically and ic probably caused by 
interlaminar burning of some form. All strain gages indicate another 
sudden transfer of load to the case at 1140 psig and 649 milliseconds. 
One more piece of material went through the nozzle at 651 milliseconds. 
Pressure continued to increase to 1833 psig at 662 milliseconds. The 
lower (forward) polar boss can be seen moving downward in the 1000 frame 
per second motion picture at this time. Flame in the area of the forward 
polar boss is visible in the next two frames and a hole in the case near 
the forward skirt-cylinder junction is visible in the third frame.  Com- 
plete failure occurre  one frame later, at approximately 668 milliseconds. 
This sequence of eve cs  may be more clearly followed on the pressure and 
strain versus time curves presented in Fig.    .  Only two strain gages, 
S-5 and S-6 are replotted.  These were longitudinal and hoop gages re- 
spectively in the cylindrical portion of the motor.  These two gages do 
not show the entire sequence, but are fairly representative. 

(2) Conclusions and Recommendations 

The following conclusions are based on the fabrication history and analy- 
sis of test data. 

Failure of motor on firing was due to damage incurred during fabrication 
and is not indicative of fundamental deficiency in Motor A design. 

Strains in case were as expected until pressure increased in an extremely 
rapid manner. 

The reinforced grain performed satisfactorily until the chamber pressure 
exceeded the design value for this component, therefore no design change 
is recommended. 
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3. DEVELOPMENT MOTOR A-1002 

(C)  Test of Motor A-1002 was the first static firing of a complete Motor A, 
which included core grain, reinforced grain, and glass filament wound 
case. Although this motor was testweight it had a mass fraction of 
0.911« which shows that it was much more advanced than a conventional 
heavyweight motor. 

(c)  Because of the problems associated with Motor A-1001, only minor design 
changes were effected for Motor A-1002.  The RPG and insulation designs 
were identical to Motor A-1001, except for the use of titanium load 
rings, rather than steel. The GFW case thickness was less than that of 
Motor A-1001, reduced to a scheduled 0.15 inch, with a pressure capa- 
bility of 1500 psi. 

On Motor A-1001, excessive RFC layer buildup was noticed in the polar 
boss areas and an evaluation concerning this layer buildup was conducted. 
On motor A-1002, the "steps" on the polar boss on which the RFG layers 
are wrapped were repositioned to alleviate this problem. 

The nozzle for this motor contained a pyrolytic throat, rather than the 
monolytic throat used in A-1001 and all subsequent A Motors. 

The ballistic design was identical to that originally specified for 
Motor A-1001. 

(C)  Propellant which yielded a motor burning rate of 0.140 in. per sec at a 
chamber pressure of 400 psia was not then available for RFG fabrication, 
consequently the propellant employed yields a burning rate of 0.145 
in. per sec and a final RFG burnout pressure of 520 psia (rather than 
the design of 400 psia). 

(c)  The restrictor thickness of 0.3 inch included in the cylindrical section 
provided a margin to accommodate up to 5 seconds premature burnthrough. 
Restrictor included in the domes offered a protection of 7 to 10 seconds. 

The thrust-pressure vs time is shown in Fig. 126 and the resulting per- 
formance, estimated from actual strand burning rates for Motor A-1002, 
is summarized in Table XXXIX. Table XL shows estimated weights and re- 
sulting mass fraction of both Motor A-1002 and the ultimate flight- 
weight motor. 
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TABLE XXXIX 

ESTIMATED PERFORMANCE SUMMARY, MOTOR A-1002 

Total Impulse, lb-sec 547,800 

Average Ibrust, lb 18,170 

Action Time, sec 30.1 

Average Pressure, psia 600 

Core Propellant Weight, lb 1135 

RFG Propellant Weight, lb 1249 

Total Propellant Weight, lb 23«4 

Isp @ 1000 psia, lb-sec/lb 

Core Propellant 250 

RFG Propellant 237.8 

Composite Motor 243.6 

Delivered Isp ©Motor Conditions, lb-sec/lb 229.8 

Inert Weight, lb 223.8 

Mass Fraction 0.914 

TABLE XL 

ESTIMATED WEIGHT AND MASS FRACTION FOR A-1002 
AND FLIGHTWEIGHT DESIGN 

Flightweight 
Motor A-1002 Design 

Nozzle Assembly 30.01 26.77 
Case 73.00 34.00 
Liner 82.06 12.00 
Igniter 3.08 3.08 
Fwd  Boss 10.52 10.52 
Aft Boss 12.70 12.70 
Load Rings 6.94 6.94 
Drive Pins 0.56 0.56 
0-rings 0.10 0.10 
Flange 5.14 1.71 

Total Inerts 224.11 108.38 
Core Propellant 1135 1135 
RFG Propellant 1249 1349 

Total Propellant 2384 2484 
Total Motor Weight 2608.11 2592.38 
Mass Fraction 0.914 0.958 
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a.    Fabrication 

(l)    Equipment 

The grain was wound on  the 36-inch machine,  using the spreader blade, 
manual propellant application, and the  electric, microtension wire 
tensioning system.     Because  of the water damage  to Motor A-1001,  special 
care was  taken in  the preparation of the mandrel for this motor.    The 
sand mandrel was  coated with seven applications of tenite.    A spray 
coat of RTV-60 approximately 0.006-inch thick was applied and allowed 
to cure.     The aft polar boss  insulation tube was coated on the  ID and OD 
with polyken tape.     The bosses were assembled with a layer of uncured 
R-143 between the  first load ring and the mandrel.     The mandrel was 
taped with polyken tape  immediately prior to winding.     The tape was 
overlapped  l/2 its width on the cylindrical section and 2/3 on the  domes. 
The average  liner  thickness   (tenite, RTV,  and tape) was 0.037 inch. 

(2)    Materials 

The standard wire was used—5^ minimum elongation,  50,000 psi minimum 
tensile,  7 l/^-mii diameter,   5056 aluminum heat treated. 

The propellant burning rates were  the  same as those used on RG-1201 
(A-lOOl).     See Table XLI for propellant properties. 

The bosses were prepared the  same  as those for A-1001.     Prior  to mandrel 
assembly it was  found that the nozzle would not mate with the  aft boss. 
The aft boss was  remachined and processed as  follows: 

1. Cleaned with MEK 
2. Air dried for  30 minutes 
3. Dried for 2 hours at 350 F 
4. Freshly-machined area coated with Epon 926 
5. Cured for 2 hours at 190 F 

(3)    Processing 

(a)    Grain Winding and Restriction 

Grain winding was  completed on 24 April,   1964.     It required 152.8 hours 
or 6-l/2 days winding time,   compared to 1-1/2 and 5-1^2 days  required 
for Motors A-1006 and A-1001 respectively.     Grain winding was  hampered o 
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(C)  by wire breakage caused by poor spooling and excessive friction through 
the guides (rod tips).  Some excessive buildup occurred during the 
fifth and sixth cycles, thus nine covers had to be omitted.  A total of 
13 covers were omitted during winding of the entire grain.  The grain 
aluminum weight percentage was 17%,   3^ less than the target of 20/f.  The 
low aluminum content is attributed to the abnormally viscous propellant 
in the outer layers of the grain.  No obvious reason was discovered for 
the viscous, hard-to-apply propellant.  Mixing procedures were the same 
as for the propellant used in A-100I.  Cartridge loading was also handled 
in the same manner, in that filled propellant tubes were placed in 
crushed dry ice immediately.  Similarity continues in that material lots 
used were the same as those used in one of the best mixes utilized in 
A-1001.  The average cover thickness obtained in the grain was 0.01649 
inch.  Table XLII contains the detailed winding data. 

The load rings for this grain were titanium, instead of the steel load 
rings used on Motor A-1001.  The load rings were coated with Bondmaster 
primer and cured before winding, then were coated with R-143 before 
incorporation into the grain.  Some of the eighth intermediate layers 
were omitted to allow an extra-thick restrictor layer, as was done on 
RG-1201 for Motor A-1001. 

The RFC was cured for 120 hours at 170 F.  Previous grains were cured 
for 48 hours at this point.  Based on theoretical heat transfer calcu- 
lations, about 50 hours would be required for the first geodesic layer 
to heat up to l60 F.  Also, additional time was desired to obtain a more 
complete state of cure, particularly of the first geodesic layer, which 
is susceptible to washout and handling damage. 

(c)  Restriction was normal.  A wipe coat, fill coat, and finish coat of R-143 
were applied to obtain the finished contour.  Thicknesses at 4-inch inter- 
vals along the cylindrical section were 0.318 (aft tangent), 0.293, 0.272, 
0.232, 0.268, 0.209, 0.220, 0.231, 0.246, 0.245, 0.245, and 0.303 (for- 
ward tangent). 

Restrictor cure times were 16 hours for the wipe coat, 24 hours for the 
fill coat, and 48 hours for the final coat.  A 170 F cure temperature 
was used throughout. 

(b)  GFW Case 

■ 

The GW case was fabricated on May 7 and 8,  1964.    Despite   the many mech- 
anical  difficulties during the winding it was  the most uniform GBV case 
wound until  that time.     Some  of the problems encountered included ex- 
treme  difficulty in obtaining sufficiently smooth machine  operation, 
failure  of the Y-valve  stylus  two times,  and a freeze-up of  the resin 
bath due  to a malfunctioning VTW system. 
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TABLE XLII 

HFG A-1201 WINDING PARAMETERS AND CYLINl 

oi 
1 2 n 

Mandrel HJ 
Winding Parameters 

Layer GI 43 54 66 GI 43 54 66 80 8 
Winding Angle,   deg 31.2 43.7 56,6 71.7 30,1 42.8 58.1 69.9 80,0 

No.  of Covers,   dwg 802139 7 8 9 5 7 4 5 9 7 

No.  of Covers,   Revised 
Design 7 8 9 5 7 4 5 9 5 

Actual No. Covers 7 7 8 6 7 4 5 8 8 

Cam Revolutions 252 217 192 78 266 128 115 120 56 < 

Mandrel  Revolutions 468 460 535 372 424 268 335 567 _(2) . 

X-azis Insert 0 0,  +2 +1 0,  +1, 
+2 

0 0,  +3 0,  +1 -2, ^ 0, 4, 
42 

1 

Follower Setting,  in. 1.32 1.30 1.25 1.0 0,80 0.75 0.60 1.8 
0,75 

1.0 

Cylinder Build-Up Data 

Cylinder Dia,   in. Revised 
Design,   center 22.075 22.318 22.558 22,828 22,978 23,202 23.322 23.472 23,742 23.892 

Cylinder Dia,   in., Head 22.054 22.300 22,532 22,750 22,934 23.125 23.264 23.400 23,610 23.815 

Cylinder Dia,   in,. Center 22,075 22.338 22,560 22,792 22,962 23.153 23.300 23.475 23.650 23.855 

Cylinder Dia,   in.. Aft 22,047 22,310 22,525 22,763 22,936 23.127 23.262 23.410 23.640 23.850 

Layer Depth (av)  in. 0,1285 0,1115 0,1146 0,0880 0,0955 0.0700 0.0765 0.1025 0,1035 

Cover Thickness,  in. 0.0184 0,0159 0.0144 0,0147 0,0137 0,0175 0.0153 0.0128 0,0129 

Miscellaneous Data 

Gears Used A 56 55 52 33 55 51 „(D 31 33(1) 

B 79 84 96 70 82 82 »W 76 64(1) 

1                     c 78 66 65 44 76 74 49(1) 50 39(1) 

1 95 92 100 88 83 96 59(1) 81 70^) 

Winding Speed,  Mandrel  rpm 4.5 4,5 4.5 5.0 3.5 5 4 5 5 

i       Layer Time, hours 3.1 2,0 3-0 1,4 3.7 1.5 2,0 3.0 2.0 

|       Total Elapsed Time Complete 
Cycle,  hrs 4,3 3.0 3-5 2,1 6,1 2,6 4,1 4.3 2,9 i 
Prope 11 ant Type,   )t 
Depressant 

RDS-514 
(0,5*) 

HDS-514 
(0.5*) 

HDS-514 
(0,5*) 

HDS-514 
(0.5*) 

HDS-514 
(0,9*) 

HDS-514 
(0,9<) 

RDS-514 
(0.9*) 

RDS-514 
(0.9*) 

RDS-514 
(0,9*) 

HD! 

1       Propellant Usage, tubes 20 35 34 20 29 17 20 27 25 

Propellant Upage, wt,   lbs 17.28 31.12 30.23 17.78 25.78 15.11 17.78 24,00 22,23 
|       Wire Meter leading 3487 

6.3^ 

3354 3613.5 2313 3765 1979.5 2243 3292 2409.5 40] 

j      Wire Weight,  lbs 6,13 6.61 4,23 6,88 3.62 4,10 6,02 4.40 

Al  ^ by weight 27.03 16,46 17.94 19.67 21.07 19.33 18,73 20,05 16.52 

Wire Data 

Wire Diameter and Elongation, 
0.075 in-, 5% < 
Number of Wires  iu Warp,  36 I 
Wire Spacing,   in. 0.04T6 i 
Warp Width,  in.   1.620 « 

Wire Tension,  gms 400 ±25 gm 

(1) 

(2), 
Indirect Gear Train 

'Data Was Not Recorded 
Not Wound, 9th GI Was Next And Last Layer 

''^Factor Was 1.828 x 10"5 For 36 Wire Warp 

^'Three Layers Depth,  7-31, 7-46, And 7-67 

NOTE:     Used LCA-5281  On The Domes Adjacent To Polar Bosses. 
Follower Setting Was The Distance Between The Wire 
Distributing Head And The Grain At The Start Of Each 
Layer To Be Wound. 

Tube Average Yield Of Propellant Was 0.889 lbs. 



TABLE XLII 

»PARAMETERS AND CYLINDRICAL BUILDUP 

mtttimtm 

Cycle                                                                                                                                                                                                             I 

L     _ _ 3 1 
1                                                      Helical                                                                                                                                                                                                                     | 

1 66 80 GI 35 ^5 1     60 GI 30 40 1     50 65 80            \ 

1 69.9 80.0 28.6 38.5 i     48.4 1     66.0 26.5 34.9 45.8 58.3 73-3 80.0 

9 7 7 5 i       8 9 7 5 5 6 1      7 9            1 
L 9 5 7 6 8 10 7 4 4 6 7 4           1 

8 8 7 6 8 10 7 4 4 6 7 6 

120 56 280 216 248 190 301 156 136 150 |    91 52 

567 -J2) 448 340 552 565 448 Itf 388 402 455 356          I 

l+i -2. ^ 0. +1, 
«1 

0 -1. +1 -1.   +1 -2.  +1 0 -2, -1 -1.   +1 -1, +1 4, +i +1,  +2   1 

r 1.8 
0.75 

1.0 1.14 1.0 1.25 0.9 
0.7 

1.1 1.3 
1.6 

1.2 0.9 
1.2 

0.5 
0.9 

0.3        1 
0.4 

['»72 23.742 23.892 24.116 24.296 24.536 24.836 25.060 25.180 25.300 25.480 25.690 25.810 

ViOO 23.610 23.815 24.030 24.230 24.469 24.820 25.000 25.085 25.220 25.390 25.578 25.768    j 

1*75 23.650 23.855 24.080 24.279 24.532 24.840 25.050 25.145 25.285 25.436 25.635 25.830   j 

H10 23.640 23.850 24.065 24.255 24.500 24.832 25.015 25.120 25.230 25.412 25.608 25.792   j 

|0765 0.1025 0.1035 0.1092 0.0985 0.1225 0.1155 0.0955 0.0470 0.0645 0.0840 0.0970 0.0950 

|oi53 0.0128 0.0129 0.0156 0.0164 0.0153 0.0116 0.0136 0.0118 0.0161 0.0140 0.0139 0.0158 | 

|l) 

I) 
f) 
r 

31 

76 

50 

81 TO«') 

58 

76 

74 

88 

52 

81 

68 

82 

31 

80 

71 

97 

59 

68 

61 

80 

50 

66 

64 

85 

52 

72 

58 

85 

52 

88 

60 

95 

34 

88 

50 

98 

30^) 

63^ 

43^ 

69(1)     | 

5 5 3 4.5 4 3.7 3.7 4 4.8 5.5 6 6          i 

lo 3.0 9.0 2.9 2.3 3.0 3-8 3-9 1.8 1.7 2.0 1.4 2.2 

ll 4.3 2.9 4.9 3.1 4.4 4.4 4.9 2.4 2.9 2.8 2.0 2.7        j 
■14 
hit) 

RDS-514 
(0.9Jt) 

HDS-514 
(••DO  ! 

RDS-514 
(I.*) 

HDS-514 
(1.**) 

RDS-514 
(1.850 

HDS-514    i 
(1.8*) 

HDS-523 
(2.6*) 

HDS-523 
(2.6*) 

RDS-523 
(2.6*) 

HDS-523 HDS-523 
(2.6*) 

HDS-523      \ 
(2.6*)    j 

27 25 38 25 34 32          | 43 13 24 _(2) 29           1 20            ! 

|78 24.00 22.23 33.78 22.23 30.23 28.45 38.23 11.56     ' 21.36 _(2 
25.78 17.78     | 

3292 2409.5        ' 4078.5 3291 4255 4603 4297 2363 2240.5 3034 3054.5       1 2451           j 
lio 6.02 4.40 7.46 6.02 7.78 8.41     { 7.85 4.31 4.10 5.55 5.58    j 4.48 

I73 
20.05 16.52 18.09 21.31 20.47 22.81     j 17.04 27.16 16.10 __(2) 17.79 20.12      I1 

olar Dosses. 
11 The Wire 
tart Of Each 

89 lbs. 343 



TABLE XLII 

(Continued) 

1                                                                                                      1 
5 6 1 n 

1 Winding Parameters 

|    Layer 61 1     30 38 47 60 GI 26 i     32 40 56  1 
|    Winding Angle,  deg 25.0 32.4 43.7 55.1 66.0 23.7 29.9 40.3 *9.3 6   ll 
i    No.  of Covers,  dwg 802139 7 6 7 5 6 6 3 4 ^ 1    | 

No.  of Covers Revised 
1    Design 7 6 6 5 6 6 3 4 5 1    | 

|    Actual No. Covers 7 6 6 6 6 6 3 4 5 J 
Cam Revolutions 315 252 216 145 120 282 135 160 170 20    1 
Mandrel Revolutions 455 408 438 360 414 402 210 288 360 640   ] 
X-axis Insert 0 «ll  +2 -1, 0 -2, 0 -2, -1 0 -1 -2,  -1 -2, -1 - >] 

l     Follower Setting,   in. 1.15 0.78 1.0 1.27 7.25 1.25 1.5 1.4 1.5 

Cylinder Build-Up Data 

j     Cylinder Dia,  in.  Revised 
1     Design,  center 26.034 26.226 26.418 26.578 26.770 26.962 27.058 27.182 27.342 2 d 
|    Cylinder Dia,  in., Head 25.992 26.155 26.335 SS.491 26.700 26.910 27.025 27.143 27.325 27.J 
|    Cylinder Dia,   in.. Center 26.032 26.245 26.390 2^.580 26.755 26.990 27.106 27.232 27.410 27. J 
|     Cylinder Dia,   in.. Aft 25.997 26.215 26.355 26.521 26.732 26.950 27.048 27.175 27.365 27.a 

Layer Depth (av)  in. 0.1050 0.0990 0.0775 0.0855 0.0990 0.1105 0.0550 0.0615 0.0920 O.l] 
Cover Thicknesa,  in. 0.0150 0.0165 0.0129 0.0143 0.0165 0.0184 0.0183 0.0154 0.0184 o.ol 

Miacellaneous Data 

j     Gear* Use«! A 56 52 57 51 41 64 50 56 58 38 
B                            I 79 59 81 93 96 77 57 71 79 75   1 
C 78 69 68 71 57 79 60 69 59 61 

!                 D 80 99 97 98 83 94 82 100 93 94 
Winding Speed, Mandrel 

1     rpu 3 4 4.5 4.5 6 3 3 4 5 
i 

5  j 
Layer Time, hours 4.2 3.9 2.2 2.1 2.8 2.8 1.5 2.0 2.0 H 
Total Elapsed Time 
Complete Cycle,  hra 5.7 4.5 2.5 5.5 3.7 3.2 2.5 2.7 3.4 3.1 

j     Propellent Type,  % 
depressant 

HDS-523 
{5.5%) 

RDS-523 
(5.5*) 
_(2) 

HDS-523 
(5.5*) 

HDS-523 
(5.5*) 

HDS-523 
(5.5*) 

HDS-523 
(6.0*) 

RD6-523 
(6.0*) 

RDS-523 
(6.0*) 

RD6-523 
(6.0*) 

flDS-5d 
(6.d 

Propellent Usage,  tubes 40 20 26 32 39 27 20 20 36 
Propellent Usage, wt,   lbs 35.56 — 17.78 23.11 28.45 34.67 24.00 17.78 17.78 32.d 
Wire Meter Reading 4554.5 4080 3389 6196.5 „(2) 4102 2055.5 2626.5 3064.5 4883.5 
Wire Weight,  lbs 8.33 7.46 

_(2) 
6.20 11.33 — 7.50 3.76 4.80 5.60 8'3 

Al jt by weight 18.98 25.85 29.99 — 17.79 13.54 21.25 23.95 21.1 

See Footnotes Preceding Page 

- . —... —■- 
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TABLE XLII 

I     (Continued) 

|                                              Cycle                                                                                                                                                                                                         | 

Y 7 8 
I                                             Hell cal 

40 56 GI 32 46 67 80 61 29 38 51 63 
b 49.3 63.I 22.4 32.4 46.1 «7.3 80.0 21.5 28.7 37.8 51.2 62.7 

4 10 6 4 5 ^ 9 5 4 4 5 5 

5 10 6 4 5 6 8 5 '   2 2 0 0      1 
5 9 6 2 3 10 8 5 3 2 0 0       ; 

170 207 204 90 HI 200 72 255 147 88 >_(2) —       1 
360 640 402 144 225 6f0 _(2) 340 148 150 — —       1 

E ■1 
-2, -1 -2, 0 0 +1 0 *•!, +3 

-2, -1 
+3 0 42 +2 — —       1 

1.4 1.5 0.5 
0.7 

1.4 0.75 -J2) O.63 0.5 1.5 1.0 1.3 — — 

1.182 27.342 27.662 27.854 27.978 28.138 28.330 28.586 28.746 28.860 28.938 29.222 29.446 

1.143 27.325 27.570 27.766 _(2) 27.90 28.264 28.505 28.715 28.800 28.905 -J2) 
—         I 

1232 27.410 27.670 27.860 — — 28.335 28.580 28.805 28.875 25.965 — —         1 

|.175 27.365 27.600 27.882 — — 28.265 28.513 28.735 28.865 28.960 — —         1 
1.0615 0.0920 0.1230 0.1115 — — 452^ 0.1225 0.1095 0.0475 0.0480 — —         j 
1.0154 0.0184 O.OI36 0.0186 — — _J8) 0.0153 0.0219 0.0158 0.0240 — —         | 

I 58 38 60 63 54 34 32(1) 

51(1) 
54 68 71 

79 75 70 100 75 69 64 60 45 — —         i 
59 61 83 93 61 50 35(1) 69 52 44 — — 

93 94 98 94 89 84 «W 78 89 93 — —         1 

5 5 3 4 5 6 5 3 3 4 — — 

1.0 2.0 3.0 5.3 0.7 0.4 2.5 2.3 3-8 2.0 1.2 — — 

1? 3.4 3.3 2.9 1.4 2.5 2.9 3.3 6.5 2.6 2.3 — —         | 

|23 
hit) 

RDS-523 
{6,0%) 

HDS-523 
(6.05t) 

HDS-523 HDS-523 
(6.O5O 

RDS-523 
{6.0%) 

HD6-523 
(6.0« 

RDS-523 
{6.0%) 

HDS-523 
{6.0%) 

HDS-523 
{6,0%) 

RDS-523 
mm _ 

20 36 _J2) — — — 39 40 22 — —         \ 

I78 17.78 32.00 — — — — 34.67 35.56 19.56 — —         ! 

1 > 3064^5 4883.5 5756 — 7309 — 3380.5 3803 2295 1453 pm —         1 
180 

|23 

5.60 

23.95 

8.93 

21.79 

10.52 
J2) 

MM» 13.36 ■™ 6.18 

15.13 

6.95 

16.35 

4.20 

17-68 

2.66 

— i 

c 
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Winding efforts required 32 hours,  although actual winding time was 
only 15 hours.    Data obtained during winding are  shown in Table XLIII. 

(4)     Post-winding Procedure 

The soluble mandrel was washed out of  the reinforced grain on 11 May 1964 
with 74 F water  (approximate temperature of HFG internal surface).     The 
triple  layer moisture barrier was removed immediately after washout. 
The revisions  to mandrel  coating were  effective,   since there was no 
evidence  of moisture, on the grain.     The unit was  subjected to a mold 
drying  of two hours at 120 F,  then sealed for shipment to the NDT 
facility. 

The unit was  radiographically examined after mandrel washout and 12 
radiographs were taken of the grain-to-liner and  liner-to-case  inter- 
faces.     These  indicated no separations.    Both ports were also radio- 
graphed to determine the  integrity of  the polar boss/load ring/reinforced 
grain area.     Again, no  defects were evident. 

Following X-ray,  the polar boss-load ring area in the domes was restric- 
ted.    The aft end vas coated first and given a partial cure of  two hours 
at 100 F,  two hours at 120 F,  and three hours at 140 F.     The forward 
load ring was given a six hour incremental heatup period,   then ten hours 
at 170 P. 

Casting mandrel assembly was begun May 15 in preparation for core casting, 
and the  core was cast on   18 May. 

Prior to casting, R-143  insulation was added to each polar boss.    The 
interior surfaces  of the  aft boss area which was exposed  to core propel- 
lant were coated with a film of R-143.    A thick fillet was added around 
the inside surface of the  load ring for insulation.     This fillet ex- 
tended above  the load ring/grain junction.     The reatrictor was  cured 
two hours at  100 F,  two hours at 120 F, and three hours  at 140 F.    The 
grain was then inverted so that the forward boss was at the bottom.     A 
wipe coat of R-145 was  applied to the  propellant interface surfaces  of 
the forward boss.    R-143 was used to fill  the area behind the  first load 
ring to prevent a void  area during casting.     This  restrictor was cured 
two hours at  100 F,  two hours at 120 F,  two hours at 140 F,  and ten 
hours at 170  F.    The  inside surface of the  grain and R-143 was cleaned 
with toluene,   dried,  and MAP0 wiped.     The  core mandrel  tooling had to 
be shortened by 0.27 inch because  the boss-to-boss  length was  shorter 
than design. 
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TABLE XLIII 

MOTOR A-1002 ÜFW CASE FABRICATION DATA (GFV 1402) 

Dimensions,  in. 

Restricted Mandrel Diameter 

Headstock Center Tail stock Average   { 

|           29.704 

,■                        1 

29.675 29.723 29.701 

Helical Wrap Diameter 

|           Headstock Center Tail stock Average   I 

29.812 •    29.788 ,'< 29.'850 29.817     1 

Circ Wrap Daimeter                                                                                              j 

1           Headstock Center Tailstock Average   | 

i             29.970 29.945 30.020 29.978    1 

Thickness 

Helical 
Circ 

j           Total 

Headstock Center Tailstock Average   | 

O.05 
O.07 

4 
9 

3 

0.056 
0.078 

0.063 
0.085 

0.058     j 
0.081     j 

0.13 0.134 0.148 0.139     j 

!           Skirts 
1                                                                                                                                              1 

1 

ID 
OD                                   j 

Thickness 

Headstock Tailstock 

29.860 
30.185 

29.860     | 
30.190 

0.162 0.165    I 

j           Length 
|                                                                                                                                                                                                                                                                                                              [ 

|           Skirt-to-skirt                56.81                                                                            j 
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TABLE XLIII 

(Continued) 

1 Weights, lb                                       1 

i    Load cell weights 

!    Weight after case cure 
Weight of restricted mandrel 

Weight of rubber gromnet 

Est. skirt ring weight 

2840.6      ! 
2721.5      | 

119.1 
3.8      j 

115.3     : 
35.0 

80.3 

j    Class weight 

Helical wrap 
Cric Wrap 

I    Glass cloth 

Resin (est) 

23.15 
28.54     j 

51.69     1 
4.10     1 

55.79 
23.91     | 

79.70     1 

1 Tension, lb 

Helical wrap 

j    Circ wrap 

Start  21   | 
Finish 24 

Start  24   i 
Finish 25   j 

GIRSS Density 

Helical wrap 

Circ wrap 

1475 ends/in. 

2709 ends/in. 
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After mandrel assembly the grain was preheated for 33-1/2 hours at 
170 F prior to casting.  Four mixes of RDS-526 C were required for 
casting. Core propellant properties are shown in Table XLIV. Casting 
time (from start of first cast to end of last cast) was 10 hours and 
15 minutes.  The core cure was interrupted after 12 hours to adjust 
the propellant level and restrict the top surface with R-143. The 
grain was cured for a total of 72 hours at 170 F.  The grain wes cooled 
by lowering the inlet air temperature 5 F every three hours (down to 
95 F). 

The casting mandrel removal on May 25 progressed satisfactorily, but 
was tedious, as the foam star points had to be removed in small pieces. 
Also, propellant had flowed between sections of the foam and the ctntral 
core, indicating a need for improving the bonding or installation method. 

After core casting, the unit was taken to the X-ray facility for inspec- 
tion. The unit could not be opened due to the lack of humidity control 
in the X-ray building, therefore, the film holding fixture could not 
be used and no single wall radiographs were taken. An attempt to examine 
the core-reinforced grain interface by tangential inspection failed due 
to the insufficient power of the 1000 KV unit. 

Visual examination of the cast core grain revealed (l) bond failure 
between the propellant and the phenolic aft boss ballistic sleeve, 
and (2) one i/4 inch and one l/8 inch void at the surface in one of 
the core configuration valleys. Two of the defects were considered to 
be insignificant but the l/8 inch void, which was measured to be 2 to 
3-1/4 inches deep, necessitated repair. 

Several candidate mixtures of epoxy were tested with laboratory speci- 
mens of propellant to establish the most suitable adhesive to repair 
or fill the separation.  Criteria considered were viscosity, pot life, 
cure time at ambient, bondability, compatibility, availability, and 
cured flexibility. 

A mixture of Epon 815 and Versamid 140 in a 35/65 ratio was selected 
as the most suitable potting fluid. 

The aft boss ballistic sleeve-to-propellant separation was filled using 
vacuum to help penetrate the gap. A dam was made around the sleeve 
to hold excess potting fluid then the unit was evacuated. Upon release 
of vacuum, the fluid was forced into the separation. This procedure 
was repeated and a final topping applied without vacuum.  The material 
was allowed to cure at ambient for one day before proceeding with final 
assembly. 
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TABLE XLIV 

CORE PROPELLANT PROPERTIES 

!         Property | L-5-18-M81 L-5-18-M82 LL-5-18-M83 L-5-18-M84| 

Elongation, ^, -73 F 40 42 40 45     | 

Tensile, psi 392 414 j 395 439 

Modulus, psi 2107 1993 1834 2238 

Elongation, $,  77 F 38 37 39 44 
Tensile, psi 160 154 150 165     1 
Modulus, psi 698 652 628 640 

Elongation, Jt, 170 F 37 32 38 
39 

Tensile 126 125 129 118     j 
Modulus 520 550 517 457 

Strand Bum Rate, 1000 psia« 0.476 0.487 0.477 0.487 j 

Strand Bum Rate, 750 psia* 0.423 0.427 0.414 0.422 1 

Position In Grain Aft Of 
Center 

Aft Dome Fwd Of 
Center 

Fwd Dome  | 

Density 
1 

0.0635 — — — 

Pit Vacuum, in.-Hg 28.6 28.2 28.2 28.8 

Cast Press, psig          | 
1                                                          ; 

12 10-20 12-20 0-5 

Casting Started 1314 1122 1724 2122     j 

Casting Completed 1332 1141 1739 2137     1 

Avg Rate, lb/min 15 14 18 
18     1 

*The Liquid Strand Burning Rates Compared Favorably With The Previous 
Pilot Mix, L-3-3-M81, Which Gave 6-inch Motor Burning Rates On Target. 
Strand Buming Rates For L-3-3-M81 Were 0.427 ips At 750 psia. And 
0.487 ips At 1000 psi. 
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(5)  Final Assembly 

The heavyweight nozzle (802236-31) using pyrolytic graphite rings in the 
throat and the 802476 igniter assembly (utilizing heavyweight steel 
closure) were installed without trouble.  Leak testing was completed on 
4 June 1964. 

(C) 

Table XLV consists of the weights of components as added to,  or sub- 
tracted from,   the motor during processing,   and a sequential total  of the 
assembly weight. 

TABLE XLV 

MOTOR WEIGHT HISTORY 

Component Assembly 
1 Weight Components Weight j 

1372.80 Sand, Spindle, Tenite, RTV 1372.80 \ 
i    7.500 Load Rings 1380.30 | 

13.007 Aft Boss 1392.31 j 
1    9.82 Forward Boss 1403.13 I 

3.79 Tape 1406.92 j 
j  210.4 Wire 1617.32 1 
| 1027.48 Propellant (1025.31 by Tube We ight) 2644.80 
1    5.54 GFV Flange 2650.34 

71.20 R-143 2721.54 
41.26 Skirt Rings, Bolts 2762.80 j 

;   80.00 GFV Case 2842.80 
-1377.50 Sand, Spindle, Tape, RTV 1465.30 

!   -1.00 Boss Tape, RTV & R-143 at Ring 1464.30 
1    1.00 R-143 Fills 1465.30 
1 1124.00 Core Propellant 2589.30 | 
I    0.04 Epoxy Fix 2589.70 j 

32.30 Nozzle Assembly with Instrumentation 2622.00 I 
0.53 Drive Pins 2622.53 I 
0.12 "0" Rings 2622.65 
9.60 Igniter and Forward Closure Ass »embly 2632.25 j 
7.65 Strain Gages, Forward Closure Restric- 2639.90 | 

tion, and Heat Shield 

c 
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b. Testing 

Due to the separation which occurred between the aft polar boss and the 
core grain, and the unsealing of the first load rings, it was decided 
that Motor A-1002 would be static tested vertically on a rigid test 
test stand. 

It was originally planned to measure pressure, thrust, temperature, at 
28 locations, strain at 32 locations, and displacement at 4 locations. 
But because of the decision to fire on a rigid stand, this instrumenta- 
tion had to be somewhat reduced since data channels for the rigid firing 
stand were limited to 2 pressure transducers, 24 thermocouples, 10 
strain gages, and 2 linear potentiometers. 

The motor was static fired on 3 June 1964 at ambient temperature, see 
Figs. 127, 128, and 129. All components functioned properly and the 
motor burned to completion as predicted.  Carbon dioxide was used in an 
attempt to quench the liner and prevent residual burning after the 
firings. During tailoff and actuation of the C02 quench, there was 
some evidence that propellant slivers and/or insulation were ejected 
through the nozzle.  The test was considered to be extremely successful 
in all respects. 

(l) Analysis 

Ballistic data obtained in the test of Motor A-1002 are presented, with 
design nominals, in Table XLVI, Performance Summary, Table XLVII, Weight 
Summary, and Fig. 130, the pressure-vs-time/replot. 

Ballistic design of Motor A-1002 differed from the final flightweight 
Motor A design primarily in propellant weight of the reinforced grain. 
The core grain specified and employed in A-1002 was identical to the 
Motor A flightweight design. 

The performance demonstrated by Motor A-1002 was successful in every 
respect. All design objectives with respect to performance and related 
propellant characteristics were achieved, and in some cases exceeded. 
The performance compared most favorably with design estimates for A-1002 
and flightweight design where applicable.  The pressure demonstrated by 
this motor during the last portion of the RFG burning did not agree with 
the predicted pressure, but did compare to the flightweight motor.  This 
is significant in that the burning rates desired in the final motor 
were obtained in this motor. 

i 
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Figure 12?.     A-1002 Before Firing 
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Figure 128.    A-1002 During Firing 
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2YA25-6/5/64M1A 

Figure 129. A-1002 After Firing 
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TABLE XLVI 

PERPOHMANCE SUMMABY FOR A-1002 

Average pressure, psia 

Action time, sec 

Average thrust, lb 

Total impulse. lb-sec 

Maximum pressure, psia 

I8p at mo.
cor conditions, 

lb-sec/It) 

1° at 1000 psia, lb-sec/lb 
SP 

Impulse to weight ratio 

Actual 
Motor A-1002 

Design Nominals     | 

Motor A-1002 
Flightweight 1 

|   Design 

560 

31.44 

16,970* 

533,600* 

741 

225.9* 

241.4* 

205.8* 

600 

30.1 

18,170 

547,800 

805 

229.8 

243.6 

210.0 

575     | 

32.4    I 
17,340 

561,600  | 

805 

226.1   | 

241.3   | 

216.6   j 

Core Grain 

I  Avg pressure, psia 

ji  Avg thrust, lb 

Duration (lOjt to tan), sec 

733 

22,660* 

9.81 

750 

23,690 

10.2 

750 

23,690 

10.2    | 

Reinforced Grain 

i     Avg pressure, psia 

|  Avg thrust, lb 

Duration (tan to 40 psi) 
sec 

482 

14,400* 

21.63 

525      1 

15,380 

19.9 

500     | 

14,410  | 

22.2    | 

Ignition delay, sec 0.095 

*Thrust parameters estimated from pressure 
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TABLE  XLVII 

WEIGHT SUMMARY FOR MOTOR A-1002* 

Actual 
1                 Design Nominals             1 

Fl iffhtv«« i irh •   1 

1 

j   No/rlr  Aasnrably 

Motor A-1002 [Motor A-1002 Do sign 

12.3 10.01 26.77         | 

I   Case 80.0 71.00 14.00           j 

linor 72.2 82.0() 12.00           I 

Ijrniter 9.() 1.08 1.08           | 

FVd Ross 10.12 10.12           j 

Aft  Boss 30.13 12.70 12.70         ! 

}    Load Rings ().04 6.0'i            | 

1    Dr i VP  Pi ns 0.11 O.lh 0.1<< 

j    O-rinffs 0.12 0.10 0.10            \ 

Fl anjiP 1.54 1.1'i 1,71 
lipoxy O.'i 

j          Total   Inerts 211.02 224.11 108.18            j 

|    Tore  I'roprllant. 1124.00 1115.00 1111.00 

RF(i IVopellant 1217.00 1249.00 1140.00            1 

Total   Propel lant 2161.90 2184.00 248'i.00            j 

Total   Motor Wt 2102.02 2608.11            1 2102.1H 

1          Mass   Fract i on 0.911 0.914         i O.OIH          i 

'All   weights   in   pound: 
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€ 
(c) Since thrust was not measured in the test, it was estimated from proa- 

sure data.  Estimated specific impulse (lsr)g) for the motor at roforrnce 
condition (1000 psia and zero degree half angle) was 2'il.;» lb-sec/lh 
compared to 241.3 lb-sec/lb design nominal for the flightweight motor. 
As the lower burning rates were achieved in the outer layers of RFC«, 
the specific impulse at reference condition demonstrated by Motor A-1002 
is comparable to the flightweight estimate rather than the estimate for 
Motor A-1002.  The comparison of specific impulse indicates total impulse 
for the flightweight motor is well above the required minimum impulse 
for Motor A. 

(c) The percent sliver for the motor, based on percent of total pressure 
integral in the tailoff, was 'S.l'jo.     It is interesting to compare this 
to the percent sliver of the core cross section, which is 16.2^.  How- 
ever, with greater burning rates in the circumferential direction and 
ratio of core-to-RFG burning rates, most of the sliver from the core 
configuration existing at the transition stage is consumed near the end 
of action time. 

(C) The pressure-time performance during the core burning duration was more 
neutral than predicted, and the maximum pressure was less than had been 
predicted.  This is attributed to a higher degree of erosive burning 
then had been estimated. The ratio of maximum to average prossure 
demonstrated by Motor A-1002 will enable operation at an avorago pres- 
sure greater than 750 psia (target for A-1002), with a nominal maximum 
less than 800 psia.  Structural analysis of the CiFW caso indicated that 
the strain measurements were close to the expertod values.  Figure 131 
shows the location of all strain gages and linear poteniiomotors on the 
GFW case.  Strain gages S-5, S-7, and S-24 did not function properly 
after 22.5. 26.0 and 29.2 seconds respectively.  These threr gages per- 
formed properly early in the firing, but were lost prior to burnout. 

At burnout of the core grain (9.9 seconds) hoop strain in the (IFW case 
was approximately 2800 microinches per inch and reached a maximum value 
at burnout of the RFG (28 seconds) of approximately ()2t50 mieroinehes 
per inch just prior to losing the first longitudinal strain gage at 22.1 
seconds.  Both longitudinal strain gages (S-5 nnd S-7) were lost before 
burnout, and therefore the maximum longitudinal strain is not Known. 
Maximum strain in the GFW forward and aft domes was approximately 1200 
and 4800 microinches per inch respectively.  Strain and defle« lion vs 
time data are shown in Figs. 132, 133, 134, and 133. 
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(c) GFW case strain vs time curves for this motor are progressive, even 

though the pressure vs time curve is regressive. The progressive strain- 
time curve is typical for RFG motors because, as the RFG web is burned, 
a larger portion of the chamber pressure is resisted by the GFW case. 
At burnout, the entire pressure must be supported by the GFV case. 
Figure 136 shows the pressure-time curve for motor A-1002 and hoop strain- 
time as recorded by strain gage S-4. A curve showing calculated GFW 
case hoop strain vs time is also shown in Fig. 116.  This calculated 
hoop strain curve is based on the assumption of no support from the RFG. 
Measured hoop strain during the first 9-9 seconds was only 2800 micro- 
inches per inch, which shows that the RFG decreased the hoop strain in 
the GIV case initially by a factor of approximately four.  This differ- 
ence in hoop strain decreases from core grain burnout until the two 
curves are identical at RFG burnout.  The most important thing shown in 
Fig. 136 is the fact that even with the testweight GFW case, the RFG 
supported a major portion of the chamber pressure for a large poi lion 
of the burn time, and continued to support a portion of the chamber pres- 
sure for a large portion of the burn time, and continued to support a 
portion of the chamber pressure until burnout of the RFG at 28 seconds. 

Hoop strain for a flightweight motor at burnout should be approximately 
thre^ times the strains measured on this test.  Dome and longitudinal 
strains will be approximately doubled.  These values of strain trill 
be well within the range of the GFW case capability. 

The results of the thermal analysis of Motor A-1002 static firing test 
data are presented in Figs. 137, 138, and 139.  The thermocouple data 
presented in these figures show graphically the temperature history of 
the motor case. 

The case/restrictor shell remaining after the firing of A-1002 was 
sectioned for examination. Figs. 140 and 141.  The restrictor and 
case were intact, with relatively light damage except in the forward 
dome, which faced downward during the vertical firing.  The cylindrical 
section of the case liner had a maximum loss of 0.033 inch at the aft 
end.  The losses at the forward and center section were approximately 
equal, having values of 0.011 inch.  The char depth of the liner had a 
minimum value of 0.0075 inch at the aft end, increasing to 0.011 inch 
at the center and 0.012 inch at the forward end. 

(c)  The maximum loss of liner material in the aft dome was 0.19 inch, which 
occurred at the tangent point of the dome and cylindrical section of the 
case.  The losses of the aft dome liner material decreased uniformly j 
from that point to a minimum of 0.05 inch at a dome diameter of 21 inches. 
then increased to 0.15 inch at a diameter of 11 inches. 
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Figure  140.     Section GFV Case,  A-1002 

369 



f ^ ^' 

2YA25-6/8/64M1A 

Figure   Ul.     Section Forward End  of GYM Case, A-1002 
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(c) The maximum material loss of the aft polar boss was 0.123 inch at the 
forward section, and decreased to no loss at the fifth load ring step. 
The char depth was a uniform 0.07 inch.  The loss of the complete for- 
ward section of the aft polar boss was not anticipated.  Examination 
of the part indicated it had been broken off, rather than consumed 
thermally.  Examination of the high speed films taken of the firing shows 
that a semi-circular object was ejected at 24.3 seconds after ignition. 
Although this piece was not recovered, it is believed that the ejected 
piece was the forward section.  The mechanism which caused this failure 
is not completely known.  The forward head itself was of heavyweight 
design but the protecting insulation was flightweight.  The head lost 
0.2 inch of insulation uniformly and had a char depth of 0.1 inch.  The 
remaining 0.122 inch of insulation was undamaged.  The polar boss was 
almost charred completely. 

(C) The nozzle performed exceedingly well, as shown by Fig. 142.  Thermo- 
couples on the exterior of the nozzle exit cone showed no significant 
increase in temperature, see Figs. 143 &nd 144.  This was expected, 
since all data taken were on heavyweight sections of tho exit cone.  The 
maximum temperature recorded on the embedded thermocouples was 800 F 
at thermocouple location 23 (see Figs. 144 and 145) aa(* was 200 F lower 
than was expected. 
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Figure  142.     Sectioned Nozzle,  A-1002 
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The most severe losses of material in the nozzle occurred in the nozzle 
entrance region, see Fig. 146, where the graphite phenolic FM5128 lost 
0.55  inch measured parallel to the nozzle axis and had a maximum loss 
of 0.44 inch measured right angles to the contoured surface.  The char 
depth of the material was uniform at 0.10 inch. The AHDG (high density 
graphite by American Metals Products) insert lost a maximum of 0.40 inch 
at its forward point and decreased to 0.17 inch at the pyrolytic graphite 
rings.  The pyrolytic graphite rings performed very well, allowing only 
0.026 inch loss at the throat.  The aft AHDG insert lost a maximum of 
0.09 inch downstream of the pyrolytic graphite rings and then decreased 
to negligible losses at the aft end.  The effectiveness of the pyrolytic 
graphite sleeve as a heat shield unrier the AHDG and pyrolytic graphite 
rings was evidenced by no charring of the silica phenolic until heat 
soak after completion of the firing.  Farther along the nozzle, the 
graphite phenolic (liM5128) cloth lost a maximum of 0.05 inch, with 
losses decreasing to no loss at a point 3'5 inches downstream.  The char 
depth of this material was a maximum of 0.20 inch at the forward end 
and decreased to 0.18 inch at the aft end.  The remaining section of the 
nozzle, vhich is constructed of silica phenolic tape, löst a maximum of 
0.20 inch of material.  The average char depth of this material was 
0.12 inch. 

0 

(c) 

Examination of the  aft load rings after the  firing revealed that  six of 
the nine were  still  in place.     Of these  six,  the outer two were  undam- 
aged but had been subjected to high temperature.    The  other four load 
lings had melted  in varying amounts. 

There was no evidence  of premature  ignition around the base  of the six 
remaining load rings.    Aluminum wire and a black,  rubbery substance was 
found between the  six titanium load rings  after the firing.     This 
rubbery substance was probably the remains  of the restrictor used to 
ensure  the  seal  of  the load rings  to  the polar boss. 

Figure   14^ illustrates the successful  initiation of Motor A-1002 
with the flightweight igniter.     The  contractual delay requirement of 
100 milliseconds maximum was met with the  95-millisecond delay on 
A-1002.     Ignition delay is defined as the  time interval from initiator 
activation to  10^ of maximum motor chamber pressure.     The  ignition 
train for this firing was composed of a McCormick-Selph M-55 Mod IX 
initiator,  an intermediate charge  of  1.7 grams of boron-potassium 
nitrate pellets and a 254 gram main charge  of pyrotechnic grains   (per 
Rocketdyne P-73 formulation). 
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TABLE 3-1 

ROCKETDYNE GAS GENERATORS 

Material Charred 

8      9 
Length, in. 



I    TABLE 3-1 

TDYNE GAS GENERATORS 

_L J. 
8 9 

Length,  in. 

, 

10 11 12 13 14 15 16 

Figure 146. Nozzle Materials Losses 
and Char Depths after 
Firing, A-1002 
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Figure 147.  Ignition Transient for Motor A-1002, 
Utilizing Igniter P/N 802476 
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(2) Conclusions and Recommendations 

The following conclusions were reached, based on the results of the 
analysis. 

Ballistic performance of Motor A-1002 compared favorably with that 
previously estimated. 

Propellant burn rate data relative to the peripheral, reinforced layers 
were encouraging and indicated the performance level desired during 
this interval would be achieved in the flightweight design. 

Estimated specific impulse which resulted from this test was encouraging 
and closely approximated that expected of the flightweight design. 

The propellant sliver associated with the core grain configuration did 
not result in undesirable sliver (tailoff impulso) in the RFG. 

Structural performance of tho motor was excellent. 

No structural changes in the design of the flightwright RFG or GFV case 
were recommended as a rcstllt of this test. 

The heavyweight liner wa* more than adequate and could probably he re- 
duced in the next motor. 

The expulsion of the forward section of the aft polar boss was less 
probable with the use of a monolithic-graphite throat insert. 

All flightweight components used performed satisfactorily and no design 
change was anticipated. 

The flightweight nozzle should perform satisfactorily, hased on the 
losses and char depth of the heavyweight nozzle.  No changes in design 
of the flightweight nozzle wore foreseen. 

The use of titanium load rings did not promote premature ignition of 
propellant. 

The expulsion of load rings through the nozzle was improbable , since 
all post firing evidence indicated the rings were melted in place. 
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A more effective medium for quenching the motor after firing, such as 
water,  should be considered since the CO2 failed to adequately quench 
motor A-1002 after firing. 

1 

Motor burning rates of the core and RFC were very close to design 
nominal. However, the core burning rate and two of the RFG burning 
rates should be changed for the next motor to bring the pressure closer 
to nominal requirements. 

(c) Because core pressure was more neutral than expected, the average pres- 
sure should be raised from 750 psia to 775 psia. 
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k.    DEVELOPMENT MOTOR A-lOO3 

Motor A-1003, the third Motor A for static firing, was fabricated during 
the period of 14 June to 29 July 1964 and statistically fired on 30 July 
1964.  Principal components were reinforced grain RG-1203, glass filament 
case A-1403 »and core A-1603. 

A fix was designed for A-1003 to prevent recurrence of the propellant 
separation around the aft ballistic sleeve. A doubler of glass cloth 
impregnated with R-140 restrictor was bonded between the plastic sleeve 
and core propellant, Fig. 148.  A tapered thickness (0.25 max) of 
R-142 restrictor was applied to the doubler's outer surface. The aft 
polar boss, of which the ballistic sleeve is a part, was prepared in 
advance and installed in the winding mandrel. The doubler and ballistic 
sleeve was protected during washout by polyethylene and tape. 

Another change from A-1002 was a reduction in RDS-514 propellant burning 
rates in the second and third winding cycles. This results in a viscos- 
ity increase in this propellant and an increased layer thickness in this 
region. 

The GFW Case for A-1003 realized further reduction in thickness and 
strength as compared to A-1002. 

(c)  Insulation thickness was also reduced to a thickness of 0.14 inch from 
0.284 on A-1002 which resulted in an RFG web of 3-71 inches compared to 
a 3.82-inch target for the flightweight motor. 

In addition to the scheduled increase in A-1003 RFG web and weight over 
that in A-1002, the following changes were incorporated into the ballis- 
tic design:  (l) the core burning rate was increased by 4^; (2) design 
propellant weight of the core grain is 1.3 pounds less than the core of 
A-1002 because of the expansion joint added to the aft polar boss; and 
(3) RFG burning rates were decreased in the second and third helical 
layers.  Estimated performance for A-1003 reflecting these changes and 
other characteristics demonstrated by the previous test is shown in 
Table XLVTII and Fig. 149.  A sumnary of component weights is shown in 
Table XLIX.  Performance estimates for the flightweight design have been 
updated to reflect changes resulting from A-1002 test, and are included 
in the tables and figures for comparison. 
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(0 TABLE XLVIII 

ESTIMATED PERFORMANCE SUMMARY MOTOR 

A-1003 AND FLIGHTWEIGHT DESIGN 

€ 

• 

(c) 

i   Average  Pressure,   psia 

Motor A-1003'1' 
Flightweight    j 

Design'2/         | 

570 365 
\   Average Thrust,   lb 17,200 17,040 

Total  Impulse,   lb-sec 549,000 360,700        f 
Action Time,   sec 31.9 32.9 
Maximum Pressure,   psia 800 800                 \ 

\   Maximum Thrust,   lb 24,800 24.800          \ 
I      at Motor Conditions, 

SP              / !           lb-sec/lb 226.3 225.9 
|   I       at  1000  psia,   lb-sec/lb 241.5 241.1             ! 

\   Impulse-to-Weight  Ratio 212.3 216.3 

I   Core Grain 

I        Average  Pressure,   psia 773 775              a 
j        Average Thrust,   lb       ,   . 
i        Total   Impulse,   lb-sec W/ 

23,980 23,980          ! 
223,000 225.000        | 

Duration,   sec 9.4 9.4                i 
\        I      at 1000 psia,   lb-sec/lb 230 250 

|   Reinforced Grain 

!        Average Pressure,   psia 483 480 
j        Average  Thrust,    lb        ,   . 

Total   Impulse,   lb-sec (,,) 
14,390 14,280          \ 
324,000 335,700        ! 

j        Duration,   sec 22.3 23.3              1 
\        I      at 1000 psia,   lb-sec/lb 
i          sp 

234.0 233.6            \ 

(1) 

(2) 

(3) 

{») 

The  estimates  shown  account for no  nozzle  erosion;   however, 
it  is estimated  that   the  erosion will   be  0.063  inch   (on 
radius).    Average  performance   lor A-1003  allowing  for this 
degree of  erosion  is:     Average  Pressure,   psia,   555;  Average 
Thrust,   lb,   17,000;   Total   Impulse,   lb-sec,   547,600;  Action 
Time,   sec,   32.2. 

Parameters were modified as a   result  of A-1006 firing. 

Impulse  delivered by  core   grain  from  10^ maximum pressure to 
transition of  core  to RFG;   does not   include   core  propellant 
which  burns  simultaneously with RFG propellant. 

Includes   impulse  delivered by  RFG and  core   propel lant which 
burns  after transition point. 

c 

«a« 

384 

CONFIDENTIAL 

-^ •" 



I 

CONFIDENTIAL 

■nrT'rnr 

c 
bß 

•H 
0) tn 
S I 

F-I 
-p 

en X2 
> bC 

•H 
0) a> 
U > 
3 +J 
en XI 
w M 
0) ■H I r—t 

K 
m 73 
0 B 
CO «0 

+J t^, 
m o 
a o 
& l—l 

^ 1 
H <: 
X3 u 

OJ o 
+J -p 

£ 
o 
1 

•H 
-P k 
m o ■ «H 

• 
ON 
4< 
rH 

0) 
h i 

385 

CONFIDENTIAL 

^t. Äii; 



«MM 

CONFIDENTIAL 

0 

(0 TABLE   XLDC 

ESTIMATED WEIGHT AND MASS FHAOTION MOTOR 

A-1003 AND FUGHTWEIGHT DESIGN* 

Nozzle Aajembly 

Motor A-1003 
Flightweight 

Design 

29.80 26.77 

Case 48.00 34.00 

Liner 47.30 12.00 

Igniter Assembly 3.08 3.08 

Forward Boss 10.52 10.52 

Aft Boss 13.99 13.99 

Load Rings 6.94 6.94 

Drive Pins 0.36 0.56 

O-rings 0.10 0.10 

Flange 1.91 1.91 

Total  Inerts 162.20 109.87 

Core Propellant 1133.00 1133.00 

RFC Propellant 1291.00 1349.00 

Total  Propellant 2424.00 2482.00 

Total Motor Weight 2586.20 2591.87 

Mass  Fraction 0.937 0.958 

*A11 weights are  in  pounds 

(r )     Dil'ferences noted  in  previous and current estimates   for the  flightweight 
motor are  the  result  primarily of  (l)  specific   impulse  (lSp at   1000  psia) 
associated with the HFG and (2) average  pressure over the  core duration. 
Estimate  of  specific   impulse was decreased to  reflect the  above   changes 
in RFC burning rates.     Based on the neutral  pressure-time  exhibitec   by 
A-1002,   the  design value  of  average  pressure was  increased from 750  to 
775 psia.     Distribution of   impulse  over  core  and RFG  burning intervals 
reflects  characteristics  of A-1002 performance. 
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c 
Fabrication 

• (l)    Equipment 

The grain was wound on the 36-inch machine, using the spreader blade, 
manual propellent application, and electric wire tension system. A 
mold sand PVA mandrel was used to wind the grain. Mandrel preparation 
was the same as used on A-1002. 

(2)    Materials 

t 

The standard 3/t elongation,   30,000 psi tensile,   3036 aluminum wire was 
used. 

The  polar bosses and  load  rings  for A-1003 were  of flightweight design 
and were fabricated to the  same  specifications as for A-1002,  except 
for the doubler  on the  aft  boss   insulation sleeve.    A tapered thickness 
(maximum 0.25 inch nearest  aft end of motor)  of R-142 restrictor was 
applied to  the doubler's outer  surface.    The doubler and sleeve were 
protected during mandrel  assembly and later washout of  the   soluble 
mandrel by  polyethylene sheeting,  HTV rubber,  and tape. 

The forward closure  assembly and aft glass  case  flange were  flightweight 
as opposed to the special  designs used in A-1001  and A-1002. 

The nozzle   for A-1003 was the same as A-1002 except for the  graphite 
insert.    The insert  for the A-1003 nozzle was solid Graph-I-Tite   "G" 
whereas the   insert for A-1002 was made of AHDG graphite  and contained 
five  pyrolytic graphite rings in the throat area. 

(3)    Processing 

■ 

(a)    Grain Winding and Restriction 

Winding was started 13 Jui>e and completed 21 June  1964.    Preparation for 
this unit differed from the  preceding grain in that the first load ring 
of each boss was bonded to  the  boss with EC-1648 adhesive and metal 
spacers were inserted between the bosses and sand mandrel to position 
the bosses  more  positively. 
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After winding the first GI and part of the intermediate layers the aft 
boss was observed to be slightly canted. An indicator gage placed near 
the end of the boss disclosed a 0.140-inch eccentricity; the forward 
boss, 0.010 inch. The grain was unwound and additional shims installed 
behind the aft boss to realign it. Winding was restarted after a delay 
of nearly three shifts. Throughout grain winding, the concentricity of 
the aft boss was checked before and after geodesic layers. 

(c) 

(0 

(0 

Layer construction of the reinforced grain for A-1003 varied slightly 
from previous grains due to lowered propellant burning rates (increased 
depressant levels) in the second and third cycles.  Propellants used 
are described in Table L, which shows RFG construction by propellant 
layers. 

Table LI shows RFG construction by wire layers. Total number of 
covers was 233 compared to 231 predicted. Average cylindrical cover 
thickness was 0.0157 inch. Average grain ID was 22.058 inches and 
average 0D was 29.359 inches for an average web thickness of 3'651 
inches. 

Total propellant weight of thft reinforced grain was 1310.3 pounds, of 
which 229.8 pound,? was aluminum wire, resulting in a satisfactory 
aluminum content of 17.5/6 by weight. 

The "wipe-on" primer coat of R-143 was applied 29 June and cured 16 
hours.  The buildup layer was applied and cured 2^* hours.  The finish- 
ing coat applied 2 July received a 48-hour cure at 170 F. 

The total three stage restrictor layer between the RFG and glass case 
weighed 52.7 pounds and had the following dimensions: 

. 

Cylindrical  Thickness,   in.       Outside Diameter,   in. 

Forward 0.208 29.760 

Center 0.184 29.730 

Aft 0.165 
  

29.700 

Over-all Avg 0.186 29.730 

Cylinder 
Length 49.07 in. 

0 
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TABLE LI 

CONSTRUCTION OF MOTOR A-1003,   BY WIRE LAYERS 

' 

rover ( iivfr 

Lave r Dwg Det 
80213«) 

No.   C overs 
01) 

Ave rage, 
Lave t 

Th i ckness, 
Thirkness, 
Average   for 
Layer,   in. 

Tin ( kness. 
Average   for 
Cvrle,   in. Dosipiation Predirted Actual in. Average,   in. 

Mandrel 22.058 

l-dl -Q9 — 
/ 22.333 0.138 0.0197 

M9 -103 7 I 22.550 0. 100 0.0156 
1-54 -105 8 7 22.742 0.006 0.0137 
1-66 -107 6 () 22.805 0.077 0.0128 0.0155 

2-r.i -ioq 7 / 25.115 0.110 0.0157 
2-43 -113 4 4 23.230 0.078 0.0105 
2-54 -115 5 5 23.385 0.077 0.0154 
2-66 -117 8 8 23.600 0.100 0.0156 
2-80 -110 8 0 23.868 0.134 0.0140 O.01'i8 

3-GI -123 7 t 24.085 0.108 0 0154 
3-35 -125 6 5 24.307 0.112 0.0224 
3-45 -127 8 4 24.413 0.055 0.0155 
3-60 -120 10 10 24.673 0.150 0.015O 0.0155 

4-GI -133 7 7 24.803 0.110 0,0157 
4-30 -n1) 4 2 24.0(10 0.054 0.0170 
4-40 -137 4 3 25.t.43 0.042 0.0140 
4-50 -130 6 6 25.212 0.085 0.0142 
4-65 -143 < 25.412 0.100 0.0143 
4-80 -100 6 0 25.701 0.145 0.0161 O.dll! 

5-fiI -145 i 7 25.015 0.107 0.0155 
5-30 -147 b 3 26.000 0.047 0.0157 
5-38 -140 6 (> 26.103 0.002 0.0155 
5-47 -153 6 6 26.500 0.000 0.0165 
5-60 -155 6 b 26.611 0.111 0.0185 
5-80 0 2 26.670 0.034 0.0170 <» 0165 

d-GI -157 6 i 26.805 0.108 0.018O 
6-26 -150 3 3 26.084 0.045 0.0150 
6-32 -1(>3 4 2 27.032 0.024 0.0120 
b-40 -165 5 4 27.145 "   0.057 0.0143 
6-56 -167 0 8 27.300 0.125 0.0154 
6-80 0 27.655 0.125 0.0176 (l.OldO 

7-r.l -169 6 I 27.802 0.120 0.0215 
7-32 
7-46 
7-67 

-173 
-175 
-177 

3 
3 
7 

2 

5 
0 

28.112 

28.540 

0.110 

0.110 

0.0157 

0.0132 
7-80 -179 10 h 28.600 0.126 0.0210 0,0175 

8-r.i -183 5 5 28.704 0.007 0.0104 
8-29 -185 3 3 28.867 0.057 0.0123 
8-38 -187 2 3 28.040 0.041 0.0137 
8-51 -189 2 2 20.011 0.051 0.0155 
8-63 -193 o 7 20.201 0.005 0.0156 (>.0I51 

9-r.i -105 5 5 89.1119* 0.001 0.0182 (».0182 

231 233 Over-all   Average         0.01 17 

'Hefore  Grain  Was  Cured  And  Surfare  Scraped. c 
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(b)    GFW Case 

(C)    The GFW case for A-1003 was a heavyweight case designed for 1000 psi. 
The helical wrap had a glass density of 963 ends  per inch and was wound 
in two covers.     The   cire wrap of   1837 ends   per inch was wound in eight 
covers.     The wall thickness  in the cylinder was approximately 0.122 inch 
and skirt-to-skirt length was 59.05 inches.    Pertinent weights of the 
case  assembly are shown below: 

Component 

Roving,   8-994,   12 end 
Glass Cloth,   143 reversed 
Resin,   DER 332 w/8  phr,   EMI 

Case Weight 
Skirt Transition Fill 
Skirt Rings and Bolts 
Aft End Glass Case  Flange 

Case Assembly Weight 

Weight, lb 

34.0 
4.0 
9-9 

47.9 
5.4 

34.7 
2.1 

90.1 

Resin content was the  lowest obtained to date and  approched the desired 
20^ level: 

Resin Content = T^ x 100  = 20.7 wt ^ 

The glass case, A-1403, was wound on 6 and 7 July using the 40-inch wind- 
ing machine  in Cell  1, F-617.    Processing times,   beginning with a  restart 
which  followed accidental wetting of the case with water and a machine 
failure,  were as follows: 

Helix Wrap 7.0 hr 

Skirt Tooling Installation 4.0 hr 

Circ Wrap 5.5 hr 

Excess Resin Removal 1.5 hr 

18.0 hr 

I 

Excess resin removal was accomplished by wrapping the case with three 
layers of glass bleeder cloth and one cover of circ winding under high 
tension, then removing the roving and cloth after 15 minutes in a 170 F 
oven. 
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The  case  was   rured for 20  hours  at   170  F.    Appearance  of  the   case was the 
best  obtained  to  date. 

Following GFW case winding,  the  soluhlr inandre]   was wsshed  out and the 
mandrel   liner  removed without   inrident.     The  interior  surface  of  the 
grain was  clean,   dry,   and  in good  condition.     Dimensions  obtained  before 
and after washout  indicate  a decrease   in hoss-tn-hoss   length   of 0.111 
inch and  a  decrease  in diameter  of  O.O^T after mandrel   removal. 

The  unit was X-rayed after mandrel   removal and prepared  for  core  cast- 
ing.     No  abnormalities were detected by nondestructive  test  methods. 

(4)     PostwindinK Procedures 

0 

During assembly  of core  casting tooling,   several   problems  were  encoun- 
tered.    A misfit  between  the aft boss   and the aft boss  plug  of the  core 
tooling  caused  separation  of  the  afi-   phenolic  (NX-2646)   insulation 
sleeve  from the  boss  assembly.     The   inside diameter  was  found to  be 
undersized,   the   cause  of which  later  was  traced   to  postcure   shrinkage 
of the MX-2646 plastic.     The  insulation  sleeve was  rebonded with  EC-lb'iS 
and hand-sanded  to size. 

When the   core   tooling was  reassembled   it   was found  that  the  distance 
from the   conicyl  to the   forward  boss  was  undersized   indicating a  mis- 
match  in mandrel   parts  or a  change   in   bo^s-to-boss   length. 

During attempts  to determine the  cause   of  the dimension  obtained  on the 
core mandrel,   it was  found that  the   forward polar  boss was   loose  and 
displaced  inward.     The  boss was moved   into the  grain to  facilitate 
cleaning  of  the   surfaces  of  the  grain  and  the  boss,   and  preparation for 
subsequent  reinstallatiou  of the   boss   in  the grain. 

Inside diameter measurements taken of the load rinffs and the adjacent 
wound grain indicated an interference fit at the grain surfaces would 
exist when the boss was reinserted. Consequcntlv wire and propellant 
were removed (as well as safety considerations would permit) to allow 
reinstallation. 

. 

When the cleaned boss was inserted into the dome in a dry run it 
"bottomed-out" against the glass case without the boss seating against 
the load rings.  The boss was removed and the glass case interior sur- 
face was cleaned to allow the boss to be pulled back as far as possible. 
R-140 restrictor was then spread over the surfaces of both the boss and 
the grain adjacent to it.  The boss was manually inserted and forced 
against the grain or case by use of 30 ft-lb of torque on a 3/8 inch - 
NF bolt.  This load was held during cure. 

1 

0 
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(c) 

(c) 

Measurements taken after cure indicated that the boss lacked approxi- 
mately 0.150 inch of seating against the load rings.  Sufficient R-140 
was applied to fill the space between the boss steps. 

The core casting mandrel was reassembled in the grain and the core cast, 
using four mixes of RDS-526. Properties of the four mixes are shown 
below in the order of their casting into the motor. Total core weight 
was 1116.6 pounds. 

Burning Hate, Liquid 
1     Strand, ips L-7-16-M81 L-7-16-M82 L-7-21-.M81 L-7-21-M82 1 

|750 psia (Target 0.438) 0.426 0.426 n 0.428 0.432  | 

1000 psia 0.484 0.487 0.485 0.494 

Mechanical Properties 
at 77 F 

1 Elongation, % 38 35 40 34 

\     Tensile, pai 176    1 173 183 173 

Modulus, ps i 770 825 741 857 

[Density, Ib/cu in. 0.0636 

When the pit was opened (after 8 hours of curing) to examine and restrict 
the exposed forward surface of the core grain, the propellant level was 
found to have dropped to a level varying from l/2 to 2 inches below the 
planned level.  This was not detrimental except in reducing propellant 
weight. This cavity was filled with R-140 to the desired level.  Follow- 
ing a 72-hour cure period at 170 F the unit was incrementally cooled to 
ambient. 

(5) Final Assembly 

I 

Addition of the nozzle  and forward closure  on 28 and 29 July completed 
motor fabrication.     The  aft end heat shield (Seal-Fast and aluminum 
foil) and miscellaneous  instrumentation were  also applied during this 
period. 

Componert weights are  listed in Table   LII. 
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TABLE LI I 

WEIGHT SUMMARY FOR A-1003 

AND FLIGHTWEIGHT DESIGN 

Nozzle Assembly 

Case 

Liner 

Igniter 

Forward Boss 

Aft Boss 

Load Rings 

Drive Pins 

0-rings 

Flange 

Adhesives 

Total Inerts 

Igniter Combustibles 

Core Propellant 

RFG Propellant 

 Component Weight, lb 
'    npaicrn Nomin 

A-1003 

31.10 

47.90 

52.70 

2.58 

9.80 

14.20 

7.40 

0.54 

0.12 

2.10 

7.00 

175.44 

Design Nominals 

0.55 

1116.60 

1310.30 

Total Propellant 

Total Motor Weight 

Mass Fraction* 

2427.45 

2602.86 

0.933 

A-1003 

29.80 

48.00 

47.30 

3.08 

10.52 

13.99 

6.94 

0.56 

0.10 

1.91 

Flightweight 
Design 

162.20 

1133.00 

1291.00 

2424.00 

2586.20 

0.937 

26.77 

34.00 

12.00 

3.08 

10.52 

13.99 

6.94 

0.56 

0.10 

1.91 

109.87 

1133.00 

1349.00 

2482.00 

2591.87 

0.958 

*Ratio of propellant weight to motor weight. 
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The boss-to-boss length of A-1003 at various stages in processing is 
given below.  The first figure is given as a range because the measure- 
ments were made externally using the dome contour measuring device prior 
to its rework to remove slack in the bearings. All other measurements 
were taken through the cavity of the motor using an accurate measuring 
device. 

Stage of Processing 
Boss-to-Boss 
Length, in. 

During RFG winding (reference only) 

After case cure, before mandrel washout, cold 

After mandrel washout, cold 

After potting in and curing dome fillets, hot 

After forward boss reinstallation and cure, 
before casting, warm 

After core casting and cure, cold 

70.7—70.8 

70.705 

70.594 

70.574 

70.429 

70.375 

b. Testing 

i 

(c)  Motor A-1003 was the second static firing test of a complete Motor A 
and was the first test which measured thrust, Fig. 150.  The motor 
had a mass fraction of 0.933 (compared to 0.911 for A-1002). 

(C)  The motor ignited normally, and all data channels recorded properly 
until the motor pressure reached 1610 psig at 3*388 seconds. At that 
time the GFW case ruptured on the aft dome, and large pieces of burning 
propellent as well as inert components were scattered over a wide area. 

The most likely modes of failure appeared to be associated with either 
the forward polar boss and closure, or the doubler on the aft polar boss. 

f In either case, data indicated bond failure between RFG and core grain 
resulted, causing case overpressurization. 

Measured data included two pressure and thrust channels, 2k  thermocouples, 
24 strain gages, and two linear potentiometers. Thrust-to-pressure 
relationships during normal operation indicate the design nozzle effi- 
ciency of O.96 would have been achieved. 

(l) Analysis 

Replots of thrust- and pressure-vs-time for A-1003 and design predictions 
are  sf )wn in Fig.   151' 
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(c) As previously stated, during the first 3.3 seconds of normal operation, 
the motor performed very close to estimates.  It appears from the level 
of pressure at 3 seconds that the average pressure over the core dura- 
tion would have been approximately 2.5^ greater than estimated, well 
within the normal band of reproducibility.  The design average pressure 
over the core duration for A-1003 was 775 psia compared to 733 psia 
average for A-1002.  The increase was accomplished by raising the target 
motor rate by 4^ over A-1002. 

Characteristics of pressure-time up to time of failure were very similar 
to A-1002. The only difference was in the initial pressure, which peak- 
ed higher than did A-1002. This is attributed to normal variation in 
flow channel geometry, initial surface, and other variables resulting 
from manufacturing tolerances. Pressure for both motors progressed for 
approximately 2 seconds, then operated with neutral pressure-time for 
the remainder of core duration. The progressive portion correlates with 
the burning surface geometry which increases until the rounded star-tips 
burn to a point. 

(C)  The thrust-to-pressure relationship compared favorably with design 
nominal. The ratio of actual to theoretical thrust coefficient esti- 
mated for design nominal is O.96.  Point-by-point nozzle efficiency for 
A-1003 was computed for comparison.  The average ratio for the first 
second was 0,94, and the ratio increased to 0.9^ at 2.4 seconds.  The 
increase in point values of nozzle efficiency during the early phuse of 
burning is normal, and it appears the average nozzle efficiency of O.96 
would have been achieved. With the design nozzle efficiency, total 
impulse for A-1003 would essentially coincide with design nominal. 

(C) Actual total propellant weight for A-1003 was 2427.5 pounds as compared 
to 2424.0 design nominal. However, the core was approximately 1.5^ less 
and the RFG approximately 1.5^ greater in propellant weight than antic- 
ipated. A breakdown of propellant weight and inert component weight is 
included in Table XXVIII. Mass fraction achieved for A-1003, was 0.933 
compared to 0.937 estimated. Target mass fraction for the flightweight 
design motor is 0.958. Propellant weight of A-1003 was 54.5 pounds less 
than flightweight design nominal, due to the thicker liner used. 

Measured data included two pressure and thrust channels, 24 thermocouples, 
24 strain gages, and two linear potentiometers.  Thermocouple, strain 
gage, and linear potentiometer locations are shown in Figs. 152 and 
153. Normal and high speed movies of the firing are also available. 
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GFW case strains and deflection, as shown in Figs. I'yk  through 159, 
for the first 3«3 seconds of the firing were very close to expected 
values and are in good agreement with data from A-1002 except for the 
forward dome.  Strains and deflection of the forward dome were approxi- 
mately 20 to 30^ greater than those measured for A-1002. These strain 
and displacement values of the GFW case were expected to increase 
because the forward polar boss after reworking was bearing directly on 
the GFW case and was still approximately 0.130 inch clear of the load 
rings in the DFG. The initial axial motion of the boss was resisted 
primarily by the GFW case and afterwards by the HFG-GFW composite. 
Maximum strain of the forward dome during the first 3*3 seconds was 
6480 microinch/in.  which is well below the 30,000 microinch/in. ex- 
pected strain at rupture. Actually, the 7480 microinch/in. strain 
occurred at a point very close to the polar boss and, as shown by the 
other five strain gages was a highly localized condition. This high 
value is attributed to some resin surface irregularities on the inside 
of the GFW case which caused some variation in the liner thickness 
between the boss and GFW case after the boss was reworked. 

Strains in the cylindrical section and aft dome of the GFW case were 
almost identical to those measured for A-1002.  This was expected even 
though the GFW case for A-1003 was 40^ lighter than the case on A-1002. 
The good agreement is further proof that the RFG supports the major 
portion of the chamber pressure during core grain burning and the GFW 
case is not loaded to any appreciable extent until late in the burning 
of the HFG. 

Movies of the firing show ultimate failure of the motor occurred at the 
aft dome.  Strain gages on the afi GFW dome also show a drastic increase 
in strain at 3-388 seconds which precedes the ultimate failure by 5 mil- 
liseconds. This drastic increase in case strain ÜB  caused by shear of 
the RFG in the area of the polar boss at a presr re of 1610 psig.  When 
the RFG sheared, chamber pressure was resisted by the GFW case only 
which was designed for an ultimate pressure of 1000 psig and rupture 
occurred.  Rupture pressure (l6l0 psig) was 83^ higher than design 
maximum operating pressure (880 psig) and 37-6^ higher than design 
ultimate pressure (1170 psig). 

Presented in Fig. 160 are the thermocouple data obtained during the 
firing duration.  The three thermocouples shown are the only ones of 
the 24 thermocouples attached to the motor which experienced an increase 
in temperature. 
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Thermocouple 24, located on the outer surface >l the aft dome insulation 
to determine the amount of base heating from thr exhaust plume, attained 
a temperature of 130 F which represents a ;i0 F temperature rise in 3'^ 
seconds. 

Thermocouples 7 and 8, located on the outer surlace of the forward clo- 
sure, indicated an unexpected temperature rise since the closure is 
protected by 0.4 inch of MX-2646 silica phenolic insulation.  Thermo- 
couple 8, located between the two pressure ports, rose rapidly from 
ignition to I36 F in 0.7 second, then stabilized for 0.3 second and 
increased to 145 F at 1.5 seconds and remained constant for the remain- 
ing duration of the firing. Thermocouple 7, lor.ited between the pres- 
sure port and CO2 port, rose to 111 F during the first 0.5 second of 
the firing then continued to rise slowly to 120 F at two seconds dura- 
tion and remained constant for the remaining duration of the firing. 
Since the forward closure is protected by 0.4 inch of insulation the 
only way for the titanium to increase in temperature at the beginning 
of the firing is for combustion gas to get between the insulation and 
the titanium closure.  Either of two conditions could explain why the 
temperature of the closure did not continue to increase after two sec- 
onds:  (l) flow of gas into localized voids in the bond, or (2) flow 
of gas between the insulation and titanium which could have been sepa- 
rated on ignition and later closed allowing no further flow. 

Examination of pieces of the forward section ol the aft polar boss where 
the doubler was attached shows that the doubler side of the boss experi- 
enced approximately the same heating conditions as the noz/le entrance 
side.  Three conditions could have precipitated this result:  (l) an 
unbond of the doubler and polar boss allowing ignition of the core grain 
at the aft end of the doubler, (2) an unbond of the core grain and dou- 
bler, allowing the core to ignite behind the douhler, resulting in re- 
moval of the doubler, and (3) a defect in the douhler such as a hole, 
thin spot, or void allowing premature ignition of the core grain behind 
the doubler, resulting in removal of the doubler. 

(c)  Motor A-10G3 exhibited an ignition delay interval of about 95 millisec- 
onds (approximately equal to that exhibited by A-1002), Fig. l6l. 

(c)  As in A-1002, the ignition train was composed of a McCormick-Selph M-55 
Mod IX initiator, an intermediate charge of 1,70 grams of boron-potassium 
nitrate pellets, and a 254-gram main charge of pyrotechnic grains, per 
P-73 formulation. 
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Figure   161 .     A-1003   Ignition.   Pressure-vy-Time 

(l2)     Conclusions   and  Recommendations 

Several possible modes ol failure? veie considerod. Voids, cracks, and 
other deformities in tlic core grain rould result in pressure greater 
than normal. However it was concluded, based on performance up to the 
point of malfunction and profiling examination of tbc motor, that cracks 
or voids of the magnitude required would have been detected otherwise. 
Increased burning surface of 2600 sq in. (or more) is indicated by the 
abnormal   pressure  recorded. 

The most   likely modes   of   failure   appeared  to   hv associated with  either 
the   forward  polar  boss and   closure  or  the  doubler  on the  aft   polar  boss 
Based on the  results  of the  analysis  the  following  conclusions were 
drawn: 

Performance  for  the   first  3.3 seconds was normal,   and thrust- 
to-pressure   relationships during this  interval   indicated  the 
design nozzle  efficiency of  0.06 would  he  achieved  on subsequent 
motors. 

o 
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Initial   failure  began  at the   forward polar  boss   or doubler at 
the  aft  polar  boss,   but  ultimate  failure   was probably caused by 
an inadequate  bond of the RFG-core  grain.     Ileworking  of both 
bosses  inside  the  RFd was difficult and,   no doubt,   contributed 
to RFG-core  grain  interface   contamination  promoting an inade- 
quate  bond. 

The RFG r.iid GFW case structural response was satisfactory and 
was very similar to A-1002. Neither the RFG-GFW case nor the 
liner was responsible  for the malfunction. 

Base heating measurements  indicated that  continued use of 
insulation on the aft dome would be required to prevent over 
heating the   case  from the exhaust  gases  during  static tests. 

(c) To increase the margin between the contractual ignition delay require- 
ment (100 millisecond maximum) and the 95 ailliseconds experienced on 
A-1002 and A-1003, the intermediate boron-potassium nitrate charge for 
A-1004 will be increased from 1.70 to 2.55 grams. This slight modifi- 
cation to the ignition train reduces the time interval between initia- 
tor actuation and main charge ignition (and reduces the motor ignition 
delay  interval). 

c 
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5.  DEVELOPMENT MOTOR A-100!i 

(C) 

(C) 

This motor was  statically  tested at ambient  condition on   13 November 
1964  in a horizontal position.     Fabrication of A-lOO^i was halted pending 
design and process changes,  as deemed necessary by evaluation  of A-1003 
test data. 

One change was to  redesign the  forward boss  to prevent movement of  the 
boss with respect to the reinforced grain.    At the aft boss,  the doubler 
was replaced by a single boot  spaced 1/8-inch from the  insulation sleeve. 

At the  forward  boss,   the  end restrictor  (which had  been applied to  the 
core   propellant before completion of cure) was omitted to allow visual 
inspection of the propellant-to-boss bond.    An ambient-cure restrictor 
may be applied after inspection  if the  propellant   level  is  low enough 
to affect ballistic  design. 

The  GFV case   for A-1004  will  be   the  first  flightweight Motor A case. 
The   skirt  length was  shortened  from 5.0  to k.5 inches  (the  length 
originally estimated)  and  the aluminum  skirt  ring design was modified 
to  reflect  these  changes. 

The  burning rate  requirements  of  the  RFG are  essentially  the   same as 
those  of A-1003,   differing only  in amount   of propellant   in the   outer 
layer.     The  burning rate  required  for   the  core propellant  is defined 
by an uncured   strand rate  of 0.438  in./sec  at 750  psi  and 77 F,   (same 
as A-1003). 

Motor  component weights  and mass  fraction,  which are  based on  a liner 
thickness of 0.06   inch and RFCf outside  diameter of 20.80   inches,  are 
listed in Table   LIII. 

o 
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TABLE   LIII 

ESTIMATLD WEIGHT AND MASS FRACTION 
A-100'»  FLIGIIWEIGHT MOTOR* 

Design 

1    Nozzle Assembly 

Estimate 

26.77       1 
|    Case 34 00      | 
i    Liner 29.20       1 

Igniter Assembly 2.53 
i    Forward   floss 11.09      | 
|    Aft Boss 17.20 
j    Load Rings 6.9^      i 

Drive  Pins 0.56      I 
O-rings 0.10      I 

1    Flange 1.91      I 
i    Adhesives 7.00      I 
j    Aft Boss Repair 

Total  Inerts 137.23 

Igniter Co-nbustiblos 0.55      1 
Core  Propellant 1129.00      | 

i    RFG Propellant 1337.00      \ 

Total Propellant 2466.55      | 

Total Motor Woight 2603.78 

Mass Fraction 0.947 

•*A11 veifihts  are   in   pounds 

(C)    The only item varying from t-arlior estimates  is  the  core  propellant 
weight, which  is  1129 pounds.    This decrease  is due to a modification 
of the  aft boss and  does not   significantly alter   the  design mass   fraction 
of 0.947.     The  predicted  performance  of  the motor  is  presented  in Table 
LIVand Fig.   162. 
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TABLE LIV 

ESTIMATED PERFORMANCE SUMMARY A-1004 

\  Average Pressure,  psia 565          1 
1  Average Thrust,   lb ,    17,040     I 
I   Total  Impulse,   lb-sec 1    557,350   | 

Action Time,  sec 32.70       | 
;   Maximum Pressure,  psia 800           1 
i   Maximum Thrust,   lb 24,800     | 
1   !„_ at Motor Conditions, 
!        Plb-sec/lb 226.0        1 
i   ISp at  1000 psia,   lb-sec/lb 

Imnulse-to-wcight Ratio 
241.2        I 
214.1        | 

Core drain 

Average  Pressure,   psia* 775          ! 
Average  Thrust,   lb* 23,970 

I         Total   Impulse,   lb* 224,090 
\         Duration,  sec 9-35        | 

I       at  1000 psia.   lb-sec/lb SP 
250          | 

1   Reinforced Grain 

Average  Pressure,   psia** W         1 
1         Average   Thrust,   lb** 14,270     j 
j         Total  Impulse,   lb-sec** 333,260 
•         Duration,  sec 23-35 
i         I      at  1000 psia,   lb-sec/lb 
j            SP                            'I 

233.7       j 

*Impulse delivered by core grain from 
10^ maximum pressure to transition 
of core to RFC; does not include core 
propellant which burns simultaneously 
with RFG propellant. 

■X-* 

Includes   impulse delivered by  RFG and 
core  propellant which burns after 
transition point. 

mmm 
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a.  Fabrication 

(1) Equipment 

The same equipment used on A-1003 was used to make this motor. 

(2) Materials 

The materials were the same except  for the design changes. 

(3)     Processing 

(a)    Grain Winding and Restriction 

(c)     The grain winding was completed in 6 days.     It consisted of 229 covers 
of wire with an average buildup per cover of 0.0165 inch.     The aluminum 
content was  16.7^ and the average grain diameter was 29.652  inches. 
Tabulations of propellant properties and winding data are presented in 
Tables  LV and LVI.    Presented in Table  LVII are the actual  strand 
rates of the  propellants,  compared  to those of the design.     Examination 
of these data reveals that desired rates were provided with exceedingly 
small variations.     Data for A-1002 are  also presented to  illustrate the 
designed rate  reduction of layers 2 and 3>   to reduce the motor pressure 
in this interval  and bring it closer to the design nominal. 

Several design and process changes were made on components  for this 
motor.    The polar bosses were molded into  the sand mandrel rather them 
installing them in polar recesses provided in the  finished sand mandrel. 
This method,  while exposing the bosses  to the possibility of water con- 
tamination during sand molding,  did eliminate the problem of boss move- 
ment during winding operations. 

The forward boss, which was redesigned to prevent inward separation 
from the grain,   presented no processing problems.    A lock ring was in- 
stalled between the 8th and 9th load rings  (Fig.   I63) to hold them 
against the boss step and prevent relative movement from external  loads 
on the boss. 
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TABLE  LV 

A-1004 PROPELLANT BURNING RATES AND 
AMBIENT MECHANICAL PROPERTIES 

Cycle Type Mix No. 
Strand Rate, 

in./sec at psi V* Sm, pal E, pai | 

1  1 514 L-7-31-M-81 0.261 at 735 17 180 1436 j 

2 514 L_8-3-M-82 0.222 at 670 20 160 1276  i 

3 514 L-8-3-M-83 0.181 at 600 15 104 1030 

4 523 L-8-4-M-81 0.170 at 540 24 111 700 

5 523 L-8-4-M-82 0.139 at 470 24 121 752 

6 523 L-8-4-M-83 0.128 at 400 17 88 771 

7 523 L-8-5-M-81 0.128 at 400 26 123 777 

1 8,9 523 L-9-8-M-82 0.128 at 400 22 120 991 

Core 526 L-10-30-M-81 0.427 at 750  i 34 148 692 ! 

L-10-30-M-82 0.433 at 750 32 166 821 

i  » L-10-31-M-81 0.434 at 750 40 168 726 

L-10-31-M-82 0.432 at 750  ! 38 166 683 j 
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(c) TABLE LVII 

BURNING RATE SUMMARY FOR 
MOTORS A-1002 AND A-1004 

Core 

Reference 
Pressure, 

psia 

Design Strand 
Rate* 

A-1004 

Actual Strand 
Rate*           j 

A-1004 A-1002  1 

750 0.438 0.432 0 422 

1 Layer   ;«., 
\   Helical 

1         1 735 0.260 0.261 0 258 

2 670 0.220 0.222 0 232 j 

3 600 0.179 0.181 0 198 

k 540 0.170 0.170 0 167 

5 470 0.145 0 139 0 140 

1    6-9 400 0.132 0  128 0 130 I 

*At reference pressure 

The previous aft boss doubler was replaced by a molded boot (Fig. 164). 
The boot, molded of R-142, will be bonded at one end to the boss.  Core 
propellant will be cast against the boot and after propellant cure, 
the spacer between the boot and insulator will be removed and the gap 
filled with a potting compound. A fluid Epon/Versamid mixture, used to 
fill a similar space in A-1002 will be used in most of the gap in con- 
junction wih a 1-inch topping of EC-1949 (which is more heat-resistant 
than Epon). 

As a result of the A-1003 test analysis, which indicated probable bond 
failure between MX-2646 insulation and titanium in the aft boss, a test 
was performed on the aft boss of A-1004 to determine if the bond strength 
was significantly lower than anticipated. A static load of 2000 pounds, 
sufficient to stress the bond line to 20 psi, was induced into the boss 
insulation. However, failure did not occur in the bond but rather in 
the insulation, ao shown in Fig. 165. 
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Figure I63.   Forward Polar Boss,  Showing Added 
Load Ring Lock 

i 
Figure  164.  Aft Polar Boss,  Showing 11-142 "Boot" 
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Although the cross-sectional thickness of the insulation "spike" was 
sufficient to sustain all pressure loads, it was changed to a nontapering 
insulation configuration to (l) lessen problems connected with the dou- 
bler design, fabrication, and installation; ('.2) increase the insulation's 
structural and thermal properties; and (l) improve motor reliability. 

The revised configuration (Fi^. 166) increased the inert weight of the 
motor very slightly.  Obviously, the increased reliability of the aft 
boss was considered much more significant than the small weight increase. 

Aft  fioi«   Iniulation 

^hftded arc« rtprratntt   kMVMMl 
thickntM of iT.tuUtian 

Figure 166.  Aft Polar Boss, Showing Increased 
Boss Insulation 

(C)  It does not appear that the liner to Motor A can be reduced to the 
design thickness of 0.030 inch. A more realistic thickness of the 
liner is of the order of 0.045 to 0.060 inch.  This increase in liner 
thickness is attributed to the tolerances associated with reinforced 
grain and the application of the liner material.  Considerable improve- 
ments were planned in this regard; however, it is considered that appli- 
cation thicknesses and tolerances cannot be improved to the extent that 
a 0.030-inch thickness will be readily obtained.  In an effort to im- 
prove this situation, additional process care was scheduled to improve 
the eccentricity of the reinforced grain and to monitor the thickness 
of the restrictor as it is applied.  The restrictor thickness for A- 
1005 was planned to be of the order of 0.050. 

(c)  Following a 120-hour cure at 170 F, the grain was given a wipe coat of 
R-143 restrictor, which was partially cured for 16 hours at 170 F. This 
was followed by an intermediate and a final coat of R-143.  The latter 
application was made using the restrictor template. After a final cure 
of 48 hours at 170 F, inspection revealed that the restricted grain 
diameter exceeded the maximum allowed in several isolated places. This 
was easily repaired by sanding the restrictor to remove the excess 
material. Actual cylindrical thickness of the restrictor was 0.091 inch, 
compared to the specified 0.060-inch thickness.  The 0.091 inch is an 
average of the measurements at three places (the forward tangent plane, 
center of the cylinder, and aft tangent plane). 
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(b) GIW Case 

Motor A-1004 GFW Case was wound on 8 October.  The case was a flight- 
weight design, of good appearance except for ripples in the skirts. A 
change will be made in skirt tooling and skirt-to-case fill technique 
for A-1005 in order to obtain acceptable skirts. 

Winding parameters were as follows: 

(C)      Helix wrap 

Helix angle, deg 17.2 
Pattern 5 A 
Glass density, ends/in. 735 
Number of covers 2 
Circuits per cover Ikk 
Estimated thickness, in. 0.029 

(c)      Circ wrap 

Pattern, deg sequential 90 
Glass density, ends/in. 1009 
Number of covers k 
Estimated thickness, in. 0.040 

[y)     Dimensions and weights of the case are shown in Table LVIII. The case 
weighed 31«72 pounds excluding skirt-to-case fill, compared to 34 pounds 
predicted.  The lower weight is due to a lower resin content than pre- 
dicted, 17.7%  vs 21—22^.  The lower resin content is desirable from a 
weight standpoint, and is not considered detrimental to strength since 
the resin content is still considerably greater than the 12—1"5^ 
theoretical minimum required for bond continuity. 

The skirt-to-case fill was again the major processing difficulty,  re- 
sulting in skirts which would be unacceptable for the bending load re- 
quirement of A-1005.  It has been decided that Motor A skirt tooling 
will be modified to obtain a system similar to the Motor B design.  The 
skirt mandrel will extend almost to the case tangent, reducing the re- 
quired skirt-to-case fill and simplifying the fill technique.  Following 
case cure the skirt mandrels will be removed and skirt attachment rings 
installed. A side benefit of this method is a reduction in fill weight 
from about 5«5 pounds to about 1.0 pound. 

c 
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TABLE LVIII 

DIMENSIONS AND WEIGHTS OF MOTOR A-1004 GIV CASE 

1 

1 Dimensions 

r, in. |    Restricted motor diaraete 

Forward    Center Aft Av^r^K? 

29.845    29.840 29.815 29 .833 

Cured case diameter, before washout 

Center 

j                  30.004 

Indicated case thickness 

1                   Center 

I                    0.082 

'    Skirts 

Forward Aft 

OD (after washout) 30.065 30.075 

ID (skirt ring OD) 29.810 29.810 

Thickness 0.128 0.132 

Lengths 

Boss-to-boss 

Before mandrel washout 70.57 

Af terjgswfdrel washout 70.49 

Skirt-to-skirt 

Before mandrel washout 57.85 - 57-99 

After mandrel washout 57.92 - 58.01 

Weights 

11.77 lb 
10.57 
L22 

26.11 lb 
5.61 

31.72 lb 
7.42 

37.14 lb 

Helix roving 
Circ roving 
Skirt cloth 
Total glass 
Resin 
Case weight 
Skirt-to-case fill 
Total 

Resin content - --'  x 100 = 17.7 wt % 

i 

• 
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(4) Postwinding Procedure 

Washout of the soluble mandrel for A-1004 was initiated following curing 
and cooling of the glass case.  During washout, some difficulty was 
encountered with removing the mandrel support sleeve.  First, adhesive 
used to bond the two sections of sand together had bonded to the sleeve 
and prevented its passage through the polar boss.  Second, after raising 
the sleeve to remove the adhesive, the hoist supporting the sleeve 
failed and allowed the sleeve to strike the aft polar boss.  After com- 
pletion of washout, the ballistic extension of the aft polar boss was 
observed to be cracked and later two broken pieces were detached, ligs. 
167, 168, and 169. 

A rework plan was immediately implemented.  The rework consisted of 
bonding the broken pieces in place and then covering the ballistic sleeve 
with a protective, ablative shield.  The shield was made in two compo- 
nents; a split tapered filler ring to build up the sleeve to a cylindri- 
cal internal contour, and a one-piece liner which provided a complete, 
continuous cover for the damaged area (Fig. 170)« 

The two broken pieces were bonded in place with RFR-2138, an ablation- 
resistant adhesive, and cured 24 hours at room temperature.  The split 
filler ring was machined from an available billet of MX-2646 phenolic. 
After machining, the part was dried 12  hours at 170 F.  This reduced 
postcure treatment resulted from definite evidence that previoui severe 
postcure heating was a major cause of past phenolic failures. After 
drying, the part was X-ray inspected, accepted, and bonded in place with 
Epon 901/B-l.  The filler provided some support to the repaired sleeve 
during core casting in addition to filling the space between the sleev? 
and liner.  A graphite-plastic material (PM5064) was used for the liner 
which replaced part of the nozzle assembly.  In order to increase the 
hoop strength of the FM5064, a cover of glass rovings, machined to an 
approximate 0.06-inch thickness, was wound on the cylinder section of 
the liner.  The normal DER 332/EMI resin system used in the GFW cases 
was used for this application.  The liner was installed after core 
casting, prior to nozzle assembly.  A silicone rubber expansion joint 
was positioned between the liner and the nozzle.  The liner was bonded 
with Epon 901/B-l and held in place during cure with a special clamping 
tool. 

The heat transfer analysis of the repaired A-1004 aft polar boss indi- 
cated that the repair would adequately protect the damaged part from 
the thermal environment.  Predicted losses, char depth, and the 500 F 
isotherm of the repaired boss are shown in Fig. 171« 
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Figure  lb? .     Cracked Aft Polar Boss  of 
Motor A-1004 

» 

427 

CONFIDENTIAL 

J 



CONFIDENTIAL 

: 

Figure   168.     Motor A-1004 Aft Polar Boss After 
Removal  of Cracked Material 
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Figure 169.  Two Cracked Pieces Removed from Motor 
A-1004 Aft Polar Boss 
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Rubber Expansion Ring 
(Added) 

Nozzle 

Polar Boss Assembly 

Silica/Phenolic, 
MX-2646,  Filler 
(Added) 

Figure  170 Repaired Aft Polar Boss, 
Motor A-1004 

Casting of the core grain in A-1004 was begun on 30 October 1964 and 
completed 12 hours later on 31 October.  The RFG interior surface had 
been MAPO-wiped on 26 October or 113 hours before initial casting and 
5 days prior to completion of casting.  This is the longest known aging 
time of a MAPO-prepared surface and the effectiveness of the MAPO as a 
bonding aid was, therefore, questionable. This schedule delay was made 
to allow review of the motor and its disposition by the Air Force review 
team. 

Concurrent with the delay in casting A-1004 core grain following sur- 
face preparation with MAPO, bond tests were started in the laboratory to 
determine the effect of aging MAPO treated propellant on subsequent 
bonding strength.  The test procedure simulated pilot plant processing 
procedures.  Cured RDS-514 was MAPO-wiped and then aged for different 
periods in an air-conditioned laboratory. The samples were then pre- 
heated for 10 hours at 150 F before casting RDS-526. After a 72-hour 
cure at 170 F the samples were tested in the Instron. 

430 

o I 
4 

t 

i 



c 

c 

£ 

§00 
OB 

in o 
• • 
d u 
CD oa 

PH 
- o 

-c & 
Cu-P 

<H 

u ^ 
CO O 

M o 

OB    U 
o o 
ij -p 

o 
M m 

m 

IH 
o 

«M 

SH 

0) 
■p 
co 
a 

-p 
o 

W  M 

s: 

V51 

•Miimw"! »■ 



CONFIDENTIAL 

C 

The results indicated that the bond strength between the two propellants 
is reduced by extended aging of the MAPO-wiped surface. Ihe highest 
strength was obtained in 1 day (the shortest period tested) and after 
5 days the strength was reduced by about one-third. All samples failed 
near the interface with a thin film of the cast propellant on the treated 
surface. These tests indicate casting should be accomplished as soon 
as possible after MAPO treatment. 

(c)  Casting proceeded normally.  Four 325-pound mixes were used.  Liquid 
strand burning rates were slightly below target on A-1003, so the coarse- 
to-fine oxidizer ratio was changed from 70/30  to 67/33 for this cast 
and resultant strand burning rates were slightly higher, as desired. 
The averages for the mixes were 0.427, 0.432, 0.433, and 0.434 ips at 
750 psia (which are near the target of 0.438 ips). 

The core was cured 72 hours at ?70 F and step cooled for 2 days. The 
forward end core surface was restricted with cunbient-curing EC-1949 to 
a 0.1—0.2 inch thickness.  The weight of the EC-1949 was 0.3 pound. 
Visual inspection indicated a sound bond of the propellant to the for- 
ward polar boss. 

When the casting mandrel was removed, difficulty with the foam conicyls 
was encountered.  The boot at the aft polar boss appeared to function 
as designed, leaving a gap around the boss ballistic sleeve and bonding 
well to the propellant.  The gap, as planned, was approximately 2/3 
filled with Epon/Versamid (0.9 pound) under vacuum. After cure of the 
Epon, the remaining gap was capped with EC-1949 (0.8 pound). This 
adhesive was flared over the edge of the phenolic filler part and the 
rubber boot to give an over-all cap to the aft expansion joint. 

Winding and cure of the glass filament reinforcement on the nozzle 
entrance liner was completed, the liner was machined to final size, and 
then bonded in place with Epon 901. The glass filament reinforcement 
was wound on the 30-inch machine. Materials used were specification 
quality HTS 12 end roving, Dow Epoxy Resin 332, and Shell M curative 
(EMI).  The reinforcement was wound oversize to permit machining to the 
proper dimensions. 

(5) Final Assembly 

The nozzle was assembled 11 November 1964 with a neoprene gasket between * 
it and the entrance liner. No adhesive was used.  The forward closure 
was installed on 12 November and the unit was leak tested and sent to 
the test area. A weight and mass fraction summary for A-1004 is pre- 
sented in Table LVIX. 
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TABLE LVIX 

MOTOR A-1004 WEIGHT 

AND MASS FRACTION SUMMARY 

Component Weight    j 

Nozzle Assembly 26.02   j 
Case 37.14 
Liner 38.91   { 
Igniter Assembly 319   j 
Forward Boss 11.24 
Aft Boss 17.66   1 
Load Rings 5.92   i 
Drive Pins 0.56 
0-rings 0.10   | 
Flange 1.99   ii 
Adhe s ive s 2-50 
Aft Boss Repair 6.12 

Total Inerts 151.35 

Igniter Combustibles 0.55 
Core Propellant 1125.1 
RFG Propellant 1348.70 

Total Propellant 2374.35 

Total Motor Weight 2625-70 

Mass Fraction 0.942 
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b. Testing 

(C)  Motor A-1004 was statically fired 13 November 1964, Figs. 172, 173, 
and  174. The motor performed as predicted for 23.'j seconds, then the 
chamber pressure increased from 342 psig to 370 psig and appeared to 
stabilize at 24.5 seconds.  Strain gages and one linear potentiometer 
shoved a sudden increase in the GFW case loading in the lower portion 
of the aft dome at approximately 24.4 seconds. At 25.04 stconds, strain 
gages and high-speed movies (lOOO fps) indicated the upper portion of 
the aft GIV dome was loaded very suddenly. 

(c)  Strain gages in the cylindrical portion of the GFW case indicated the 
load was transmitted forward in the case until it reached the forward 
dome. Pressure, as measured by a transducer in the forward end of the 
motor, increased from 370 psig at 25.060 seconds to 515 psig at approxi- 
mately 25.107 seconds when the GFW case ruptured in the cylindrical por- 
tion near the aft tangent. 

(i) Analysis 

A summary of ballistic performance of A-1004 is presented in Table LX 
and Fig.  175'  For comparison purposes the estimated and projected 
performance are included. 

(c)  Performance of A-1004, though terminated by motor failure at 25.107 
seconds, followed the predicted performance very closely as illustrated 
in Fig.  176.  Average pressure and thrust parameters over the 25.107 
seconds duration recorded in Table LX  are high as compared to esti- 
mated values for the normal duration.  This is to be expected since the 
motor burns regressively during burning of the RFG. Average parameters 
over the core duration compare very well with design nominals.  Average 
pressure was 779 psia, differing by 0.5^ from design nominal of 775 psia, 
and maximum pressure of 799 psia essentially coincided with design nomi- 
nal of 800 psia.  The average thrust over this interval was 1% greater 
than nominal. 

(c)  Since average performance over the 25.107 seconds duration does not lend 
itself to comparison with the theoretical performance, a projection of 
full duration performance from actual data obtained was estimated. The 
projected performance was based on an assumed characteristic velocity 
of 4650 feet per second for the last two helical layers (original design 
estimate) and a characteristic velocity for the propellant consumed 
conmensurate with A-1002 data. A calculated propellant weight of 
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TABLE LX 

PERFORMANCE SUMMARY FOR MOTOR A-1004 

Actual Estimated Actual 1  Projected      | 

Average  Pressure, 
psia 

Average Thrust,   lb 

|     A-1002 1    A-1004 A-1004 j       A-1004        ! 

560 

16,970(1) 

565 

17,040 

1613 

19,030 

537               ' 

16,570 

Total Impulse,   lb- 
sec [533,600(1) 557,350 475,800 545,100 

Action Tine,  sec 31.44 32.70 25.004 32.9 

Maximum Pressure, 
paia 741 800 799 799 

Maximum Thrust,  lb — 24,800 25,271 25,271           j 

Igpd at Motor 
Conditions 

laps at 1000 psia 

225.9^ 

241.4^ 

226.0 

241.2 

225.2 

239.4 

220.3             j 

236.3 

Impulse  to Weight 
Ratio 205.8^' 214.1 207.6 

|Core Grain 

733 

22,660 ^^ 

775 779 779                | 

(2) 
Average Pressure, 
paia 

Average  Thrust,   lb 23,970 24,210 24,210           \ 

Total .Impulse,   1b- 
8ecT2) 222,200^^ 

(2) 
224,090v/ (2) 

223,700v   ' 223,700^2'   \ 

Duration, sec 9.81 9.35 9.24 9.24 

IBp8 at 1000 psia — 250.0 — — 

Reinforced Grain 

482 

14,400^ 

485 

14,270 

516 

15,930 

443 

13,580           | 

Average Prfasure, 
psia 

Average  Thrust,   lb 

Total  Impulse,   lb- 
sec w) 311,400^' 333,260 (,) 252,100^ 321,400         j 

Duration, sec 21.63 23.35 15.764         f 23.66             | 

IBpB at 1000 psia — 233.7 230.6           j 227.3             | 

^ 'Thrust parameters estimated from pressure. 

^Impulse delivered by core grain from 10% maximum pressure to 
transition of core to RFG; does not include core propellant 
which burns simultaneously with RFG propellant. 

^ 'Includes impulse delivered by RFG aud core propellant which 
burns after transition point. 
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(c)  371 pounds remained at the time of failure. The pressure- and stress-time 
curves were extended from a point of time of 23.4 seconds, assuming a 
nozzle efficiency of 0.931 (ratio of actual to theoretical thrust coef- 
ficient) hetween time of failure (25.107 seconds) to projected duration 
of 33^0 seconds. The assumed efficiency is an extension of that demon- 
strated at the point of failure.  Comparison of the actual and projected 
performance with the estimated indicates that the average pressure for 
A-1004 was lower than anticipated, resulting from the lower pressure 
over RFG operation. The lower pressure level in the RFG reflects pri- 
marily the nozzle throat erosion and lower than nominal burning rates 
in the fifth to ninth helical layers. 

(C)  To further facilitate the analysis of the test results, data from A-1002 
have been included in the surmary of ballistic performance and pressure- 
and thrust-time curves. Table LX and Fig. 17b. The ballistic design 
modifications of A-1004 were based on A-1002 data, which are useful in 
the evaluation of the modifications incorporated to tailor the perform- 
ance.  In addition to the basic motor variation (testweight to flight- 
weight) two important modifications to the design were incorporated: 

(C)      The core pressure was increased by mixing the propellant to a 
higher liquid strand burning rate of 0.435 in./sec at 750 psia 
as compared to 0.427 in./sec at 750 psia for A-1002. 

The liquid strand burning rates of helical layers 2 and 3 were 
lowered from 0.230 and 0.190 in./sec to 0.220 and 0.179 in./ 
sec at 670 and 600 psia, respectively, to bring the pressure 
in this interval closer to nominal. 

Results of these changes are shown in the performance of the motor, 
where the average core pressure was increased, and the pressure over the 
duration of the 2nd and 3rd helical layers was decreased to the degree J 
desired. 

The pressure-time history of A-1004 reveals characteristics  of burning 
in the RFG more pronounced  than in A-1002.     This marked difference  is 
the distinction of times corresponding  to layer interfaces in RFG burning. 
It had been estimated  originally for A 1002 that the.^e times would be 
noticeable  in the RFG pressure-time trace,  and A-1002 estimate was very 
similar to A-1004 actual.     However,   the actual A-1002 trace was very 
smooth in this region,  and therefore,   the A-1004 estimate contained the 
same smooth feature.     Variation in this feature is the  result of propel- i 
lant blending which will vary from motor to motor. 
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Total propellan»: weight of the motor was  0.3^ over design nominal, 
which is well within the normal variation expected from manufacturing 
tolerances.     Core propellant was 4 pounds under and RFG propellant 
was  11 pounds  over design nominal. 

(c)     Ignition of A-1004 was an improvement over that obtained previously,  as 
. shown in Fig.   177.     Motors A-1002 and A-1003 had ignition delay times 

of 0.095 and 0,092 second,     respectively, which were  close  to the maximum 
limit of 0.100 second.    Analysis for these data and of igniter test 
firing data had revealed the need for reduction of the interval between 
initiation and igniter main charge  ignition.     This was accomplished by 
increasing the  intermediate charge pellets from 1.6  to 2.4 grams. 

(C)     The  ignition delay of A-1004 was approximately 0.057 second, well below 
the maximum limit.     Ignition occurred smoothly with no indication of 
any "shocking"  or adverse  ignition peaks. 

(C)     Structural performance  of this motor was  excellent for approximately 23.5 
seconds.    At that time chamber pressure  increased from approximately 340 
to 370 psig at 24.5 seconds and then tried to stabilize.     Strain gage 
and linear potentiometer  locations and data roplots  are shown in Figs.   178 
through 185-     The strain gages and  linear potentiometers  showed a gradual 
increase  in the GFW case  loading beginning at about 23.5 soconds but at 
24.4 seconds  the aft GFW dome deflection as shown by a linear potentio- 
meter  increased from 0.18 to 0.28 inch at 25 seconds.    Strain gages 
S-22,   S-23,  and S-24 which were located  on the   lower portion of  the aft 
GFW dome  also  showed a significant  increase  in  strain at  the same   time. 
Strain gages  S-19 and S-20 which were  located  on the upper portion of 
the aft dome showed only a slight increase  in strain prior to 25 seconds, 
but increased drastically at approximately 25.043 seconds.     The high 
speed movie also showed a sudden bulge  in this  area  of the aft dome at 
that time.    An increase  in GFW case  loading was  shown by strain gages 
near  the aft end of  the motor,  then near the center,   then the forward 
end  of the cylinder and  lastly by the strain gages  on the  forward dome. 
Chamber pressure increased again from 370 psig at 25.060 seconds  to 515 
psig at 25.107 seconds when the GFV case,   as  shown by the  high  speed 
movie, ruptured in the cylindrical  section near the  aft tangent on the 
bottom side of the motor.     No strain gages were  located in the   immediate 
vicinity of the case rupture,  but the nearest hoop strain gage   (S-9) 
showed 2.4^ strain at 25.107 seconds which is  20^ below design ultimate 
strain. 
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(c)  Examination of the inert components which were recovered after the mal- 
function showed that all of them with the possible exception of the GFW 
case functioned properly.  Rupture of the GFV case occurred at 513 P^ig 
which is 70 psig below design ultimate pressure, and was probably caused 
by the nonuniform load on the case.  This nonuniform load was shown by 
the difference in the time at which various strain gages recorded a 
significant increase in strain. 

The forward and aft polar boss assemblies and two reinforced plastic 
rings (part of polur boss repair) which were bonded to the aft polar 
boss after it was damaged were recovered and were in good condition 
prior to ejection from the motor.  Some of these components were broken 
when they hit the ground but all of the pieces were found and the com- 
ponents were pieced together for study.  Observation of the aft polar 
boss assembly showed mach more erosion occurred on the bottom side of 
the boss and load rings than on the top.  Erosion of the forward polar 
boss assembly was very uniform. 

Thermocouple locations are presented in Figs. 186 and 187; Figs. 188, 
189, and 190 present the temperature history of the thermocouples on 
the forward dome. As is easily seen, the forward dome experienced no 
heating during the firing duration.  The maximum temperature attained 
was 160 F at 1.5 seconds as indicated by thermocouple 8, while thermo- 
couple 7 attains its maximum temperature of 140 F at 6 yeconds. Both 
thermocouples show a gradual decrease to 130 F at the end of the firing 
duration.  The difference of temperature between thermocouples 7 and 8 
for this firing is almost identical to that of A-1003 and the maximum 
temperatures are approximately equal.  Since these temperatures are 
quite low and decrease with time there is no adverse effect. 

(C)  The thermocouple data for the cylindrical section of the case are pre- 
sented in Figs. 191, 192, and 193«  Thermocouple 18 which was located 
on the forward tangent was lost prior to the firing.  Of the remaining 
eight thermocouples on the cylindrical section of the case only thermo- 
couples 19 and 20 showed any increase in temperature.  Thermocouple 19 
indicated the higher temperature of the two and reached a maximum of 
106 F at 25 seconds.  Thermocouple 20 reached its maximum of 98 F at 
25 seconds also. Both thermocouples 19 and 20 started to increase in 
temperature at k  seconds.  The maximum recorded temperatures of the 
case were not of sufficient magnitude to be considered as a significant 
factor in contributing to the malfunction. 

Presented in Figs. 194 and 195 are the thermocouple data obtained from 
the aft dome of the motor.  No temperature increase of the aft dome 
occurred during the firing duration. 
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Thermocouples 11, 25, 26, 27, and 28 were lost after 17.4 seconds of 
firing due to ignition of the tape securing the instrumentation on the 
aft end of the motor to the thrust stand.  The tape was ignited by 
radiation from the exhaust plume as was seen in the high speed movie 
of the firing. 

Figure 196 presents  the temperature history of thermocouple 24 which 
was located on the exterior of the aft dome insulation to determine the 
amount of base heating which would have occurred had the aft dome not 
been insulated.  The maximum temperature recorded was 335 F at the end 
of the firing duration. 

Presented in Fig. 197 is the temperature history of the thermocouples 
on the exterior of the nozzle exit cone.  Thermocouples 25, 26, 27, and 
28 were lost as previously mentioned after 17.4 seconds of firing. 
Thermocouple 29 survived the firing duration and registered a maximum 
exit cone exterior temperature of 160 F.  The fact that the fire which 
destroyed thermocouples 11, 25, 26, 27, and 28 did occur, places some 
doubt as to whether or not the temperatures recorded were from internal 
or external sources.  In any event, none of the temperatures recorded 
were of sufficient magnitude to jeopardize the nozzle. 

The forward polar boss and closure, as seen in Fig. 198,  lost very 
little material.  Although very little material was actually lost, the 
char depth was about the expected magnitude and varied from a maximum 
of 0.15 inch in the MX-2646 of the forward clsoure to 0.1 inch in the 
MX-2646 on the upper surface of the polar boss.  No char occurred be- 
ginning at the third load ring step in the MX-4600.  The over-all per- 
formance of the forward closure and polar boss was excellent. As can 
be seen in Fig. 198,  the reduction of the forward closure insulation 
to 0.25 inch could be made without jeopardizing performance of the com- 
ponent in any manner and would reduce the inert weight of the motor. 

The material losses and char depth of the modified aft polar boss are 
presented in Fig. 199.   The material losses in the repaired area were 
slightly greater than that anticipated, but not of sufficient magnitude 
that, had the firing gone the full duration, there would have been a 
malfunction.  The losses and char depth in the load ring area were very 
close to that expected.  The loss of material under the expansion joint 
was not expected to be so severe.  The appearance of the area was as if 
a tool had gouged a groove all the way around the boss at the joint of 
the nozzle and the polar boss.  The groove varied in size and depth from 
about 0.25 inch in diameter to about 0.5 inch in diameter.  At its deep- 
est point, but only locally, the material was lost all the way to the 
titanium reinforcement. 
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The material losses and char depth of the various materials making up 
the nozzle are presented in Fig. 200 .  The severe loss of the JM5128 
in the entrance of the nozzle was not anticipated to be so severe, but 
was not entirely unexpected since an expansion joint was provided at 
this point.  The char depth in this material was a uniform 0.14 inch. 
The Graph-I-Tite G insert had a maximum loss of 0.2 inch on the forward 
end which decreased to 0.107 inch at the throat and continued to decrease 
to negligible loss at the aft end.  The 1^5128 in the exit cone lost a 
maximum of 0.18 inch and had a uniform char depth of 0.14 inch except at 
the interface of the FM5128 and the graphite where it reached a maximum 
of 0.5 inch.  The FM5067 lost a maximum of 0.20 inch and had a uniform 
char depth of 0.06 inch.  The nozzle as a whole performed very satis- 
factorily and would have functioned properly for the full firing duration. 

The doubler performed satisfactorily as evidenced by finding portions of 
the Epon 815-Versimid used to fill the bottom of the doubler still re- 
maining on the polar boss at the end of the firing duration. 

Of the nine load rings used on each end of the motor, seven remained on 
the forward polar boss and six remained on the aft polar boss in various 

stages of melting.  The rings on the aft polar boss showed a greater degree 
•    of melting on the bottom side of the boss than the top indicating that 

there was an increased burning rate of the RFC in the lower portion of 
the aft dome. 

(2)  Conclusions and Recommendations 

Evaluation of all the test data, observation of the high speed movie, and 
study of recovered components, has led to the theory of failure which 
best correlates all of the supporting evidence. 

(C)  Ignition, core grain burning, translation from core grain to reinforced 
grain, and burning of approximately 75^ of the web of the reinforced 
grain were close to the predicted performance.  However, at 23.5 seconds, 

as shown in Fig. 175» there was a slight increase in pressure and 
thrust which was not expected.  Strain gages and linear potentiometers 
also showed an increase in the case loading at that time.  However, at 
24.4 seconds there was a sudden increase in strain and deflection of the 
aft GFV dome without an increase in pressure.  This increase in strain 
without a corresponding increase in pressure could only be caused by the 
remaining RFG web being burned away or rupturing.  If the RFG had rup- 
tured, the burning surface and pressure would have increased very rapidly 
and would have ruptured the GPV case almost immediately.  The fact that 
the case did not rupture until approximately 1.5 seconds after the pres- 
sure increase showed that the RFG burning front in the aft dome was 

o 
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(C)  ahea<) of the burning front in the remainder of the motor.  Strain gages 
on the lower portion of the aft dome were the first to show an increase 
in strain.  Subsequently, increased strain was indicated by strain gages 
on the upper portion of the aft dome at 25.043 seconds which was of 
enough magnitude that a bulge of  the aft dome was shown by the high speed 
movie.  The increase in GFV case loading progressed forward along the 
cylindrical length of the motor imtil strain gages on the forward dome 
also showed an increase in load at approximately 25.062 seconds. At 
25.107 seconds chamber pressure reached 515 psig» which is 17/6 above the 
design maximum operating pressure at that time, and the GFW case ruptured. 
Rupture occurred near the aft tangent plane on the bottom side of the 
motor and was a hoop failure. 

(C)  Ballistic calculations showed that approximately 0.9 inch of RFG in the 
cylindrical section was unburned at the time of failure.  One large 
pitce of unburned propellant was found, and the web thickness measured 
0.8 inch which is in good agreement with the calculated value. 

Studies to determine why burning of the aft dome web of the RFG pro- 
gressed 0.8—0.9 inch ahead of the cylindrical web disclosed the fact 
that thx, bottom side of the aft polar boss and load ring assembly was 
eroded much more severely than the top side.  Inspection of the forward 
polar boss and load ring assembly from this motor as well as the aft 
boss from A-1002, which was fired successfully, showed uniform erosion 
around the polar bosses. The forward polar boss from A-1002 was charred 
severely by an accumulation of molten aluminum/aluminum oxide slag in 
the forwara end of the motor which was in the downward position for a 
vertical firing. 

(^/  The accumulation of molten aluminum/aluminum oxide slag in the lower 
portion of the aft dome and aft dome/cylindrical section junction caused 
an increase in the burning rate of the RFG in this area.  This accumula- 
tion of slag in the bottom of this motor (A-1004), which was fired in 
the horizontal position, is attributed in part at least, to the sub- 
merged nozzle used in the Motor A design. The burning front of the RFG 
reached the liner in the lower portion of the aft dome somewhat pre- 
maturely in a localized area and the resulting nonuniform strains and 
delfections caused the remaining portion of the RFG in the aft dome to 
delaminate or peel away from the liner. As a result of the increased 
burning surface, pressure increased to 515 psig and ohe GFW case rup- 
tured at 25.107 seconds. 

■ 

(c)  The burst pressure of 515 psig is 12^ below the design ultimate pressure 
of 585 psig.  In part, this may only be apparent since the pressure 
transducer was recording forward end pressure and as a result of the 
delamination or peeling of the RFG-Liner, pressure at the point of 
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(C)    rupture could have been higher than 515 psig.  particularly if  some of 
the areas where   ignition occurred were  essentially confined.     Another 
factor which also could have contributed to the lower burst  pressure 
was the nonuniform distribution of stress and strain previously noted 
as existing in the GFV case just prior to burst. 

Based on the results of the analysis the  following conclusions are 
drawn: 

Ballistic  performance up to time  of malfunction was very good 
and essentially as predicted.     Projection of the performance 
indicates that the minimum total  impulse required would have 
been exceeded had the motor operated successfully to completion. 

Thermal  protection features of component designs were entirely 
adequate. 

Structural  performance of the moiuor was close  to expected for 
23.5 seconds.     Strain and deflection of the GFV case after 
23.5 seconds probably contributed to case failure at a  less 
than expected ultimate pressure. 

The repaired aft polar boss functioned as expected and did not 
contribute  to motor failure. 

Motor malfunction was due to pressure  failure  of the GPW case 
resulting  from the following probable  sequence of events: 

Localized accelerated burning in the bottom of the 
aft dome and aft dome/cylindrical section junction 
caused by washing action of  internal  flow on an 
accumului.iun uf iiiuiu-n uluminum and aluminum oxide 
slag resulted in premature  burnthrough oi   the  RFG 
web. 

Loss of structural capability of RFG resulted in 
modification of load distribution in aft dome- 
polar boss region and subsequent deflections 
tending to cause delamination of residual RFG 
layers. 

Ignition of additional exposed burning surface 
caused    chamber pressure  to  increase to a le^   4 
exceeding the capability of the GFV case. 
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6. Developoent Motor A-1005 

(C) Motor A-1005 was to be the fifth and final motor of the A series under 
Contract AF Ok  (6ll)-9090.  The motor was to be of flightweight design. 
However, upon redirection by the Air Force the case was changed to a 
heavier case (Fig.  201) and a liner similar to that of A-1002 was 
used. These changes resulted in a mass fraction of 0.938 instead of 
the designed 0.951.  The RFG was not changed but two different burning 
rate propellants were used in the core grain to account for the erosive 
burning which occurred in Motor A-1004.  These changes were made to slow 
the burning in the aft dome and increase case thermal and structural 
efficiency, particularly in the aft dome. 

Hestrictor 

Adhesive 
RTV 7^1 

Outer 
Flange 

Inner 
Flange 

Titanium 

Figure 201.    Motor A-1005 Case Change 

(c)    Hestrictor thickness was  increased from 0.06 to 0.130 inch  (minimum)  to 
provide 9 seconds  of  tail off or 1.3 seconds at a chamber pressure of 
400 psi.    An external  polar flange was designed to screw on the aft 
polar boss and seat against the case.     This flange furnished additional 
stiffness  to the aft dome  of the case near burnout. 
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The final Motor A-1005 performance estimate is presented in Table LXI 
and Fig, 202.   Motor A-1004 test data were incorporated where applica- 
ble.  Low operating pressure and other factors resulting from the nozzle 
erosion contributed to the decrease of estimated delivered total impulse. 
This was improved in the final flightweight estimate by increasing the 
RFG burning rates to compensate for the increasing throat area. 

(c) Estimated weight and mass fraction of Motor A-1005 are presented in 
Table LXII.  Total inert weight reflects the heavyweight case and liner 
design used in this motor.  Flightweight mass fraction was expected to 
increase from 0.939 to 0.951. 

a. Fabrication 

(1) Equipment and Material 

The same type of equipment and materials used in Motor A-1004 were used 
in A-1005. 

(2) Processing 

(a) Winding and Restriction 

(C) Winding of the Motor A-1005 reinforced grain began on 11 December and 
was completed on 17 December.  The RFG weighed 1,365.6 pounds and con- 
tained 17.2^ wire.  The grain contained 241 wire covers compared to 
229 for A-1004 and a design number of 245.  Average cover thickness was 
0.0157 inch.  The grain was cured for 120 hours at 170 F.  The average 
cured diameter was 29.657 inches, compared to 29.655 inches for A-1004. 
Refer to Table LXIII for processing data.  Matrix propellant properties 
are listed in Tables LXIV and LXV. 

Thirty thermocouples, 15 in each dome, were embedded in the base coat 
of R-143 restrictor to monitor temperature during firing.  A testweight 
titanium polar flange was used in lieu of a flightweight titaniuin flange 
to accomodate the heavyweight GFW case. 
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TABLE LXI 

ESTIMATED PERFORMANCE SUMMARY MOTOR A-1005 

{ Average Pressure, psia 505   ] 

I Average Thrust, lb 15,420 j 

Total Impulse, lb-sec 542,900 

I Action Time, sec 35-2 

Maximum Pressure, psia 790 

| Maximum Thrust, lb 24,500 

I  @ Motor Cond, lb-sec/lb 
!   8P                          ; 
| I  @ 1000 psia, lb-sec/lb 

Impulse-to-Weight Ratio 

220.2 

238.1  1 

206.6  | 

| Core Grain                         | 

i   Average Pressure, psia* 770   i, 

Average Thrust, lb* 24,050 

Total Impulse, lb-sec* 211,900 

Duration, sec 8.8 

I  @ 1000 psia, lb-sec/lb sp                 ' 250    j 

Reinforced Grain                    j 

Average Pressure, psia** 415   | 

Average Thrust, lb** 12,540 

Total Impulse, lb-sec** 331,000 

Duration, sec 26.4 

I  @ 1000 psia, lb-sec/lb 
i    8P                    I 

228.6  | 

*Impul8e delivered by core grain from 10^ 
maximum pressure to transition of core to 
RFG; does not include core propellant 
which burns simultaneously with RFG pro- 
pellant. 

♦♦Includes impulse delivered by RFG and core 
propellant which burns after transition 
point. 
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TABLE LXII 

DESIGN ESTIMATED WEICaTT AND MASS FRACTION, 

MOTOR A-1005* 

Nozzle Assembly 

Design Estimate 

27.77 

Case 41.9 

Liner 48.0 

Igniter Assembly 2.67 

Forward Boss 11.02 

Aft Boss 17.20 

Load Rings 6.94 

Drive Pins 0.56 

0-rings 0.10 

Inner Flange 2.96 

Outer Flange 0.5 

Adhesives 2.50 

Total Inerts 161.12 

Igniter Combustibles 0.55 

Core Propellant 1129.00 

RFG Propellant 1337.00 

Total Propellant 2466.55 

Total Motor Weight 2627.67 

Mass Fraction 0.939 

*A11 weights are in pounds 
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(c) TABLE LXV 

BUBNING RATE SUMMAHY FOR 

MOTORS A-100f| AND A-1005 

Reference 
Pressure, 

psia 

Design 
Rai 

Motor 
be 

Design 
Hal 

Strand Actual Strand  i 
Rate       \ 

A-1004 A-1005 A-1004 A-1005 A-1004 A-1005  | 

Core 750 0.438 0.460/0.311 0.432 0.469/0.308 

Layer No. 
(Helical) 

!  i 735 0.305 0.305 0.260 0.276 0.261 0.266 

2 670 0.258 0.258 0.220 0.220 0.222 0.214  1 

5 (,00 0.210 0.210 0.179 0.179 0.181 0.176 

k 540 0.200 0,200 0.170 0.170 O.I7O 0.164 

5 470 0.170 0.170 0.145 0.155 0.139 0.161  1 

6-9 400 0.155 0.155 0.132 0.145* 0.128 0.129  | 

*0.145 in./sec at 410 psia for 6th helical layer. 
0.143 in./sec at 400 psia for 7—9th helical layer, 

(b) GIW Case 

Motor A-1005 was wound on  13 and  14 January  1965,     using  the  40-inch 
winding machine.     Machine performance was  excellent and,  except   for cloth 
protrusions   in  the  skirt-to-domc  transition areas,   the  case  appearance 
was good. 

The  ripples were  fewer in number and  of  less magnitude  than experienced 
on A-1004,  but were not expected because of recent modification  of the 
Motor A skirt tooling.    This modification  consisted  of extending  the edge 
of the skirt mandrel near the  case tangent line to reduce  the  skirt-to- 
rase  fill.     It was expected  that the  reduction in fill would  permit fab- 
rication of a  smoother skirt  in addition  to reducing fill weight.    How- 
ever,   there was apparently sufficient spindle deflection during winding 
to  cave  relative movement between the  skirt mandrels and  the  grain,  thus 
causing the  ripples. 
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The cloth protrusions had a crazed appearance and there was some doubt 
that the forward skirt would meet thrust requirements. Therefore, a fix 
was designed for the forward skirt only.  The fix consisted of (l) partial 
removal of the cloth protrusions, (2) lamination of additional glass cloth 
and (3) winding of additional circ wraps in the skirt area.  Detailed 
design, in the sequence of fabrication, was as follows: 

Length from Edge of Forward Skirt 
Item to Termination Point, in. 

Glass Cloth 5.0 

Glass Cloth 5.5 

Circ ¥rap, 216 ends per inch 6.25 

Glass Cloth 4.75 . 

Glass Cloth 5.25 

Circ Wrap, 288 ends per inch 5.75 

Materials and processing were the same as used in original case fabrica- 
tion.  The fix weighed approximately 1.7 pounds. 

Design and winding parameters for the case were: 

(c) Helix Wrap 

Helix Angle, deg 
Pattern 
Glass Density, ends 
Number oi' Covers 
Circuits per Cover 
Estimated Thickness 

per inch, 

in. 

total 

17.2 
5/4 
1110 

3 
345 
0.039 

Circ Wrap 

Pattern 
Glass Density 
Number of Covers 
Estimated Thickness in. 

90 deg sequential 
1150 
4 
0.039 
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'C)    Dimensions and weights of  the  case are  shown in Table   LXVI.      The  case 
weighed kl.7 pounds prior to adding the  forward skirt fix,  excluding 
th» skirt-to-dome fill  (which was reduced from 5.k pounds on A-1004 to 
1.0 pound on A-1005).     Total   case weight,   including the   fill  and  the 
skirt fix, was kk.k pounds;   over-all   resin content was 19.9^ before  the 
fix and 19.8^ after. 

(3)    Postwinding Procedures 

Mandrel washout proceeded normally.    After liner removal  a slick film 
was noticed in the aft dome,   requiring    an extra 2 hours of drying at 
130 F.     The grain surface was  inspected after drying and gave no indica- 
tion of water damage.    The  grain was now ready for core casting. 

Prior to  casting the core  in Motor A-1005,  a method to prevent the ero- 
sive burning which occurred in Motor A-1004 was  investigated;   i.e.,  the 
burning of  the  aft dome web must be  delayed sufficiently to cause  the 
instantaneous web burn through with   the  cylindrical   section.     Two methods 
were  considered. 

1. Cast a propellant having a   lower burning rate  than  the 
conventional  core  propellant  to a  level  approximately 
2  inches above  the   interface  at  the aft conicyl. 

2. Shift  the aft  conicyl  approximately 2.5   inches  to  the 
inside and lengthen  the aft  boss  spike by 2.8  inches. 

The  first method was  selected as more desirable  from  the  standpoint of 
protecting the  entire dome  from effects  of  localized erosion.     The vari- 
ance  in  the  burn rate of  the   two propel Iants provided a 0 9-inch sliver 
that delayed burning of  the  aft dome   sufficiently to  offset  the  estimated 
increase   in burning rate   in  the  lower  section of  the dome. 

The  primary question with  the  dual   propellant casting was whether or 
not undue   intermixing of the  two propellants would occur.     To evaluate 
the  technique,   approximately  10 pounds  of RDS-526 propellant  (normal 
core formulation) were cast on top of uncured RDS-501   (a similar but 
lower burning rate  formulation).     The   casting was performed  in a manner 
simulating  the  casting of Motor A except it was not cast under vacuum. 
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TABLE LXVI 

A-1005 CASE DIMENSIONS AND WEIGHTS 

Dimensions,   in, 

Diameters and Thicknesses 

OD 
ID 
Thickness 

Lengths 

Boss  to Boss 
Cylinder 
Skirt 
Skirt to Skirt 

Weights, Ih 

Forward Skirt 

30.39 (After Fix) 
30.02 (Est) 
0.185 

70.60 
49.25 
4.38 
58.00 

Center 

30.08 (After Washout) 
29.95 (Restr OD) 
0.065 

Aft Skirt 

30.29 
30.02 (Est) 
0.135 

Original Case 

Helix Roving 
Circ Roving 
Skirt Cloth (Calc) 

Total Glass 
Resin 

Gloss and Resin 
Skirt-to-Dome Fill 

Total 

Resin Contents: 

Predicted 

1755 
12.18 
3-77 

33.50 
8.38 

41 .88 

8.3 
41.7 

8.6 
43.4 

Actual 

17.5 
12.1 
3.8 

33.4 
8.3 

41.7 
1.0 

42.7 

Forward Skirt Fix 

0.8 
0.6 

1.4 
0.3 

1.7 

1.7 

Calc) 
Calc) 

x 100 =  19.9/f by weight  before   fix 

x 100 ■ 19.8^ by weight   including fix 

Total 

175 
12.9 
4.4 

34.8 
8.6 

43-4 
1.0 

44 i* 
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The cured propellant was sectioned for examination of the interface and 
speciraens were cut across the interface for mechanical testing.  A clear, 
sharp interface line indicated no intermixing of the two propellants 
(see Fig.  203).  When testing mechanical properties, all samples broke 
in the RDS-501 layer, showing a strong bond between the propellants. 
As a result of tliis experiment, a dual-propellant core cast for Motor 
A-1005 was selected. 

(C) Motor A-1005 core was cast on 29 January. The 176.6 pounds of RDS-501 
cast in the aft end exhibited a strand burning rate of 0.308 ips at 750 
psi. After only a 1.5-hour interval, 953 pounds of RDS-526 were cast; 
its strand rate was 0.469 ips at 750 psi. Physical properties of both 
core propellants were good. Table LXVII lists the propellant formula- 
tions. 

During equipment cleanup following casting of RDS-526, it was discovered 
that the 200-gaHon cast can valve contained water.  The day before 
casting, a practice run was made with the can full of water, simulating 
propellant weight to verify the use of the system.  Although the water 
was drained out, a portion was trapped in the valve's dead space.  It 
was estimated that, due to propellant flow characteristics and volume 
of water trapped, only a few tablespoons of water entered the propellant 
stream; however, as much as a pint of water could have been trapped in 
the valve.  How much of this water separated from propellant under 28 
inches of vacuum and 150—160 F temperature is difficult to determine. 
The only reliable method of determining the damage done, if any. would 
be to duplicate the casting as nearly as possible. 

The core was cured for 72 hours at 170 F and step cooled for ^'2  hours 
to 96 F.  The mandrel was removed on k  February and the core inspected. 
While the core contained the usual scuff marks from foam removal, its 
general appearance was very good.  A thin film of uncured propellant 
remained on the aft-conicyl RTV surface.  It has heen demonstrated on 
other motors that RTV sometimes inhibits propellant cure, but the total 
effect was considered insignificant. 

The junction between RDS-526 (red) and RDS-501 (gray) appeared to be 
excellent. 
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(0 TABLE LXVII 

HDS-501 AND RDS-526 FORMULATION 

Butarez Binder, fi 

501 526 

14 U 

Ammonium Perchlorate, $ 70 69 

Ferric Oxide, Jfc — 1 

Aluminum Powder, Jf 16 16 

100 100 

(4) Final Assembly 

A slight separation was observed between the titanium and insulation in 
the threaded portion of the forward boss.  The separation prchibited 
installation of the forward closure.  To permit installation of the head, 
the phenolic threads of the closure were machined off and a 15-degree 
chamfer added.  The forward end of the core was filled with EC-1949 up 
to the inside edge of the boss threaded area.  The EC-1949 was cured at 
ambient conditions until firm.  RFR-2138, an asbestos-loaded phenolic, 
was added to the boss threaded insulation area.  The forward closure and 
igniter assembly were installed before the RPR-2138 cure to form a joint 
seal, using the EC-1949 surface to contain the RPR-2138.  The nozzle was 
installed without difficulty and the motor was successfully leak tested. 
Table LXVUl shows the A-1005 weight and mass fraction summary. 
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TABLE  LXVIII 

WEIGHT AND MASS FRACTION SUMMARY 

FOR MOTOR A-1005 

Nozzle Assembly 

Component Weight, lb 

Design Nominal Actual 

26.77 27.57 

i Case 41.90 44.40  i 

| Liner 48.00 50.65  | 

Igniter Assembly 2.67 2.64 

j Forward Boss 11.02 10.32  j 

1 Aft Boss 17.20 16.96  | 

Load Rings 6.94 |       5.97 

Drive Pins 0.56 0.54 

O-Rings 0.10 0.11  j 

Inner Flange 2.96 2.85  j 

1 Outer Flange 0.50 0.50 

Adhesives 2.50 2.60  1 

Total Inerts 161.12 165.11  j 

; Igniter Combustibles 0.55 0.56  j 

Core Propel1ant 1129.00 1129.60  | 

1 BFG Propellant 1337.00 1365.60 \ 

Total Propellant 2466.55 2495.76  1 

1   Total Motor Weight 2627.67 2660.87  j 

j Mass Fraction 0.939 0.938 j 
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Motor A-1005 was radiographically inspected 6-7 February. A total of 
128 views were obtained, 16 with the 1 MEV unit and 112 with the 13 MEV 
Linac. A summary of the observations follows: 

1. HFG/Liner Case Bondline - The outside interfaces were tan- 
gentially radiographed with the 1 MEV unit.  Examination 
indicated a sound bond between RFC, liner, and case. 

2. Core and Reinforced Grains - Low density areas were found 
in the core grain radiographs most of these areas were 
accounted for during visual inspection when insignificant 
surface irregularities were found.  No surface cracks were 
seen. 

3. Core and Reinforced Grain Interface - Twelve views of the 
core-RPG interface were obtained in the cylinder.  No signs 
of separation were seen. 

4. Polar Areas - Both polar areas were radiographed every 10 
degrees.  A few small, low-density areas in the reinforced 
grain were apparent at both ends.  At the forward end the 
low-density area emanated upward from the inside load ring. 
Several of the forward load rings were not seated against 
the steps. 

b.  Testing 

Motor A-1005 was placed on the horizontal thrust stand on February 12, 
1965.  Two independent thrust and pressure measurements were recorded. 
Three linear potentiometers were used to measure axial displacement of 
the GIW case, domes, and cylinder.  GFW case strain was measured at 30 
locations, temperature of the motor was measured at 37 locations and 
30 internal thermocouples (on the surface of the RFG in both domes) were 
recorded.  Six movie cameras were used for photographic coverage of the 
firings.  Of the six cameras only two survived the malfunction undamaged. 
Three sets of film footage were recovered, however; but only one of these 
(a 1000 frames per second film) showed any significant information. 

Motor ignition and core grain burning appeared to proceed as expected. 
However, at approximately 9.8 seconds the motor malfunctioned. Examina- 
tion of high-speed movies indicated the failure occurred on the top side 
at the aft end of the cylindrical portion and then spread counter-clock- 
wise around the motor. 
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(C) Thermocouple and strain gage data indicated no abnormal conditions prior 
to the malfunction.  Further investigation indicated failure was caused 
from premature burning of the RFG in the cylindrical part of the motor. 
As a result of this premature burning, the RFG structure was weakened 
and interlaminar burning occurred. When the pressure reached 977 psig, 
the motor ruptured. 

(l) Analysis 

(C) A summary of average performance and tabulated data for Motor A-1005 are 
included in Table LXIX with the estimated performance for comparison. 
Actual and estimated thrust- and pressure-time replots are shown in 
Fig. 204. 

(c) The motor performed normally over the core duration and commenced to 
burn in the RFG. Burning was normal up to 9.636 seconds after ignition 
at which time pressure and thrust commenced to increase abnormally.  It 
was determined that burning of the core web had been accomplished at the 
time of malfunction, and approximately 0A  inch of RFG web had been con- 
sumed at the point of failure.  This was estimated from correlation of 
the pressure-time trace with burning rates in the first layers of the 
RFG.  Core burning was complete (except for core sliver) at 8.711 seconds 
as indicated by the characteristic drop in thrust and pressure at thpt 
time.  Difference between that time and the time of malfunction along 
with the pressure level and burning rate determined the 0.4 inch of RFG 
web burned. 

(c) During the interval of core duration the performance was similar to that 
estimated.  Average pressure for the duration of 8.616 seconds (to core 
burnout) was 819 psia compared to an pstiraated 770 psia, or 6.4^ greater 
than estimated. Approximately half of this variation is accounted for 
in the motor burning rate, in that the strand rate was approximately 2^ 
greater than nominal specified.  The significant variation in performance 
over this interval, however, was in the amount of propellant consumed. 
This was estimated from the pressure integral delivered over this inter- 
val , which was approximately 4^ greater than anticipated.  Propellant 
weight corresponding to this deviation is approximately 35 pounds. 
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TABLE LXIX 

PEHFOBMANCE SUMMARY FOR 

MOTORS A-1002, A-1004, AND A-1005 

Average Pressure, psia 

Motor A-1002 Motor A-1004 
i   Motor A-1005  1 
1 Estimated Actual ! 

560  h 1 
16,970(1) 
533,600(1) 

613 505 807   i 
Average Thrust, lb 19,030 15,420 25,110 
Total Impulse, lb-sec 475,800 542,900 239,580 
Action Time, sec 31.44 25.004 35.2 9.541 
Maximum Pressure, psia 741 799 790 849   j 
Maximum Thrust, lb — 25,271 24,500 26,538 
ISpa at Motor Conditions 
ISp8 at 1000 psia 

225.9(1) 
241.4(1) 

225.2 
239.4 

220.2 
238.1 "»^     p 

Impulse-to-¥eighk Ratio 205.8(1/ — 204.1 —  j 

[Core Grain                                                   j 

Average Pressure, psiaV*1) 
22,66o(l) 
222,200(1) 

779 770 819   } 
Average Thrust, lb 

1  Total Impulse, Ib-sec(^) 
24,210 24,050 25,460 
223,700 211,900 219,400 

j Duration, sec 9.81 9.24 8.8 8.616 ! 
| Pressure Impulse, psia/ 
1   sec 7191 7198 6776 7057 
1 Estimated Propellant Con- 
i   sumed, lb 934 935 881 916   l 

Reinforced Grain 

1 Average Pressure, psia 482    . 
14,400(1) 
311,400(1) 

516     ! 415 
Average Thrust, lb  / \ 
Total Impulse, Ib-sec(^) 

15,930   | 12,540 
252,100  } 331,000 

i Duration, sec          I 21.63 15.764   } 26.4 
Isps at 1000 Psia 230.6    1 228.6   1 

(1) 

(2) 

(3) 

Thrust parameters estimated from pressure 

Impulse delivered by core grain from 10^ maximum pressure  to 
transition of core to RFG;  does not include core  propellant 
which burns simultaneously with RFG propellant 

Includes  impulse delivered by RFG and core propellant which 
burns after transition point 
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(C)   Normally this  parameter is very reproducible.     The pressure-time integrals 
over the  same  interval for Motors A-1002 and A-1004 were  7191  and 7198 
psia-sec  respectively, with Motor A-1004 having a core propellant weight 
4 pounds greater than that for A-1002.     This deviation was found to be 
significant in determining the  failure mode  of the motor.     The   pressure- 
time trace was more   "rainbow" than had been predicted which correlates 
also with the  failure mode. 

(C)    Performance estimated for this motor differed from previous estimates 
primarily because of  the  low burning rate propellant.    Less propellant 
was estimated  to be  consumed over the core duration; hence,  the estimated 
delivered impulse over the core duration was 211,900 lb/sec compared to 
223,700 lb-sec  actual for A-1004.    Actual for Motor A-1005 was  219,400 
lb-sec  over the core duration. 

(w   Nozzle efficiency over the core duration was  95.1^.     This  compares to 
96^ estimated as design nominal,  and was calculated on  the basis of 
average  throat area accounting for erosion over this interval. 

RFG burning rates specified for  this motor were essentially the   same  as 
specified for Motor A-1004.    Some changes were made, which reflect a 
compromise between propellant available  for Motor A-1005 and that re- 
quired for optimum performance.    However,  some of  the rates specified 
in the  outer layers were  still   too low to give the  optimum pressure with 
erosion  of the  current nozzle. 

Strain gage and  potentiometer locations  and test results  are presented in 
Figs.   205 through 215. 

\W    Strains and displacements of the GPW case were close to expected values 
for approximately 9.6 seconds.     Prior  to  that time,   chamber pressure  and 
thrust were  slightly higher than predicted but had started to  regress 
after core grain burnout as expected.     Maximum recorded chamber pressure 
was 975  psig which is 28% higher than estimated maximum pressure for  this 
motor.     This high pressure however should not have  ruptured the motor if 
it was  burning as designed.     In areas where  the burning front was pro- 
gressing normally,   only O.'i  inch of  the RFG web had burned at 9.848 
seconds.     The  remaining RFG web and GFW case were capable  of withstanding 
approximately 1200 psig.     Recorded GPW case  strains prior to 9.6 seconds 
reached a maximum value of  only ^000 microinches per inch and compare 
favorably with hydrotest data. 
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The recovered forward dome and a large portion of the GJW case cylinder 
as well as the high speed movie of the test show the initial failure was 
near the aft tangent of the motor. 

Evidently the core grain separated between the two different propellants 
near the aft end of the motor at approximately 0.5 second.  This started 
premature burning of the RFG in a localized area which significantly de- 
creased the structural integrity of the motor.  Ballistic calculations 
indicated that approximately 2.23 inches of the RFG web had burned in 
this area at the time of the malfunction which reduced the remaining RFG 
web to approximately 1.6 inches rather than the normal 3.1» inches. Cal- 
culated rupture pressure for the GPW case and 1.6 inches of RFG was 915 
psig which is well below the actual burst pressure of the motor. 

Strain gages on the GBW case showed no indication of premature burning 
of the RFG prior to 9.6 seconds because it was a highly localized condi- 
tion and no strain gages were positioned on the case in the immediate 
area of the failure.  However, strain gages near the aft end of the 
cylinder and on the aft dome showed high strain prior to those near the 
forward end of the motor. 

The results obtained from the 30 internal thermocouples (Fig. 216) and 
37 external theimocouples (Figs.  21? and 218)  indicated that the 
motor was functioning, normally prior to the time of malfunction.  Of the 
30 internal thermocouples which were to show the burnout pattern of the 
RFG, only those on the aft end of the mo lor showed any movement prior to 
the malfunction.  The sequence of indication showed that the flame ap- 
proached from the cylindrical section rather than the polar boss area. 
The total time elapsed between the first movement and final movement was 
19 milliseconds and J\e  final movement occurred approximately 5 milli- 
seconds after the maximum motor pressure was reached. 

Thr remaining thermocouple data, except for the two thermocouples on the 
forward closure, showed no increase in temperature during the firing 
duration. As shown in Fig.  219,  Thermocouple 61 which was located 
between the pressure port and CO2 port reached a maximum temperature of 
313 F at l.k  seconds after ignition and decreased to 200 F at the time 
of malfunction,  ihtrmocouple 62 located between the two pressure ports 
rose to 80 F and remained at this temperature for the firing duration. 
The temperature achieved by Thermocouple 61 was higher than that pre- 
viously recorded in A-1003 and A-1004 firings, but exhibited the same 
general characteristic of a fast initial rise and gradual cool down and 
is associated with the same phenomenon at previously described under 
Motor A-1004. 

c 
505 

CONFIDENTIAL 
" 



•V *' 

CONFIDENTIAL 

•*-+' 

HBTI0Ö3 PMOl Wi3 «UK« 

'   »»« I     !>■■■ M»l 

D 

Forward End 
(Looking Aft) 

Index Mark 

(-► A' 

L* 
NOTES: 

1. There are a total of 30 internal 

2. Location of thermocouples is in 
location chart below. 

3. Motor is located in test stand wj 
position. 

4. Index mark on aft boss is in lin( 

5. Star point valleys are in line w: 

Location Plane 
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L+ 

Index Mark Index Mark 

Aft 

Aft End 
(Looking 
Forward) 

»al of 30 internal thermocouples installed. 

trmocouples is in accordance with the 
below. 

id  in test stand with No, 1 plane in up 

ift boss iw in line with No. (l) plane, 

eys are in line with thermocouple plane. 

1 Location Plane A B C D E F 

E     1 
1 2 3 4 5 6    [ 

1     2 7 8 9 10 11 12 

1     3 13 14 15 16 17 18    1 

1     k 
19 20 21 22 1   23 24 

1     3 25 26 27 28 29 1   3Ü    1 
Figure 216.  Internal Thermocouple 

Locations for Motor 
A-1005 
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1. LocAtioos marke* by      ^ art for tli«moc(rapl«i ou til« surface. 

2. Surface thermocouples  tenperatora range  ia 60—^;00 9 

3. Surface coordinate  dimensions are  ± 0.01   im* 

4. Use smallest thermocouples possible. 

5. All dimen.«»i  ns are  in inches. 

6. Surface  thermocouples  are to be   located *$ oeeff   :.o edge of the 
drill hole as practical. 

7. Total of 5 thenoocouplei installed in noizzle*. 

i 

svr •• • 
■ •.• 

Figure 217 • Nozzle Thermocouple 
Locations for Motor 
A-1005 
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Left Side 
(Looking at Aft End) 
 L 

NOTES: 

1. All thermocouples not shown in all views 

2. T62 is to be located between the two pressure ports. 

3. Thermocouples to have a range from 60—600 F. 

"51  4.  A total of 32 thermocouples will be placed on exterior 
of case. 

5.  Thermocouples 1—30 are located on the interface of the 
RFC 

Bottom 

Figure      218.     Gase Thermocouple Locations 
for Motor A-1005 
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Examination of the sectioned components which were recovered indicates 
that the thermal protection was adequate.  The only unusual area was 
around the joint between the nozzle and aft polar boss. The appearance 
of this area was much like that of A-1004.  The eroded section was 
approximately 0.3 inch wide (0.2 inch deeper than the normal erosion) 
and covered the full circumference. Both the phenomenon in A-1004 and 
A-1005 were associated with discontinuities of the nozzle wall in the 
subsonic flow region.  The discontinuity causes an interruption in the 
flow and sets up a vortex which produces a very erosive environment. 

(2) Conclusions and Recommendations 

Evaluation of test data, observation of the high-speed movies, and study 
of the recovered components has led to a theory of failure which best 
correlates all the supporting evidence. Many other possible causes of 
failure were investigated and proven incorrect. 

Ignition and the first 0.5 second o' core burning were close to that 
expected. At approximately 0.5 second the pressure departs from the 
expected trace and remains high for 8.84 seconds. This additional pres- 
sure over this duration represents an increase of 4.1^ of core pressure- 
impulse or the consumption of 35 pounds of propellant above that which 
was scheduled to burn.  The close correlation of the actual and estimated 
core pressure impulse of previous motors indicated that the additional 
propellant did not come from core sliver. 

Study of the high-speed films and examination of the forward half of the 
GIW case which was charred but intact after the malfunction indicated 
that the failure occurred at or near the aft tangent. The increased 
pressure level and propellant consumption must be accompanied by an 
associated increase in burning area. The rainbow shape of the pressure- 
time trace is characteristic of burning where additional surface is 
slowly being added. Analysis indicated that if the bond between the 
RDS-501 and RDS-526 had failed at approximately 0.5 second it would not 
only account for the pressure increase but also the additional 35 pounds 
of propellant consumed. 

Although tests had been conducted on the castibility and bondability 
of the two propellants prior to casting the motor and the results proved 
the system to be satisfactory, this area was still questionable since 
water was found in the casting tooling of the RDS-526 mix after casting 
was complete. Upon removal of the core mandrel the grain was inppocted 
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very closely for water damage.     No visible evidence  of damage was ob- 
served.     However,  this does not imply there was no damage whatsoever to 
the motor.     Radiographic  inspection of the bond area revealed no abnor- 
malities as would be expected if  there were no voids and the grains were 
in intimate contact.     The contamination of the bond line area with water 
although possibly not of sufficient quantity to be  observed visually 
would result in a weakened if not insufficient bond strength. 

(c)    The failure of this bond would ignite the RF& locally and over the 
9.848-second duration would have  consumed approximately 2.23 inches of 
the 3.79 inches of RFG web.     The remaining 1.56-iiuh RFG/GFW structure 
was capable of withstanding only about 915 psi which is well below the 
975 t>si  recorded at the  time  of malfunction.     Strain gages on either 
siue  of  the aft tangent showed little or no increase  in strain until 
just prior to failure,  thereby further indicating the extremely localized 
condition.    The 15 thermocouples  on the aft dome indicated that the flame 
approached from the tangent plane rather than the polar boss area which 
also  indicates the failure occurred near tho aft tangent. 

\W    All evidence indicates that the bond between the IlDS-501 and RDS-52(> 
failed at approximately 0.5  second thereby allowing premature ignition 
of  the RFG.    The subsequent burning of the RFG accounts for the increase 
in surface area and propellant burned during the firing duration.     The 
resulting consumption of RFG reduced the structural  capability of the 
RFG/GIW structure to a point at which it was unable  to withstand the 
load and the structure failed at 9.848 seconds at an indicated pressure 
of 975 psi. 

Based on the results of the analysis,  the following conclusions are 
drawn: 

1. Thermal protection of  the designed components was adequate, 

2. Structural performance  of the motor was close  to that 
expected for 9.6 seconds. 

3. The repaired forward closure functioned as expected and 
did not contribute to motor failure. 

4. The repaired forward skirt performed most satisfactorily 
and did not contribute  to the malfunction. 

5. Ballistic performance was higher than that expected for 
the firing duration and is attributed to the  unscheduled 
burning of 35 pounds  of propellant. 
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6. 

7. 

8. 

The water contamination of the bond surfaces between the 
two propellants was the major contributor to the malfunc- 
tion. 

The use  of two different propellants did not directly 
contribute to the malfunction. 

Motor malfunction was due to failure of the RFG/GFW 
structure resulting from the  following probable sequence 
of events: 

Failure of the bond between the RDS-501 and BDS-526 
due to water contamination during casting resulted 
in premature  ignition of the RFG in a localized area. 

Burning of the RFG for approximately 9.3 seconds 
reduced the capability of  the RFG/GFW structure 
and resulted in the additional pressure,   thrust 
and consumed propellant. 

Structural  capability of the RFG/GFW structure was 
reduced and the remaining portion was unable to 
sustain the  pressure load. 

o 
514 

i 
-— 

-'- - ^ 



._ 

CONFIDENTIAL 

SECT. )N VI 

MOTOR B 

Motor B was a larger diameter motor than Motor A but utilized the RFG in 
a similar manner.  Because of this functional likeness the design and 
development of Motor B was timed to capitalize on Motor A experience. 

The following section has been arranged in an order similar to the sec- 
tion on Motor A.  The design and development effort, presented first, 
includes a general description of the motor, ballistic and structural 
aspects, and component development.  Process development for this larger 
RFG and GW  case is also included in this discussion.  Throughout the 
section the theoretical approach and background for using a particular 
limiting load, component design, material, etc., has been omitted because 
of the similarity to Motor A. However, the results of the various stud- 
ies, whether theoretical or imperical, have been included here (where 
appropriate). 

Following the design and development section, the fullscale motor sections 
detail the fabrication, testing, and results of the tests for each motor. 

1.  DESIGN AND DEVELOPMENT OF MOTOR B 

Motor B (see Fig.  220) is a 36-inch diameter cylinder approximately 91 
inches long with dome-shaped ends.  The GIW case skirt assembly is simi- 
lar to Motor A with a metal mounting ring provided for interstage coupling 
and transfer of external loads. 

The igniter assembly and forward end is similar to Motor A while the aft 
end opening must provide additional support for a hydraulically operated 
thrust vector control (TVC) system. 

The grain is a two-section RFG composite construction with the aluminum 
wire reinforced grain furnishing additional structural strength to the 
GFW case.  Polar bosses and load rings are employed in a manner similar 
to Motor A.  Both ends of the Motor B case grain have stress relief 
floaters, rather than the end floater used on Motor A. 
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a.     Ballistic Design 

(c)   There were no explicit ballistic requirements for either the  core grain 
or the RFG,   other than those  implied in the requirements for the  total 
motor,   shown below: 

1. The  action time total  impulse  shall be 800,000 lb~sec at 
6!") F with a 25:1 expansion nozzle at vacuum (altitude) 
conditions. 

2. The  design thrust level  shall  be 21,000 lb average and 
30,000 lb maximum at the same motor operating conditions 
(60 F, 25:1, vacuum). 

3«     The  overall motor shall have  the  following dimensions: 
maximum case  0D 36 inches,  overall maximum length 90 
inches including altitude nozzle,  and minimum skirt-to- 
skirt length 40 inches. 

4. The  total motor weight shall  not exceed 3200 lb.     In- 
cluded in the  total weight are the altitude nozzle, 
skirts,   igniter assembly,  TVC, and thrust reversal. 

5. The minimum mass fraction shall be 0.937.    Mass fraction 
will be  calculated as total  propellant weight,  divided 
by total  motor weight, where  total motor weight includes: 
skirts,   igniter,  thrust reversal  system,  altitude nozzle, 
and complete thrust vector control  system including gas 
generator, actuating devices,  hydraulic oil,   and tank. 
In the event that a heavyweight gas generator is utilized, 
the  gas generator weight used in calculating mass fraction 
will be  10.9 pounds. 

6. The motor shall demonstrate a delivered specific impulse 
of  250 lb-sec/lb (corrected to optimum 1000/14.7 expansion). 

7. Test firing temperature range  shall be from -75 f to 170 F. 

(1)    Parametric Study 

With these requirements a parametric  study similar to  that for Motor A 
was conducted, except the study was  optimized on the total  impulse. 
Since  the analysis was  similar to that used on Motor A,   only the results < 
are discussed here. 

1 
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(c) The Motor B analysis was based on the hot (170 F) motor condition, which 
yielded a 913 psia initial HFG pressure and a web thickness of 4.5 inches. 
Structural considerations dictate that the motor operating pressure level 
must decrease as the RFG web is consumed.  The permissible motor pressure 
decreases linearly as a function of web remaining to 300 psia at 1.0 inch 
of web.  (This was established as a minimum pressure level, based on the 
Motor A tests and propellant capabilities.) The GFW case was designed to 
contain 500 psia during burnout of the final inch of RFG web. 

(2) Propellant Development 

The propellant development during the early development of Motor A was 
directly applicable to the Motor B design. 

(3) Ballistic Design, RFG and Core Grain 

(c) The decreasing pressure level from 1000 psia to 500 psia during the RFG 
burning was accomplished by utilizing propellant containing various 
amount of burning-rate depressant ir each of the RFG layers.  In contrast 
to Motor A, which employed depressed propellant (.RDS-514) in the first 
layer, the burning surface-to-throat area (Kn) ratio of Motor B RFG was 
such that RDS-312, which contains no depressant, could be used.  The 
propellant burning rate and other miscellaneous data for the RFG are 
shown below: 

(c) Helical 
Layer 
No. 

Uncured 
Strand Rate 

At P, in./sec 

Estimated 
Motor Rate 

At P, in./sec 
Propellant 
Weight, lb 

Propellant 
HDS Number 

Percent, 
Depressant 

1 0.336 at 1015 0.337 at 750 130 512 0.00 

2 0.261 at 695 0.307 at 695 142 514 0.45 

3 0.225 at 645 0.264 at 645 147 514 0.85 

4 0.196 at 595 0.231 at 595 156 514 1.70 

5 0.173 at 545 0.203 at 545 161 523 2.20 

6 0.153 at 495 0.180 at 495 167 523 3.90 

7-11 0.130 at 400 0.160 Pt 400 854 523 6.00 
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(c) The core grain was designed to yield the required performance and to 
exhibit essentially neutral burning characteristics.  The final configu- 
ration is shown in Fig. 221.   The core grain consists of a five-pointed 
star internal configuration, a web fraction of 0.382 and a volumetric 

loading in the cylindrical section of 89.7^ based on the core diameter. 
Other design features include an initial port-to-throat ratio of 2.63, 
an initial burning surface of 3515 sq in., and an assumed erosive con- 
stant of 0.05. 

Rocketdyne Formulation RDS-526 was selected for the core grain propellant, 
The composition of the formulation is shown in the Motor A ballistic 
design subsection, page 

(c) The estimated altitude performance of the flightweight motor is presented 
in Table LXX for mitor conditioning temperature of -75, 60, and 170 F. 
The pressure-thrust vs time curves associated with this performance are 
shown in Figs. 222, 223, and 22^. For comparative purposes the above 
performance is also shown for a 10:1 nozzle expansion ratio at sea level 
firing conditions in Table LXX1 and Figs. 225, 226, and 227. The esti- 
mated mass fraction of the motor is presented in Table LXXII. 
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(c) 

TABLE LXX 

MOTOR B PERFORMANCE ESTIMATE - FLIGHTWEIGHT MOTOR 

Nozzle Expansion Ratio:     25:1 
Atmospheric Pressure:    0 psia 

1; 
Motor 

Motor Conditioning Temperature { 
-75 deg F 60 deg F 170 deg F| 

Average Pressure, psia 485 560 645 | 
Average Thrust, lb 19,010 21,900 25,180 j 
Total Impulse, lb-sec 856,800 856,800 856,800 ! 
Action Time, sec 45.1 39.1 34.0 1 
Maximum Pressure, psia 680 800 915 | 
Maximum Thrust, lb 26,380 31,070 35,490 

| I  @ motor Condition 276.2 276.2 276.2 1 
| IgSg® 1000 psia. Sea Level 
j Impulse to Weight Ratio 

241.4 241.4 241.4 
255.1 255.1 255.1 j 

Core Grain 

Average Pressure, psia 645 760 870 j 
Average Thrust, lb 25,070 29,530 34,210 
Total Impulse, lb-sec 328,900 328,900 328,900 j 
Duration, sec 13.1 11.1 9.6 

i I  @ 1000 psie. Sea Level 
sps     r 

250.0 250.0 250.0 j 

Reinforced Grain 

Average Pressure, psia 420 480 520 1 
Average thrust, lb 16,520 18,860 21,620 ! 
Total Impulse, lb-sec 527,900 527,900 527,900 ! 
Duration, sec 32.0 28.0 24.4 | 
I  @ 1000 psia. Sea Level 234.9 234.9  ! 234.9 
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TABLE LXXI 

MOTOR B PERFORMANCE ESTIMATE - FLIGHWEIGHT MOTOR 

Nozzle Expansion Ratio: 10:1 
Atmospheric Pressure:  14.7 psia 

i   Motor 

Motor Conditioning Temperature     \ 
-75  deg F 60 deg F 170 deg F| 

Average  Pressure,  psia 485 560 645 
!   Average   Thrust,  lb 14,420 17,070 20,080     j 

Total Impulse,  lb-sec 650,000 667,900 683,300     1 
j   Action Time,   Sec 45.1 39.1 34.0 

Maximum Pressure,  psia 680 800 915 
i   Maximum Thrust,  lb 21,240 25,550 29,610 
j   I^p @ Motor Conditions 
|   Igp @ 1OO0 psia 

Impulse   to weight Ratio 

209.6 215.3 220.3 
241.4 241.4 241.4 
193.5 198.8 203.4     1 

Core Grain 

Average  Pressure,  psia 645 760 870     j 
Average   Thrust,  lb 20,020 24,130 28,400     j 

j   Total Impulse,  lb-sec 262,700 268,800 272,900     | 
Duration,  sec 13.1 11.1 9.6    I 
I      @ 1OO0 psia 250.0 250.0 250.0 

sp                 r 

Reinforced Grain ' 

Average  Pressure,   psia 420 480 520    j 
Average   Thrust,  lb 12,120 14,260 16,810    ! 
Total  Impulse,  lb-sec 387,400 399,200 410,400     j 
Duration,  sec 32.0 28.0 24.4     j 

j   I      @ 1O00 psia 234.9 234.9 234.9    | 
;       SP 
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TABLE LXXII 

MOTOR B DESIGN WEIGHT SUMMARY - FLIGHWEIGHT MOTOR 

Propellant 

a. Core Grain 

b. Reinforced Grain 

Igniter Combustibles c. 

Total Propellant Weight 

Inert 

a. Case and Skirts 

b. Liner 

c. Nozzle, Gas Generator, and Valve 

d. Aft Polar Boss, Load Rings, Flange, 
and Drive Pins 

CONFIDENTIAL 

Weight, lb 

1345.00 

1757.00 

0.55 

3102.55 

51.30 

21.44 

103.63 

40.85 

1   e* Forward Polar Boss and Load Rings 28.82 

1  f. Igniter Assembly 2.63 

1  g" Forward Floater 3.00 

I    h. Aft Floater 

T9fc»l Inerts 

4.69 

256.36 

Total Motor Weisht 3358.91 
Ma ss Fracti< m 0.924 j 

Ma- 3s Fraction Objective 1 
1 

0.937 

- — ----- - 
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b.    Structural  Design 

Some The basic structural  design of Motor B was identical to Motor A. 
minor changes were made  in the ratio of geodesic  isotensoid layers tu 
fill layers to improve the shear strength of the motor near the polar 
bosses.    The preliminary design contained thrust reversal ports,  but 
this requirement was  cancelled prior to final Motor B design. 

(c) The critical design condition for    flightweight Motor A (with the 
exception of the aft skirt-cylinder) was found to be identical to Motor 
A.    A 1.25 safety factor was applied to the maximum operating pressure 
at 170 F as well as to the required external loads.    This gave the 
following critical load combination: 

Initial Burnout 

Pressure,  psia 

Bending moment,  in.-lb 

1 Shear,   lb 

1,250 

375,000 

3,750 

625    j 

375,000 

3,750   | 

(c) The GIW case was designed to withstand the  loads  just prior to burnout 
and the HFG/GIV composite was designed for the  initial loads.    Unpres- 
surized buckling of Motor B,  just as with Motor A, was not expected to 
be a problem.    However,  Motor B had an unpressurized bending moment 
requirement on the aft skirt and cylinder amounting to 2,469,000 in./lb. 
Applying a 1.25 safety factor to this value gave a design ultimate  bend- 
ing moment of 3,086,000 in.-lb.     This high bending moment was expected 
to cause  some problems at the skirt-cylinder junction based on subscale 
testing conducted during the motor A effort.     These tests had shown con- 
clusively that the quality of the skirt-cylinder junction would have  to 
be  improved to meet the required bending moment. 

(l)    Design Data Acquisition and Design Approach 

Because the Motor A program was conducted first,  design information on 
the composite RFG,  GfW,   aluminum wire, GFE cases,  and other components 
were available when Motor B was being designed and developed.     Therefore, 
the same theoretical  approach presented under Motor A was used to design 

o 
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the RFG and GIV case for Motor B. The proof of these would be verified 
by actual fabrication and testing. The verification is presented under 
the Process Development discussion. 

(2)    Core Grain 

Core grain analysis techniques for Motors A and B are the same, with the 
following exceptions.  In addition to the plane strain analysis which is 
applicable for a major portion of the grain, analysis of plane strain 
and thermal stress were made for the core grain ends in the Motor B. 
These analyses were quite preliminary in nature, but the results indi- 
cated this portion of the grain to be critical in the over-all determina- 
tion of grain reliability.  The sections analyzed are shown in Figs. 
22 8 and 229. 

(a) Method of Analysis 

Analysis of the core grain ends in Motor B is even more restricted than 
that in Motor A.     This analysis requires constant material properties 
throughout the temperature  range of interest and again forces neglect 
of  the glass case.     The grain was represented as a cylinder with flat 
ends and the doubler was represented as a square-bottomed notch. 

(b) Calculations 

The calculated strains are presented in graphical  form (along with the 
allowable strains) as a function of temperature throughout the range 
of  interest for Motor B. 

Figure    230    shows the calculated and allowable bore  strains for Motor B 
from thermal cycling;  Fig.    231     gives the same  information for ignition 
pressurization.    Figure    232     illustrates the margin-of-safety for each 
condition as a function of temperature,  and Fig.     233     shows the margin- 
of-safety with the combined loadings of temperature cycling and ignition 
pressurization.     Figure    234     shows the configuration analyzed for the 
forward grain end of Motor B with the calculated longitudinal stresses 
superimposed,  and Fig.    235    presents similar information for the aft 
end. 
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Figure 230, Strain Capability and Thermally 
Induced Strain vs Temperature 
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Figure 231 Strain Capability and Pressure ~ 
Induced Strain vs Temperature 
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(c) Examination of these data reveals a minimum margin-of-safety (MOS) for 
Motor B of 90%  at -75 W when combined loads are considered.  For tempera- 
ture cycling only, the minimum MOS for Motor B is 140^ at -75 F. 
For the core grain end analysis, peak bond stresses of approximately 
250 psi in the forward end and approximately 150 psi in the aft end 
indicate possible bond failure, since the allowable stress is about 100 
to 180 psi at room temperature. 

c.  Components 

Motor B component development and testing related directly to the Motor A 
effort because of the similiarity of the two motor designs.  This dis- 
cussion is arranged as is the discussion on Motor A (polar bosses, load 
rings, nozzle, igniter, and restrictors). However, only the information 
peculiar to Motor B is presented. Air Force requirements for Motor B 
are outlined on page 10 through 17. 

(l) Polar Bosses 

(c) The Motor B polar bosses, grain configurations, and load rings parallel 
the design used on Motor A with the exception of the number of load 
rings used. Where Motor A used a polar boss with 9 load ring steps. 
Motor B uses a polar boss with 11 load ring steps; the functions of the 
respective parts are identical, see Figs. 236 and 237- 

When work was started on Motor B, a successful firing of Motor A-1002 
had been recorded.  To take advantage of this data, the polar bosses for 
Motor B were patterned after the bosses in Motor A.  Physically, the aft 
polar boss was made larger than the Motor A boss to accommodate the 
thrust vector control (TVC) mechanism.  A threaded flange was also in- 
stalled against the outside of the RFG to lock the polar boss in place, 
to resist inward axial loads from the TVC. 

The forward polar boss was patterned after the Motor A boss, but was 
made smaller in size to reduce weight; both polar bosses were made longer 
for Motor B because of the thicker RFG web. 

The same considerations on Motor A were again design factors for Motor B. 
Some of these considerations are listed in Table LXXIII.  Initially, 
Motor A exhibited a reinforced grain which was wound with equal pole • 
openings while Motor B had unequal openings.  However, wire slippage 
over the load rings in Motor B and the cost involved in obtaining the 
correct winding techniques, caused this concept of unequal opening to 
be replaced with equal polar boss port openings. 
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RFG 

Load Ring Support 
MX-4600 Tape 

Filler, 
Permatex 
No. 2 

Floating Doubler, 
R-148 

GFW Case 

R-140 Seal 
(11 Places) 
Flange, 6 Al- 
W Ti 

Stud, 4130 
Steel 

Nozzle 

Adhesive, M-611 

Flange Retainer 6 A1-4V Ti 

Insulation MX-2646 
Molding Compound 

Figure  23?.    Motor B Aft Polar Boss 
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TABLE LXXIII 

MOTOR B POLAR BOSS DESIGN 
AND PROCESS CONSIDERATIONS 

1   riJf*__J. r\-                                t 
J                   J. X W \< W O O                                       ^—-  JJ JL O. \> V! u  V/*» 

RFG Layer Build Up Step Length 

HFG Layer Contours Load Ring Cross Section 

Equal vs Unequal Polar 
Boss Opening 

Weight, Strength, Size \ 

Temperature Cycling Seals, Strength, Bonds  1 

Winding Capability Size, Assembly Sequence j 

Tooling Hardware 
Installation and Removal 

Size, Strength, Assembly 
Sequence              | 

In choosing the materials  to use  in the design,   there was again a heavy 
reliance  on the results of Motor A tests and on the component tests. 
A list of the major components of the polar bosses is given below with 
the reason for choosing the material: 

1. Load Ring Support.    MX-4600 glass tape reinforced phenolic- 
material, because  of high shear and tensile  strength and 
because of its good insulating properties 

2. Flange Retainer.     6AL 4V titanium-lightweight, with high 
strength and permissible costs 

3. Polar Flange.    6AL titanium-lightweight, with high strength 
and permissible costs 

4. Closure Ring.    6AL 4V titanium-lightweight, with high strength 

5. Insulation.    MX-2646 silica phenolic,  because of good insula- 
tion properties and because  of its excellent erosion charac- 
teristics 

c 

Included in the selection of these materials were the loading requirements 
and motor dimensional limitations. These considerations are summarized 
in Tables LXXIV and LXXV. 
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TABLE LXXIV 

MOTOR B POLAR BOSS DESIGN PARAMETERS 

(C) 
Load Considerations                          j 

Case Pressure                  1230 psi 
Maximum Operating Pressure        1000 psi     | 
TVC Inertia Loads               15,500 Ib-in. 

Dimension Considerations 

Min. Casting Mandrel Dimension    3«60 in. dia 
Min. Nozzle OD (inside Motor)     9.75 in.     ! 
RFC Webb Thickness (Norn)         4.50 in. 
Core Grain Thickness (Nom)        5-10 in. 
Wire Warp Width                 0.90 in.     1 

Load Distribution (Load Rings*) 

Case Pressure Design Ultimate     1250 psi 
Effective Diameter              12.55 in.    | 
Maximum Load (Fwd Polar Boss)     157,000 lb   ! 

Load at 
*Ring Load Failure- Assigned Margin   | 
No. Assigned, ^ Test, lb Load, lb of Safety | 

1 30 60,000 48,000 0.25   | 
2 10 No Teat 15,700 —    i 

3 13 25,000 20,000 0.25   | 
4 6 No Test 9,400 ——    j 

, 5 4 8,000 6,300 0.27   1 
6 10 No Test 15,700 —    t 
7 5 10,000 7,850 0.27   | 
8 4 No Test 6,300 —    1 
9 10 17,000 15,700 0.13   j 

10 4 No Test 6,300 — 

11 4 No Test 6,300 —    j 

Totals 100 157,550 
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To demonstrate the adequacy of the polar boss design, one forward and 
one aft polar boss was pressure tested to failure, similiar to the 
Motor A component test.  The bosses were complete, except the insulation 
liner was left out and only the first three load ring steps were mach- 
ined. 

(c) Both bosses exceeded the design ultimate pressure of 1230 psi by a com- 
fortable margin.  The forward polar boss failed at 1481 psig and the 
aft boss at 1380 psig.  Both bosses failed in interlaminar shear of the 
MX-4600 plastic load ring support along the inside diameter of load 
ring No. 3.  Shear values of 2700 psi were obtained, which satisfactorily 
agree with the 3,100 psi maximum indicated from lab tests of the MX-4600 
material. 

As a result of Motor A-1003 test firing, the Motor B aft polar boss 
needed modifications consisting of increasing the longitudinal length 
by 1.3 inches to protect the titanium component of the boss from the 
severe erosive environment.  Consideration was also given to adding 
material on the inside diameter, keeping the entrance 0D the same, and 
decreasing the ID at the entrance of the nozzle to 7.45 inches.  This 
modification, however, also required modification of the nozzle and 
was not effected immediately. 

The results of the thermal analysis on the aft polar boss is presented 
graphically in Figs. 238 through 233-  The material loss and char 
depth at the end of firing for the three firing temperatures are pre- 
sented in Figs. 238 through 240  for the 8.25 inches nozzle entrance 
diameter. 

The temperature distribution for the 8.25 inches nozzle entrance diameter 
configuration at the end of the firing for the three firing temperatures 
are presented graphically in Figs. 241 through 243. 

Presented in Figs. 244  through 248 are the material loss vs time for 
the three firing temperatures and the 7.45 inches and 8.25 inches dia- 
meter nozzle entrance at analysis stations 11 through 15.  The reduction 
in diameter would result in a maximum additional loss of 0.05 inch at 
Station 11 for the 170 F firing and would provide an additional 0.35 
inch of material protecting the entrance of the nozzle. 

The material loss, or char depth vs time, for the remaining analysis 
stations are presented in Figs. 249 through 253. 
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-75 F 

_7.45 in. dia Nozzle Ent 
«-8.25 in. dia Nozzle Ent 

20        30 
Time, sec 

40 50 

Figure 244. Material Loss vs Time and Various Firing 
Temperatures and the 7*45 Inch and 8.25 
Inch Nozzle Entrance Diameter at Nozzle 
Station 11 
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Figure 245. Material Loss vs Time for Various Firing 
Temperatures for the 7.45 Inch and 8.25 
Inch Nozzle Entrance Diameter at Nozzle 
Station 12 
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Figure 246 Material Loss vs Time for Various Firing 
Temperatures for the 7.45 Inch and 8.25 
Inch Nozzle Entrance Diameter at Nozzle 
Station 13 
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Figure 24? Material Loss vs Time for Various Firing 
Temperatures for the 7.45 Inch and 8,25 
Inch Nozzle Entrance Diameter at Nozzle 
Station 14 
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(c) 
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Figure 248. Material Loss vs Time for Various Firing 
Temperatures for the 7.45 Inch and 8.25 
Inch Nozzle Entrance Diameter at Nozzle 
Station 15 
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Time,   sec 

Figure 249.     Material Loss vs Time for Various Firing 
Temperatures at Nozzle Station 16 

Time, sec 

Figure 250.  Material Loss vs Time for Various Firing 
Temperatures at Nozzle Station 17 

Figure 251.  Material Loss vs Time for Various Firing 
Temperatures at Nozzle Station 18 

c 

o 
560 

CONFIDENTIAL 

**''*"'"" ii i ■•—   i ''■-**      ■--■«tnrwl -IllM    f^H 



i 

CONFIDENTIAL 

Figure  252 
Material Char Depth vs T-e for Various 
Firing Temperatures at Nozzle Station 19 

25 30 
35 kO 

T itne ,   s« c 

*** *> SÄi12SÄ 2 SÄl^tT« Firing Temporat 

50 

t 
561 

CONFIDENTIAL 



! CONFIDENTIAL 
i 

0 
(C) The results of the thermal analysis on the forward polar hoss are pre- 

sented below. The material loss and temperature distribution for the 
forward closure and polar boss at the end of the -75 F, 60 F and 170 F 
temperature firings are presented in Figs. 254 through 259. As shown 
in Fig. 254, for the -75 F firing, the maximum char occurs at Station 
1 and is 0.29 inch. 

(c) The char depth vs time for each of the analysis stations for the three 
firing temperatures are presented in Figs. 254 through 256. The 
temperature history of analysis Station 1 for the three firing tempera- 
tures is presented in Figs. 257 through 259.  The maximum temperature 
expected is 770 F at the end of the -75 f firing at Station 1, see Fig. 
257-  Although this temperature is high, the temperature at the begin- 
ning of tail-off is only 205 F. 
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(c) The char depth vs time for each of the analysis stations for the three 
firing temperatures are presented in Figs.  260 through 269.  The 
temperature history of analysis Station 1 for the three firing tempera- 
tures is presented in Fig.  270.  The maximum temperature expected is 
770 F at the end of the -75 F firing at Station 1, see Fig.  270. 
Although this temperature is high, the temperature at the beginning of 
tail-off is only 205 F. 

(C) 

10 15 35 40 20   25   30 
Time, sec 

Figure 260. Char Depth vs Time for Various Firing 
Temperatures, Forward Polar Boss, 
Station 1 

45 50 

(C) 

c 

10 20        30 40 
Time, sec 

Figure 26l. Char Depth vs Time for Various Firing 
Temperatures at Forward Polar Boss 
Station 2 
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(c) 

10 20        30 
Time, sec 

kO 50 

Figure 262. Char Depth vs Time for Various Firing 
Temperatures at Forward Polar Boss 
Station 3 
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Figure 263. 
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Char Depth vs Time for Various Firing 
Temperatures at Forward Polar Boss 
Station 4 
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Time,   sec 

Figure  264. Char Depth vs Time for Various Firing 
Temperatures at Forward Polar Boss 
Station 5 

(C) 

0 10 20 30 
Time,   sec 

Figure  265.    Char Depth vs Time  for Various Firing 
Temperatures at Forward Polar Boss 
Station 6 
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Figure 266. Char Depth vs Time  for Various Firing 
Temperatures at Forward Polar Boss 
Station 7 
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Figure  267. 
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Char Depth vs Time  for Various Firing 
Temperatures at Forward Polar Boss 
Station 8 
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0.2 

Time,   sec 

Figure 268. Char Depth va Time for Various Firing 
Temperatures at Forward Polar Boss 
Station 9 
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Figure 269.    Char Depth va Time for Various Firing 
Temperatures at Forward Polar Boss 
Station 10 
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(2) Load Rings 

The location and general configuration number of load rings used on 
Motor B is shown in Figs.  271  and 272.  The choice of load ring 
material was based on Motor A and subscale tests.  To check the accuracy 
of the Motor B load ring analytical calculations, tests were conducted 
on two each of the Motor B load rings number 1, 3, 5, 7, and 9« These 
rings were selected because they represented a sample of the several 
weights of load rings. 

All rings failed exhibiting the same wrinkling as was experienced in 
the Motor A ring tests.  Maximum loads sustained by the load rings are 
shown in Table LXXVI.  Data in the assigned-load column in (Table LXXVI) 
waci obtained by reducing the test loads of rings number 1, 3, 5, 7, and 
9 by 20^, and by assigning reasonable loads to the other rings by cross- 
section comparison. 

TABLE LXXVI 

LOAD DISTRIBUTION (LOAD RINGS) 

(C) 
Case Pressure Design Ultimate 
Effective Diameter 
Maximum Load  (Fwd Polar Boss) 

1250 psi 
12.55 in. 

157,000 lb 

Load at Failure- 
Ring No. Load Assigned,   % Test,  lb Assigned Load,  lb Margin 

1 30 60,000 48,000 0.25 

2 10 No Test 15,700 — 

13 25,000 20,000 0.25 

6 No Test 9,400 __ 

4 8,000 6,300 0.27 

10 No Test 15,700 — 

5 10,000 7,850 0.27 

4 No Test 6,300 — 

9 10 17,000 15,700 0.13 

10 4 No Test 6,300 — 

11 4 No Test 6,300 — 

Totals 100^ 140,000* 157,550 

* Total value  for one-half the total rings. 
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(c) 

As shown in Table LXXVT , the combined strength of the load rings is 
far greater than necessary. The  load ring cross-sections were not 
reduced, however, because the space vacated would only have to be filled 
with some other material. This small weight saving was not judged 
worth the extra cost involved at the time.  However, the effect of the 
polar boss and load ring refinement on the Motor B mass fraction can be 
seen in the tabulation below, and should be considered as a potential 
motor improvement. 

Motor B Compel jnts ,   lb 

Propel lant weight 3035 

Heavyweight polar bosses 78 

Refined polar bosses 50 

Heavy boss motor weight 3281 

Refined boss motor weight 3253 

Heavy boss mass fraction 0.925 

Refined boss mass fraction 0.933 

(3)    Nozzle(24) 

On award of the contract to Rocketdyne a preliminary analysis was con- 
ducted on the over-all Motor B system.    Prom this analysis, Rocketdyne 
established the design requirements necessary for the Motor B nozzle. 
The nozzle was to be an onmi-axis,  thrust vector control  (TVC) system, 
self-contained  (with its  own power system).     This was later changed 
to be a TVC system with power supplied by a ground support cart. 

After preparation of the  preliminary specification, NA5-80014, an RFQ 
was prepared and submitted to potential vendors for cost and technical 
proposals  on the TVC system.     This specification is included in Appendix 
III and is  summarized in Table LXXVII. 

After review of the proposals,  ARDE-Portland,   Inc., was awarded the con- 
tract.    They were to design,  fabricate,  and deliver 14 nozzle systems 
and actuation systems in accordance to the Rocketdyne specification and 
the schedule in Table LXXVIII. 

(24)The tiesign and development summary presented in this section was pre- 
pared by Rocketdyne from the reports supplied by ARDE-Portland.    The 
details of the nozzle effort are not included;  funds were not approved 
to support an ARDE-Portland final report. o 
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TABLE LXXVII 

TVC SYSTEM REQUIREMENTS* 

(C) Thrust vector angle  (in any plane), deg + 4              I 

Maximum duty cycle,  frequency of   system 
(at 0.25 degrees deflection),  cps 30 

Nozzle ballistic performance, ^ 97.0 

Nozzle expansion ratio 
Altitude test 
Ground test 

25:1 
10:1             \ 

Initial noszle throat area,   sq in. 21.835          I 
Nozzle divergence geometry,  modified                                                  | 
bell contour,  TVC system max flight 
weight (25:1 nozzle expansion ratio)                            79.9             1 

Operating temperature,   deg F -75 to 170 

(c) ■^Environmental  conditions to which nozzle would be   subjected 
are altitude cycling,  vibration,  acceleration,  humidity, 
fungus,   rain,   sand and dust,  shock, and one-year . +orage at 
-75 to 170 f 

(C) 

TABL}   UBVSII 

Tvc SYSTEM surmiE 

Area 

Nozzles 

Ratio Quantity         | 

10:1 10              1 
25:1 4                1 

|             Actuation systems 
Fixed link 10:1 7 
Actuated 10:1 3             ! 
Actuated 25:1 4              1 

i 
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(c)    The ten nozzle  systems with a 10:1 area ratio were to be static fired 
on Motors B and C.    The four with 25:1 ratio were to be delivered with 
B and C Motors for testing under altitude simulation conditions.    When 
it became necessary to delete Motor C from the program,   the number of 
TVC systems was reduced to seven,  five with 10:1 area ratio and two 
with 25:1 area ratio.    Of  the remaining seven TVC units,   two were to 
have fixed links on the 10:1 expansion ratio nozzles (and  of these two, 
the first one was to be fully instrumented).   When the program was stop- 
ped, ARDE-Portland had finished fabrication and delivery of the first 
nozzle system to Rocketdyne;  the second unit was nearing completion, 
and the actuation systems were through development testing, but the 
results had not been prepared in report form.    Again, at the direction 
of RPL,   the second nozzle unit and two actuation systems were  completed 
and delivered to RPL for test and evaluation on the char motor.    At 
publication of  this report these firings had not been conducted. 

(a)    Nozzle Description 

As  illustrated     in Fig.    273,  the three-dimensional omni-axis  TVC system 
developed for use on the RFG Motor B consists  of three major components: 
the inlet assembly, the movable assembly,  and the gimbaled ring assembly. 
The  location of  the split line between the inlet and movable assembly 
was dictated by the envelope requirements  of the TVC system.     Design 
studies  indicated that because of the envelope restrictions,   location of 
the split line  in the  subsonic region would place the 0-ring seal in an 
area where it could not be  adequately protected.    The split line was, 
therefore,  placed in the supersonic region and its actual  location opti- 
mized on the basis of  seal protection, minimum aerodynamic loss,  and 
minimum weight.     The  inlet assembly is fixed to the  aft closure of the 
motor and includes the inlet gas passage,  nozzle tbroat,   sealing surface, 
and a support for the  gimbal ring.     Hie movable assembly includes the 
split-line seal,   divergent s5ction,  and structural support system.    The 
split line between the .fixed and movable  nozzle members  is a ball-in- 
socket arrangement formed by spherical surfaces on the inlet and movable 
assemblies.    The  clearance  between the ^plit line  is filled with a com- 
bination of materials,  consisting of silicone rubber, silicone  grease, 
and zinc  chromate  (which limits the gas circulation and provides lubri- 
cation).     Gas sealing is effected with an 0-ring made of Buna-N rubber. 

The nozzle is made omni-axis vectorable by the use  of a gimbal.     The 
gimbal ring is mounted on plane bearings and supports the movable assem- 
bly from another set of plane bearings displaced 90 degrees.     It con- 
sists of a hollow ring with a rectangular  cross section and bearings at 
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Note Part No. Nomenclature Material 

1 B103592 Insert - Movable Housing Silica  Fabric and 
Phenolic Resin 

2 B103599 Insert - Throat, Aft Graph-I-Tit- G 

3 BIO36OO Disc  - Throat,  4/Pack Pyrolytic Griphite 

4 BIO36OI Insert - Throat Inlet Graph-I-Tite G 

5 Bl 03602 Insert - Inlet • Graphite Cloth & Phenolic 
Resin 

6 3103604 Liner - 0-Ring,   Inlet Silica  fabric & Phenolic 
Resin 

7 Bl 03605 Ring - Expansion,   Inlet Rubber per MIL-R-3O65 
Type S,   Class 5B,   Grade 
J15 

8 BIO3663 Insert - Nose,  Inlet Silica  Fabric & Phenolic 
Resin 

9 BIO3664 Liner - Nose,  Inlet Graphite Cloth 

10 C103603 Liner - Ring,  Inlet 

11 D103598 Liner - Insulator,   Inlet Grafoil  101 

12 E3056 Aluminum, 6061-T6 

13 E3060 

14 E3097 Aluminum 

15 4130 Steel 

16 Silicone Ruhber,   Q-2- 
0103-1/2, Ordance 05- 
9163 

17 Graphite Cloth 

18 Silica  Cloth 

19 Fiberglass & Resin 

Figure 273.     Motor B Nozzle Assembly 
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two pivot axes located 90 degrees aparc.    At one axis the ring is pivoted 
relative to the stationary inlet assembly,   and at the other axis  the 
movable assembly is pivoted relative   to the ring.    When the nozzle   is 
pivoted about one  or the other axis  individually, either pitch or yaw 
correction may be effected.    When the nozzle is  pivoted about both axes 
simultaneously,  the true motion of the nozzle may be  in any desired 
direction. 

O   Inlet Assembly 

The inlet assembly housing is the primary structural member of the  TVC 
system.     It consists of the nozzle attachment flange, which matches the 
motor case,   and a cylindrical member which supports the throat section 
and insulation materials.     It also provides the  sealing surface for the 
0-ring seal.     This sealing surface is electroless-nickel plated to pro- 
vide a hard,   smooth surface against which the 0-ring seals.     Also ex- 
tending from the attachment flange are two diametrically opposite struc- 
tural members which support the gimbal ring via thrust pins. 

Edge-grain pyrolytic graphite disks  form the throat insert to withstand 
the environmental  conditions during firing with minimum erosion.     The 
divergent sections ahead of and behind the  throat are made  of Graph-I- 
Tite  "G".    A neoprene washer is used between the Graph-I-Tite  "G" and 
pyrolytic graphite to take up the axial thermal  expansion,   to prevent 
loais being  imposed on these relatively brittle materials.     Further 
downstream,  graphite cloth is used up to and including the nozzle  split 
line. 

Insulating material is required to reduce heat flow to the  aluminum 
housing and the seal area.     The use of edge-grain pyrolytic graphite, 
with  its high heat-transfer coefficient in the radial direction, requires 
a high-temperature  insulating material behind the throat section.     A 
sleeve of Graf oil No.   101,  a pyrolytic graphite,   is used for  this purpose. 
A silica-reinforced material is used as the insulator between the  throat 
back-up section and the aluminum housing.     The  same material  is also 
used in the  split line  to protect the  aluminum housing and 0-ring seal 
from heat input through the split line. 

The nozzle  inlet and throat sections  are retained by a system of shoulders 
and ramps that has proven successful  in other nozzle programs. 
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O Movable Assembly 

The housing for the movable assembly consists of a cylindrical section 
flaring out to a conical shell.  To this housing is fastened a tri- 
angular-cross-section torque box which distributes the actuation loads 
into the housing.  The cylindrical section also carries the 0-ring seal. 
Thrust pins supported from rigid arms anchored in the torque box form 
the movable-assembly pivot axis, accurately located concentric to the 
spherical diameter. 

Gas and mechanical loads on the movable assembly are uniformly distri- 
buted except for minor displacement during vectoring.  These loads are 
reacted by two concentrated loads at the bearing pins. The torque box 
serves to distribute the effects of the concentrated loads into the 
movable housing assembly.  The actuator bracket for the movable assembly 
is welded to the housing; it is designed to distribute the actuation 
loads into the torque box. 

The housing is primarily deflection-limited; therefore, 606I-T6 aluminum, 
a moderate-strength material, was chosen.  In a deflection-limited com- 
ponent, there is no weight advantage of aluminum over steel, since the 
modulus-to-density ratio is the same. However, aluminum is preferred 
over steel because of its greater thickness, which makes fabrication 
and handling easier. 

The exit cone is primarily silica-phenolic with a fiberglass outer wrap, 
since little erosion advantage was found for costlier materials.  Graph- 
ite cloth is used just downstream of the split line since particle im- 
pingement would cause excessive erosion of silica in this area during 
vectoring.  The exit cone is bonded into the movable section housing 
with a large bonding area provided to ensure integrity. The temperature 
of the bond surface at the end of firing is well below acceptable levels. 

O Gimbal Ring Assembly 

The gimbal ring assembly consists of a ring and two sets of plane bear- 
ings on axes 90 degrees apart.  The ring is a weldment in which all 
openings are reinforced with increased section thickness to compensate 
for local loss of section properties.  It is loaded by two concentrated 
loads and reacted by two concentrated loads.  It is thus subjected to 
both bending and torsion, of which bending is the major factor.  For 
this reason, the rectangular cross section is placed with the major 
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dimension in the axial direction, which is the direction of the forces 
which cause bending. Eccentric loading would exaggerate the torsional 
effects, so care had been exercised to load the ring through the center 
of the section. Hie ring is designed to limit deflections and satis- 
factorily carry the loads imposed on it.  Excessive deflection of the 
ring, which would move the movable housing upstream, would tend to re- 
duce clearances in the split line and possibly increase friction torque. 

There is no superiority of aluminum vs steel on the basis of weight 
since the gimbal ring is deflection-limited. However, an aluminum gim- 
bal ring with equal weight and deflection would be more bulky and require 
more space.  Hence, 4130 steel in the normalized condition was chosen 
as the gimbal ring material. 

The bearings are all plane journals. The bearing-friction torque is 
minimized by using the smallest journal diameter consistent with struc- 
tural requirements.  The bearings operate on hardened surfaces and are 
lubricated by surface treatment and solid lubricants. 

The gimbal-ring-bearing thrust pins are fixed in the structural support 
arm from both the inlet and movable section housings.  This support, 
together with the placement of the bearing surfaces in the gimbal ring 
(straddle mount) minimizes the bending loads in the thrust pin and 
assists in controlling deflections in the gimbal ring. 

Th?  steel thrust pins are fixed (pinned) to the aluminum structural 
support arms from both inlet and movable housings, and there is no rela- 
tive motion during vectoring.  The case-hardened thrust pins are sup- 
ported in the gimbal ring with through-hardened steel bushings which are, 
in turn, keyed to the steel gimbal ring.  Since the materials involved 
in the bearings are all steel, there is essentially no variation in 
bearing fit (which might otherwise cause high friction due to tempera- 
ture differences). 

O Split Line and Seal Design 

Although supersonic split lines should be easier to protect than sub- 
sonic split lines, careful attention was given to the gas between the 
inlet and the movable assembly.  The split-line gaps between the plastic 
components are based on both Minuteman and Dyna-Soar experience, and 
are sized to accommodate thermal growth and particle contamination with- 
out undue restriction of motion. 
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In addition,   the aplit line is treated with a combination of fillers 
which ensure split-line durability and control of actuation torque. 
The fillers act as a barrier to gas  circulation in the split line.    Since 
the gases cannot penetrate,  propellant contaminants cannot cause fric- 
tion drag.     Lack of gas flow also alleviates split-line erosion.    Heat 
input into the split line  is also minimized, thus controlling thermal 
growth and heat flow to the seal. 

The primary filler is silicone rubber molded into the split line.    The 
silicone rubber meets the following filler objectives: 

1. Ablation-resistant 

2. High temperature capacity 

3. Low thermal conductivity 

4. Low spring rate and thus does not affect torque because 
of swelling 

3.    Easily applied 

6.     Does Dot require any retention device since  it is molded 
to a final shape and cured in place 

The secondary filler is zinc  chrornate which is packed into the recess 
in the movable-assembly split-line  insulation insert. 

The third split-line filler is a silicone grease which is packed around 
the O-ring and into the residual clearance of the entire split line. 
This material  is an excellent high temperature lubricant,   it has excel- 
lent storage characteristics,   and it is chemically compatible with the 
associated components.    The seal design was based on considerations of 
material,  size,  location,  installation dimension requirements,  thermal 
environment,   lubrication,  and other factors, all of which have been sub- 
jected to extensive analysis and test over several years at ARDE-Port- 
land. 

(b)    Design,  Development,  and Fabrication 

The Motor B nozzle program was conducted at ARDE-Portland under the 
over-ail technical direction of Rocketdyne.    The actual program was 
divided into three major phases;  Design, Development and Fabrication. 
The program plan schedule is  illustrated in Fig.   274. 
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O   Design Phase 

In initial efforts by ARDE-Portland to define the nozzle shape, a cir- 
cular contour was fitted to the envelope specified in NA5-80014A.    This 
resulted in too large an exit-plane angle and excessive losses.    A 
modified, circular arc contour with a conicyl section dovnctream of the 
throat radius was then used in an attempt to reduce  the exit plane angle. 
On completion of this design,  a preliminary weight and gas-dynamic study 
showed that the design was still too heavy and the performance was still 
marginal.    A third grid layout was prepared  (for a Foelsch contour noz- 
zle), which resulted in reduced weight and improved performance.     Lay- 
outs were again compared against dynamic studies,  including the nozzle 
in a null and in several vectored positions.     Oversized layouts of the 
split line were prepared at several vectors.    Although this design 
represented a weight optimization,  it would not meet the requirements 
of the revised specification.    Upon completion of the detailed weight, 
eg,  and moment of inertia calculations for the above contour, a para- 
metric study was made which compared nozzle efficiency to weight for 
several contours.    This data was submitted to Rocketdyne by ARDE-Portland 
for use in stage optimization and impulse-to-weight studies.     In trying 
to obtain a minimum length nozzle with maximum Cf,  it was indicative that 
a modified Rao nozzle contour should be considered,  and, since Rocket- 
dyne already possessed a computer program of this contour, Rocketdyne 
performed this phase of  the  study. 

(c)    Based on the over-all performance characteristic study, using the modi- 
fied Rao-type contour,  a net loss (with lag losses considered) was ob- 
tained using an initial nozzle expansion angle  of 24.4 degrees.    This 
loss  in nozzle thrust coefficient is approximately 4.3^.    Based upon 
the Rao contour, Rocketdyne  supplied ARDP!-Portland coordinates so that 
mechanical design could proceed.    A new layout drawing was prepared for 
the semi-optimized Rao contour as follows:     initial  turning angle,  24.4 
degrees;  exit angle,   11  degrees;  area ratio,  25:1;   length from throat, 
28.04 inches.    Further investigation into gas dynamics indicated that 
the TVC duty cycle described in the Rocketdyne  specification would cause 
the nozzle to vector in only one plane.    At ARDE-Portland's suggestion, 
this was changed to better demonstrate the omni-axis capability of the 
nozzle and to obtain a more evenly-distributed erosion. 

Having established the nozzle contour,  the next major effort was associa- 
ted with determining the forces and torques acting on the nozzle at the 
full-vector, four-degree condition.    Ihis was accomplished by determining 
the peripheral pressure distribution on the nozzle contour and integrating 
this pressure for determining the forces and torques.    Only internal 
forces were considered, which simulated a vacuuir, condition.    The following 
paragraphs cover the deflection and stress analysis of the gimbaled nozzle. o 
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The methods of analysis used on this nozzle were based, for the most 
part, on classical stress analysis theory. The solutions for stresses 
and deflections in such parts of the structure as the exit-cone torque 
box, the gimbal rings and other ring problems, were derived from minimum- 
strain-energy theory. Those parts of the structure which are rotationally 
symmetric and are loaded by axisynmetric loads, were analyzed as beam» 
on elastic foundations using discontinuity concepts at points of change 
in geometry or loading. Thermal stresses were determined in critical 
areas assuming plane strain. 

Where required, simplifying assumptions were made to facilitate solu- 
tions.  In all instances, the assumptions made were so that the stresses 
and deflections determined were conservative. 

(C) The following design loads and criteria were used in the stress analysis 
of this nozzle: 

Chamber pressure, psia 

Vector angle, deg 

Side vector force, lb 

Actuator stall load, lb 

The nozzle structure was treated as a system of three rings connected 
by two sets of fittings. An interaction analysis was performed to 
evaluate the redundant forces at the connecting points of the fittings 
and the rings.  These redundants were found for five unit-loading condi- 
tions: 

1. Net ax:.al pressure load on movable housing 
2. Pitch actuator load 
3. Yaw actuator load 
4. Side vector force, pitch plane 
5. Side vector force, yaw plane 

The solutions for these unit-loading conditions were multiplied by the 
corresponding actual loads and combined to give the critical loads for 
each component of the structure. These loads were then used to deter- 
mine maximum internal stresses and critical deflections. 

The results of stress analysis indicate that this structure will ade- 
quately support the imposed loads.  The calculated stresses and deflec- 
tions are all within the limitations of the material strengths and the 
design criteria, which specify a 1.25 factor of safety on the material 
ultimate strength. 
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(c) Concurrent with the gas dynamics and stress analyses, the preliminary 
thermal analysis was performed on the 24.4-degree initial-angle, trun- 
cated Foelsch nozzle configuration. This analysis was later modified 
for the Rao configuration.  The temperature distribution throughout the 
nozzle is well within the temperature capabilities of the materials 
used (see Figs. 275, 276, and 277). All of the thermal analyses 
were conducted by one-dimensional transient heat conduction analysis. 
The wall geometry, the nature of materials used, and their orientation 
make the nozzle wall amenable to this type of solution. The sections 
analyzed are in the most critical areas of nozzle design and are oriented 
to approximate the heat-flow path through the nozzle wall. 

The design analysis and synthesis of the electrohydraulic servo control 
system for the TVC system is summarized below. 

The block diagram of the system is shown in Fig. 278. There are two 
identical systems per nozzle, one for pitch and one for yaw actuation. 
Each system consists of an amplifier, a servo actuator, and a position 
transducer. 

The operation sequence is as follows: 

1. The amplifier compares the input command signal with the 
feed-back transducer signal and the difference, or error 
signal, is fed to the driver portion of the amplifier. 
The driver amplifier produces a current proportional to 
and in the direction dictated by the error signal.  This 
current is fed to the servo valve. 

2. The servo valve allows hydraulic-fluid flow to the actuator, 
the magnitude and direction of which is determined by the 
input current. 

3. The actuator drives the nozzle in proportion to the hydrau- 
lic fluid flow. 

4. The  position transducer measures the nozzle position and 
develops a voltage proportional to position. This voltage 
is sent to the amplifier. 

3. This cycle continues until the transducer signal is equal 
to the input signal so that the error signal becomes zero. 

— 

590 

CONFIDENTIAL 
>-»• 

- --^    ■■<■■-     - ■■■ -  —^ 



CONFIDENTIAL 

€ 

30,000 

28,000 

26,000 - 

o 
S    24,000 

AH 

| 
•H   22,000 

20,000 - 

rn    18,000 I; 
o 
| 

o   16,000 

M 
Z u,ooo 
■ 
3   12,000 
Pi 
CO i 
I 

ft 

10,000 

I 8000 

I a 6000  - 

'lOOO  - 

2000  - 

0 1 3 4 5 6 7 
Temp,   deg F x  10"3 

Figure 275.    Strengths of Plastics vs Temperature 
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Figure 276.    Strength of Graph-I-Tite  "G" vs Temperature 
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Figure 277.  Strength of Pyrolitic Graphite vs Temperature 
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The components utilized are veil within the state of the art,  so that 
the system as designed is an economical and reliable development. 

The amplifier is ^n all-solid-state unit;   it produces a current pro- 
portional   to the difference between the  input signal and the feedback 
signal.    Also included in the amplifier are the compensation networks 
for the system. 

The servo actuator consists  of a flow-control servo valve mounted on a 
linear hydraulic actuator.    Hie servo valve produces a fluid flow pro- 
portional to the  input current.    The fluid is fee to the actuator which 
produces a velocity proportional to fluid flow rate. 

This is a dual-element potentiometric unit.    One element is the servo 
loop,  and the other is telemetered to recorders to determine nozzle 
position. 

As determined by the analysis,   the system components must meet the re- 
quirements  shown in Table  LXXIX. 

O   Development Test Phase 

After completion of design of the actuation and control system,  it was 
necessary to test the over-all system.     To do this,   it was necessary to 
design and fabricate a nozzle simulator.     The design approach used in 
this simulator was: 

1. An air spring was used to simulate the aerodynamic torque; 
load on the spring is easily adjustable by varying the 
initial air pressure. 

2. Coriolis effect is simulated by oil flow through the orifice; J 
Coulomb friction is simulated by oil flow through the relief ' 
valve;   the oil is driven by a piston attached to the simu- 
lator;   the constants may be adjusted by varying the relief- 
valve setting for Coulomb friction,  and the orifice size for 
Coriolis effect.     Inertia is simulated by a weight attached 
to the nozzle simulator,   and is  adjustable by moving the 
weight. 
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TABLE LXXIX 

TVT COMPONENT REQUIREMENTS 

Angular Position Transducer: 

Range 
Output 
Resistance 
Static error band 
Frequency response 

Amplifier: 

Output 
Load 

Input 
Transconductance gain 
Input impedance 
Transfer-function command signal, 

input-to-output current 

Feedback signal input-to-output 
current 

Accuracy at null signal 

Gain stability at null 

Servo Actuator: 

Operating pressure 
Actuator area 
Output 
Stroke 
Rated signal 
Res? stance/coil 
Inductance/coil 
Hysteresis 

±4" 
1 v/o =57.3 v/rad 
7-5 KQ 
±0.9% 
±1% 0 to  30 cps 

+ 10 ma 
two 1500 0, 7-Henry coils in 
parallel 
+ 4 volts 
20 ma/v DC 
100 K Q min 

+20 ma/v x (15 + l) x (30 + l) 
(TTTr   (_S_ + 1) 

2000 

+20 ma/v x (?0 t  Ü x ( 
(S ♦ 1)     ( 
4 

_S 
30 + 1) v 

S  + 1) 
2000 

0.010 volts 

^Mx 20 ma/v 
-10% 

2000 + 200 psig 
0.73 sq in. 
0.94 in./8ec/ma 

1.25 in. total 
+ 10 ma 
1500 n 
7 Henries 
3%  of rated current maximum 

c 

o 
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TABLE   LXXIX 

(Continued) 
! 

Resolution 0.5^ of rated current maximum 
Threshold at null 0.5^                        1 
Null shift, temporary- 2.5%                                                       | 

3^/15g                    ! Null shift, acceleration 
Null shift, PS lfi/\0i  PS variation 

0.5^/5% Null shift, back pressure 
Leakage, external zero 
Leakage, internal 0.10 Gpm 
Frequency response + 3bd 0 to 120 cps 
Phase shift 90° maximum at 120 cps 
Pressure gain, signal to develop 

90^ of PS *                          1 
Test set-up involving the hydraulic power supply and its associated 
hardware, the electrical power supply, and the monitoring and recording 
equipment, was completed and testing initiated.  Initial development 
run-through with the full system indicated a low-frequency oscillation 
approaching 0.038 inch.  This appears to have been connected with the 
looseness of the connecting pins.  These were reworked for future testing. 
During additional testing of the system, the runs incorporated both 
step function and the program-review cycle in order te give an indica- 
tion of system transient performance.  The computed responses of the 
electro-hydraulic, omni-axis TVC system presented in the design analysis 
report closely correspond with the actual results demonstrated under 
the development testing. Another problem that was found in the develop- 
ment testing was in the program tape, in that it contained spikes at 
each point where the tape was spliced, and it was spliced at each change 
in signal; therefore, the tape does contain many spikes.  When the pro- 
gram was stopped, ARDE was seeking bids from outside sources for cor- 
rections of the spikes in the program tape.  In spite of the fact that 
the reports were not completed on the development testing, it is signi- 
ficant to recognize that all the testing had been completed and that 
each component had been verified or corrections recommended to correct 
any problems indicated during the development testing.  Therefore, the 
two systems that were delivered to RPL should have response in accordance 
with the Rocketdyne specification. 

(c) The Motor B final design consisted of a contour of 70% bell (Rao configu- 
ration) with the characteristics shown in Table XXC. 
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TABLE XXC 

MOTOR B NOZZLE DESIGN 

0 

(c) 

(c) 

j Throat area, sq in. 21.846  ! 
{ Exit area ratio 25:1 
j Length, in. 28.04   \ 
j Long-to-throat radius ratio 2.0 
Initial wall angle, deg 24.4 
Exit long angle, deg 11.0 

| Theoretical thrust coefficient 
j  in vacuum 1.867 
j Half angle correction factor 0.988 
1 Over all efficiency factor 0.960 
Estimated throat erosion rate. 

in./sec 0.00086 i 

The true test of the Motor B nozzle and actuation system will he under 
static firing which will be conducted at RPL on the two test-weight 
nozzle configurations. 

A breakdown is available for the flight expansion-ratio system and teat 
expansion-ratio system included in Tables XXCI and XXCII.  In Table 
XXCI the actual weights for nozzle No. 1 are compared to those of 
design data.  The test-weight system's self-contained weight total was 
66.201 pounds, and the nonactuated actual weight turned out to be 66.5 
pounds fully instrumented. With this indication of design vs actual 
weight, Rocketdyne feels that the completed 25:1 expansion ratio nozzles 
would have fallen within the nominal goal of over-all weight. 

(4)  Igniter 

(c) 

In designing the Motor A igniter, the requirements of Motor B ignition 
were also considered. Of the original 10 igniter tests, 4 were reserved 
for design verification.  Two of these 4 were for temperature cycling 
and vibration testing to Motor B specifications. 

These two igniters (one each with 0.40 inch and 0.60 inch length grains) 
were fabricated and subjected to three temperature cycles between -75 F 
and 170 F and vibrational testing. 
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TABLE   XXCI 

WEIGHT BREAKDOWN,  TEST CONFIGURATION TVC SYSTEMS 
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J3135 
Self-Contained 
Pressurization 

D3116    | 
Nonactuated 

i   Actuals 

| Inlet Assembly 

Pyrolytic Graphite 
|  Grafoil 
|  Graphite 
|  Plastics 
\      Elastomer 
|  Metal/Aluminum 

3-536 
2.009 
8.930 
7.580 
0.158 
4.164 

3.536    | 
2.009 
8.930    1 
7.580    i 
0.158    i 
4.164    j 

] 
26.377 26.377    | 

! Movable Assembly 

|  Plastics                     15-750 
Elastomers                    0.073 

!  Metal/Aluminum                6.032 

15.750    \ 
0.073    | 
6.032    1 

21.855 21.855 

Gimbal Ring Assembly 

Ring/Steel 
Actuator Bracket/Aluminum 
Inlet Arms/Steel 
Inner Arms/Steel 

5.620 
0.115 
1.360 
0.724 

10.875    1 
0.115 
1.360      ; 
0.724    i 

7.819 1?.074    1 

!    Nozzle Total 56.051 61.306    j 

Actuation System 

System Components, Fluid, 
1    and Accessories 

Disconnect Bracket 
I   Fixed Links 

Actuation System Total 

8.040 
2.110 

1.832    \ 

1.832    \ 10.150 

TVC System Total, lb 66.201 63.138    1 

Instrumentation Nozzle S/ 'N 1 3-36 

Actual Total Nozzle S/N I 66.5 
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(c) 
TABLE XXCII 

IXIGHT CONFIGURATION TVC SYSTEMS WEIGHT BREAKDOWN 

Self-Contained 
Pressurization 

J3190 
External 

Pressurization 

Inlet Assembly 

Pyrolytic Graphite 
Grafoil 
Graphite 
Plastics 
Elastomer 
Metal/Aluminum 

3.336 
2.009 
8.930 
7.580 
0.158 
4.164 

26.377 

3.536 
2.009 
8.930 
7.580 
0.158 
4.164 

26.377 

Movable Assembly 

Plastics 
Elastomers 
Metal/Aluminum 

35.518 
0.073 
6.032 

41.623 

35.518 
0.073 
6.032 

41.623 

Gimbal Ring Assembly 

Ring/Steel 
Actuator Bracket/Aluminum 
Inlet Arms/Steel 
Inner Arms/Steel 

Nozzle Total 

5.620 
0.115 
1.360 
0.724 

7-81? 

75.819 

5.620 
0.115 
1.360 
0.724 

7.819 

75.819 

Actuation System 

Fluid Tank 
Fluid in Tank 
Fluid Tank Bracket 
Gas Generator Brackets 
Relief Valve Brackets 
Hot Gas Filter & Lines 
Disconnect Bracket 
System Components,   Iluid 

and Accessories 

Actuation System Total 

TVC System Total ,   lb 

1.7 
4.8 
1.54 
1.34 
0.15 
1.3 

8.04 

18.87 

94.689 

2.11 

8.04 

10.15 

85.969 o 
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Vibrational testing was conducted according to Procedure 1 of MIL-R- 
2553^ with the exception that all testing was at ambient temperatures. 
The initial portion of this testing was at ambient temperatures.  The 
initial portion of this testing consisted of a resonant frequency survey 
along the igniter longitudinal axis in the frequency range from 13 to 
300 cps.  An apparent resonance was found at approximately 20 cps.  Thus, 
according to the specification, 30 hours of endurance testing at this 
frequency with a 0.1 double amplitude displacement was begun.  After 
approximately three hours of vibration, there was a failure in the test 
equipment (shaker mount failed).  Upon examination of the igniters it 
was observed that the mylar tape covering the internal surface of the 
igniter basket containing 0.6 inch grains was torn. An appreciable 
amount of pyrotechnic powder existed in the plastic bag that had been 
placed around the igniter.  It appeared that the attrition resulted 
primarily from the movement of the pyrotechnic grain over the edges of 
the basket perforations which were exposed to the grain movement by the 
failure of the mylar liner.  A design feature to increase the pyrotech- 
nic charge weight, without changing the igniter hardware, inadvertently 
led to the grain movement and a resulting mylar failure.  In this design, 
the space needed for the additional charge weight was filled with flex- 
ible polyurethane spacers, per AMS-3570  During vibration, the spacers 
compressed and took a permanent set, allowing an excessive amount of 
freedom for longitudinal grain travel.  Disassembly of these igniters 
showed that of the 12 0.6-inch grains, 7 were cracked; of the 18 0.4-inch 
grains, k  were cracked. 

To minimize grain travel during vibration, alleviating grain crackage, 
and reduce attrition, the polyurethane spacers in the igniter aft end 
were replaced with silicone sponge spacers.  In addition, a specified 
compressive loading was required to be imposed on the grain spacer 
assembly.  This was accomplished by adding sponge spacers to the charge 
assembly until the required load to seat the intermediate charge retain- 
ing cup in the loaded basket was attained.  This specified load range 
was determined theoretically, with the loading magnitude being enough 
to eliminate any appreciable grain motion during vibrational testing. 

Results from these tests, as shown in Fig. 279, indicated that the 
maximum amplification encountered during longitudinal vibration was 
3. This occurred at a double amplitude of -1 and at a frequency of 
20 cps.  Solving for the g loading it was found that: 

2 
a = w x sin w* 

a = maximum value at sin wt = 1 

and 
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W   =  2  TTf 

= 2 n20 = 40 n 

X = ¥ = 0.05 

Thus, 

a = (40 TT)
2
  (0.05)  (1) 

= 0.795 x lO3 in./sec 3 

= O.??? x 103 = 2 06 _ 
12 x 32.2        ':,UD g 

The maximum force of the grains  on the basket and vice  versa, neglecting 
frictional loses,   is: 

250 gm/454 m/lh\ P = ma = 
32.2 ft/sec' 

= 0.551 g 

L-A    32. 2 g 

F = 0.551 A 
AMP 

in put   I A in puti 

= (0.551)   (2.06)  (3)   m   3.5 lb 

From Flare-Northern data, minimum crush strength of P-73 pellets was 

listed as 1300 gms.    Tnus, maximum allowable loading  is r*r ^,   = 

28.6 pounds.     To account for compression set, grain density variation, 
measurement accuracy,  etc.,  the minimum required load was set at  (3.5) x 
(l.4) «i 5'0 lb.    The AMS-3195 silicone sponge spacers utilized in con- 
junction with this loading requires from 6 to 14 psi for 25^ compres- 
sion.     Throughout this study it was assumed that the percentage of com- 
pression vs required loading relationship was linear,   as follows: 
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14 
Pressure , psi 

Considering instances of magnitude of the load associated with compres- 
sion of two, and then three, spacers it was determined what would be 
upper required load limit. 

In the case of 2 spacers, if a load of 3  pounds allows the cup to 
slightly contact the basket lip when one spacer is installed, the ad- 
dition of a second spacer should result in the maximum load requirements 
for two spacers. 

One Spacer — 
Compressed 

by 5 lb ZTT 

^/ 

L xt 
% Compression 

, where X    = ^nn 100 

t Unloaded Thk.   of Spacer 
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The pressure  loading associated with 3 pounds on spacers  of 1 inch OD 
x 0.3  inch is 8.3 psi.    Thus assuming maximum spacer rigidity,   14 psi 
for 25^ compression: 

X/8.3 = 25/14 

X = 15.2^ 

xt = 0.152t 

Adding a second spacer increases the total  sponge spacer  thickness to 
2 t.    This  thickness must be compressed to a thickness of t - 0.13 t ■ 
0.83t to seat cup on basket lip.    Considering again the most rigid 
spacers, the required load would be: 

" og        t    = 0.373 = 37.5^ compression 

L/57.5 = 14/25 

L = 32.2 psi 

FL =  (32.2)   (0.589) = 19 lb, 

For 0.589 sq in.   loading area 

For the case  of three spacers,  the maximum loading occurs when two of 
the most rigid spacers are compressed by slightly less than 5 pounds 
and allow the cup to seat on the basket.     Thus, 

Unloaded 
Thickness 

X2t 

—      Loaded by 5   lb 

A 3-pound load results in 8.3 psi loading. 

Thus 

X/8.3 = 25/14 

X = 15.2^ 
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Adding a third spacer of rigid material results in an unloaded thickness 
of 3t vhich must be compressed to a thickness of 2t - (2t) (0.152) = 
1.70t 

Thus 

(3 - 1.7)t  13 
•^—-. '' ^ = —^ x 100 = 43.3^ compression required.  The 

resulting load is 25/14 = 43.3/L 

L = 24.3 psi 

and 

F = (24.3) (0.589) = 14.3 lb 

Thus, for the compressive loading, a range from 5 to 19 pounds was 
specified as required to seat the intermediate charge retaining cup in 
the loaded basket.  To assure that at least two spacers are required 
for this loading, the length of the phenolic spacer was modified. Two 
more igniters, one each with 0.40-inch length and 0.60 inch length 
grains, were fabricated which incorporated this compressive loading 
requirement.  The igniters were subjected to the longitudinal vibra- 
tional survey prior to temperature cycling.  Following this survey the 
igniters were subjected to temperature cycling and then once again 
subjected to vibrational testing.  The results of the longitudinal and 
transverse frequency surveys are shown in Figs. 280 and 281. Resonant 
frequencies were noted at approximately 370 cps longitudinally and 95, 
140 and 350 cps in the transverse. 

Following completion of the vibrational testing, the two igniters were 
disassembled.  No appreciable damage had occurred to the grains or 
mylar lining.  However, there was a slight amount of attrition (by weight, 
less than 1^).  The igniters were reassembled, conditioned to 170 F and 
fired in a test chamber.  The pressure-time traces are presented in 
Figs. 282 and 283. 

Checking the development design modification, which requires the com- 
pressive loading utilizing the results of the second set of igniter 
tests, the following minimum load was determined: 

A amplified _  „ 
A input    ~ ! 

A input 

F = ma = 

"= 5 
(250 gm/454 ton/lb) 

32.2     J52-2« Ä 

F = 5.51 lb Q 
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Figure 280. Results of Longitudinal and Transverse 
Frequency Surveys, Longitudinal Axis 
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Figure  281.     Results of Longitudinal  and   Transverse 
Frequency  Surveys,   Transverse Axis 
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The loadings applied to these test igniters were about 7 pounds.  Thus, 
the minimum compressive loading should be raised'to about 7.3 pounds. 
This would result in the following possible maximum load.  In the case 
of two spacers: 

7.5 lb/o.589 sq in. ■ 12.75 loading on spacer surface area 
resulting from 7.5 lb of compres- 
sive load. 

In this case: 

X/12.75 - 25/14 

X = 22.8^ 

Xt = 0.2?8t and the addition of the second spacer results in 
a load as follows: 

(l - 0.228)t = 0.772t 

(2 - 0.772)t  1.228t 
2 2t = 61.4$ compression required 

L/6I.4 

L 

FT = 

14/25 

34.4 psi 

(34.4) (0.589) = 20.2 lb 

(c) Based on the results of the successful vibration test,the compressive 
load range was changed from 5—^9 pounds to 7—20 pounds.  This also 
gave a maximum confidence in the igniter being able to ignite the motor 
within the 0.100 sec requirement using the 0.6 inch long pellets. Final 
proof of the igniter would be demonstrated on the full-scale motor 
firings. 
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(5)    Restrictors 

Motor B and Motor A both had the same processing and restrictor thick- 
ness requirements;   therefore,  the development results of one was applica- 
ble  to the other.     The R-140 and R-143 restrictor formulation were used 
on both motors. 

However,  one area of variation in application was  in the floating re- 
strictors.    From data acquired on the Motor A program,  it was apparent 
(soon after the design of Motor B was  started)  that  some type of stress 
relief  system would be  required for both ends  of  the  core grain in the 
polar boss region.     Separation had occurred on several Motor A's,  espe- 
cially around the insulation spike of the aft polar boss.    A design 
change was made to add a doubled rubber sleeve around the spike.    A 
plastic bond relief film was placed between the rubber layers.    After 
the  core grain was cured,   the plastic was removed and the gap was filled. 

Although this was reasonably successful  for Motor A,   it could not be 
used for Motor B,  because of additional  vibration and temperature cycling 
requirements.     It was decided for Motor B that both ends of the core 
grain adjacent to the polar bosses must be  left floating.    It was further 
decided that the  "floater"  should extend well  beyond the outer edge of 
the  load rings,   to relieve core grain—RFG interface  stresses at the same 
time. 

(c)   Several  design sketches were made of different ways  of solving the pro- 
blem and from these  the following list of design requirements were made: 

1. Material  of restrictor must bond well  to  itself, MX-2600 
Glass Phenolic,  MX-4600 Glass Phenolic,  and Flexadyne 
propellant. 

2. Material must have  the ability to be molded void-free. 

3. Material must be  compatible with propellant. 

4. Tool  requirements must be kept to minimum. 

The material must maintain a positive  seal  for inner 
grain bond line  in a temperature range  of -75 to 170 F. 

, 

5. 

6. Material must maintain seal  throughout RFG—core grain 
separations of 0.5-inch (or more) without destroying 
restrictor-to-grain bond. 

7. Component must not impair required ballistics performance. 

8. Component must be  inspectable. 

9. Installation  must be  easy and positive. 

o 
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The design finally selected for the forward polar boss, see Fig. 284, 
consists of a 3/l6-inch layer of R-148 restrictor molded to fit i,he in- 
side contour of the forward polar boss, and extended well along the RFG/ 
core grain interface. A doubler section starts at the polar boss lip 
and terminates at the extreme outer edge. A cloth tear arrester is 
placed in the apex of the doubler opening. Since the liner is not bonded 
to the inside surface of the polar boss, a built in expansion seam insu- 
lated on both sides is provided.  This allows polar boss/core grain sepa- 
ration without exposing the core grain surfaces to the flame. 

After much consideration, a unique bellows-type doubler was selected for 
the aft polar boss,  Fig. 285.  Since the erosion environment around 
the nozzle is much more severe chan  at the forward polar boss, it was 
necessary to keep the expansion seam filled in the open condition. It 
was also necessary to provide a pressure seal for the restrictor opening 
to prevent internal pressure from blowing the RFG and core grains apart. 
This would allow hot gases between the two and allow additional grain 
surface to be burned, causing motor failure. 

The doubler consisted of two washer-shaped sections of R-148 bonded at 
the outer edge with a cloth tear arrestor placed over the inside bond 
seam.  Seven "V"-shaped tie rings were bonded between the washers, form- 
ing seven separate flame and pressure barriers.  This design allows maxi- 
mum movement of the two restrictor layers with very low bond stresses. 
It also allowed a weight saving over the Motor A design, and eliminated 
the ballistic spike cracking problem. 

One modification was made to the original aft doubler design just prior 
to drawing release. Vent holes were placed in the tie rings to equalize 
pressure across them. This was done to reduce the possibility of the 
rings being stripped out during sudden pressure changes inside the motor. 
It was believed that the holes would not in any way reduce the effec- 
tiveness of the doubler. 

I 
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AFT'DOUBLER' 

AFT POLAR BOSS 

Figure 285. Aft Doubler, Motor B 
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(6)    Thrust Reversal 

f 

(c) A thrust reversal requirement was specified by RPL for Motor B to assist 
in separating the payload from the boost stage. The requirement ini- 
tially stipulated that a net reverse thrust of 1800 pounds in excess of 

b net nozzle thrust (at 60 F, Average Pc) be available for 7 seconds, re- 
gardless of actuation time during the motor firing cycle.  Subsequently, 
this was modified to: 

"The initial net reverse thrust level, excluding any transient 
thrust peak at time of actuation, shall be at least 200 pounds 
when port actuation occurs at a pressure level equivalent to 
the average chamber pressure at 60 F. Subsequent to port 
actuation a net reverse thrust shall be continuously main- 
tained.  The initial transient net reverse thrust peak shall 
be nominally 1000 pounds." 

(r) Based on this new requirement, thrust reversal parametric studies were 
initiated.  The parametric studies considered as variable parameters 
the port diameter, inclination angle to motor centerline, number of 
ports, and actuation time. Figures 286 and 287 show the net reverse 
thrust vs port diameter for 30, 35, and 40 degree angles, with 3 and 4 
ports at Average P of 632 psi. 

Also, consideration was given to separation of the nozzle exit cone upon 
thrust reversal actuation in order to reduce the required port openings. 
The studies showed the reduction in port diameter to be approximately 
0.80 inch for three ports and 0.60 inch for four ports, if the nozzle 
exit cone is ejected at the supersonic split line. Even though the 
reduction in port diameter does not represent a substantial weight 
saving, the net reverse thrust is almost doubled for a given port size 
when the exit cone is ejected.  It should be noted, however, the system 
becomes more sophisticated with the inclusion of the additional ejection 
mechanism. 

o 
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500 1000 

Net Reverse Thrust, lb 

Figure 287. Variation of Flow Port Diameter with Net 
Reverse Thrust for Three Ports at Incli- 
nation Angles of 30, 35, and 40 Degrees 
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(c) A 3-port system inclined at 35 degrees to the motor axis, along with 
the previously mentioned modified thrust requirements was selected for 
design. Rocketdyne initiated a design that consisted of three 4.52-inch 
diameter ports located in the forward dome and inclined at 35 degrees to 
the motor centerline. 

(c) The net reverse thrust equals 

F = F - F 
Net        Reverse        Motor 

Where 

F = P AjL. 
c   t I Ii 

A    P 
I    a 

A,   P 
t    c 

for the reverse or motor thrust, applying the appropriate value 
for the motor.  The net reverse thrust for sea level and altitude condi- 
tions (at average chamber pressure and 60 F) are tabulated as follows: 

Net Reverse Thrust  i 
Initial, 

lb 
Stahlized, 

lb 

Altitude 

Sea Level 

1535 

5570 

300 

3100 

(c) As noted above, the performance level is higher for sea level conditions 
than for altitude and is primarily attributed to the foreshortened 10:1 
expansion sea level nozzle.  This is because of the effect of the expan- 
sion ratios for the given motor conditions. 

Methods of supporting the thrust reversal ports and actuating the ports 
commenced after the parametric studies.  Initial structural studies 
involved four basic types of thrust reversal ports with the principal 
difference being the method of supporting the load on the port and 
closure. 
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Before finalizing the actuation or support system design, RPL informed 
Rocketdyne that current studies had indicated the thrust reversal func- 
tion could be performed better through other mentis, and that the thrust 
reversal ports should be deleted. All effort was stopped in this area. 

d.  Process Development 

Because the same design techniques used for Motor A were used in Motor B 
they will  not be elaborated on in this discussion. 

(l) Fabrication Development 
■ 

The  original grain design utilized unequal  polar openings to take advan- 
tage  of the  inert weight saved in a smaller diameter forward closure 
design.     Based on case winding experience with unequal  ports,  it was 
felt that the grain could be wound successfully. 

■ 

To establish the feasibility of the winding design, five partial web 
grains were scheduled to be fabricated to develop data to determine layer 
buildup, load ring design, polar boss lengths, and load ring steps. The 
results of the grain fabrication are covered below under the individual 
grains. 

The first development grain, RFG-2207 A, consisted of the first geodesic 
layer only, and was wound primarily to check out the cam design technique 
and to obtain preliminary geodesic buildup data. 

Winding patterns and cam design for the next grains, RFG-2207 B, RFG- 
2208, and RFG-2209 were based upon averaging the theoretically correct 
winding angles for each dome.  This method will result in an angle that 
is greater than the correct angle for the small port dome and smaller 
than the correct angle for the large port dome.  Previous experience 
with glass filament winding indicated that the variation of the average 
angle from the theoretical winding angle may be as much as 4 degrees 
without excessive slipping. 

Cam operation was good and theoretical buildup data were close to pre- 
dicted values; therefore, preparations were made to wind RFG-2207 B. 
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RFG-2207 was wound through the third GI layer.  Each cycle consisted of 
a geodesic layer plus 4 intermediate wraps. Load ring steps were not 
machined on the polar bosses as it was the purpose of this grain to 
determine the required step lengths from the buildup at the bosses, 
simulated load rings were built into the windings using Cab-O-Sil filled 
EC-1648 adhesive.  Slight wire instability was noted on the forward dome 
during winding, indicating the chosen winding angles were verging upon 
the practical limit. 

Buildup at the polar boss was considerably lower on the second and third 
geodesic layers than predicted.  The reason for this unexpected decrease 
in buildup was not readily apparent in view of the design correlation of 
the first geodesic layer.  Two variables which could possibly cause this 
discrepancy were:  the winding tension for the first geodesic layer was 
approximately 50 grams lower than that used on the rest of the grain, 
and the winding pattern for the first geodesic layer was 9/7 (ratio of 
mandrel to cam revolutions) compared to a 5/4 ^or  ^he second and third 
geodesic layers. 

Another possible reason for the buildup variations was an erratic circuit 
counter. A check of the counter proved it to be consistently high.  This 
raised doubts as to whether the correct number of wire wraps were wound 
into the layers.  In view of these problem areas it was necessary to 
wind another grain to firmly establish the correct polar boss buildup. 

The fabrication of RFG-2208 was identical to RFG-2207 B with two excep- 
tions.  Aluminum load rings were used, and the winding pattern for the 
first geodesic layer was changed to 5/4 to match the second and third 
geodesic layer.  Constant wire winding tension was used throughout the 
grain.  The machine cycle counter was changed and carefully checked to 
eliminate possibility of error.  Evaluation of the dome contour traces 
and winding data indicated that the second and third geodesic layers 
did not have the thickness predicted from theoretical calculations and 
correlating experience obtained on previous motor designs. 

To remove any doubt as to the accuracy of the dome buildup, the third 
geodesic was stripped off and rewound.  Rewinding confirmed the pre- 
viously determined smaller buildup.  The change in winding pattern for 
the first geodesic layer apparently had no affect upon boss buildup. 

Since all known variables were eliminated on this grain and the dome 
buildup continued to vary from design, the actual buildup data obtained 
were used for predicting buildup for the next fabrication development 
grain. 

• 
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Winding patterns and cam design techniques for RFG-2209 were the same 
as used on the previous partial web grains.  RFG-2209 was scheduled to 
be wound through the sixth geodesic layer.  Load rings No. 2, 3, and 4 
and the first 3 boss steps were designed based on data obtained on the 
previous grains. Load rings No. 5 and 6 were to be designed and fabri- 
cated as required during winding operations. 

Winding had proceeded through the first cycle when it became apparent 
that the intermediate layers were unstable on the forward dome. The 
degree of wire instability was greater than on the previous grains and 
was unacceptable since the buildup would not be repeatable from grain 
to grain.  It was decided to strip the first intermediate layers off, 
evaluate the possible causes for slippage, and rewind. 

The reason for this wire slippage was winding at something other than 
the stable winding angle for the dome, which is a necessity due to the 
unequal polar openings.  This slippage is aggravated by excessive propel- 
lant application.  Since both domes were receiving essentially the same 
quantities of propellant, and the aft dome was stable, the winding angle 
was changed to something closer to the required stable angle on the for- 
ward dome.  After this was done, the first intermediate layers were re- 
wound.  Some instability was still present on the forward dome, although 
improvement was evident.  The aft dome windings remained satisfactory. 

Some instability of this type was noted in previous fabrication develop- 
ment grains; however, it was not as extreme as on RFG-2209 and was not 
greater than expected for the winding geometry required by the unequal 
port grain.  No apparent reason for the sudden appearance of this in- 
stability was available as all fabrication grains were wound as near 
identical as possible. 

Upon completion of the fourth intermediate layer, measurements showed 
that the design cylindrical diameter had been reached for the fifth 
geodesic layer but the dome buildups were not sufficient.  The insuf- 
ficient dome buildup is attributed to the accumulative effect of the 
unstable fill layers in the domes moving from their designed positions. 

Since the problem would increase with each layer, it was decided to stop 
winding and evaluate the winding techniques used on Motor B. 
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It was recognized when winding design started on unequal port openings 
that the winding circuit could not be stable over its entirety.  The two 
possible solutions considered feasible were, (l) wind the average of the 
two dome helix angles and maintain a stable cylindrical section with 
some instability in the domes, or (2) rind the correct (stable) helix 
angle for each dome and allow the helix angle variation between the two 
domes to result in instability along the cylinder section. 

Glass filament winding tests showed that the first method was preferable, 
since winding demonstration of the second method resulted in the glass 
rovings moving a considerable distance as the pattern was womd.  This 
movement prevented the precise, nongrapping pattern required for a 
flightweight case.  Based on these case tests, Motor B grain and cams 
were designed by the average winding angle method. 

Also based on these tests a maximum of 8 degrees variation between the 
two dome winding angles was considered the maximum that could be toler- 
ated. Winding development effort showed this arbitrary limit to be too 
high.  Since satisfactory intermediate layers cannot be designed for the 
grain when restricted to small angle variations, effort was directed 
towards evaluation of the second winding method. 

Cams for the first three geodesic and intermediate layers were designed 
based on the stable dome, unstable cylinder concept.  The method of 
handling the transition between the different dome winding angles was 
to split the variation and handle it at each dome knuckle radius.  This 
was done in an effort to minimize expected wire slippage in the cylinder. 

HFG-2210, scheduled for 3 cycles, was wound to check the feasibility of 
the stable dome, unstable cylinder method.  The first geodesic layer 
proved encouraging, as the buildup was much closer to the predicted 
theoretical buildup than the layers wound by the average angle method. 
The first and second intermediate layers lay down properly and appeared 
acceptable.  The third and fourth layers were progressively unstable 
therefore winding was stopped.  Inspection of the grain several hours 
later showed that even the first two intermediate layers on the forward 
dome had moved down the dome showing they were moving after laydown. 
The aft dome appeared satisfactory, probably due to the fact that these 
layers tend to move up the dome and were held in place by the layer on 
top. 
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It was apparent from these results that although a stable helix angle 
was wound on the domes, the effect of slight wire movement going into 
the cylindrical section was enough to render them unstable.  This wire 
movement is not visible or apparent during winding, and if the wire 
angle merely borders on instability it is almost impossible to predict 
the stability of the wire pattern during winding. 

As a further check, another X-cam was designed for the third layer of 
the first intermediate layers.  In this case all of the angle transition 
was made at the center of the grain to minimize the effect on the domes. 
The third layer was rewound using the new cam.  Once again the wire did 
not visibly slip as expected and again the dome buildup bordered on 
instability at laydown.  Based on these two tries, there was considerable 
doubt that stable windings could be achieved with unequal port opening 
domes over the range required. 

Another approach under investigation was winding the intermediate layers 
with equal diameter openings at each end.  The forward dome with the 
smaller port, would have a larger gap between the geodesic layer polar 
buildup and first intermediate layer buildup.  Since the gap would be 
at the steep angle of the dome it was felt the successive geodesic layer 
wires would bridge from the high points and (being supported by propel- 
lant) only minor contour variations would result. 

At this point it was directed that Motor B be converted to equal port 
openings and work was stopped on unequal port winding studies. 

The decision to change the grain to an equal port design required that 
the forward port diameter be increased to the size of the aft port with 
concurrent adjustment in the contours of the forward dome.  The present 
Motor B design has identical forward and aft contours. 

The plaster mandrel used in the first phase was modified to the new 
contour by installation of a new dummy polar boss and plaster screeding 
a new forward dome contour. 

Complete fabrication development of the equal port grain required three 
partial web grains.  RFG-2211 was wound through the third geodesic layer. 
Aluminum load rings and boss steps were designed based on unequal port 
studies.  Good geodesic base-line contours were obtained with the inter- 
mediate layers and all layers were stable.  Geodesic layer buildup at 
the polar bosses was slightly lower than the predicted value; however, 
this was desirable as it provided more space for load rings.  The average 

0 
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cylindrical buildup per cover was higher than expected, 0.0188 inch 
compared to a predicted buildup, from Motor A, of 0.0165 inch. This 
increase could have resulted from higher viscosity propellant and wind- 
ing on a larger mandrel. In general this grain was very successful in 
establishing buildup data and other information necessary for extrapo- 
lating the grain design to the outer layers. 

RFG-2212 was wound through the sixth geodesic layer. Load rings No. 2 
through 6 (with corresponding boss step lengths) were designed based on 
information obtained from RFG-2211 and incorporated into the grain. 
Since this grain was intended to act as the mandrel for the final grain 
(sixth through the eleventh geodesic layers), the polar boss was under- 
cut past the sixth step to allow installation of a sleeve, which could 
be machined to the required step lengths when they were established for 
the seventh through eleventh geodesic layers. 

Good wire stability, load ring design, and boss step lengths were evident 
throughout the grain.  The average cylindrical buildup of 0.0177 inch 
per cover for this grain was slightly less than RFG-2211. 

It was decided that this grain was an adequate mandrel for winding RFG- 
2213.  The grain was then cured to give a firm winding base. 

HFG-2213 winding started with the first intermediate layer of the sixth 
cycle. It was wound over BFG-2212 which terminated at the sixth geo- 
desic layer. Step lengths and load rings were designed based upon build- 
up data obtained during winding of RFG-2211 and RFG-2212. 

As in the two previous grains, the grain winding was highly successful 
in that predicted layer buildups, boss step lengths, and load rings 
proved adequate.  The average cylindrical buildup was 0.018 inch per 
cover. The complete web, averaging the composite buildup of RFG-2212 
and 2213, was 0.0178 inch per cover. 

This grain completed fabrication development of the Motor B reinforced 
grain. Only minor modifications to the load rings and boss step lengths 
were necessary for the final motor design. 

This fabrication development program further demonstrated the applica- 
bility of the multiangle helix winding system to large grains, design 
feasibility, winding, and processing techniques. 
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The lack of success of unequal port winding in reinforced grains does 
not necessarily mean the technique is impossible; program schedules pre- 
vented exploring many approaches.  Possibly further work cound establish 
winding parameters which would allow winding with sufficient stability. 

The speed with which the equal port design was completed, using only 3 
partial grains (compared to 5 for Motor A) indicated the usefulness of 
experience and accumulated data.  Correlation of theoretical and actual 
buildup data were such that design variables for future motors may be 
predicted with a higher degree of confidence.  It is doubtful, however, 
that a complex motor winding design could be accomplished without a 
fabrication development effort. 

(2) Application of Grain Restrictor 

The same techniques developed for Motor A were used on Motor B; there- 
fore, a complete discussion can be found under Motor A. 

(3) GJV Case 

Nearly all of the Motor A GJV case development work was directly appli- 
cable to the Motor B GfW case.  The difference in the two was that Motor 
B included a larger case diameter and initially thrust reversal ports. 
Work had only been initiated on reinforcing doillies for the thrust 
reversal ports prior to the cancelation of the requirement; then only 
case development was required. 

(a) Fabrication Development of a Partial Case 

As in Motor A, the first Motor B GFW cases were for development of pat- 
tern stability and cam design checkout. Winding geometry calculations 
and cam design for the Motor B GFW case were done by computer program. 
The design was an eight cycle helical pattern with a helix angle of 
15.46 degrees. 

Partial GFW case P-2407 was the first of the development cases.  The 
eight-cycle pattern with a helix angle of 15.46 degrees appeared satis- 
factory except for acceleration and deceleration of the x and y axes. 
This problem was associated to the particular winding machine and not 
to the pattern. 

o 
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A new set of cams was designed for the Motor B helical wrap to reduce 
the requirements for acceleration and deceleration of the x and y axes. 
These cams were designed to produce the same pattern laydown, but through 
the use of a slightly different follower path to improve machine opera- 
tion. 

(C) Further partial case development checked out the new cam's pattern sta- 
bility and machine operations so that it was planned to start fabrication 
of the first test case.  Then a change in the RFG tangent-to-tangent 
length from the assumed 35.64 to 36.6 inches occurred.  (This length was 
finalized during the fabrication development of the RFG.) Due to this 
extra length, additional development effort was required to satisfy the 
new helical pattern (pattern grapping occurred with the old cams) and 
check out the pattern stability and cam accuracy. 

(b) Fullscale Case Fabrication and Test 

After establishing the fabrication process, two Motor B cases were 
fabricated and tested to evaluate the design and process.  The final 
case was B-2415. 

O GFW Case B-2415 Fabrication 

(c) Fabrication GJW Case B-2415 was designed to flightweight requirements 
of 1004 ends per inch helix wrap, 1480 ends per inch circ wrap, and 
skirts extending from the cylinder forward and aft integrally wound with 
the circ. 

The forward skirt could not be wound because of the relative movement 
of the skirt and case mandrels during rotation.  This movement was 
caused by greater-than-expected spindle deflection.  The aft end was 
not affected because the skirt mandrel mounts on the case mandrel sleeve 
(which extends through the aft port).  This sleeve is not subjected to 
deflection in the same manner as the winding spindle because it is sup- 
ported on the spindle at only two points. 

Winding operations were marked by extremely rough, erratic, inconsistent 
machine operation.  After 18 hours of operation and several restarts 
because of gapping patterns, machine roughness caused failure of a com- 
ponent and subsequent damage to the ma.'xirel. At this point it was de- 
cided to move the mandrel to another machine.  After several restarts, 
winding was completed. 

♦ 
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The case which resulted had several small separations in the aft dome, 
because of an increase in machine roughness during the latter part of 
the second (of two) helix cover.  These gaps were not thought to be of 
sufficient magnitude to seriously affect results of the case test. 

After case cure, the aft skirt mandrel was removed and the skirt ring 
installed.  The skirt diameter shrank about 0.030 inch upon removal of 
the skirt mandrel; however, the skirt ring had been cooled to -70 F and 
fit loosely.  As the ring warmed to ambient temperature, the ring became 
tight in the skirt and stretched the skirt by approximately 0.010 inch. 

During removal of the mandrel, the case was collapsed slightly by the 
Pneuma-Grip used in handling.  The flexed area returned essentially to 
normal when pressure was released.  This is not considered a general 
problem in case handling, since normally the case has two skirts and is 
handled by special tooling attached to the skirt rings. 

(c) Weights and dimensions of Case B-2415 are shown in Table XXCIII. The 
case weighed 44.7 pounds, of which 0.7 pound was the skirt transition 
fill grommet and tape. Resin content was 24.3 weight %, 

(c) Based on the weights and resin content obtained, predicted weight of 
the Motor B flightweight case is 55.6 pounds. At the target of 20^ 
resin content, predicted case weight is 52.7 pounds. 

O GFV Case &-2415 Test 

This case was hydrotested 21 September 1964.  The motor was positioned 
on the aft skirt during the test.  Figures 288 and 289 are posttest 
pictures of the case. 

All of the circ wraps and none of the helical wraps broke during the 
hydrotest. Movies show the initial failure was at the edge of the glass 
reinforcing cloth in the aft skirt which is near the initial rupture 
point of two of the Motor A GFW cases. 

(c) Rupture occurred at 636 psig and was 20^ lower than the calculated 
burst pressure. Review of the fabrication data indicated the correct 
quantity of glass roving was used in the helical layer but the circ 
wraps contained 19^ less glass by weight than the design value. 
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TABLE XXCIII 

DIMENSIONS AND WEIGHTS OF GIW CASE B-2415 

(C) 

■ 

Dimensions,  in. Forward 

35.866 

Center         Aft 

3^.870     35.876 

Avg-           1 

35.871 |    Restricted Mandrt1 Diameter 

Diameter after Helical Wrap 35.975 35-975     35.984 35.978 

j    Diameter after Circ Wrap 

Cured, hot 36.014 36.002     36.027 36.014          j 

Cured, warm 36.002 35.995     36.017 36.004          j 

After washout 35.960 35-965     35.975 35.967 

Thicknesses,  in. 

j        Helix 0.054 (Not compressed by circ wrap) 

Circ O.OIJ (Low due to compression of       j 
helix) 

Total 0.067 (Lower than actual due to 
compression of restrictor)     i 

1    Aft Skirt Dimensions,  in. 

OD 36.242 OD w/skirt 
mandre1 

36.242           | 

TD 35.880 OD w/o skirt 
mandrel 

36.211          j 

Thickness 0.181 OD w/skirt ring 36.221          1 

Length 5.0 

|    Lengths 

Boss to boss 

Before mandrel removal 61.900 

After mandrel removal 61.850 

1        Cylinder 36.750 

629 



^ ^ 

CONFIDENTIAL 
~] 

O 

(c) 

(c) 

TABLE XXCIII 

(Continued) 

Weights, lb 

Helix roving 

Circ roving 

Aft  skirt cloth 

Total glass 

Resin* 

Skirt transition fill 

Total  Case 

17.28 

10.57 

5.44 

33.29 

10.71 

0.70 

44.70 

*Hesin Content . |^± - 0.70 = 24.3 weight % 

All calculations relative to winding the circ were checked and found 
to be  correct.    As an additional check, a partial layer of circs was 
wound.     This partial  layer permitted determination of actual boom 
advance per mandrel revolution and therefore the actual ends per inch. 
The actual winding was within 3/f of the predicted winding, which is 
within the  accuracy of the check method.    Using the measured weight of 
the circ wraps to calculate the burst pressure gives a value of 654 psig, 
which compares favorably with the actual burst pressure. 

Because of  the uncertainty in the quantity of glass  in the circ wraps, 
no design changes were made  in GFW 2416.    Fabrication and test data from 
GFW 2416 were expected to confirm the fact that the quantity of circ 
wraps  either was or was not 19^ below the design value. 

O   GFW Case B-2416 Fabrication 

' 

GFW Case B-2416 was wound on 9 and 10 November 1964.    The case was wound 
to flightweight design on a restrictor coated sand/rope mandrel.    The 
case was of good appearance  (especially the skirts) which contained no 
ripples or resin-rich areas.     There was, however,  a slight depression 
adjacent to the  case tangent at each end of the cylinder.    This depres- 
sion was caused by the taper  of    the skirt-to-case fill grommet, which 
was designed for Motor A and has a different taper than the Motor B dome. 
Figure 290 depicts the  skirt-to-cat?e  fill area. 
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2YA33-9/21/64M1C 

Figure 288.  GW  Case B-2415 Before Hydro test 
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Figure 289.     GFW Case  B-2415 After Hydrotest 
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Present FiJJ, 

Rubber GromiDet 

Case Tangent 

Desirable Fill 

Figure 290.  Motor B GfV Skirt-to-Case Fill 
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(c) -xicli skirt-to-case fill was made with a strip about 0.75 inch wide, cut 
from the tapered edge jf a Motor A case rubber grommet.  The gronunet 
tapers faster than desirable, resulting in a slight depression in the 
case at the thin edge of the grommet. This depression is considered 
undesirable since the case is required to withstand a high bending 
moment.  Figure 98 shows a typical glass cloth reinforcement being 
wrapped on the skirt.  Case winding parameters were as follows: 

Helix wrap 

Helix angle,  deg 1^3 
Pattern 9/8 
Glass density,  ends/in. 1001 
Covers 2 
Balls 12-end roving 6 
Estimated thickness,   in. 0.033 

Circ wrap 

Pattern 90 deg sequential 
Glass density,  end; *. 1480 
Covers 8 
Balls 12-end roving 6 
Estimated thickness, in. 0.030 

The dome speedup mechanism was used moderately during helix winding to 
prevent possible damage  to the mandrel.    Base speed was  1.3 rpm and max- 
imum speed over the domes was 2.7 rpm.    Winding times were as follows: 

Winding times. hr 

Set-up 7.3 
Helix wrap abort 1.5 
Helix wrap 7.7 
Resin removal,  skirt set-up 8.1 
Circ wrap 4.8 

Rough machine operation resulted in aborting the initial helix wrap 
and starting over.     Intermittent roughness  in operation was encountered 
throughout the helix winding but this did not affect uniformity of the 
winding.     It is thought that the roughness was caused by inconsistency 
in the drag brake. 

i 
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(c) 

After completing the helix covers, the cylinder was wrapped in three 
layers of Style 128 glass bleeder cloth and a layer of dry roving. 
Heat was applied for one hour, using the portable heater hood, and the 
dry roving and bleeder cloth was then removed. After circ winding, 
the case cylinder was wrapped in three layers of bleeder cloth and a 
layer of dry roving, heated in a 170 F oven for 15 minutes, and then 
the dry roving and cloth was removed. 

Excess resin was removed from the domes (using toweling) during helix 
winding and while applying heat to the cylindrical bleeder wraps fol- 
lowing helix winding. 

Excess resin removal was not completely successful. When processing 
future cases it is planned to use towelling to remove a greater amount 
of the excess resin following circ winding and before applying the 
bleeder cloth and dry roving wrap.  This should make the dry wrap more 
effective. 

Dimensions and weights of B-2416 are shown in Table XXCIV.  The case 
weighed 56.5 pounds and had a resin content of 23.3^ by weight.  Pre- 
dicted case weight (with skirt-to-case fill actually used) was 53.05 
pounds at 20%  (by weight) resin content.  Actual roving was about 0.9 
pounds heavier than predicted and actual resin was about 2.5 pounds 
heavier than predicted. 

O GIV Case B-2416 Test 

(C) 

(c) 

Because of the difficulty experienced with the skirt tooling and the 
skirt-cylinder-dome junction, it was expected that the inferior skirt 
would reduce the ultimate bending moment which the case could withstand 
(but it was hoped that the ultimate pressure load would not be reduced). 

The test^was programmed to first apply 500 psig pressure and then a 
1.5 x 10 in.-lb uniform moment. After this condition was reached, preb- 
sure was to be increased to 790 psig and then the bending moment was to 
be increased to 2 x 10" in.-lb.  If the case had not burst at this point, 
it was planned to increase the pressure until rupture did occur. 

The case prior to and after test is shown in Figs. 291 and 292. 
After applying approximately 500 psig pressure, a 1.52 x 10^ in.-lb 
bending moment was applied.  Pressure was then increased to 640 psig 
and the case ruptured.  Strain-vs-pressure data for this test are shown 
in Figs.  293, 294,  and 295«   Figures 294 and 295 are  included 
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(c) 

TABLE XXCIV 

DIMENSIONS AND WEIGHTS OF GJW CASE B-2416 

Dimensions,  in. 

Restricted Mandrel Diameters 

Case Diameters After Washout 

Ski rts 

OD 

ID 

Thickness 

Lengths 

Boss to boss 

Before mandre 1 washout 

After mandre1 washout 

Skirt to skirt 

Before mandrel washout 

After mandrel washout 

Forward 

35.810 

35.884 

36.143 

35.880 

0.132 

Center 

35.805 

35.900 

Aft 

35-828 

35.925 

36.248 

35.880 

0.184 

62.027 

61.903 

55.89 to 
55.98 

55.86 to 
55.95 
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Weights, lb Actual Predicted 

Helix roving 

Circ roving 

Skirt cloth (calc.) 

Total glass 

Resin 

Case weight 

Skirt-to-case fill 

Total 

Resin content, weight % 

18.19 

15.17 

?.?> 
42.69 

12.96 

55.65 

0.85 

56.50 

23.3 

17.64 

14.79 

41.76 

10.44     | 

52.20 

0.85 

53.05 

20.0 
o 
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Figure 291. GW  Case B-2416 Before Test 

637 

! 

* 

i 



' 

2YA45-11/20/64M1D 

Figure 292.     GPV Case  B-2U6 After Test 
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Figure 293«  Pressure vs Strain for GFW A-1416 
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\^)   here to show the increase and decrease in measured longitudinal strain 
on the tension and compression sides respectively as the 1.32 x lO" in.- 
1b bending moment was applied. Hoop strain, as shown by gages 1, 3, 5, 
7, and 9, remained constant at approximately 21,000 microinch/in. 
because of the 300 psig internal pressure (which also was held constant 
during application of the bending moment).  Observation of the high 
speed movies shows that initial rupture occurred in the region of the 
forward skirt on the tension side of the case, as expected.  The skirt 
was pulled partially off of the cylinder which no doubt weakened the 
cylinder and contributed to the lower-than-design burst pressure. Al- 
though ruptur«; occurred at 640 psig, which was 19/t lower than the pre- 
dicted burst pressure, extrapolation to 3/£ strain of the hoop strain 
vs pressure curves indicates the GPW case would have burst at approxi- 
mately 720 psig, even if the skirt had not torn loose.  Longitudinal 
strains indicate the helical wrap was satisfactory for the planned load 
combination of 796 psig pressure and 2 x 10" in.-lb bending moment.  This 
load combination actually represented an over-test for the GIV case, in 
that it was intended to withstand the ultimate burnout pressure of Motor 
B (623 psig) and the ultimate pressurized bending moment of only 3.75 
x 105 in.-lb.  Both of these values were exceeded in this test.  The 
GFW case was designed and tested to the higher condition to make certain 
that the complete RFG/GPV Case Motor B would withstand the following 
ultimate unpressurized loads. 

Bending moment, in.-lb 3.09 x 10 
3 

Axial compression, lb 1.34 x 10 
t 

Transverse shear, lb 3.8 x 10-^ 

This test showed conclusively that a better skirt-cylinder-dome junc- 
tion would have to be fabricated to meet the unpressurized load require- 
ments for the Motor B program. Although the case exceeded the required 
ultimate pressure, it was decided to use a 20^ stress concentration 
factor in the design of the hoop wraps, at least until a better skirt 
fabrication technique proved it to be unnecessary. 

e.  Processing Procedure 

When fabricating either Motor A or Motor B, the operations are essen- 
tially the same; therefore, only those operations that differ from , 
Motor A will be presented here.                                                 ' 
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(l)    Matrix Propellant Burning Rates 

(c) 

The first variation was in the matrix propellants.  Some of the matrix 
propellants are common to both motors.  These include RDS-514, -523 and 
-526. However, RDS-512 was used exclusively on Motor B and its data 
are presented below. 

1 Designation 

Ub 
Specification 

Number 

Manufacturing 
Specification 

Number 

Lab 
Advisory 
Number 

Liquid 
Strand Rate 
(in./sec) Remarks 

RDS-512 RA0119-908 RA0119-909  |  28 

j 

0.34—0.50 
at 1000 psi 

25 to 45jf j 
grind/total 
AP (used on 
Motor B)  J 

(2) Core Propellant 

The procedure discussed under Motor A was essentially the same for 
Motor B until the core propellant was mixed.  In Motor B, the 25-gallon 
or 200-gallon mixer was used. Another area of variance was in the prep- 
aration of the RFG surface for casting the core grain.  For Motor B, 
the preparation was more extensive,  After thoroughly cleaning with 
toluene-dampened cloths, the aft boss area was filled with R-140 (per 
motor design) then forward and aft doublers were installed. The doubler 
surfaces to be bonded to propellant, load rings, or bosses, were 
primed with Chemlok EXB-500-1, and then bonded in place, using &  coating 
of R-140 adhesive. For core propellant boQuing, the RFG surface WDS 
MAPO primed, as in Motor A, and the doubler surfaces primed with Chemlok 
EXB-500-1. 

After RFG preparation for core casting, the procedure for both motors 
was again similar. 

f. Aerospace Ground Equipment 

In support of both Motor B and Motor C scheduled deliveries, the fol- 
lowing AGE items were required by contract: 

■ 
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Description 

1. Container, Shipping Motor 
2. Container, Shipping Igniter 
3. Container, Explosive Ordnance 
4. Transportation Trailer 
5. System, Support Adapter 
6. Adapter Cradle, Transportation 
7. Sling, Hoisting 
8. Protector, Thrust Vector Control System 

and Expansion Cone 
9. Panels, Protective 

10. Kit, Ordnance Item Servicing 
11. Kit, Ordnance Test 
12. Cover, Nozzle Exit Area 
13. Cover, Propulsion System 

Quantity 

4 ea. 
4 ea. 
4 ea. 
1 ea. 
4 ea. 
4 ea. 
4 ea. 
4 ea. 

4 ea. 
2 ea. 
2 ea. 
4 ea. 
4 ea. 

Major effort accomplished with respect to AGE was primarily associated 
with formulating the handling concepts and preliminary design of con- 
tainers and transportation trailer. Most of the early work was directed 
toward providing those items which would be used to test Motor C at the 
NAA Reno Facility.  Subsequent deletion of Motor C allowed the AGE effort 
to be deferred until late in the program. 

Prior to resuming work on AGE, a visit was made to AEDC to coordinate the 
required AGE.  This conference led to reductions in the over-all items 
required. Based on available equipment at AEDC and the deletion of 
Motor C, the following list of items were required to support the deliv- 
ery of two Motor B's. 

Description 

1. Container, Shipping Motor 
2. Container, Shipping Igniter 
3. Saddle, Horizontal Position 
4. Sling, Hoisting and Handling 
5. Panels, Protective 
6. Support, Vertical Position 

Quantity 

2 ea. 
2 ea. 
2 ea. 
1 ea. 
2 ea. 
1 ea. 

Only minor work was undertaken prior to work stoppage. 
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SECTION VII 

MOTOR B FULL-SCALE FABRICATION AND TEST 

After RFC and GIW case development was completed and a processing pro- 
cedure for Motor B was established, the first full-scale Motor B was 
fabricated.  Only two full-scale Motors B were completed; components 
for the third motor were partially processed.  These motors are dis- 
cussed in the following sections. 

1.  MOTOR B-2001 

(c)  Design of Motor B-2001 was flightweight since the motor was scheduled 
for hydrostatic pressurization to failure. However, by direction of 
RFL, EAFB, the test was changed from a single pressure excursion to 
rupture to two pressure cycles from 0—1170 psig followed by pressuri- 
zation to rupture.  The RFG contained all eleven layers while the GFW 
case and liner were also per flightweight design.  (However, the 
finished liner was slightly thicker due to needed tooling modification.) 
This motor was not scheduled to have a core grain. 

a.  Fabrication 

(l) Equipment 

The same general type of equipment used in the Motor A program was 
employed under the Motor B program.  Since this motor was made for 
hydrotesting without a core, the internal boss insulation and the 
ballistic sleeve were not used.  The last load ;ng to go on the for- 
ward boss was attached by screws instead of a locking ring as on 
Motor A. 

Mandrel assembly and liner application were similar to Motor A.  One 
exception was the use of split rings between each polar boss and the 
sand mandrel.  The rings were used to allow sand mandrel molding be- 
fore the bosses were fabricated. After mandrel cure the rings were 
machined to match the bosses. 

i 
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(2) Materials 

The same materials used for Motor A were used for Motor B with one 
exception:  a No. 322 strippable vinyl coating was used on the inside 
surfaces of the bosses.  This material was being considered for use as 
a moisture barrier and a protective coating for the internal boss sur- 
faces that were to be bonded to core propellant on future motors.  This 
material still appeared good after mandrel washout. 

(3) Processing 

(a)  Grain Winding and Restriction 

(C)  Winding began at I63O on 31  August 1964 and ended at 1100 on 8 
September 1964 {1.15  days). Data taken during winding indicated the 
forward boss Total Indicator Reading (TIE) changed from 0.031 to 0.043 
inch and the aft boss TIR changed from 0.016 to 0.040 inch.  Initial 
boss-to-boss length was 61.07 inches decreasing to 60.98 inches at the 
finish. The design specified 242 covers; 258 covers were used. The 16 
extra covers were required as the design cover thickness was 0.0183 
inch and the actual obtained was 0.01748 inch. Grain winding data are 
presented in Tables XXCV and XXCVI. 

The propellant used was generally of a higher burning rate than that 
used in Motor A.  However, the propellant planned for Motor B-2002 
has lower burning rates than that used on B-2001 and is nearer that 
used on Motor A.  Refer to Tables XXCVII and XXCVIII for propellant data 

(C)  The grain was restricted with a wipe coat, fill coat, and final coat 
of R-143 with a required finished diameter of 35.798 + 0.015 inch. A 
fourth coat was applied to achieve a smoother surface. The final coat 
was cured for 24 hours rather than 48 hours to expedite processing. 
The final restrictor diameter was 36.075 (forward), 36.O5O (center) and 
36.033 (aft) inches resulting in an average restrictor thickness in the 
cylindrical section of 0.210 inch, rather than the 0.060-inch design 
thickness. 

Four pantograph traces 90 degrees apart were made of the cured grain. 
After final restriction the grain was pantographed again at the same 
positions.  In the cylindrical section a maximum and minimum thickness 
of 0.24 and 0.15 inch was noted.  On the domes the maximum and minimum 
thicknesses were 0.32 and 0.08 inch. 
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TABLE XXCVI 

MOTOR B-2001 DIMENSIONAL CHANGES 

Start of Winding (61.0? + 1.313)* 

End of Winding (60.98 + 1.313)* 

After Case Winding 

After Mandrel Washout 

Before Ifydrotest 

Boss-to-Boss 
Length, in. 

Boss TIR, in. | 

Pwd Aft | 

62.383 

62.293 

62.286 

, 62.169 

62.134 

0.031 

0.045 

0.016 

0.040 

^Correction to include GFW flange length increase of 1.313 inches 

TABLE XXCVI I 

REG PR0PELLANT BURNING RATES 

B-2001 B-2002 (Planned)   | 

Strand Rate, Strand Ratt,  j 
| Cycle Type Mix No. in./sec Type in./sec   | 

j  1 512 L-8-25-M-82 0.377 at 1015 512 0.336 at 1015 j 

•  2 514 L-8-25-M-81 0.284 at 745 514 0.261 at 695 

3 514 L-8-24-M-82 0.272 at 740 514 0.225 at 645 | 

4 514 L-8-24-M-81 0.264 at 735 514 0.196 at 595 

5 
514 L-8-21-M-82 0.244 at 710 523 0.173 at 545 I 

6 
514 L-8-21-M-81 0.211 at 660 523 0.153 at 495 1 

7 514 L-8-20-M-82 0.187 at 610 523 0.134 at 440 \ 
!  8 523 L-8-20-M-81 0.157 at 475 523 0.130 at 400 | 

9 
523 L-8-19-M-82 0.129 at 420 523 0.130 at 400 | 

1 10 
523 L-8-19-M-81 0.129 at 412 523 0.130 at 400 

1 11 523 L-8-19-M-81 0.129 at 412 523 0.130 at 400 

i GI    i 

■ 
I 

651 

CONFIDENTIAL 

- — — - 



CONFIDENTIAL 

TABLE XXCVTII 

MOTOR B-2001 AMBIENT PROEELLANT PHYSICALS 

| Type Mix 
m Sm' psi 

E, psi  | 

512 L-8-25-M-82 15* 210* 956* 

i5i4 L-8-25-M-81 18 194 1543 

1514 
L-8-24-M-82 21 1       193 150b  | 

I 514 L-8-24-M-81 19 185 1527 

1 51k 
L-8-21-M-82 21 163 1224 

j 514 L-8-21-M-81 23 184 1401 

514 L-8-20-M-82 17 162 1407  i 

523 L-8-20~M-81 26 132 822  ! 

523 I^8-19-M-82 19 91 742  i 

523 L-8-19-M-81 13 62 713  j 

(c) 

"Samples had bubbles 

(b)    GW Case 

The GIW case was wound on 12 and 13 October. Winding time (including 
machine adjustments) for the case was 26 hours.  Problems encountered 
during winding included:  (l) difficulty in controlling hydraulic oil 
temperature and, therefore, machine smoothness, (2) drift of the locked- 
out Y-axis during circ winding, (3) hangup of the X-axis system during 
the circ winding, (4) binding in the tailstock machine bearing causing 
variation in mandrel RIM, and (5) inability of the cure cart to rotate 
the motor during cure. 

During cure, the motor was manually rotated 180 degrees every 10 minutes 
for 1 hour then at 15-minute intervals for 1 hour. 

The case, B-2401, was wound to flightweight requirements of 1004 ends 
per inch in the helix wrap and 1480 ends per inch in the circ wrap. 
Five-inch long skirts, extending from the cylinder section forward and 
aft, were integrally wound with the circ wrap.  The helix was wound in 
two covers and the circ in eight covers. 
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(c) 

(c) 

The helix wrap was more uniform than on the previous development GIW 
case, B-2415.  This uniformity improvement was attributed to shifting 
the pattern slightly forward during the first cover and slightly aft 
during the second cover to improve pattern stability. 

The circ wrap also was smoother than B-2415«  This was accomplished by 
removing slack from the cam drive system and using a different delivery 
feed eye to obtain a wider, overlapping pattern. 

Both skirts were fabricated, although it was realized that the forward 
skirt would be structurally inadequate due to excessive skirt tooling 
deflection.  The discontinuity was not expected to affect the case test, 
and it was desirable to include in this test the effect of the skirt 
cloth which extends into the cylinder.  The aft skirt was not as smooth 
as desirable due to excess resin in the cloth, insufficient B-staging, 
and oversized, restricted motor diameter.  These problems were corrected 
on future cases. 

Case appearance was also improved by a reduction in surface resin on 
the cured case, which also indicated a lower resin content than the 24.3 
weight percent obtained on B-2415. 

Weights and dimensions of B-2401 are shown in Tables XXCIX and XC. 
As indicated, the weight of the case, 5^'6 pounds, is an estimated 
figure. Actual weight is not available due to a change of spindles 
during setup for case winding; no subsequent weight was obtained.  There- 
fore, the weight obtained after case winding could not be compared to 
the weight of the restricted grain to obtain case weight. A case weight 
which does not require spindle weight was calculated by the use of other 
we ig'its obtained during processing.  A value of 60.2 pounds was obtained. 
However, this weight does not appear realistic in view of the facts that 
actual glass weight is known, and resin content is visibly lower than 
the 24.3 weight percent obtained on B-2415.  The 60.2-pound weight would 
indicate a resin content of 27.5 weight percent. 

. 
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TABLE XXCIX 

DIMENSIONS AND WEIGHTS OP GIV CASE B-2401, MOTOR B-2001 

B-2401 Dimensions                                           | 

|  Restricted Mandrel CD, in. 

Forward 36.075 

i    Center 36.050   | 
i 

Aft 36.033 

Average 36.053 

Cured Case CD, in 

;    Center 36.217 

Indicated Case Thickness, in. 

Center 0.083    | 

Skirt OD (before skirt mandrel removal), in. 

Forward (10 cloth layers) 36.170   | 

Aft (14 cloth layers) 36.268 

Skirt ID, in. 

Forward 35880   | 

Aft 35.880   | 

Skirt Thickness, in. 

Forward (10 cloth layers) 0.145 

Aft (14 cloth layers) 0.194 

Diameters after Skirt Ring Installation and 
Mandrel Washout, in. . 

Forward Skirt 
■ 

rr Tape 36.148   1 

Caliphers (2 readings) 36.136 

Cylinder 

rr Tape 36.187 

Calipers (6 readings) 36.155 

Aft Skirt 

rr Tape 36.183   1 

Calipers (2 readings) 36.237   1 o 
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TABLE XXCIX 

(Continued) 

Lengths, in. 

Boss to Boss 

|     After Mandrel Washout 62.l6q   ' 

Prior to Testing 62.134 

Cylinder (set by restrictor template) 36.75 

1   Skirt Length 4.qi   | 

Skirt to Skirt (sot by adjustable skirt stops) 46.57 

1   Skirt Ring to Skirt Ring 55.00 

B-2401 Weights, lb 

i Helix Roving 17.01 

Circ Roving 1542 

Aft Skirt Cloth 5.44     | 

t Forward Skirt Cloth 3.80 

j   Total Glass 42.66    | 

| Estimated Resin at 20 Wt i 10.67    j 

I        Glass and Resin 55.33 

Skirt Fill Groraraets 1.30    j 

Estimated Total Weight 54.65    j 
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TABLE XC 

MOTOR B-2001 WEIGHT HISTOHST AND ALUMINUM PERCENT 

Component Weight,  lb Component Assembly 

1580.80 Sand,  spindle, tenite, RTV 1580.80 

13.17 Load rings 1593.97 
2.70 (est) Threaded load ring 1596.67 

10.29 Aft boss 1606.96 

13.43 Forward boss 1620.39 

18.41 Split rings 1638.80 

4.00  (est) Tape 1642.80 

306.44 Wire 1949.24 

1441.76 Propel lant 3391.00 

10.72 GPW flange 3401.72 

54.58 Restrictor  (R-143) 3456.30 

60.20 GIW case .      3516.50 

46.14 Skirt rings 3562.64 

1603.21 Sand,   spindle,  tape, RTV, 
and split rings 

1959.43 

Aluminum Percentage 

306 .44 lb wire x 100                              „^ 
306.44 lb wii re + 1441.76 lb propelleit " 1"^' 

(4) Postwinding Procedures 

The mandrel was washed out in shorter time than Motor A mandrels. The 
Motor B mandrel support tube projected out the lower aft end and 
allowed a better seal of tap«? and polyethylene to be applied as a cap. 
This cap held water and allowed soaking, until the support tube 
slipped downward enough to knock the cap loose. Removal of this sup- 
port tube caused considerable time delay. The hoist used to lift the 
motor away from the support tube is not located high enough above the 
ground to clear the length of the support tube without repositioning 
the Rieumagrip fixture holding the motor. 

o 
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After removal of the support tube and lightening tubes, the split rings 
were removed to avoid the possibility of the rings falling and causing 
damage to the liner or grain. However, when they were removed, the 
outside surface stuck to the liner. As a result the liner was pulled 
away from the grain.  This allowed some water to reach the grain surface. 
After liner removal, the grain surface was dried with rags. 

A visual inspection showed the internal grain surface to be in good con- 
dition. A 100 F oven was not readily available so the fan was connected 
and cell air was moved through the grain until the oven was ready.  The 
grain was dried for 2 hours at 100 F, 2 hours at 120 F and 2 hours at 
130 F.  Time elapsed from the first addition of water until the grain 
went into the oven was approximately ^.33 hours.  Further inspection of 
the inner surface revealed no water damage. 

(3)  Final Assembly 

After instrumentation (strain gages) had been applied to the interior 
surface of the reinforced grain, the interior surface was coated with 
seven applications of LAGZ coating for water protection during hydro- 
test. While the LAGZ coating operation was being performed, the exter- 
nal instrumentation (strain gages) was applied. After the LAGZ coating 
dried, the motor was sent to X-ray for tangential X-rays at the liner- 
to-grain and case-to-liner interfaces; no defect indications were dis- 
covered in the tangential shots.  The motor was then sent to the test 
area for testing. 

b.  Testing 

(c)  Motor B-2001 was originally scheduled for pressurization to failure to 
determine the ultimate strength of the Motor B RFG/GFVT case composite. 
However, based on an AF directive from Edwards AFB, the test was re- 
scheduled to include two pressure cycles to 1170 psig followed by pres- 
surization to failure.  Subsequently, additional strain gages were added 
to the external surface of the motor to provide substitute instrumen- 
tation in case of damage during the initial pressure cycles.  Previous 
tests of this type resulted in permanent loss of a portion of the in- 
strumentation, therefore, the additional gages were added in an attempt 
to provide sufficient data even if a major portion of the gages failed. 
The test plan was changed to reflect the AF directive and testing was 
initiated on 2? October 1964 (Fig. 296). 
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2YA32-10/27/64MIA 
Figure 296, Closeup of Motor Prior to Testing Cycle 
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(l) Analysis 

(C) Maxiumm recorded FIFG and GFV case strains are shown in Table XCI.  The 
GFW hoop strains were somewhat less than expected. For the Phase 1 
maximum pressure of 1150 psig, maximum hoop strain in the cylindrical 
portion of the GFV case was 0.895^ as shown in Table XCI  and was well 
below the 3»0^ expected strain at rupture. Maximum strain in the for- 
ward dome was 0.597%  at Gauge 53 whereas the maximum strain in the aft 
dome was 1.01^ at Gauge 21.  (Strain gauge locations are shown in Fig. 
297).  Both of these strains were also well below 3-0^ and occurred 
at points very close to the polar bosses, illustrating a localized con- 
dition. The maximum internal hoop strain at the inner surface of the 
grain was 1.49^ at Gauge 31A.  This strain was also less than the ex- 
pected wire rupture strain of 5^« 

(c)  The 1150-psig pressure was removed and the motor was visually inspected. 
No external case damage was detected.  Circumferential ridges were found 
in the forward dome area inside the motor.  It could not be definitely 
concluded whether the ridges were caused by water between layers of IAGZ 
coating, water between IAGZ coating and grain, ridges of IAGZ coating, or 
by a buckled RFG layer. Figures 298 and  299 show the motor after 
the first pressure cycle.  Figure 300 shows pressure vs time for the 
first phase. 

(c)  The strain gauges V«re then zeroed and Hiase 2 was initiated.  The maxi- 
mum pressure obtaiF .d was approximately 1160 psig.  Hoop strains in the 
cylindrical portion of the GFW case were, in general, 0.2 to 0.3$ lower 
than those recorded during Phase 1.  The maximum strain in the forward 
dome was 0.624^ at Gauge 21.  Internal hoop strains at the inside sur- 
face of the grain were generally 0.6^ lower than those found in Phase 1 
with the maximum strain in Phase 2 equal to 1.052^ recorded at Gauge 
31A.  The 1160-psig pressure was removed and another visual inspection 
performed.  External observations revealed crazing of the resin due to 
longitudinal growth of the motor.  This was verified by a dimensional 
check of the unit which showed that the motor had increased in length 
by about 0.010 inch during Phase 2.  Internal inspection revealed the 
same ridges again in the forward dome region and they were more severe 
than those noted after Phase 1.  The IAGZ coating was torn over one of 
the ridges to determine the nature of the ridge and it was definitely 
confirmed that the RFG had buckled when it was depressurized.  Figures 
301  and 302 show the motor after Phase 2 testing.  Pressure vs time 
for Phase 2 is shown in Fig. 303, 
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TABLE XCI 

MAXIMUM RECORDED RFG AND GfV CASE STRAINS 

Hiase 
Number 

Maximum 
Pressure» 

psig 

Maximum Strain Micro-in./in. 

GFV Case RFG 

Cylinder 
Hoop 

Forward 
Dome 

Aft 
Dome 

Inside 
Hoop 

1 

2 

3 
(ify-droburst) 

1150 

1160 

1430 

8,950 

5,850 

13,250 

5,970 

6,240 

8,430 

10,100 

8,650 

10,700 

14,900 

10,520 

16,980* 

*Last recorded strain before losing gauge at 1401 psig 

O 
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PREVIOUS PAGE WAS BUNK. THEREPOHB WAS NOT FUMBD _J 

Figure  298- Forward Dome,   Internal,  After First Pressure 
Cycle   (Note:     Buckled grain under LAGZ 
coating) 
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Figure 299- Aft Dome, Internal, After First 
Pressure Cycle 
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(c) The gauges were zeroed again and Phase 3 (hydroburst) connnenced.  During 
Phase 3 the motor reached its maximum pressure of 1430 psig. At that 
time the pressure decreased to about 560 psig and the test was termi- 
nated. Maximum hoop strain in the cylindrical portion of the GW  case 
was 1.325/& at Gauge 47. Maximum GFV case strain in the forward dome 
was 0.843^ at Gauge 53 whereas in the aft dome the maximum strain was 
1.07^ at Gauge 21.  The maximum internal hoop strain at the inner sur- 
face of the grain occurred at Gauge 29 and was 1.698^ for a pressure of 
1401 psig. 

Visual inspection revealed heavy resin crazing on the cylinder of the 
GW  case and the forward dome, with light crazing on the aft dome.  Two 
internal longitudinal buckles about 4 inches wide and 3 inches high ran 
the full length of the cylindrical section.  These ridges were about 
180 degrees apart.  The forward dome buckles that were present at the 
end of the second cycle increased in size and at the largest place were 
oval shaped with dimensions about 7 by 3 by 3 inches high.  Further 
inspection revealed that the grain had failed in this buckled region of 
the forward dome and that the water had passed through or by the lAGZ 
coating into the grain.  Figures 304 through 308 show the motor after 
Phase 3. 

Replots of reduced data for Phase 3, Fig. 309 show strain vs pressure 
only to the point of maximum pressure.  The recorded digital data, how- 
ever, show longitudinal GPW case strain continued to increase although 
chamber pressure was decreasing.  This increase of GW  case strain and 
a corresponding decrease in chamber pressure has been observed in all 
BFG/GW motor hydrotests when the RFG ruptures without rupturing the 
GFV case. GW  case strains increase because the chamber pressure acts 
directly on the case when the RFG fails, rather than on the composite 
structure.  The increased GFV case strain and resultant increase in 
volume caused the sudden decrease in chamber pressure. 

(c) Extrapolation of the test pressure-vs-strain curve. Fig. 310 indicates 
the GFV case would not have ruptured until the chamber pressure reached 
approximately 1850 psig if the RFG had not ruptured first.  The rela- 
tively low burst pressure of the RFG (1430 psig) is attributed to the 
fact that the aluminum wires on the inside surface of the RFG were 
loaded beyond the yield point twice before the hydroburst cycle (Phase 
3). Even with the cyclical loading, however, the rupture pressure was 
14.4JC higher than the required design ultimate pressure of 1250 psig. 
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Figure 304. External View After Third Pressure Cycle 
(Note: Water) 

670 

- -- - — - - - 



CONFIDENTIAL 

x 

i 
IT 

- u 
9 a* 
9) -0 
93 C 
0) •- 

0- >. 
u 

I- 0 
- > 

fc. e 

CM OJ 

< E 

a -r 
r - 
h cc 

c o 

S c 
c -u 
Q c 
— -^ ^ 

<C d  — 5 - ^ 
Lou 
O >.  3 

|*i O X 

in 
o 

- 

671 

CONFIDENTIAL 

.**«. H^^^^^MBMHl MMMMfJ mmm 



CONFIDENTIAL 

'sO 

00 

: 

i 
in 

d)   be 
pH   C 

>. c 

-ö  o 
•- u 
Si   CO 

o 
u a 

■H d 
O 

- u 
er        U 
C   bl a; 
^    C   TS 
OJ ■-   c 

-fJ   f^   -H 

ß -^ ^ I—I    O    >^ 

- (8 

i.. i 
O   4> •« 

+9    O   ■« 
«M   Z     C 
<^^ a 

o 
tn 

u 
H 

■H 

672 

CONFIDENTIAL 

- ^- ^—M^^^^BB 



CONFIDENTIAL 

> 

0" 

—• 

01 
—1 

o 
>. u bt 

e 
0^ 
u 
3 

a» 

0. 

(C 
0 
u 

o 
0) < 

^  tn iJ 
«  o 

■H e «H 
x -i   c 

4J    > 
lH    C 
•s1   E 

• OS 
-H WD 

CO   M C 
C     C   -r- 
:-  --   ~ 

e o 

> 
S 

B < 
c U 
Q 

—i     0) 

< ^   o- ^- 

I- 

o 
kl 
a 
bl 

I 

673 

CONFIDENTIAL 

  mm** m^i 



CONFIDENTIAL 

31 

I 
ir 

CJ 
T3 
0) 
> o 
B 
a 
» 
U 
Zi 
a 

o 

a 
a 
u 
0) 

e 

0) 
B c 
Q 

'- 
CD 

u 
a © 

u 
fc< - 
a  o 

H 00 

a»  a; 

O    CO 
Z   E 

X 
w       O —   - 
>. a 
u   CO 

-   4; 

09 Jrd 
(0   u 
O    3 

a. 
a* 

■O B ^  o 
■H   T3 

CD 

O 

9i 

lH    C 
<   lH 

a^ a 

X 
o 

a 

a 

674 

CONFIDENTIAL 

^MBMMaaMBMaiiaB^ MMHk «■MMfeMMMMÜ 



  

CONFIDENTIAL 

pTTranTTM 

O 
O 
01 

pd 
h 
o 

-p 
o 

h 
o 

01 
a 

CO 
> 
0) 
u 
a 
03 
CO 
0) 

o 

Oi 
SH 

3 
bt 

-OISJ 'sxnsfiM, 

675 

CONFIDENTIAL 
^\ 



CONFIDENTIAL 

8Tsd   'ajnseaaj 

CONFIDENTIAL 

.«^^j 



r 

L 

• 

!■ . .. . ,.      . ■   . -■      — ■„ ■■ ■ ■ »    - 

CONFIDENTIAL 

(2)  Conclusions and Recommendations 

Two theoretical analyses, which were not available when the motor was 
designed, are compared to test results to evaluate both methods of 
analysis.  References 22 and 23 «re theoretical methods which have been 
utilized to establish separate computer programs. After the descriptive 
physical characteristics of the materials involved are selected for the 
computer, it solves the elastic- plastic equations and prints out values 
of the desired parameters.  Therefore, the curves plotted in this re- 
port for both references utilize the computer print out for the partic- 
ular elastic-plastic solution. 

(c) Figure 310 is a plot of internal pressure vs hoop strain in the glass 
case.  Although both references agree very closely with test results, 
Ref. 22 is more accurate in the elastic region up to a pressure of about 
850 psig.  From this point onward, Ref. 23 has much better correlation; 
It should be noted that the residual hoop strains in the Gf¥ case from 
test Phases 1 and 2 have been added to the strain obtained in Phase 3* 
This extends the pressure vs strain curve and allows a broader range 
for comparison.  For an allowable hoop strain in the G?V case of 1.0^, 
the extrapolated burst pressure for a single pressure cycle from test 
data would be about 1830 psig.  Based on extrapolation of theory, Rei. 
2 tends to be closer than Ref. 22 in predicting burst pressure.  A better 
evaluation would have been possible if the motor had been hydrotested 
to rupture in only one cycle. 

(c)  Internal pressure vs hoop strain at the inner surface of the RFG is 
shown in Fig. 311.   In the elastic region, Ref. 2 more closely follows 
test results and the Hiase 1 test termination point lieü nearly on the 
Ref. 23 curve.  Due to the inelastic strains developed on the inner sin- 
face of the RFG, the strains from Phases 1 and 2 cannot be added to 
Phase 3 strain.  Therefore, only Phase 1 strain is plotted.  If the 
motor had been pressurized to failure on a one-cycle basis and the 
curve from test could be extrapolated, the predicted burst pressure 
from test would be about 1750 psig based on an allowable strain in the 
RFG of 5.00^.  This would compare very favorably with the predicted 
burst pressure of about 1800 psig from the Ref. 22 curve (Layer 1 ) 
whereas Ref. 23 predicts about I65O psig.  Although the strain gauge 
was near the skirt, the induced discontinuity strains should have been 
small. A final evaluation in this region may be made only with addi- 
tional data from a one-cycle burst test. 
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(c) 
k 

Figure 312 represents plots of composite hoop stress vs composite 
hoop strain in the hoop wrap of the GFV case.  Both stress and strain 
were calculated using the theoretical results of the two analyses and 
show good agreement.  Composite hoop stress vs hoop strain for the 
total GFV case wall is also shown in Fig. 312. 

Hoop stress vs hoop strain at the inner surface of the RFG is shown in 
Fig. yij.       The curve was obtained using Ref. 23 analysis and shows a 
significant decrease in hoop stress after reaching a maximum value of 
about ^400 psi.  This decrease is typical for the maximum shear theory 
of yielding utilized in Hef. 22. 

All of the data shown in Figs. 310 through 313 were calculated by 
a digital computer. An IBM 7094 and 1401 is used for Ref. 22 and 23 
respectively. 

Based on the results of the test and analyses, the following conclusions 
are drawn: 

I 

1. 

2. 

3- 

4. 

Structural performance of Motor B-2001 exceeded design 
requirements although the motor was subjected to two 
pressur-; cycles prior to hydroburst. 

Reference 23 theoretical data show better correlation 
with GPW case test data than Ref. 22. A final evaluation 
of RFG theoretical data may be made only with additional 
one-cycle burst tests. 

More test data are needed to provide a conclusive 
evaluation of the referenced analyses.  The tests should 
be conducted on a one-cycle-to-rupture basis to provide 
better test data as well as to assist in establishing 
the validity of the two methods of analysis. 

Strain gauge instrumentation functioned satisfactorily 
with a minimum loss of gauges during the three phases 
of tests. 
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2.  MOTOR B-2002 

(C) This motor employed a testweight, cylindrical restrictor thickness of 
0.38 inch.  This increase in thickness was based on a preliminary esti- 
mation of the insulation requirements for the longer tail-off time ex- 
pected in Motor B.  Consequently, about 20 to 25 wire covers were omitted 
from the 9th and 10th intermediate layers to allow for the increased re- 
strictor thickness and to maintain the same outer restrictor contour and 
diameter. 

(c) The GJW case for Motor B-2002 was a testweight component.  Calculated 
ultimate pressure was 1250 psig at 200 F, which is twice the flight- 
weight case design ultimate pressure. 

Tables XCII and XCIII present the estimate of Motor B-2002 performance, 
weight summary, and mass fraction.  These data reflect the design changes 
in the heavyweight motor (i.e., increased case, liner, and insulation 
thickness and decreased propellant weight). 

a.  Fabrication 

(l) Equipment 

The same equipment used in fabricating motor B-2001 was used in B-2002 
except new handling fixtures and protection shrouds were used for the 
first time. 

0 

The new 13 MEV linear accelerator was used to X-ray this motor. 

(2)    Materials 

The  flightweight  titanium polar flange was replaced with a heavyweight 
steel  flange to accommodate  the  testweight glass case.     An external 
polar flange was also added to this motor to  reinforce  the case at the 
aft polar boss. 

Input from Motor A-1004  test firing  indicated  that  the aft polar boss 
of Motor B, which was designed from A-10Ü2 data,  did not have adequate 
thermal  protection.     Since  B-2002 was already being fabricated, a fix 
was designed tor the motor. 

o 
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TABLE XCII 

MOTOR B-2002 ESTIMATED BALLISTIC PERFORMANCE 

Nozzle Expansion Ratio:  10:1 
Atmospheric Pressure: 14.7 psia 

Motor Temperature: 60 F 

Motor                                1 

Average pressure, psia 1   570 
Average thrust, lb 17,290 

j Total impulse, lb-sec 639,800 \ 

Action time, sec 37.0 

Maximum pressure, psia 800    | 

| Maximum thrust, lb 25,550 

I I at motor cond, lb-sec/lb Is 216.5  1 

1 1° at 1000 psia, lb-sec/lb 242.2  \ 

j Impulse to weight ratio 193.4 

| Core Grain                          | 

1, Average pressure, psia 760    | 

j Average thrust, lb 23,900 

| Total impulse, lb-sec 266,300 ! 

1 Duration, sec 11.1     ! 

1° at 1000 psia, lb-sec/lb 250.0    ! 

Reinforced Grain                     j 

i Average pressure, psia 485 

Average thrust, lb 14,420  1 

Total impulse, lb-sec 373,500 

Duration, sec 25.9 

1° at 1000 psia, lb-sec/lb 
1    **                                            i 

235.7  j 
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TABLE XCIII 

MOTOR B-2002 ESTIMATED WEIGHT SUMMARY 

AND MASS FRACTION 

Pr ope11ant 

Core  grain 

Reinforced grain 

Igniter Combustibles 

Weight,   lb 

1334.47 

1619.70 

0.55 
Total Propellant Weight 2954.72 

Inerts 

Case  and skirts 

Liner 

Nozzle and closure 

Aft polar boss,  load rings,  flanges, 
studs,  and nuts 

Forward polar boss and load rings 

Igniter assembly 

Forward floater 

Aft doubler, plastic ring,  and filler 

96.00 

95.36 

63.33 

48.95 

28.36 

2.63 

3.00 

15.03 

Total   Inert Weight 352.66 

Total Motor Weight 3307.38 

Mass Fraction 0.893 
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The  fix consisted of a circular ring, machined   to fit  the entrance cone 
lip of the existing B-2002  polar boss.    The ring was  fabricated  from a 
molded fillet of U.S.  Polymeric  FM 5064 graphite reinforced molding com- 
pound. 

The  ring was fabricated in halves to permit insertion into  the motor. 
A scarf joint was provided at the parting  line  and the gap held to a 
minimum by forming the ring into two complete halves. 

To provide  stress relief  for the core grain after cure, a  simple doubler 
was  fabricated from two sheets of R-147 restrictor.     The ring and doubler 
were  installed as shown in Fig.   314. 

NOTE:    Dotted Area Indicates 
Existing Polar Boss 
Parts 

R-147 Restrictor 

Glass Cloth Doubler 
Rr-140 Restrictor 

Filler (EPON 815) 
Filler 

RFG 
Filler Ring; 
IM 5064 
Molding Compound 

Filler Adhesive 

Figure 314. Ring and Doubler Installation; 
Motor B-2002 Aft Polar Boss Area 
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The ring was  inserted  first  and bonded  in place with RPR 2138  adhesive. 
Enough excess adhesive was applied to form a fillet vhich completely 
covered the  first  load ring.     The   remaining space  behind the  polar boss 
lip was filled with R-140 restrictor to  provide a  flat  bonding surface 
for the doubler.     The doubler was   then bonded in  place with R-140 
adhesive. 

To complete   the  installation,  the   doubler gap existing after  core  grain 
cure was filled with Epon 815 and  EC-1949 adhesive as  shown in Fig.  3H. 

Some  trouble was  experienced  in obtaining sound insulation liners  of 
MX-2646 for both  forward and aft polar bosses to be installed in Motor 
B-2002.     Both liners appeared to have numerous cracks after final 
machining,   so they were removed and replaced with  liners made   from 
material that had  passed careful X-ray and dye-penetrant  inspection. 
After final machining,   the  replacement  forward polar boss  liner again 
showed three   small hair-line  cracks about 0.23 inch long.    A recheck of 
the X-rays gave some indication that the cracks might have been over- 
looked during the   first inspection. 

After an evaluation of the severity of the cracks and of the environ- 
mental requirements of B-2002, the liner was repaired by covering the 
cracks with a 0.060-inch thick layer of RPR-2138. 

. 

(3)    Processing 

(a)    Grain Winding and Restriction 

(C)    Winding was  initiated on 4 December,  and finished  10 December.     Several 
of the ninth  and tenth  intermediate  layers were omitted on this grain 
to allow for  a restrictor thickness of 0.38  inch.     This  resulted in an 
average reduction  in the web  thickness  from 4.5 to 4.14   inches.    Detail 
data  for the winding operation are   presented in Table  XCIV.       The 
aluminum content was 17-4^.     After  RFG cure,   a wipe coat  of R-143 re- 
strictor was  applied and cured for   16 hours at 170 F.    After the wipe 
coat was cured,   13  thermocouples were attached to each end of  the  grain 
as  shown in Fig.   315. 
bosses. 

The testweight (steel) aft case flange was installed and the grain re- 
striction completed. Holes were provided in the case flange to permit 
exit   of   Llie    thermocouple   leads. 
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Figure 315 Motor B-2002, Thermocouple Locations 
(Forward End) 

(c)  After cure, the restrictor thickness in the cylinder was less than the 
required minimum thickness (0.38 inch). An additional 0.06-inch layer 
was applied to obtain the minimum target value and cured for 24 hours 
at 170 F.  The restrictor weighed 124.0 pounds. 

Contour traces were made before and after grain restriction at 90-degree 
intervals.  The average minimum restrictor thicknesses were: 

c 

(c) 

Forward, Aft, 
in. m. 

Cylinder 0.401 0.424 

Dome 0.401 0.500 

Propellant burning rates and ambient mechanical properties are presented 
in Table XCV. 

(b) GW  Case 

Motor B-2002 testweight case was wound on 7 and 8 January with a winding 
time of 27 hours.     Helix winding time was about 3«5 hours  per cover 
using the dome   speed-up system.     Mandrel  speed when winding along the 
cylinder was  1.6 rpm,  peak speed in the dome portion of the cycle was 
6—7 rpm,  and the over-all average   speed was 2.4—2.5 rpm. 

o 

.,— 
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TABLE XCV 

B-2002 RFG PROPELLANT BURNING RATES AND 

AMBIENT MECHANICAL PROPERTIES 

| Cycle Type Mix No. 
Strand Rate, 

in./sec at psi em, % Sm. Psi E, psi 

i  1 512 L-11-13-M81 0.320 at 1015 15 146 1532 I 

1  2 514 L-11-16-M81 0.254 at 695 17 176 1558 

3 514 L-11-16-M82 0.22? at 645 23 167 1191 

4 514 L-11-17-M81 0.193 at 595  ; 
I5 

185 1713 

5 523 L-11-I9-M8I 0.169 at 545 83 135 878 

6 523 L-11-19-M82 0.149 at 495 24 102 640 

7 523 L-10-28-M82 0.132 at 440 24 89 577 

8 523 L-10-28-M82 0.128 at 400 24 89 577 

9 523 L-11-20-M81 0.127 at 400 26 65 418 l 

10 523 L-10-27-M81 0.127 at 400 19  ! 125 1050 1 

1 11 
(GI) 

523 L-10-27-M81 0.127 at 400 19 125 1050 

Core 526 M-1-17-M301 0.461 at 760 3« 200 837 

Core 526 M-1-18-M81 0.469 at 760 35 159 654 

Core 526 M-1-18-M82 0.461 at 760 38 196 802 | 

(C)  Results showed that use of the dome speed-up system, which increases 
mandrel rotation speed in the dome portions of the winding cycle, in- 
creased average helix winding speed by 50^ and decreased winding time 
by one third.  This increase in winding speed is not only desirable, 
but when processing a heavyweight case the decrease in time is necessary 
to permit completion of a helix cover within the 4-hour resin pot life. 

(c)  Emphasis was placed on removal of excess resin from the case in an 
effort to obtain the target content of 20^ by weight. A very favorable 
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(c) 21.2^ was obtained, compared to 24.3/f and 23.3^ on Fabrication Develop- 
ment Cases B-2415 and B-P1416 respectively.  The decrease is more signif- 
icant since this case was of heavier construction, making excess resin 
removal more difficult.  The excess resin removal was accomplished by 
applying glass bleeder cloth, pressurizing with dry roving, and applying 
heat to reduce resin viscosity and increase resin migration.  Particular 
attention was given to removing as much surface resin as possible prior 
to applying the bleeder cloth to make the dry wrap more effective.  Resin 
was removed from the domes by rubber squeegees and absorbent toweling. 

Uniformity of the helix winding pattern was good, and the circ wrap was 
very smooth and flat, as experienced previously on Motor B cases.  There 
were slight tapered depressions in the skirt-to-dome fill area, but roving 
laydown in these areas was good and ther^ were no sudden discontinuities 
or protrusion of the cloth.  The silastic fill extrusion had been re- 
designed to more closely match the Motor B dome. 

Design and winding parameters of the case as fabricated are shewn below: 

Helix Wrap 

(c) 

(c) 

(c) 

Helix Angle,  degrees 
Pattern 
Glass Density, ends per inch, total 
Covers 
Balls 12-end Roving 
Estimated Thickness,   in. 

Circ Wrap 

Pattern, degrees 
Glass Density, ends per inch, total 
Covers 
Balls 12-end Roving 
Estimated Thickness,   in. 

15.3 
9/8 
1806 
3 
6 
0.063 

90  sequential 
3400 
8 
6 
0.119 

Dimensions of the case winding and weights of the case components are 
shown in Table XCVI.  Total case weight was 1.06 pounds greater than 
predicted, 98.00 vs96.94 pounds.  The total glass roving weight was 
0.64 pound less and the resin weight was 1.26 pounds more than pre- 
dicted.  The skirt-to-dome transition fill was 0.44 pound heavier than 
predicted because a greater fill width was required. 

o 
692 

CONFIDENTIAL 

- J4    ■■A^» 



t 
CONFIDENT«!! 

TABLE XCVI 

DIMENSIONS AND WEIGHTS OF MOTOR B-2002 GJV CASE 

Dimensions, in. 

Thicknesses 

Case OD 
Case ID 
Actual Thickness 
Predicted Thickness 

Diameters after skirt ring 
installation and mandrel 
washout 

Case OD 

Lengths 

Boss-to-boss 

Cylinder 
Skirt 
Skirt to skirt 
Skirt ring to skirt ring 

Weights, lb 

Helix roving 
Circ roving 
Aft skirt cloth, calc 
Forward skirt cloth, calc 

Total Glass 

Resin 

Case weight 
Skirt-to-dome fill 

Total 

-FVd  Skirt center 

36.300W 
35.880^ 
0.210 
0.217 

36.265 

Resin content  = ^1    -    21   9v  TT 
96.56    ~    J1-2/S  (by weight) 

J^i-sir^content 2o.o*  (by veight) 

(2) 
Before skirt mandrel  removal 

Before washout 

36.100 

62.26 
62.2? 
36.94 
4.84 

46.62 
55.88 

Actual 

32.35 
34.43 
5.44 
3.89 

36.150(2) 
35.820^ 
0.165 
0.182 

36 

96.56 
1.44 

98.00 

i6.388(^ 
35.880^ 
0.254 
0.253 

36.365 

Predicted 

32.43 
34.99 
5.44 
3.89 

95.94 
1.00 

96.94 

Skirt mandrel OD 
(4) 

Restrictor OD, center 
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(4) Postwinding Procedures 

Motor B-2002 mandrel was washed out on 10 January and the new handling 
fixture and protective shrouds were used for the first time. Approxi- 
mately 2 hours elapsed between water addition and washout completion. 
The liner was removed and no water was apparent behind the liner.  The 
motor was dried in the oven for 2 hours at 100 F and 2 hours at 120 F. 

After removal from the oven, the aft entrance liner (FM-5064) was in- 
stalled. RPR-2138 (asbestos-loaded epoxy) was used to bond the liner 
in place and cover the first load ring. After adhesive cure, 1.2  pounds 
of R-140 were used to fill and contour the aft section of the RFG around 
the aft entrance liner.  The R-140 was cured for 12 hours at 170 F.  The 
forward and aft doublers (restrictors) were bonded in place under load 
and the R-140 adhesive cured for 12 hours. 

(c)  The boss-to-boss dimension was 62.18 inches, (0.26 inch less than the 
nominal design value).  Because of the casting tooling setup, this re- 
sulted in a 0.26-inch reduction of the forward web. 

(c)  To maintain design burnout characteristics, the forward conicyl was 
modified by removing 0.26 inch of material from the flat side and de- 
creasing the base radius from 0.80 to 0.60 inch.  This permitted move- 
ment of the conicyl inward, thus maintaining the core grain web at the 
design value. 

(c)  The core mandrel was installed in the motor with no difficulties. After 
a 24-hour preheat period, the pit was evacuated for casting.  It was 
planned to cast the entire core with one 300-gallon mix.  However, due 
to the alignment of the casting plate with the boss, the casting rate 
was limited and the practical pot life of the propellant expired prior 
to casting completion.  IVo additional 25-gallon mixes were required to 
complete casting.  Since no 25-gallon mixes were planned, a time inter- 
val of 14.75 hours occurred between the first and second mixes.  Previous 
motors have been cast with four 25-gallon mixes with a maximum of 6 hours 
between the second and third mixes.  However, based on previous tests and 
experience, no interface bond problems were expected as a result of this 
delay.  Core propellant weight was 1342.2 pounds. 

After a 24-hour cure, the forward end of the core was restricted with 
R-140, which cured concurrently with the core.  The core grain was 
cured for a total of 72 hours at 170 F. 
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After the core was cured and step cooled (5 P drop every 3 hours) mandrel 
removal began.  The forward conicyl was difficult to remove, primarily 
due to its inaccessability.  Also, some of the aluminum wedges in the 
star points stuck to the foam.  During the star point removal operations, 
the core was inadvertently cut in about seven places.  These cuts were 
about 1 inch long and up to 0.25 inch deep.  The cuts were filled with 
Epon 815/Versamid 140 under vacuum conditions concurrently with the 
filling of the aft doubler. 

Removal of the core mandrel revealed a misalignment of the core valleys 
with the thermocouples located in the restrictor.  Final torquing of 
the core mandrel tooling linkage on installation apparently rotated the 
core mandrel causing the misalignment.  This is a blind operation since 
the star points cannot be seen. 

(5)  Final Assembly 

Motor B-2002 was radiographed 30 January using the 13 MEV linear 
accelerator (Linac).  The inside load ring and doubler integrity, the 
core grain integrity, and the core grain-reinforced grain interface 
integrity, all areas impossible to evaluate in the past, were inspected. 

Separations at the inside load ring extending up approxima+ely 2.5 
inches in the reinforced grain about 0.25 inch away from the doubler 
were evident at both ends of the prain, showing that both bosses moved 
inward during grain fabrication,  Fig. 316.  Measurements of boss-to- 
boss lengths of all prior motors indicated that this had happened but 
this was the first time the results of the movement could be evaluated. 
Upon pressurization the bosses move outward and possibly seal this 
separation.  Since this was the first motor to be radiographed in this 
area and it had not been fired, a complete evaluation of the effects 
of these separations could not be made. 

At most load rings a low density area was evident, corresponding to 
the R-143 applied.  There was an apparent Je lamination of the third GI 
in the aft end of the grain.  This started about 0.5 inch from the boss 
and extended upward about 1 inch.  It was apparent in all views around 
the boss (see Fig. 317). 

A tear in the forward doubler interior (at the cloth line) was evident 
in one view only.  It was about 0.75 inch long and extended from the 
doubled cloth.  Fig. 318.  It probably did not affect the performance 
of the doubler in this motor although a cycled motor coula be endangered. 
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Low Density Areas 

Forward  Boss Aft Boss 

Figure 316.  Boss Movement 

Low Density Area 

Figure 317 •  Low Density Areas Near Bosses 
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Tear 

(c) 

Figure 318.  Forward Doubler Tear 

Radiographic inspection of the core grain-reinforced grain interface 
showed signs of separation. The liner-grain and liner-case were in- 
spected by tangential radiographs taken every 90 degrees. No separa- 
tion or other anomalies were evident at these interfaces. X-ray in- 
spection of the core grain and the RFG showed approximately 23 small, 
low-density areas (0.125 to 0.75 inch across). Most of them were in 
the reinforced grain. 

One faint shallow crack approximately 1 j/k  inch long by l/8 inch wide 
was visible 11 inches forward of the aft conicyl in the core grain. 
Subsequent visual examination verified that a crack existed in one of 
the star valleys.  This was first observed on 1 February, 14 days after 
core casting and 9 days after mandrel removal. All work on the motor 
was stopped and the fissure kept under observation. The fracture grew 
to about 7 inches x 3/l6 inch by 5 February (see Fig. 319). A number 
of small hairline surface cracks appeared but did not increase in size. 
Also, a crack or tear was visually noted at the forward edge of the 
forward conicyl as shown in Fig. 320. 

In an attempt to determine the cause of the cracking, the motor pro- 
cessing history was thoroughly examined and all data compared to Motor 
A processes.  This comparison is presented in Table XCVII.  Several 
differences existed; however, none conclusively accounted for the pro- 
pellant cracking.  The principal changes noted were: 

1. Use of 300-gallon mixer instead of the 25-gallon mixer 

2. Use of the highest-to-date percent (45^ of total A?) of 
fine ground oxidizer in the HDS-526 formulation.  To 
increase the burning rate, this percentage had been 
increased for each succeeding Motor A. 
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TABLE XCVII 

CORE PROCESSING DATA, MOTOR B-2002 AND MOTOR A 

-    Item V-IIHJ2 A-1001 A-1004 A-IOOI B-2002 

Tiaw-TeBperature aftoi- 2/100 2  100 a, loo 2  100 2/100 
Mandrel Vaahout.  hr/da« f 2/120 2, 120 2/120 

2/110 
2/120 
2/110 

2/120 

Time  Lapae 

Aftar NAPO Wipr  to Start 
of  Preheat     hr V) 10 (2nd viff) '12 1«1 11 

Preheat   tt: Caat,  hr ^5 22 22 11 51 
TOTAL •J 12 114 10 42 

Caating Hiatery 

Method k  29-gallon aixea Same  as A-1002 Saae aa A-1002 200-gallon ai» Half of aotor with 
with 4-   to (>-hi>ur for RDS-101; 100-gallon aixi 
lapae  between  1-2 21-gallon aii 14.75-hour lapae;             S 
and 1-4 for RD6-126 one 25-gallon a-»; 

4-hour lapae to 
final 

Caating Tiaa    hr 11.1 10 10 4 24 

Caating Ratr.   Ib/ain Ih 19 16 21   for RDS-Wl 
8 for IIDS-526 

17 on 25-gallon 
aixer 

Cure,  tir/dcg F 72/170 72/170 72/170 72/170 72/170 

Cooldovn,  hr 54  to 96 F 42 to 91 F 42 to 95 F 42 to 95 F 
( ompleted  2-4-65 

52 to «'5 F 
(ompleted   l/2l/65 

Ti»a Lapaa   fro« Cooldown to 
Noatle  Inatallation,  daya 10 (6-1-64) 2  (7-28-64) 6 (11-11-64) 

Propellant Propertiea 
■ 

Elongation at 77 F 17    18    19    44 18    15    40    14 12    14    40    18 31 19    15    18 
Tenaile at 77 F 114  160 110 161 176 171  181 ;75 166 148 168 166 171 200 159 1% 
Modulus at 77 F 612 69R 628 640 770 821 741 85V HI 692 726 681 879 817 654 802 

Burn Rate,   liquid 0.421  at 710 pata 0.428 at   750 ptla 0.411 at  750 pata 0.469 at 750 paia 0.461    0.469    0.461 

Durowler—Re« Pan Saaple: 
RDS-526 
Cut                        75 
Air                        77 
Polyethylene      81 

Pan Saaple: 
100-gallan 

Cut                        79 
21-gallon 

Cut                       75 
Air                       75 

(irain: 
Aft end 

On atar            85—86 
Inside star    80—86 
Center star    70—75 

Forward end 
On «tar           60—75 
Inaide  atar    85 

Forward 
Port                 65—75 

Raw Material!.  Lot  Nimbera 

AP 

200 aicron 7016-101-1-001 Saa* Saae Sane Saae 
7—11 «icron 7011-101-1-001 tow Saae Saae Saae 
Coarae-to-Finr Ratio 71:25 70:,0 67:11 51.41 55:45 

Butarez 7084-019-1-017 Saae Saae Saae Saae 

MAPO 7124-091-2-010 Saw Saae Saae Saae . 

Al 7026-116-1-007 7026-116-1-008 Saae 7026-116-1-007 702b-15»i-l-008 

Iron Oxide 7221-110-1-001 Saae Saae Saae Saae 

Circo  Light  Oil 7288-277-4-007 Samr Saae Saae Saae 

Heaarfca RFC wetted Boaa fell   into Motor had FH 5064 Motor caat  fro« Approx half of aotor 
during mandrel motor;  waa fix in aft end 200-gallon aiaer caat fioa 100-gallon 
waabout replared 

Doubler inatalled 
aixer;   1 -mainner   from 

Doubler   installed 
two   . i-gallon  aixea 
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» 3. A new formulation of polyurethane foam was used for the 
star points of the mandrel. 

4. 14-hour delay between casting of the first and second mixes 

5. Limited cast rate of 300-gallon mix due to casting plate 
alignment 

• 

The initial two changes 
were not expected to ca 
pellant. This is confi 
Also, the hardness data 
due to the foam change, 
first and second mixes 
face, the crack which d 
lant of the first mix. 

were within normal processing alterations and 
use inferior mechanical properties in the pro- 
rroed by the data presented in Table XCVII. 
of Table XCVII negates propellant degradation 
Although the 14-hour delay between casting the 

might be detrimental to bonding at their inter- 
eveloped was completely confined within propel- 

Although not conclusive, the excessive time and problems associated with 
casting the first mix offer the most substantiating evidence. As noted 
during the core casting discussion, the casting problems prohibited 
casting all the 300-gallon mix due to the pot life. Pot life is the 
period of time following mixing in which propellant viscosity remains 
low enough to permit acceptable casting. As the viscosity increases, 
casting (particularly deaeration) becomes more difficult. Therefore, 
it is possible that the propellant viscosity deterred adequate deaera- 
tion. Although the total void count as revealed by X-ray was not ex- 
cessive for a motor of this size, it is possible that the crack origi- 
nated with a subsurface void. A subsurface void is rationalized since 
the crack developed after mandrel removal. 

Location of the crack relative to the grain geometry plus the re-exam- 
ination of the stress analysis verified this circumstantial evidence. 
Utilizing propellent and photoelastic data, stress analysis reconfirmed 
that the allowable strain was above the most severe condition the pro- 
pellant would encounter. Review of the crack location and photoelastic 
data (Fig.  321 and  322) shows that the crack developed in an area 
surrounded by conditions of much greater stress. A failure affected by 
propellant overstrain would develop at star valley radii.  This latter 
evidence is hard to refute. 

Therefore, based on the data available, it is reasoned that the crack 
was initiated by a subsurface void or possible damage during mandrel 
remova1. 

3. MOTOR B-2003 

The redesign, necessary to change the polar boss step lengths and to 
provide additional thermal protection to the titanium structural com- 
ponents, was completed on Motor B-2003. 
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Points of 
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Crack 
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Figure 321.  Location of Crack in Star 
Valley of B-2002 Core 
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Figure   322.     Motor B Photoelastic Study 
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(C) Motor B-2OO3 used a modified aft polar boss with the extra insulation 
thickness and a doubler similar to B-2002. This approach was considered, 
to be more feasible sinch B-2003 was not to be subjected to low tempera- 
ture and more time would have been available to collect materials test 
data and information from the Motor B-2002 firing to apply to the de- 
sign for Motor B-2004 and subsequent motors. Since the function of the 
aft doubler is complex, it was highly desirable to have as much test 
data as possible before the final design was released. This would help 
hold design changes to a minimum and reduce the long lead times required 
to manufacture the doubler. 

A review of the Motor B program was presented during a conference at 
Edwards Air Force Base, February 23-25, 1965, which resulted in a decis- 
ion to stop all effort on this motor. 
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SECTION VIII 

MOTOR C I 

(c) The requirements originally set forth for Motor C specified the use of 
L beryllium in the core propellant and beryllium wire in the reinforced 

grain.  Due to procurement difficulties and cost of beryllium wire, the 
1 Motor C effort was terminated in the early part of the program and the 

design was not finalized. A resume of activities prior to termination 
of efforts follows. 

(C) 1. BERYLLIUM WIRE TECHNOLOGY 

Initial investigations concerning the feasibility of using beryllium 
wire in reinforced grains were concerned with evaluation of wire-propel- 
lant matrix bond strength and with development of winding techniques to 
overcome the tendency of wire to break in bending. Cleaning of wire 
sufficiently to obtain adequate bond strength reduced apparent physical 
properties.  However, this should be expected of a material which has 
less strength in the transverse direction, is notch sensitive, and is 
dependent upon surface effects for maximum strength. 

(c) Small lengths of wire approximately 2 mils, 5 mils, and 8 mils in dia- 
meter were obtained, both in annealed condition and as drawn. Variable 
success was encountered in attempts to wind on small diameter (0.75- to 
2-inch) mandrels. Breaking of cleaned wire under stresses imposed by the 
matrix compacting roller presented the principal problem.  Solution of 
the difficulty was achieved by proper distribution of the compacting 
force over larger areas of the built-up surface. Use of this technique 
as well as the avoidance of extreme bending of wire strands led to the 
winding of small beryllium reinforced composites. Development of accept- 
able wire-propellant bonds was achieved with bond strength of 200 psi 
indicated. 

(c) The procurement of beryllium wire was the major factor in the termination 
of Motor C. Wire of usable size, quantity, and physical properties could 
not be provided within the program schedule and costs. Two firms, Brush 
Beryllium Corporation and Beryllium Corporation (Berylco), were able to 
supply some quantity of wire. Also, beryllium aluminum alloy was under 
consideration at suspension of the beryllium technology development; how- 
ever, none of the alloy wire had been obtained. At termination of beryl- 
lium wire technology, a total of 0.275 pound and 0.385 pound of wire was 
received from Brush and Berylco, respectively. 
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2.  DESIGN 

The original requirements and objectives set forth for Motor C are shown 
in Table XCVIII. Performance requirements were very similar to those for 
Motor B, where both were specified for an altitude nozzle (expansion 
ratio of 23:1) and outside diameter of 36 inches. 

(c) The high strength beryllium wire permits a smaller reinforced grain web 
relative to Motor B. The larger amount of core propellant results in a 
longer duration at the higher pressure level. 

Estimated performance for Motor C based on the preliminary design is 
shown in Table XCIX. 

€ 

(c) TABLE XCVIII 

DESIGN REQUIREMENTS FOR MOTOR C 

(All performance parameters at vacuum conditions) 

j Minimum action time total impulse, lb-sec 800,000 1 

Average thrust at 60 F, lb 23,000  1 

| Maximum thrust at 60 F, lb 31,000 

I 
\   Specific impulse at 1000 psia, lb-sec/lb (vacuum, 300 
I 25:1 expansion, zero degree divergence angle) 

j Ignition delay, sec 0.100 1 

j Outside diameter, in. 36 

Over-all length, in. 90 

Skirt-to-skirt length, in. 40     j 

Total motor weight, lb (vith altitude nozzle. 3200   | 
skirts, igniter, TVC, and thrust reversal) 

Mass fraction 0.935  | 
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(c) TABLE XCIX 

MOTOR C ESTIMATED PERFORMANCE FROM PRELIMINARY DESIGN 

1 
Vacuum Performance (25:1 Nozzle) 

j     Temperature, deg F    j 

|  -75 60 170  1 

1  Maximum Thrust, lb 24,600 28,700 33,250 

|  Average Thrust, lb 20, no 23,290 27,260 1 

Maximum Pressure, psia 690 800 930 

j  Action Time, sec 39.8 34.4 29.4  ! 

\      Average Pressure, psia 560 650 760   I 

|  Total Impulse, lb-sec 801.300 801,300 801,300 | 

Delivered Specific Impulse (ispd) 
at Motor Conditions, lb-sec/lb 294.6 

Sea Level Performance (lü:l Test Nozzle) 

1  Maximum Thrust, lb 19,090 22,830 27,150 

Average Thrust, lb 15,620 18,530 22,260 1 

Action Time, sec 39.8 34.4 29.4   ! 

Maximum Pressure, psia 690 800 930    1 

Average Pressure, psia 560 650 760    i 

Total Impulse, lb-sec 621,900 637,400 654,200 j 

Delivered Specific Impulse, (tgpd) 
j  at Motor Conditions, lb-sec/lb 228.6 234.3 240.5  1 
Physical Data 

Initial Port Area, sq in. 39.0 

Initial Throat Area, sq in. 195 

Propellant Weight lb 2,720 

Prefired Inert Weight, lb 158 

Total Weight, lb 
j| 
2,878 

; 
1 

Mass Fraction 0.945 
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3.     HYGIENE AND SAFETY 

In support of the Motor C effort, industrial hygiene and safety programs 
were to he conducted for maintaining the hygienic standards required dur- 
ing the fabrication and testing of Motor C. Preparation of a document 
outlining all procedures required under this task and the plan of action 
for implementing the industrial hygiene plan was completed; effort was 
initiated in accordance with program timing. This detailed plan included 
such items as procurement of required monitoring meteorological equipment, 
issuance of detailed safety and operating procedures, and medical examina- 
tion and history for exposed personnel.  A new weather station tower, 
198 feet high, was erected at Solid Rocket Division, McGregor, Texas. 
Also, since Motor C was scheduled to he tested at the North American's 
Nevada Facility, meteorological data and studies were made concerning 
this facility. 

All effort associated with industrial hygiene was terminated wi L the 
d*»lption of Motor C (and C-l, which is described in the following sec- 
tion). 

c 
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SECTION IX 

MOTOR C-l 

1.  REQUIBEMENTS 

(C) During early 1964, effort on Motors C and B was redirected and replaced 
by a motor designated C-l.  Motor C-l was essentially a Motor B with 
beryllium powder being utilized in the core rather than aluminum. 

Performance requirements for Motor C-l were similar to those for Motor 
C, and are shown in Table C. 

2.  DESIGN 

(C) Motor C-l design differs from Motor B in that beryllium powder was sub- 
stituted for aluminum in the core propellant.  The core grain configura- 
tion was the Motor B configuration, a five-point star grain.  Prelimi- 
nary stress analysis indicated that a web fraction modification might 
be required.  Propellant RDS-517 was selected for the core, and a com- 
plete spectrum at various strain rates obtained for the RDS-517 propel- 
lant formulation. Motor B's web fraction was 0.382, which would yield 
a core propellant weight for Motor C-l of 1296 pounds.  In conjunction 
with the stress analysis, web fractions were considered from 0.382 down 
to 0.274. Webs, weight, and  required burning rates for the two web 
fractions were: 

(c) Web 
Fraction 

Web 
in. 

Volumetric 
Loading,  % 

Propellant 
Weight,  lb 

Required Burning Rate 
at 750 psia,  in./sec    | 

j    0.382 

1    0-274 

5.10 

3.67 

90 

88 

1296 

1240 

0.41 

0.35                    1 
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(c) TABLE C 

DESIGN REQUIREMENTS FOR MOTOR C-l 

(All performance parameters at vacuum conditions) 

Minimum action time total impulse, lb-sec 820,000 1 

Average thrust at 60 F, lb 23,000 j 

Maximum thrust at 60 F, lb 31,000 | 

Specific impulse, lb-sec/lb (vacuum at motor 
pressure and nozzle) 

290   j 

j Ignition delay, sec 0.100  | 

Outside diameter, in. 36 

Over-all length, in. 90 

Skirt-to-skirt length, in. 40 

Total motor weight, lb (maximum with altitude 
nozzle, skirts, igniter, TVC) 

3200   ! 

Mass fraction 0.937  | 

(c) The  omission of thrust reversal  ports allowed inert weights  for Motor 
C-l to be reduced to 216.8 pounds.    With 2971 pounds (total)   of propel- 
lant,  the motor had a mass fraction of 0.931 and an estimated delivered 
total impulse at altitude of 847,000  lb-sec.    Motor performance is sum- 
marized in Table    CI.    Weight and mass fractions are shown in Table CTI. 

o 
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(c) TABLE CI 

PERFORMANCE SUMMARY FOR MOTOR C-l AT 60 F IN VACUUM 

(e = 25:1) 

Pressure,  psia 

Motor Average 600 

Core Average 740 

RFG Range 745—400           1 

Maximum 765 

Thrust,  lb 

Motor Average 24,200 

Core Average 

RFG Range 

29,900 

31,000—15,100 

Maximum 31,000             ] 

Time,   sec 

Action (Total) 35.0 

Core 12.9 

RFG 22.1               ' 

Total   Impulse,  lb-sec 847,000           j 

Specific  Impulse,   lb-sec/lb 

I      100U/14.7 '. 

Composite 253.2 

Core 265.0         1 
RFG 244.0             | 

I      Delivered,  vac,  25:1 sp 
Composite 285.1 

Core 298.4             j 

RFG 274.8             j 

Impulse-To-Weight Ratio 265.4           1 
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(c) TABLE CII 

WEIGHT AND HASS FRACTION SUMMARY MOTOR C-I 

Component Weight, lb 

Load Ring 
Variations 

Al Steel 

Core Prope 11 ant 1296.0 

RFG Propel!ant 1675.0 

Total Propellant 2971.0 

Case '»0.9 

Skirts 11.3 

Sub-Total 52.2 

Liner 10.0 

Nozzle and TVC 103.4 

Aft Polar Boss 28.9 

Forward Polar Boss 13.3 

Load Rings 8.5 8.7 15.0 

Igniter Assembly- 2.5 

Total Inerts 218.8 219.0 225.3 

Total Motor 3189.8 3190 3196.3 

Mass Fraction 0.931 0.931 0.930 
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SECTION X 

MOTOR B' 

During the period of program reassessment after completion of the Motor A 
phase, Rocketdyne, at Air Force request, investigated possibilities for 
redesign of Motor B. Applying experience and knowledge gained during 
initial phases of the program, design approaches, aimed at overcoming the 
difficulties that were encountered on Motors A and B were analyzed.  These 
problems rested primarily in the areas of fabrication complexity and loss 
of propellant combustion efficiency through addition of burning rate de- 
pressants (to achieve regressive burning in the RFGweb). This lowered 
efficiency, in addition to reducing delivered impulse, had a direct effect 
on the quantity of solid- and liquid-state particles in the exhaust gas. 
Erosion of propellant and aft inert parts was observed in the horizontal 
firing of Motor A-1004. 

Air Force-Rocketdyne discussions at RPL on 23 and 24 February 1965 re- 
sulted i.i an Air Force request to lay out a program (within remaining 
program funds) directed at fabricating and testing up to 4 motors of a 
modified Motor B (termed B1) design. The program plan was to design a 
flightweight version of Motor B' but to test a conservative version to 
demonstrate attainability by successful firings. 

New concepts and principles not recognized or sufficiently demonstrated 
for inclusion in the ADP Program at its inception received much attention 
in this reappraisal and design effort.  Improved high mass fraction motor 
designs were being evolved on the basis of Advanced Development Program 
experience and results of independent research and Navy-funded research 
programs. Among the applications for which these designs were evolved 
were the Small ICBM, Mobile Medium Range Ballistic Missile, Third Stage 
Minuteman, and the Navy Small Ballistic Missile.  The key features of 
Motor B', a slotted RFG design without a cast core, evolved from the 
studies and are presented in the following discussion. 
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REQUIREMENTS 

Ground rules and design objectives agreed to between Rocketdyne and the 
Air Force for Motor B' were as follows: 

(c)      1.  General Performance Characteristics 

Small ICBM, 3rd Stage 
30- to 36-inches diameter 
Motor Weight 2200—2800 pounds 

2. Use Motor B gimbaled, supersonic, split-line nozzle 
3. Tailor motor characteristics to make maximum possible use of 

Motor B components, tooling, and materials 
4. All aluminum wire-reinforced and slotted grain (no cast core) 
5. Propellant specific impulse ■ 250 lb-sec/lb (70 F, sea level, 

corrected to 0° half angle and 1000 psia) 

2.  DESIGN APPROACH 

(C) Within the framework of these general requirements, the testweight Motor 
B' design depicted in Fig. 323 was evolved to replace Motor B and pro- 
posed for Air Force consideration.  The grain was internally slotted, 
end contoured, and cylindrically (hoop) wound without longitudinal (dome) 
wraps.  The grain shared internal chamber pressure loads with the case in 
the hoop mode only, but provided stiffness and support to the case in re- 
sisting flight loads of compression, bending, shear, and torsion. A 
restrictor-insulator system of CTL polybutadiene-based rubber covered 
the outside of the grain. A lightweight glass filament wound case with 
integral skirts was wound over the restricted grain, with d ome end re- 
lease system provided between the restricted grain and insulated case. 
Conservative case insulation in the dome areas ensured complete protec- 
tion for case areas exposed to hot gases or flame during the entire 
operating time. Motor B nozzle was used without change.  A heavy motor 
aft flange and insulation design was required to accommodate the par- 
tially submerged nozzle.  Motor B skirt and skirt extensions were 
employed. 

(c)  The ballistic design of Motor B* was constrained primarily by the require- 
ment to use the existing Motor B nozzle.  In addition, since the RFG was 
being used to hold chamber pressure in the hoop direction, it was neces- 
sary to have a regressive trace just as in the original Motor B.  The 
decision was thus made to design the unit as nearly as possible to the 
original Motor B performance characteristics, optimizing impulse-to- 
weight within these constraints.  The resulting pressure- and thrust-vs- 
time curves are shown in Fig. 324. 
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Figure 323.   Motor ß'  Testweight 
Design 
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Figure 323 

(Continued) 
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(c) 

There were, however,  major differences in the manner by which  the regres- 
sive  trace was achieved in the B and B'  units,  and it is this difference 
which resulted in the primary advantage for  the B'   design. 

In Motor B'   the  regression  is achieved by taking advantage of the aniso- 
tropic burning characteristic of the RFG propellent in a slotted grain 
configuration rather than using formulation changes through tie grain. 
The grain, being required to withstand hoop pressure  loads only,   could 
be wound at a very high wrap angle.    Since the propellent buixing rate 
was   increased  in the direction of the wire,   the propellent exhibited a 
very high burning rate along the face of a radial slot in the finished 
grain.    This high burning rate resulted in a high initial pressure which 
remained essentially neutral until the grain between the slots was  con- 
sumed,  after which the grain reduced to an essentially neutral  plateau. 
Figure 323 shows an example  of the burning progression  in a grnin of this 
type.(24J    By controlling number and depth of slots,  wrap angle,  and busic 
propellant burning rate,   it was possible  to achieve almost any desired 
trace  of this general shape without any variation  of propellant formula- 
tion within the motor.     A 4-slot configuration was  chosen for Motor B'. 

W /   I  I LA   \   \\ !   >^i      !   \   V       '/ 
X      /1    •   • 

\ 

Figure   325.    4-Slot Burning Pattern / 
/ 

/ 

(24)Further discussion of the effect of wrap angle on burning rate 
augmentation  is presented  in Section XI. 

719 

CONFIDENTIAL 
I 
i 

i     " ■  i  i^iM iir ^ -" 



WBMaal 

CONFIDENT!.«. 

(C) A second significant ballistic advantege of Motor B' over B was the mini- 
mum burning rates re uired were in an easily acbievable range. Since 
only the- cylindrical portion of the case, rather than the entire case 
periphery including the two domes  (as with Motor B) formed the final 
burning surface of Motor B', a higher burning rate could be used without 
resulting in overpressure of the GFV case near web burnout. The rate 
required in Motor B* was 0.33 in./sec at 1000 psia, a rate which could 
be achieved without the use of the depressants similar to those which 
caused severe slagging problems in the Motor A program. 

Feasibility of the slotted RPG approach to achieving regressive thrust- 
time characteristics was established in independent research experiments 
and explored in depth on Contract NOw 64~05988d, reported in Rocketdyne 
Report No. R-6229, Technical Summary Report, Reinforced Propellants for 
Naval Application, July 1965. 

3.  FABRICAJION 

/ 

The grain for Motor B' is wound on a steel mandrel, which is cylindrical 
and without the complexity of the Motor B washout type.  Multiple wire 
wraps are hoop wound in a high angle pattern—a method that is adaptable 
in production to low-cost, multiple-de livery head, lathe-type winding 
machines.  Since the pattern required only a reciprocating motion, com- 
plex cams or tape-controlled devices for dome winding are not required. 

Alter winding ■ad cure, the grains are end contoured by machining to the 
dome configuration desired, as depicted in Fig. 326, after which the 
winding mandrel is removed.  The grain is internally slotted by mechan- 
ical router or saw, both shown schematically in Fig. 327.  The slotted 
and contoured grain is shown in Fig. 328. 

External grain restrictor, also serving as case liner, is applied as a 
viscous liquid find cured on the grain either before or after slotting. 
The GFW case is then wound as an overwrap on the grain, incorporating 
the igniter and nozzle attachment flanges and grain end release (doubler) 
systems. 

This fabrication procedure represents a substantially simpler process 
than for Motor A- and B-type designs, with resultant inherent reliability 
improvements. 
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Air Driven Motor Head 
Tracer Controlled 

Tracer Mechanism 

Figure 326. Dome Contouring Device-Schematic 
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Motor B'   Type Grain 
(2530 lb) 

Fixed Arm 

Suction Line 

(. \ \ V \ /\ 

Motor 

H * Feed 
1.0 to 1.5 in./min 

 1 
i 

Side View 

Router-type 

Motor Head and Cutter 

Hold Down Strap 

Cradle 

End View 

Router-type 

Figure 327.     SI otter O 
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Saw Blade—Vary Diameter 

Support Arm (Fixed) 

Removable Air 
Motor Head (TYP) 

Saw Type 

Figure 327 

(Continued) 
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4.  FLIGHWEIGHT DESIGN 

A flightweight design, Fig. 329, wherein all components were tailored 
specifically for this design, was also produced in the course of the 
studies. Significant reduction in inert weight, as compared with the 
testweight design, was seen.  Specifically, this decrease in weight 
occurred in the nozzle/motor attachment and case insulation areas.  Head 
insulation was optimized analytically, with adequate but less conserva- 
tive thicknesses than the testweight version. 

(C) Table Cm compares characteristics and altitude performance of Motor B* 
and flightweight Motor B*.  The target motor weight was lower for Motor 
B' than for Motor B; however, direct comparison could be made between 
the two designs in delivered impulse, mass fraction, and impulse-to- 
weight ratio.  The Motor B' testweight version was designed for high con- 
fidence and, therefore, was targeted at considerably lower mass fraction 
and impulse-to-weight ratio than Motor B.  However, the 0.892 mass frac- 
tion with TVC system compares very favorably with advanced motors in ser- 
vice or planned.  Motor B' flightweight motor, while not demonstrated, 
offers a system which has potential for achieving mass fraction in the 
0.920 range, including altitude nozzle and TVC accessories. 

Although the possibility of pursuing the Motor B' approach was seriously 
considered, overriding considerations of program risk and remaining pro- 
gram funding resulted in an Air Force decision not to proceed with Motor 
B' redirection. 
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SECTION XI 

MOTOR D 

(C) 

In late September 1964, RPL redirected the reinforced grain program to 
include  the feasibility of an air launched propulsion system (ALM) capable 
of withstanding extreme environments and characterized by stop-restart 
capabilities in accordance with the design objectives listed in Section I 
and summarized  in Table CIV.      The motor,   see Fig.   330,    was  100 inches 
long and 15 inches in diameter.     Initial  problem areas envisioned by 
Rocketdyne  included charge  support system,   insulation,  restart ignition 
and insulation,   materials and materials compatibility,  and the  grain pres- 
sure  cycling during boost-restart period.    Another obvious problem area 
was  the  capability of the nozzle  to withstand the thermal  stress environ- 
ment of stop-restart.     Since major emphasi.   was placed on development of 
the  internal  charge configuration,  costs prevented major development  in 
the nozzle area.     The  customer and Rocketdyne mutually agreed that the 
hardware,   case,   and nozzle would be heavyweight.     On completing the major 
portion of the design, RPL requested a design review meeting at Edwards 
Air Force Base  on 23 March 1965. 

Concurrent with the design,  bench tests were conducted to verify "suspect" 
areas.     These tests  included adhesive  systems at all  interfaces,   support 
systems,   insulation and ignition.     Tests were also conducted to demon- 
strate  cartridge loading techniques and environmental   capabilities of 
materials during storage and motor operation.    Many of these  tests were 
associated with proving the systems under the extreme environment of 
250 F. 

The details of  each of the above  studies are discussed in this section 
and,  although only a  feasibility approach was taken  in the solution  of 
each of the design confirmation tests,  a bench test feasibility approach 
was achieved prior to initiation of fullscale fabrication on all question- 
able areas.     Thus,  the motor design concept presented in this  section 
fulfills all  the performance objectives.    Work stoppage found the Motor D 
design  in the  last detail   design stages with materials ordered for all 
long lead time  items.    Below is a summary of the status of the various 
motor components: 

Item 

1. Detail Component Drawings 
2. Motor Assembly Drawings 
3. Motor Cases (3) 

Status 

Partially complete 
Partially complete 
One case completed fabrication; 
others in stages of completion 
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4. Case Insulation 
5. Nozzle 

6. Propellant 
7. Other Detailed Components 
8. Wire 
9. Ignition Materials 

Started effort on first case only 
Contract awarded and tooling effort 
initiated 
Propellant tailoring completed 
Various stages of procurement action 
All procurement completed 
All procurement completed 

(c) 
TABU! CIV 

SUMMARY OF DESIGN OBJECTIVES FOR MOTOR D 

1. Action time, total impulse, lb-sec 
(sea level optimum expansion)                     155,000 

2. Thrust, average, lb 

l Boost                                          5,000 
j Sustain                                       1,400 

Restart, minimum                               1,400 

3. Outside diameter, in.                            15       j 

1 4. Over-all length, in.                            100 

5. Length, grain, in.                              80 

6. Propellant weight, maximum, lb                    680 

Delivered specific impulse, lb/sec 
ISp corrected to optimum 1000/14.7 psi expansion             \ 
and 0° half angle)                             250 

1 8' Boost grain design suitable for ignition from sea level to     j 
80,000 feet. 

9. Restart grain design and restart igniter suitable for ignition i 
from sea level to 80,000 feet. 

10. Action time, sec 

Boost                                          12 
Sustain                                        50 
Restart, minimum                                10 

11. Storage, years                                  5 

0 
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TABLE CIV 

(Continued) 

13. 

14. 

12.  Thermal environment demonstration - design considerations 

a. Environment:  -75 f to 170 F (stcrage) 
2^0 F - 60 Min (captive flight) 
650 F - 2 min (captive flight) 

b. Demonstration:  Temperature cycle ~75 F to 250 F, 20 times 
per Military Spec MIL-R-25534A requirement 
(2 1/2 cycles).  End at 250 F, subject to 
650 F (hold for 2 min), fire at 65O F amb 
air temperature. 

Case structure will be heavyweight 

Vibration - Design considerations 

a. Capability of withstanding vibration in accordance with 
Procedure I of MIL-R-2553U. 

b. The design shall include the capability of the motors to 
withstand a + 3 g input through 6 log sweeps of 10 minutes 
each over the frequency range of 30 to 2000 cps; and through 
6 log sweeps of 10 minutes, duration over the frequency range 
of 5 to 28 cps at + 4 g input.  (A sweep is defined as either 
increasing frequency of decreasing frequency and shall extend 
over a 10 minute period).  The motor D configuration shall be 
capable of surviving the above vibration requirements at the 
following ambient air temperatures:  -75 F, 70 F, 170 F, and 
250 F. 

15. Ignition delay for restart, minimum, 0.100 sec. 

16. Ignition delay objective for boost, minimum, 0.100 sec. 
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1.  BALLISTIC DESIGN 

(C) The design of Motor D presented many unique design challenges, not only 
stop-restart performance, but also extreme environmental temperature 
range (-75 to 250 F) and dynamic requirements. 

The general design approach taken was an iterative process beginning with 
the given case design.  The next step established the approximate insula- 
ion needed to protect the case and grain.  Concurrently, a grain support 

system was considered that allows for grain thermal excursion, yet ex- 
cludes grain damage during mechanical loading (pressure cycling, vibra- 
tion, handling, etc.). Also included in this consideration were tech- 
niques for inserting the grain into the case/insulation system. Knowing 
the required total impulse and specific impulse, the total grain weight 
was determined.  Placing this grain weight within the support and insula- 
ted case diameter established the over-all grain length. 

After esbablishing the general grain dimensions, the details of the con- 
figuration and propellant provided the required performance.  Considered 
in the combination of charge, grain support, and grain structural design 
is the orientation and quantity of the reinforcing wire in the grains. 
This is significant in that wire angle and quantity is a burning rate 
variable as well as the obvious structural support variable. With this 
last factor the charge design, grain support, fabrication, and loading 
techniques were interlinked. 

It should be noted that no attempt was made in this design to optimize 
volumetric loading and mass fraction or to maximize delivered impulse. 
The intent was rather to meet nominal design objectives and demonstrate 
capability of the key features under specified rigorous environmental 
conditions. 

a. Parametric Study 

(C) Performance objectives originally set forth for Motor D were described 
by a total impulse of 155,000 lb-sec, with a boost-to-sustain thrust 
ratio of Jsl« Average thrust levels and impulse for each phase were: 
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(c) 

i 

Boost 
Sustain 
Restart 

Average 
Thrust, 

lb 

7500 
1400 
2500 

Total 
Impulse, 
lb-sec 

60,000 
70,000 
25.000 
135,000 

(w Preliminary estimate of propellent weight was 680 pounds based on a 
specific impulse (l8p) of 250 lb-sec/lb. (The latter two parameters of 
thrust level and impulse per phase were included as objectives'-^). 
With the additional limitation imposed by using existing hardware (which 
would constrain maximum case pressure and volume), the parametric study 
began with the maximum pressure allowable at 250 F for the existing case 
design, 2800 psia. Allowing for reproducibility (10%),  temperature 
coefficients of pressure of 0.18^/F, and estimated ratio of maximum to 
average pressure (1.07), the average pressure of the boost phase burning 
at 70 F was 1710 psia. 

Pressures in a boost-sustain motor are related by the thrust coefficients, 
throat areas, and thrust ratioy Either pressure may be shown as a func- 
tion of the other. The equation defining this function is: 

P = Fu x A s   b   s [PbCFb - Vb] + P e 
e s 

cF 

(C) 

where P is pressure, F is thrust, A is throat area, e is expansion ratio, 
Cp is thrust coefficient (theoretical in vacuum), und Pe is the ambient 
pressure.  Subscripts b and s denote boost and sustain, respectively. 
The same would apply to a ratio of either the boost or sustain to the 
restart. 

With the thrust ratios known, the equation can be treated as a parametric 
equation of one pressure as a function of expansion ratio, the other 
pressure functioning as the parameter. As specific impulse varies with 
chamber pressure, the propellant weight required for given total impulse 
is a function of the variables shown above. With these relationships 

(J5)For reasons to be discussed, the final predicted motor performance 
differed slightly from the above objectives, primarily in total impulse 
and boost phase thrust.  Average thrust levels of the sustain and restart 
phases are identical to the original objective. Ü 
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(c) the total propellant weight required for the given impulse can he de- 
scribed as a function of expansion ratio and sustain pressure.  This 
function has a minimum value.  The requirements of performance and enve- 
lope were such that the nozzle could be optimized on this basis.  Hence, 
the nozzle expansion ratio in the preliminary analysis was determined 
using minimum propellant weight as criteria.  These studies indicated a 
requirement for approximately 680 pounds of propellant when operating 
the sustain phase at 300 psia.  By the previous equation, this pressure 
is defined by the pressure in the boost phase. 

(c) At this point in the preliminary analysis, the over-all grain was dimen- 
sioned for 680 pounds of propellant.  Based on insulation requirements, 
grain taper (0.0112 in./in. on diameter), and other considerations the 
total charge length was 87.30 inches with an 0D at the forward end of 
13.43 inches and ID at the aft end of 3.00 inches. With the sustain 
pressure of 300 psia, estimated performance met with design objectives. 

(C) Subsequently, a decision was made to increase the sustained pressure to 
400 psia to enhance the combustion efficiency. However, since the boost 
pressure could not be increased (limited by case strength), the thrust 
level during boost was dropped from 7500 pounds to 5100 pounds while 
maintaining the given thrust level in the sustain phase. 

The pressure level could be increased in the restart phase, so the orig- 
inal level of restart thrust was maintained by raising the burning rate 
and pressure in the restart grain.  In conjunction with these changes, 
it was decided to leave the propellant charge weights as originally 
designed, since tool design and other effort had proceeded on basis of 
the preliminary grain configurations. Hence, each phase has an estimated 
total impulse slightly greater than originally plarmed, primarily because 
of the higher operating pressures. 

During the parametric study, an iterative process was required in order 
to relate the propellant maximum flow with nozzle erosion.  During the 
operation of the boost phase considerable throat erosion was experienced 
which necessitated accurate prediction of the nozzle erosion.  Therefore, 
as a result of the sustain pressure increase, the nozzle throat was de- 
creased, thereby necessitating another correlation of weight flow rate 
vs throat erosion. 

(c) Also, with the different pressure levels, the original, expansion ratio 
was no longer optimum; therefore, the nozzle expansion ratio was opti- 
mized on the basis of maximum total impulse with fixed propellant weight 
and specified thrust levels in the sustain and restart phases. Hence, 
the final estimated total impulse for Motor D was 160,430 lb/sec compared 
to the f "iginal objective of 155,000 lb/sec. 
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(c)      b.  Charge Design —— B- ~ e,— 

At completion of the parametric study, the design of the charge configura- 
tion was initiated.  Preliminary analysis indicated that the required 
mass flow rates in the sustain and restart phases could be achieved with 
end burning grains.  However, this could be accomplished only by use of 
a reinforced grain, since the relatively high burning rates exceeded 
those available in conventional cast propellant.  The reinforced grain, 
with proper wire orientation, provides the higher burning rates required 
by the end burning configuration in the sustain and restart phases.  From 
early data acquired in studies conducted by independent research(26}, the 
variation of burning rate with wire wrap angle was established. Fig. 331- 
The end burning configurations require a burning rate of 0.8 and 1.2 in./ 
sec at 1000 psia for the sustain and restart phases, respectively. 

The boost phase thrust level required a mass flow rate greatly exceeding 
that which was afforded by an end burning grain due to burning rate limit- 
ations.  Realizing that the most neutral pressure-time program permits 
the highest average pressure, thereby providing the hignest specific 
impulse, maximum neutrality of pressure was established as an objective 
of the boost grain design.  The incremental application of propellant in 
fabrication of the reinforced grain enabled this to be accomplished with 
an internal burning tubular configuration.  By increasing the propellant 
burning rate as the grain is wound resulted in a weight flow rate that 
maintained a constant pressure. With conventional propellants, the geom- 
etry must be suited to a constant burning rate; however, the reinforced 
grain can vary the burning rate to suit the burning geometry.  In addi- 
tion to the internal burning configuration, a portion of the boost weight 
flow is provided by the end burning sustain grain.  Other configurations 
were theoretically applicable for the boost grain but were eliminated in 
favor of the selected design.  These others included the slotted cylinder 
and fluted bore configurations. 

Final Motor D grain configuration was composed of three separate tubular 
charges, see Fig. 332.  The center section is the longest and burns 
during both boost and sustain operations.  Approximately 19.3 inches of 
the center section burns during the boost phase.  Sustain and restart 
grains are both end burning configurations, being restricted on the inner 
surface.  Both the sustain and restart grains utilize Rocketdyne Propel- 
lant RDS-531.  The burning rate variation is achieved through minor matrix 
propellant tailoring.  The boost grain utilizes propellant RDS-532 at 
three distinct burning rates to maintain pressure neutrality. Due to the 
severe erosion of the monilithic throat insert during the high mass flow 

(26)Company-initiated IR&D 
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of the boost phase, the thrust time program is progressive even though 
the pressure-time program is neutral.  Since thrust is directly propor- 
tional to throat area, the thrust increases as the nozzle throat becomes 
larger. 

40        60 
Wrap Angle, deg 

r* 

100 

RFG 

fi Wrap Angle 
•Burn 
Orientation 

A 1.02 in./sec at 1000 psia 
Matrix Rate, Grain SA-102 

O 0.8 in./sec at 1000 psia 
Matrix Rate, Grains SA-100 
and SA-101 

Figure 331. Variation of RFG Burning Rate with Wire Angle 
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(c) 

(0 

A summary of the pertinent dimensions relative to the grain geometry and 
nozzle are shown in Table CV.   Estimated motor performance for the 
boost, sustain, and restart phases are shown in Table CVI for each of the 

three temperatures concerned, -75, 70, and 250 F.  Estimated thrust and 
pressure time curves are shown in Fig. 333■ 

TABLE CV 

MISCELLANEOUS iPHYSICAL DATA 

Boost Propellant, RDS-514 

Grain Weight, lb    /.x 
Propellant Weight, lb^ ' 
Wrap Angle, deg 
Propellant Web, in. 

Sustain Propellant, RDS-531 

Grain Weight, lb    /„x 
Propellant Weight, lb^ ' 
Wrap Angle, deg 
Propellant Web, in. 

Restart Propellant, RDS-531 

Propellant Weight, lb 
Wrap Angle, deg 
Propellant Web, in. 

Total Propellant Weight, lb 

96.9 
245.5 
70 

4.725 

474.5 
325-9 
60 
40.6 

111.1 
60 

13.35 
682.5 

Nozzle 

Throat Diameter, in. 
Exit Diameter, in. 
Expansion Ratio 
Divergence Half Angle, deg 

1.352 
4.382 

10.5 
15.0 

Initial Burning Surface, sq in. 
Port-to-throat ratio 

241.2 

4.9 

€ 

(1) 

(2) 

Including 19.29 inches of sustain grain which burns during boost 
phase. 

Excludes 19.29 inches of sustain grain which burns during boost 
phase. 
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(c) TABLE CVI 

BALLISTIC PERFORMANCE 

Boost Phase 

-75F 70F 250F 

Avg Pressure, psia 1,315 1,710 2,365 
Ävg Thrust, lb 3,855 5,095 7,165 
Duration, sec 15.76 12.20 8.87 
Total Impulse, lb-sec 60,730 62,140 63,480 
Max Pressure, psia 1,390 1,790 2,475 
Max Thrust, lb 5,140 6,665 9,290 
Avg Throat Area, sq in. 1.895 
Avg Expansion Ratio 7.96 

Sustain Phase 

Avg Pressure, psia 310 400 555 
Avg Thrust, lb 1,025 1,400 2,030 
Duration, sec 66.69 51.61 37.52 
Total Impulse, lb-sec 68,350 72,250 76,020 
Max Pressure, psia 315 405 560 
Max Thrust, lb 1,065 1,450 2,080 
Avg Throat Area, sq in. 2.525 
Avg Expansion Ratio 5.97 

Restart Phase 

Avg Pressure, psia 500 650 900 
Avg Thrust, lb 1,870 2,500 3,555 
Duration, sec 13.45 10.42 7.57 
Total Impulse, lb-sec 25,130 26,040 26,920 
Max Pressure, psia 510 660 915 
Max Thrust, lb 1,880 2,505 3,545 
Avg Throat Area, sq in. 2.615 
Avg Expansion Ratio 5.77 

Total Motor 

Total Impulse, lb-sec 154,210 160,430 166,420 
Duration (Excl Stop), sec 95.90 74.23 53.96 

'.■.-*« 

744 

CONFIDENTIAL 



r* 

CONFIDENTIAL 

etsd  'djneeaaj 

 . ,  i 

1 
0) 

# * 6 U   43 h    9 
cd  oo CO    00          ! 
-P   9 ■p  oo      i 
oo  u\ 03    0)         H 

&ä «£ 

H 

4 ^ 

0)      1 

oo 
9 
fa 

9 
00 
00 

| OH      1 

a ß 
•H 
(0 

oo 

•H 
CO 
-p    i 
00 

. 9 9 

CO CO 

• 

V          I 
g \_                   \ 9 

'                             ^\               1 +3    00 

1           -^    V     ( 00    00 
-P  w        x    ^ I      o   « 

i          « a          \ o  u 
i          o u            \ n PL, 

O M                   \ 
1        m EH             ^ 

l_ i ^s 
o o 
in I 

qi   '^Bnjqi 

o 
o m 

^ 
KN 

00 
CM 

CM 

O 
vo 

o 

o 
9) 
00 

i 
O  -H 

O 

-p 

I 
•H 

2 
PH 

I 
I 
E-t 

I 
■P 
00 

ca 

3, 
•H 

745 

CONFIDENTIAL 



mfimmi 

* 

c.    Matrix Propellant 

o 

(C) Matrix propellant development on this program was limited to tailoring 
the burning rates to motor requirements.  The existing Superflexadyne 
series of propellants developed at Rocketdyne offered the required ex- 
treme thermal capabilities (-75 to 250 F storage) and when combined with 
the rugged characteristic of a reinforced grain the motor mechanical load 
requirements would be exceeded. 

The grain configurations, envelope, performance, and other requirements 
resulted in two ranges of burning rates necessary for the three phases 
of operation. A relatively low burning rate was required for the boost 
grain, while much higher rates were necessary for sustain and restart 
phases. 

The Superflexadyne propellant, RDS-532, was selected for the boost matrix 
propellant, primarily for its burning rate range and thermal properties, 
and a higher burning rate Superflexadyne propellant, RDS-531, vas speci- 
fied for the sustain and restart. Formulation, RDS-532, which is similar 
to RDS-514 used in Motors A and B, was tested for use in the boost grain. 
This new formulation uses the new cure system (C-301 (27)with Epon 812(28) 
which is adequate in the Motor D environment. RDS-531 formulation has 
the same binder and curative system as RDS-532.  It contains a higher 
percent of the fine oxidizer and a small amount of iron oxide catalyst. 

The reinforced grain has nonisotropic burning rates (in that the burning 
rate is different for any mode of burning, whether it be radial, longi- 
tudinal, or circumferential).  This variation is because of the orienta- 
tion of the wires which reinforce the propellant structure. A burning 
front, which progresses in the direction of the wire, has a higher burn- 
ing rate than the burning front which progresses along a plane perpendi- 
cular to the direction of the wires. Because of this characteristic, the 
burning rates are different for each mode of burning 

After establishing the required rates for the three grains, the two pro- 
pellants were tailored for the desired burning rates. For the boost 
grain, three burning rates were utilized in addition to the rate used in 
the sustain portion. Uncured matrix rates were based on correlations 
determined during previous reinforced grain effort.  Tabie CVII is a 
tabulation of motor rates required with uncured matrix rates and other 
pertinent data for the boost, sustain, and restart grains. 

1 

! 27)0-301;  a Rocketdyne blended curative 
28)Epon 812; a Shell Oil Company low viscosity epoxy 

o 
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TABLE CV1I 

BURNING HATES REQUIRED WITH UNCURED MATRIX RATES 

Ü 

(c) 

■ 
(c) 

Matrix 
Rate Propellant 

Aft End Motor at 1000 psia Weight, ! 
Grain Diameter, in. Rate, in./sec in./sec lb   | 

Boost 3.00 to 7.43 0.372 @ 1710 psia! 
0. >94 @ 1710 psiaj 
0.410 @ 1710 psia 

0.271 30.8  1 
Boost 7.43 to 9.01 0.284 17.2  | 
Boost 9.01 to 12.45 0.296 48.9 , | 

148.6^ | 
325.9 

Sustain 0.787 @ 400 psia2 0.83 
Sustain 0.78V @ 400 psia2 0.83 

| Restart 1.281 @ 650 psia2 1.11 111.1 i 

(1) 

(2) 

(3) 

C) 

Radial Rate 

Longitudinal Rate 

Boost Portion 

Sustair Portion 

Motor D required burning rates were established 
and the tailored matrix was verified in subscale 
of these tests are presented in the Table CVIII. 
orientation of both 45 and 70 degree wrap angles 
chosen because the two Motor D grains would have 
between these two wrap angles. 

by the ballistic design 
test motors.  Results 
Samples represented wire 

These angles were 
a wire orientation 

The burning rates for the boost phase as shown are required at boost pres- 
sure of 1710 psia, regardless of the value of pressure exponent. However, 
as existing data (matrix rates and matrix-to-motor rate correlation) were 
available only at 600 psia and lower for RDS-532, it was necessary to 
estimate the motor burning rates at 600 psia and, hence, the pressure 
exponents.  The estimates were made on the basis of Motor A data where 
the pressure exponent appeared to vary with rate at 1000 psia.  Pressure 
exponents for the three boost propelIants were estimated to be 0.29, 
0.31, and 0.31, respectively. 
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(c) 

C 

TABLE CVIII 

MATRIX PROPELLANT DATA (RDS-531) 

Wire 
Angle, 
degree 

Firing 
Temperature, 

deg F 
Burning 
Direction 

Burning Rate 
at 1000 psia, 

in./sec 

45 75 Radial 0.90 

45 75           Longitudinal 1.35 

45 75 Circumferential 1.35 

70 75 Radial 0.90 

70 75 Longitudinal            1.40 

70 75 Circumferential 1.40 

45 -75 Radial 0.85 

45 250 Radial 1.10 

(c)  Both the sustain and restart propellant rates were based on a lü-inch 
mot( r test whose grain employed a 60 degree wrap angle and 1.02 in./sec 

at 1000 psia matrix rate and two-inch motor data with 0.8 and 1.02 in./ 
sec rates.  These tests were preforaied under company-sponsored programs. 
The formulations of matrix propellants RDS-531 and RDS-532 are as shown 
in Table CIX.  Table CX gives pertinent ballistic and physical charac- 
teristics of the reinforced propellants for Motor D. 

♦N 

2.  STRUCTURAL DESIGN 

(C)  The extreme environmental conditions, -75 to 250 F, required a flexible, 
mechanical support system between the grain and case.  This was satisfied 
by a silicone sponge.  Since this flexible system provides little or no 
external support to the grain during pressurization, the program must be 
capable of withstanding the internal pressure.  The sustain and restart 
structural capabilities were of particular concern since the grains must 
remain elastic to prevent plastic deformation when the high pressure 
boost phase is concluaed. 
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(c) TABLE CIX 

MATRIX PROPELLANTS I1DS-531 AND 552 

i 
1 Ingredient 

Weight Percent     \ 
RDS-531 RDS-532 i 

Butarez CTL 8.952 8.952    I 
Conoco H-25 2.690 2.690 
Epon 812 0.089 0.089    1 
C-301* 0.269 0.269    1 
Strontium Carbonate** 0-2.5    1 
Iron Oxide** 0-2.5 
Ammonium Perchlorate 85-5-88.0 85.5-88.0 

| Sensitivity 

Autoignition Temperature, F 
5 seconds 640 760 
5 uinutes 540 620     j 

j  Impact sensitivity, in.-lb 22 19      1 

^Tlockotdyne curative 
**Varied to adjust burning rate 

(C) TABLE CX 

PERTINENT CHARACTERISTICS OF 

REINFORCED PROPELLANTS FOR MOTOR D 

I 

Sustain/ 
1 Boost Restart 

! 

j Matrix Propellant 

Grain Grains | 

RDS-532 RDS-531 
i Aluminum Wire, $ 13 ^     i 
j Specific Impulse, sec 
1 (1000 psia-150 Half Angle) 245.8 243.8  | 
| Characteristic Fxhaust 
I Velocity (C*), ft/sec 5185 5140   I 
| Density, Ib/cu in. 0.065 0.065  i 
Ratio of Specific Heats (y) 1.18 1.18   | 

* 

749 

CONFIDENTIAL 



r 

CONFIDENTIAL 

(C) Since both strength ant burning rate are a function of wire orientation 
and amount, the structural design of the propel Iant charges was influ- 
enced by the ballistic requirements.  Coordinated design analysis of the 
two functions resulted in a 60 degree wrap angle with a wire weight 
fraction of 13^ for the sustain and restart grains.  The boost grain is 
characterized by 70 degree wrap angle and 13^ wire. 

a.  Boost Grain Analysis 

(C)  Because of the flexible (silicone sponge) grain support system used for 
this motor, there is little pressure on the outside diameter until the 
sponge is compressed to its solid thickness (60^). With little initial 
structural support on the boost grain 0D, the grain must deflect until 
the sponge bottoms out and offers support or the grain must withstand 
the pressure load within its own structure. Since the boost grain is a 
radial burning grain, it is obvious that the web will, at some time dur- 
ing the boost burning, become too thin to provide adequate structural 
strength.  Therefore, the grain was designed with high elongation (5^) 
wire that allowed the grain to expand under pressurization as the grain 
support system compresses solid and offers back pressure on the grain. 
Pertinent data for boost grain analysis is presented in Table CXI. 

(c) Maximum possible deflection of the RFG occurs when the space between 
the KFG and steel case is a maximum.  This condition was determined to 
exist for a cold (-75 F) RFG in a pressurized case subjected to aeroheat. 
Case temperature for a cold motor subjected to aeroheat was not defined, 
so an ultra-conservative analysis was made.  It was assumed that the 
RFG would remain at the cold temperature (-75 F), and that the cold case 
would reach the same temperature during the two minutes 650 F aeroheat 
as it would if it had been conditioned to 250 F prior to aeroheat.  This 
assumption gave a temperature change (AF) from fabrication conditions of 
-145 F degrees (-75 to 70 F) for the RFG and 290 F (360 F—70 F) for the 
steel case (Nomenclature is presented at the end of this section.) 

o 

(C) U    = (l  + ^)arüT  (Radial deflection) 

U     = (1.3)(6.5 x 10"6)(7.3)(290) 

■ 0.018 in.   (case) 

o 
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TABLE CXI 

PERTINENT DATA FOR BOOST GRAIN* 

STRUCTURAL ANALYSIS-MOTOR D 

Aluminum Wire 

Ultimate Tensile (amTj), psi 50,000 

Elongation (G^), 0 

Modulus (E), psi 

5 
88 x 106 

Support Sponge 

Thickness (t), in. 0.500 

Maximum Compression, % 40 

Boost Grain 

Radius, in. 

ID(a) 1.57 
0D(b) 6.295 

Thermal Coefficient of Expansion (aG), 
in./in./F 12 x 10"6 

Poisson Ratio (l-L) 0.4 

U>se 

Inside Radius, in. 7.3 

Thermal Coefficient of Expansion (tx ), 
in./in./F                    c 6.5 x 10~6 

Poisson Ratio (\x ) 
c 0.3 

^Materials and Design Data Were Obtained From the 
Previous Motor A and Subscale Tests 
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Conversely, since the motor was assembled at 70 F, the cold temperature 
of the grain causes the grain to contract. Although the grain does warm 
some during aeroheat, the calculations assume that it has not.  The con- 
traction of the grain it determined by 

(C) U  = (1.4)(12 x 10~6)(6.295)(-U5) ■ -0.015 in. (HFC) 
rG 

Near burnout, the case will deflect outward from pressure and temperature 
The RFG web will be thin and the sponge will be compressed solid. 

From pressure, 

(C) "r -5$- (» - ^ - pft^U.afd . «Li) . 0.02, in. 
Tc      Vc       2   (30 x 10b)(0.25)     2 

(C) It is recognized that the 2800 psi chamber pressure will not exist when 
the grain has been conditioned to -75 F, but in keeping with the initial 
program philosophy of conservatism it was decided to use the chamber 
pressure that is commensurate with a 250 F grain temperature.  This re- 
presents about 4^ conservatism on the over-all gap between the grain and 
case under these conditions. 

(C) For assembly, loading criteria were established to provide a compression 
on the sponge of 13 + 5^'  Then the maximum installed thickness of the 
sponge would result under the condition of least compression, 8^, i.e., 
0.500 - (O.08)(0.500) = 0.460 inch. Minimum thickness of the sponge 
under loading is 60^ of the original thickness, 0.300 inch.  Therefore, 
upon pressurization, the 0.460-inch sponge thickness would be compressed 
another 0.160 inch. Accumulating this dimension with those of case de- 
flection (0.018 and 0.023 inch) and grain contraction (ö.015 inch) reveals 
that the maximum radial deflection of the outside radius of the cold 
grain due to internal pressure is 0.216 inch. 

(c) Calculating the hoop strain based on this deflection, it is found to be 

(C)        eGfl = HH = 0.03« in./in. 

c 
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Examination of  this value reveals  that it is veil he low the minimum wire 
strain of 0.05 in./in. 

The  other possible critical  point for this grain is the  inside radius 
when the  grain is ignited.    For this condition, 

(c) Hi 
'9     Er     (b

2-a2) 
G9 

[f v ^o) {> - ^ -'o) *¥) 

c 

(c) £„    = f      E    sin    a 
GA        v      w "■ 0 w 

(C) (0.082)   (8.2 x 106)  (sin4 70°) 

(C) = 5.243 x 10^ psi 

for values of 

(c) r a a 

; 

P = 0 
o 

^G 
= 0.4 

and 

(C) P. = 3500 

I 
*(M> 
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then 

(c) GG - l-k  B ;  [(2.25 P. - 39.63 P ) (0.2) + 
*«  (5.243 x 105) (37.16)      *       • • 

(P.-PJ (39.63)] 

'**  3 E0-08 '0 
194.8299 x 10- 

= 0.0101 in./in. 

(c)  This strain is small when compared with the e^ of 0.05 in./in. minimum, 

h.  Sustain and Restart Grain Analysis 

The sustain and restart grains will be exposed to the boost grain tempera- 
ture and environment and also be subjected to the high pressure during 
boost operation.  In addition to not rupturing during boost operation, 
the inner bore of the sustain and restart grains must remain elastic to 
prevent buckling when the boost or sustain phase is completed.  Since 
the sustain and restart grains have identical wrap angles, wire content, 
and are fabricated with the same aluminum wire, it is only necessary to 
check the grain with the larger diameters (restart). 

For a thick wall cylinder subjected to internal and external pressure, 
the maximum hoop stress is given by 

2     2 
a P. - b P   P. - P  0 

1 O   _JL o  2 
CT0  "    ,2   2    J2   2 D 

a     b - a     b - a 

For the analysis 

(C) a  • 1.914 

o 
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and 

(c) b = 6.639 (restart grain dimensions) 

Initially P    is zero.     Therefore, during boost phase operation the hoop 
stress, afl   ,  using a 1.25 load factor is given by the following: 

(C) C70     = 2800 (1.25)  (1.18)  = 4130 psi 
a 

The maximum allowable hoop stress, CJg ,  is given by Eq.   1. 

CTe = fv aTY 9in2 a (1) 

m 

The allowable yield stress in the wire Orpy is used for the sustain and 
restart grains because they must operate below yield stress during boost 
phase to make certain that the elastic limit of the wire is not exceeded. 

(c) A helix angle of 60 degrees was selected for both sustain and restart 
grains to provide as much hoop strength as possible without significantly 
decreasing the longitudinal burning rate. 

Two different aluminum-wires were available at the preliminary design 
phase.  Ultimate and yield stress of these wires are as follows: 

(c) 

High Elongation Wire  (5/0 

Low Elongation Wire  (l^) 

aTU,  psi 

50,000 

70,000 

Trpy,    PSI 

47,000 

67,000 
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Solving Eq. 1 for the wire volume fraction, f , gives the following: 

v  — 
Uyy    Sill       a 

for 

"B ■ ^e a 

and 

a = 60 degrees 

(C) f      4130  5500 
v ' amv (0.75) a, TY TY 

The wire volume fraction, fv, using high or low elongation wire is 0.11? 

or 0.082, respectively, which corresponds to 18 and 13^ weight fractions. 
Because of the significant difference in wire content the low elongation 
wire was selected for the sustain and restart grains because it yields 
more optimum combustion efficiency, less raw materials required, lowers 
winding time, and provides adequate structural strength. 

Prior to finalizing the motor design, high strength aluminum wire was 
available.  This wire is characterized by the following properties: 

Ultimate Strength (amir) >  P8* 

Yield Strength (a^y),  psi 

Elongation, /£ 

Ultimate (Zmwr) 

Yield fßn) 

105,000 

100,000 

1.88 

1.00 

A stress-vs-strain curve for this wire is presented in Fig.334. 

Using these wire data,  and the data   in Table CXII,   the hoop stress is 
determined for the restart grain. 
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(c) 

Low Elongation Wire 
(Sustain and Restart RFG) 

High Elongation Wire 
(Boost RFG) 

Strain, 
8 

Figure 33^.  Stress vs Strain for Aluminum Wire in Motor D 
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(c) TABLE CXII 

PERTINENT DATA FOR RESTART GRAIN 

STRUCTURAL ANALYSIS 

• 

Aluminum Wire 

Tensile Strength, psi 

j      Ultimate feTU) 105,000   j 

Yield (^Ty) 100,000   \ 

|    Elongation, % 

Ultimate (eTU) 1.88 

Yield (GTY) 1.00     1 

10 x 106 |    Modulus (E ), pai 

1   Volume Fraction (f ) 
v 

0.082 

|   Wrap Angle (a), deg 60 

1 Restart Grain 

Radius, in. 

ID (a) 1.99 

OD (b) 6.715 

Poisson Ratio (p-) 0.4     i 

\   I 

o 
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2     2 
a P. - b P P. - P 
 i o   i o 2 

9. ^   , 2   2 + "2   2 b a     b - a b - a 

P. (a2 + b
2) - Po (2b

2) 

b2- 2 
a 

Pi (49.051) - P 
0 

(90. 182) 

41 .131 

for 

P. 
i 

= 2800 (1.25) = 3500 psi 

assume 

(C) P = 0 (conservative) 
o    x ' 

(C)        a  - (3300) (49.051) 
Ba     41.131 

= 4170 psi 
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The margin of safety, based on    0^ of 100,000 psi is: 

a0      ■ fv CTTY Sin    a 

ay 

c 

(c) 

(c) 

(c) 

(c) 

= 0.082 (100,000)  (0.75) 

6130 psi 

M-S'  = [4170" lJ 100 

~ + 47^ 

Checking the  strain in the restart grain during boost operation gives: 

.r       =  1 iÄ [^r.-/■.:)(..sl-^-'J'] 

(C) 

E-    = E    f    sin    a G0        w   v 

(10 x 106)  (0.082)  (sin4 60°) 

(C) = 461,250 psi 
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for 

(c) «G • 0.4 

(c) P = 0 o 

(G) 

(C) 

P. = 2800 (1.25) 

'G, 
a 
 TT—  3-96 P. (0.2) + P. 45.091 
(4.61 x 105) (41.131) L  ; *       1    J 

(C) = 0.0119 in./in. 

(c) "■s ■ ft 015 - 1 
0119   J 

100 

(c) = + 26<£ 

Nomenclature 

a ■ inside radius—subscript denoting a point at the inside radius 

b a outside radius—subscript denoting a point at the outside 

radius 

c = subscript denoting case or compression 

G ■ subscript denoting grain 

i = subscript denoting inner surface 

o = subscript denoting outer surface 
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t ■ thickness 

P = pressure 

E ■ Young's modulus 

v ■ subscript denoting wire or weight 

y = subscript denoting yield 

TY = subscript denoting stress or strain at yield 

TU a subscripts denoting ultimate tensile 

U, A = deflection 

r = radius—subscript denoting radial 

f a fraction 

v = subscript denoting volume 

AT « change in temperature 

OD = outside diameter 

ID ■ inside diameter 

M.S. ■ margin of safety 

a = stress 

a = allowable stress 

e = strain 

"e ■ allowable strain 

a = wrap angle measured from longitudinal axis—thermal 

coefficient of expansion 

6 ■ subscript denoting hoop direction 

p ■ density 

|j, ■ Poisson's ratio 
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I • 3.  COMPONENTS 

The following subsection discusses the remaining components in the motor. 
The components have been grouped as case, closure, and nozzle; insulation 
and grain support system; and igniter. 

a. Case, Closure, and Nozzle 

In discussing Motor D case, forward closure, and aft closure, it is well 
to remember that the case design originated with an existing heavyweight 
design.  Because of this, the closures were made as functional parts of 
this existing case design.  Since the case, nozzle, and closure are all 
exposed to the internal and/or external environments, a thermal analysis 
and a structural analysis of each were undertaken. A physical, struc- 
tural, and thermal description of each hardware component is presented 
in the following discussion. 

(l) Case 

The case employed for Motor D is a fabricated weldment (see Fig. 335). 
The center section of this case is 4130 steel, rolled, formed, and welded, 
with  an inside diameter of 14.616 inches and a wall thickness of 0.230 
inches. Welded to each end of the center section are 4130 ring forgings 
machined for attachment of forward and aft clobures. After welding and 
machining, the case assembly is heat treated to an ultimate tensile 
strength of 160,000—180,000 psi. 

(C) Selection of 4130 steel as the case material for Motor D was made because 
of its high strength, its extensive use in rocket motor cases, and its 
superior welding and machining properties.  Calculations indicate that a 
hoop tension stress of 127,000 psi (using a design safety factoryp?)  of 
I.5) is the highest stress which occurs during motor operation.  The 
127,000 psi stress results in a positive margin of safety \™)ot  0.25; 
however, (because of the welds associated with the case assembly), the 
ultimate tensile strength (160,000 psi) must be reduced by 10^.  This, 
then, indicates a 0.14 positive margin of safety. 

(C)  The predicted case temperature is presented graphically in Fig. 336. 
The analysis indicates the case is adequate to withstand the environments 
to which it is subjected.  The aft section of the motor case reaches a 
maximum of 521 F, which is well within the capability of the case/insula- 
tion bond system. 

(29) v 'Ultimate operating pressure X 1.5 

^  This term refers to the percentage by which the ultimate strength 
of a member exceeds the design load 
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/—   4130 Steel Case 
(Center Section) 

R-124 Insulation 
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Weld Joint 

4130 Steel Flange 

Durez 
16771-1 
Glass 
Phenolic 
Ring 

I 0.538 

'iv\\\\\\\\\\\ 

\ /16-20 UNF-3B 
Tapped Hole 
(42 Each End) 

Figure 335. Motor D Insulated Case 
Assembly 
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(2)    Forward Closure 

The  forward closure is a flat disc configuration.    The design,  illustrated 
in Fig.  337»  incorporates two pressure port opfnings insulated with an 
insert of Durez l6771-l'' ',  a two conductor electrical feed-through con- 
nector,  a butt-type seal O-nng groove, and holes, drilled to match the 
threaded holes in the case.    This head, being a structural menber,  is 
fabricated from a 4130 steel plate 1.3 inches thick,  heat treated to 
160,000—180,000 psi ultimate tensile strength. 

icone Sponge 
15/32 Dia Hole (42) 

Hr-147 Restrictor 

0-ring Groove 
Port Insulator 

Figure 337.     Motor D Forward Closure Assembly 

Using 160,000 psi as the minimum ultimate tensile strength,  the allowable 
bending stress is 240,000 psi.     The actual bending stress that occurs is 
172,000 psi which indicates a positive margin of safety of 0.34.    Since 
the forward head is essentially isolated from the internal heat except 
along the grain bore,  it has been considered to have  the same thermal 
condition as the bore insulation.     Insulation is accomplished by a 0.50- 
inch thickness of ESM 1004AP oponge bonded to the face  of the closure. 
As  shown in Fig.   338,    the forward head sponge is compressed approximately 
20^ when attached to the motor case. 

(31)A high strength glass-filled phenolic molding compound manufactured 
by Hooker Chemical Corporation. 

o 
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MS-2I25O H.S. Bolt 

Fwd Head 4340 Stl H.T. 160,000-180,000 UTS 

Case 4130 H.T. 160,000- 
180,000 UTS 

MS9068-281 
O-ring 

GE ESM 1004-. 
Foam 

R-124 

GE ESM 1004-AP 
Foam 
R-143 

R-143 

R-147 

Figure 338. Forward Head/Motor Case Interface Joint 

I 

(3) Nozzle 

(C) The major design criteria of the nozzl'i was the 60-second shutdown before 
restart.  The heat soak during shutdown presented several problems. The 
most severe problem was providing an insulation system to preclude char- 
ring during the shutdown duration, thus allowing movement of the graphite 
insert upon ignition of the restart grain. The nozzle and aft closure 
design is illustrated in Fig. 339.  This nozzle has a throat diameter 
of 1.352 inches and a 10.5:1 expansion ratio. 

(c) The throat and exit cone are fabricated as a single component.  The mate- 
rial used is Graph-I-Tite G, a monolithic graphite selected for its 
high erosion resistance and its good thermal shock properties.  In addi- 
tion to these properties, the tensile and compressive strengths are con- 
siderably higher than other graphites (2,900 psi tensile, 10,500 psi com- 
pressive).  On the back side of the graphite throat and exit cone, a heat 
barrier of pyrolytic graphite is utilized to transfer heat away from the 
throat.  The pyrolytic graphite barrier consists of three telescoping 
tubes that are installed on the graphite throat, maintaining a total 
thickness of 0.300 inch. After the throat and barrier are assembled, the 
leading edge on the upstream end is flame sprayed with 0.100 inch thick- 
ness of zirconium oxide, which is used as an intermediate insulator 
between the throat and throat entrance insulation. 
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O-ring 

Adhesive 

Pyrolytic Graphite 

150 RPD 

Durez 

Zirconium Oxide 

Graph-I-tite G 

Figure 339. Motor D Nozzle Assembly 

(c) The insulation surrounding the heat barrier is molded asbestos phenolic 
(Haybestos-Manhatten 150 HPD), and is a heat shield for the 4130 steel 
metal housing.  The metal housing, being the main structural component 
in the design, has a 24 degree taper which provides sufficient bearing 
area and mechanical interference to maintain all components in their 
respective positions during motor operation.  The insulation used on the 
upstream end of the nozzle is Durez 16771-1, a molded glass phenolic 
selected for its good erosion resistance arid char properties.  In addition 
to these properties, the therraal coeffieient of expansion (as reported by 
the supplier) is identical to that of the steel housing. The design 
tuilizes an O-riug seal between the Durez 16771-1 and the 150 RPD as a 
redundant sealing technique. 

At the case-nozzle assembly point,  Fig. 340, the design utilizes two 
O-ring seals. The primary flange-type seal is located at the case-nozzle 
interface. The secondary seal is embedded into the nozzle insulation, to 
provide additional protection for the primary seal. 
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(c) Stress calculations using a 1.5 safety factor were performed for the 
nozzle housing and the graphite throat insert.  The highest stress m 
the nozzle housing is a combined, bending stress of 210,000 psi and occurs 
near the case attachment flange. When this stress ratio is applied to 
the 240,000 psi allowable bending stress, a 0.57 positive margin of 
safety re&ults.  The graphite insert's highest stress condition occurs 
in the hoop direction.  This is a hoop compressive stress of 8800 psi 
and provides a 0.115 positive margin of safety. 

Results of the nozzle thermal analysis are presented graphically in 
Figs- 341 through 343. Figures 344 and 345 represent a preliminary 
comparison of monolithic and pyrolytic graphite throat inserts. 
Although the pyrolytic graphite inserts result in a lower throat sur- 
face tetnperature and erosion losses, the monolithic insert was chosen 
primarily for its lower interface temperatures and cost.  The analysis 
indicated that the selected design was thermally adequate. 
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Figure  343.    Erosion Loss vs Time  for 
Motor D Nozzle Throat 
with Graph-I-Tite G Insert 
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c 
b.     Insulation and Grain Support System 

(l)    Case  Insulation 

Rocketdyne's R-124,  an asbestos-filled neoprene rubber material, was 
selected for the case insulation with an ablative strip of Durez 16771-1, 
a glass/phenolic molding compound manufactured by Hooker Chemical  Corp., 
used at the aft end.     Selection of R-124 was influenced by experience 
with this material on previous programs from processing,  performance 
and propellant compatibility viewpoints.    Further,  its thermal expansion 
characteristics came closer to paralleling that of the propellant than 
other potential materials.     This feature was favored from considerations 
affecting the grain support system. 

Tests were performed in conjunction with other candidate materials  to 
verify the selection of R-124 with regard to its ablative and heat 
resisting characteristics.    Ablative characteristics were defined by a 
six-inch test motor firing.     The data from this firing are presented in 
Table  CXIII.     Of the materials tested,  R-124 exhibited the  oest erosion 
resistance.    Heat resistance  of the candidate materials was tested by 
exposure of specimens to various temperatures for different periods of 
time.    These data are presented in Table CXIV.      There was  an indication 
that R-124 would be on the threshold of thermal deterioration after ap- 
proximately 5 minutes exposure at 450 F.    However,  physical property 
determinations at these conditions  indicated deterioration was minor as 
evidenced by the data in Table CXV.      In   addition, use of R-124 was  in 
an exposure and firing regime  that was well within the material's capa- 
bility, as  shown in Fig.   346. 

TABLE CXIII 

ABLATION EVALUATION* 

Material 
Density, 
Ib/cu in. 

Material 
Loss,   in. 

R-124 Ü.065 O.OI3 

DC-325 0.030 0.028 

ESM-1004AP-S 0.037 0.040 

ESM-1004AP-S 0.023 0.090 

*Six-Inch Test Motor  Conditions 
Duration,   sec 4.75 
Flame Temperature,  deg F 5350 
Average  Chamber Pressure,   psi 935 

778 

5 



mmmmm 

c 

•^ 

TABLE CXIV 

HEAT EXPOSURE EVALUATION 

■ Specimen Terap, Time, 
Material No. deg F min Remarks 

R-124 1 240 120 OK 

2 450 1 OK 

450 5 Started  to harden 

450 10 Hardened,   cracks 

3 650 1 Blistered,  hardened 

4 650 2 Blistered,  hardened,   cracks 

5 65O 3 Blistered,  hardened,   cracks 

DC-325 ] 450 10 OK 

050 6 OK 

850 10 Blistered,   cracks,   crumbles 

2 750 1 No blisters,   cracks 

3 750 2 No blisters,   cracks 

4 750 5 Blisters,   cracks,  crazes 

5 050 60 No blisters,   cracks, 
crumbles 

6 850 1 Blisters,   cracks,   crazes 

7 850 >2 Blisters,   cracks,  crazes 

8 850 10 Blisters,   cracks,   crumbles 

ESM-1004AP-S 1 050 5 OK 

2 650 10 OK 

NOTE:     1.     Cracks—Defined as  Doubling Sample  Back  Over  Itself and 
Squeezing Down on the Bend with Material Cracking in the 
Bend. 

2. Crazing—Material  Cracking without Bending Specimen. 
3. Crumbles—Material  Breaks when Bent. 
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TABLE CXV 

EFFECTS OF HEAT EXPOSURE ON PHYSICAL PROPERTIES OF R-124 (1) 

Property Control 

Hea ted 
5 min at 
450 F, 

Exposed (2) Control 

Heated 
5 min at 
450 F.    . 

SealedU; 

Ultimate elongation,   e   ,  ^ 

Ultimate  tensile,  S   ,  psi m 
Shore A hardness 

Weight loss during heat 
exposure,  ^ 

60 

1865 

87 

45 

1730 

94 

0.70 

70 

1945 

90 

60 

2145 

93 

0.34 

* 'These Data are Relative Since Specimens Did Not Meet Normal R-124 
Physical Properties; 

110^ Elongation 
1100 pai Tensile Strength 
95 Shore A Hardness 
1.8 gram/cc Density 

^ 'Tensile Specimens Exposed to Air During Heat Treating 

^'Tensile Specimens Sealed in Aluminum Foil During Heat Treating 
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The Durez 16771-1 ablative strip used at the aft end of the motor assured 
protection of the case-to-nozzle closure joint against hot gases over the 
temperature extremes by virtue of similar thermal expansion character- 
istics with the nozzle insulator.  This strip was joined to the R-124 
insulator by bonding a scarf joint configuration. The material was 
chosen because of its satisfactory performance in the ULLAGE motor, low 
cost and good propellant compatibility. 

(c) The case insulation was tapered from the forward end to the aft end to 
facilitate assembly of the propellant grains and minimize the need for 
close tolerance control between componenta.  Thickness of the tapered 
insulation was dictated by thermal requirements and varied from 0.130 
inch at the forward end to 0.388 inch at the aft end (including the 
ablative strip). Heat transfer analysis of the insulation system, in- 
cluding materials used primarily for grain restriction and grain support, 
predicted the performance illustrated in Figs. 3^7 and 336.  Although 
anticipated material loss would permit case temperature to reach 300 F, 
the firing cycle would have progressed to the point that internal pres- 
sure had reduced significantly and case stresses were not large. 

Forward head insulation was accomplished through the use of Rocketdyne's 
R-147, an EPT carbon black rubber material, and the sponge rubber grain 
support component. A similar application in this motor influenced its 
further use as an insulator in the interest of economy. In addition 
to its function as an insulator, R-147 also served as a shim to control 
the over-all length of propellant charge within limits required by the 
sponge rubber for adequate grain support. 

(2) Grain Support System 

The grain support system for Motor D provided support to the propellant 
during vibration; furthermore it allowed the grains to contract and 
expand under the thermal environments. Sponge rubber was chosen to be 
the material best able to meet these requirements.  Because of the 
temperature range, silicone sponge received major attention. The sponge 
was bonded to the outside of the inhibited propellant to permit maximum 
freedom in grain growth and contraction. 

(C) Attention was focused on a line of silicone sponge rubber materials 
developed by General Electric Company and tested as an ablative insulator 
on the X-13 experimental airplane.  The limited data that existed for 
these materials could not be applied directly to Motor D requirements. 
So, tests were performed to characterize certain material properties. 
Of paramount importance to the success of Motor D was the compression 
characteristics of the sponge, both from a loading and performance 
standpoint. 
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(c) Support of the propellant grains over the -75 to 200 F temperature range 
required the support system to be loaded in compression.  The loading 
technique envisioned compressing the sponge by application of gas pres- 
sure in the motor chamber.  Several tests were conducted to determine 
loads required to compress various grades of the sponge.  The object 
of these tests was to cetermine (l) deflection vs pressure, and (2) 
deflection vs time at constant pressure (to ascertain if pressure equali- 
zation occurred). The data are presented in Figs.  348 and 349. 
Materials used in the tests bracketed the range of compressive modulus 
that could be selected.  Therefore, test results are thought to repre- 
sent limits of candidate materials.  Since 30%  compression was initially 
considered to be optimum for the application, it appeared from Fig. 
3 48  that 32 to 62 psi pressure would be required.  Pressure equali- 
zation did not occur as evidenced by the curves of Fig. 349  in which 
the changes in deflection were roughly proportional to the change in 
pressure for a period up to 30 minutes.  The compression load tests 
were subsequently verified by additional tests in which load was applied 
by mechanical means.  These data presented in Table CXVI  not only con- 
firmed previous data but gave additional insight into pressure require- 
ments for deflection greater than 30^.  In all, the sponge rubber 
materials appeared able to meet loading technique requirements. 

TABLE CXVI 

COMPRESSION DATA FOR GENERAL ELECTRIC CO. SPONGE RUBBER 

Compression Load,   psi^   ' 
.      2 h 

Percent 
Compression 

öpeciraen '   ' '- ' 
(i) (2) 

(3) 1st Run 2nd Run 1st Run 2nd Run 

10 9.44 11.1 9.44 9.4 10.9 
15 16.8 — 16.1 -- — 

20 22.8 21.7 21.7 20.5 23.7 
25 28.3 — 27.2 -- — 

30 34.4 36.7 33-3 33.9 35.8 
35 — 43.9 — 40.6 — 

40 — 52.2 — 47.8 50.0 
45 — 64.4 — 58.3 — 

50 — 79.4 — 72.2 73.7 
55 — — — 94.4 96.2 
60 — — — 136.1 137.0 
65 — — — — 237.0 
70 — — — — 442.0 
75 — — -- — 628.0 

^ 'Rate of Loading - 0.05 in./min 

^ESM 1004A-P - 33.8 Ib/cu ft 

^'Specimen Size - 3 inches x 3 inches x 0.5-inch thick 
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(C) Whether the sponge rubber would indeed provide support throughout the 
temperature range prompted an investigation into permanent compres- 
sion set characteristics.  Tests were performed on grades of sponge 
under thermal conditions approaching those for Motor D.  The results, 
shown in Table CXVII, indicated that all grades tested took a permanent 
set.  The amount of set was found to increase with the higher density 
materials.  The data were somewhat questionable in that a constant 
deflection over a temperature excursion from -65 to 250 F was not realis- 
tic.  In addition, the design was beginning to finalize around an initial 
deflection of 13 ± 5$  instead of 30/6. However, the data supported the 
theory that compression set could occur over a long period of time and 
that it could be detrimental, in that little or no support would be 
offered to a grain that was conditioned to -75 F when the motor case was 
exposed to aerodynamic heating.  The above design condition maximizes 
the dimensional distance between restricted grain and insulated case. 

Under these considerations, the very maximum set that could be allowed 
and still maintain support would be 

*  set . "-^oJo497 dO«) ■ »»)• 

TABLE CXV1I 

COMPRESSION SET OF GENERAL ELECTRIC CO. SPONGE RUBBER (1) 

Test 

(2)                      i 
Compression Sei, ^   ' 

ESM1006-P     !      ESM1001-P ESM1004B-P 
i             Conditions 28  Ib/cu ft 33.5  lb/cu  ft 33 lb/cu ft | 

30^ deflection for 9.0      2.6 30        20 1     36        31 
24 hours at 250 F 

30^ deflection vith 4.5      3-9 63        49 33       50 
temperature  cycle as ' 

follows: 
!      4 hr @ 250 F 

4 hr @ -65 F 
4 hr @ 250 F 
4 hr @ -65 F 

24 hr @ 250 F 

(1) 
(2) 

Specimen Size - 1.5-inch Diameter x 0.5-inch thickness 

Compression Set - Percent of Total Deflection Remaining in 
Material 30 Minutes After Releasing Compressive Load 
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The above  information points out the need for additional materials 
evaluation and basic design philosophy in the grain support system. 
These facts were recognized and were being pursued at the time of con- 
tract termination. 

Elsewhere  in the notor,  sponge rubber was used to provide  longitudinal 
support to the  grain and,   in addition,  provide  thermal  protection at the 
sustain grain-to-restart grain interface.     At this interface  the sponge 
component was  diced  to assure breakup into small  particle size when the 
restart grain  ignited. 

(3)     Grain Insulation 

Grain insulation throughout Motor D was accomplished by the use of 
Rocketdyne's R-147,   an EPT/carbon black rubber material.     Successful 
use  of R-147 in the  PHOENIX motor was a significant factor in.  its selec- 
tion for this  application. 

The boost grain was   insulated at each end by discs that tapered from 
the  inner bore  to the insulated case wall.     The taper assured thermal 
protection to  the grain faces  over the boost duration and yet permitted 
the  insulator  to be  consumed as burning progressed.     Proximity of the 
sustain grain and the flow of gases from the burning of this  grain re- 
quired a thicker  insulator to be used on the forward end of  the boost 
grain. 

Both the  sustain and restart grains were  designed to burn on their  aft 
ends;   consequently,   the  inner bore  of each grain was  thermally protec- 
ted by an 0.30-inch thick  tubular section of R-147.    Thickness  of  the 
insulator was  governed by heat transfer  considerations at the  extreme 
forward end of  the  restart grain since  this  location would be  exposed 
for the  longest period of time.     Temperature at  the insulation-to-propel- 
lant interface  for  a motor conditioned to 250 F is presented graphically 
in Fig.    330 Temperature rise was predicted to be only 65 F until the 
last 5 seconds  of burning time.     Protection afforded the propellant was 
considered adequate under these  conditions. 

At the sustain grain-to-restart grain interface an additional  sleeve of 
R-147 was used across the insulation joint to prevent erosive  action by 
the hot gases.    The  sleeve was bonded only to the sustain grain insula- 
tor to allow pressure equalization in the  interface region and across 
the  sleeve. 
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c.  Igniter 

This part covers design, development, and fabrication of the Thermesh 
igniter to be used in Motor D.  The first discussion covers the design 
and development while the second outlines the proposed igniter fabri- 
cation. 

(l) Design and Development 

Ignition of the boost-sustain and restart grains was to be accomplished 
with a Thermesh igniter. This ignition system consists of aluminum 
wire screen coated with a pyrotechnic formulation in a plasticized binder. 
Initiation is obtained with DuPont 257D primers and 424 lyrocore.  Pyro- 
core is a small diameter, continuous metal tubing containing (l) a core 
of PETN, for extremely fast propagation and (2) pyrotechnic material 
which supplies additional heat energy for ignition.  Energy output 
rate from the igniter is controlled by variations of the screen loading 
density, screen mesh size, and extent of Pyrocore initiation. 

A mixture of KCIO4, Boron, and/or ZrNi alloy with either a polyisobuty- 
lene or vinyl chloride-acetate copolymer binder performs extremely well 
in the Thermesh system, producing excellent ignition propagation proper- 
ties.  Heat of explosion determinations have shown available energy 
to be in the range of 2600 Btu/lb, which is comparable to pyrotechnic 
formulations currently in use at SRD. 

The basic Thermesh concept of ignition system design had been adequately 
evaluated under LR&D programs to assure its feasibility as a method of 
solid propellant ignition.  This concept has been used very successfully 
to ignite an 8-inch diameter end burniag reinforced grain.  The time 
required from application of current, or zero time, to attainment of 
maximum pressure was 0.013 second.  No nozzle pressure seal was used. 

Firings of prototype igniters (consisting of LIJP-3 coated aluminum wire 
mesh held in a rectangular frame as shown in Fig.  351 have been eon- 
ducted in the open to permit Fastax movie camera coverage.  Film review 
has provided some necessary information as to mode of initiation, flame 
propagation patterns, and brisance.  These films show that the tyrocore 
does not rupture the screen mesh, nor even penetrate the coating.  Thus, 
it is desirable to ignite at an edge or on the side adjacent to propellant 
if fast ignition is required.  Otherwise, the coated screen can act as 
an insulating barrier between the propellant surface and the ignition 
flame, since it requires a finite time for the pyrotechnic coating to 
burn through and penetrate itself. 
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Optimization of the formulation and determination of the relative effects 
of loading density (grams pyrotechnic/square inch of screen), loading 
area, and tyrocore length were evaluated in 6-inch test motor firings 
according to the following schedule: 

Quantity 

3 
Q 

Reason 

Optimization of formulation 

Evaluation of loading density (A) 
loading area (A) , and Pyrocore 
length (L) 

Data Required 

Pre s sure -vs-1 ime 

Provide 3x3 Latin 
Square designed experi- 
ment according to the 
following table: 

Load Density 1 

*! A2 A3 
IMesh Al Li s L2 
!    eö 

«J1 

A2 S L
2 

Ll 

^ 
L2 Ll L

? 

(c)    The configuration of the igniters for these test motors is  shown in 
Fig.     352.      The basic formulation has a heat explosion of 2600 Btu/lb, 
and has been found to satisfactorily withstand temperatures from -65 to 
300 F, with good flexibility and abrasion resistance.     Since  the binder 
is held constant,   variations  in the  formulation are not expected to 
affect these physical properties,  but are made to optimize available 
energy and burning rate. 

The  formulation of the pyrotechnic  coating for the Thermesh ignition was 
established following analysis of the results of the first three 6-inch 
motor firings.     Three formulations were evaluated as follows: 

(c) Formulation 
!      Number 

Composition - Percent by Weight                      1 
Geon 42? KCLO, 

4 
Boron Zr/Ni  (50/50)1 

LLP-1 

LLP-2 

LLP-3 

10 

10 

10 

80 

80 

75 

10 

5 

10 

5 

5            1 
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The screen was constructed of aluminum wire, 0.028 inch diameter,  type 
5056 alloy, with 8x8 meshes per  linear inch,  per Federal Specification 
RR-W-36O,   type one,  class  one.    The screen loading density was 1.5 grams 
pyrotechnic per square inch of screen, applied over a total  of 10 square 
inches to provide a net weight of  15 grams of pyrotechnic.     The I^rocore 
was attached circumferentially around the interior surface of the igniter, 
with a total length of 17 inches.     The energy provided by this quantity 
of ignition material was estimated to be at the minimum level,  since this 
would provide a more sensitive indication of the relative properties of 
the formulations being investigated.    Results of the firings are pro- 
vided in the replots shown in Fig.   353. 

As  indicated by these data,  the  ILP-l formulation provided more sustained 
igniter action, with a lower peak pressure,  and faster motor ignition 
than either LLP-2 or LLP-3.     LLP-1 has a further advantage  in that it 
has  one  less constituent.     Consequently, it was the formulation selected 
for use  in the evaluation of other variables involved, which include 
loading density (A) loading area  (A),  and I^rrocore  length  (L).    Nine 
6-inch test motors were fired with igniters  in which these factors were 
vari2d in accordance with the 3x3 Latin Square designed experiment 
shown below: 

I 

(c) 

Coating Density 
(GMS/-sq  in.) 

1.0 1.5 2.0 

A
re

a 
C

oa
te

d 
(s

q
  
in

.)
 10 12.0 7.0 17.0 0) E 

c    • 
0 fl 20 17.0 12.0 7.0 

30 7.0 17.0 12.0 

The formulation previously described was modified, however,   to include 
the addition of a plasticizei ,  dioctyladipate.    The exact composition 
is as follows: 

Component 
Weight, 

Boron 9.4 

Potassium perchlorate 75.5 

VinyIchloride-acetäte copolymer 9.4 

Dioctyladipate 5.7 
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Nine 6-inch test motor firings were conducted in which loading density, 
area coated, and Pyrocore length were varied.  Figure 354 _ shows the 
quantities of these three key variables used in each configuration, and 
the ignition interval obtained.  Replots of the pressure-time performance 
of these motors are provided in Figs. 356 and 357. 

Analysis of the above data and motor design parameters indicated the 
required pyrotechnic loading to be 103 grams for the restart igniter 
and 50 grams for the boost-sustain igniter. These loads include addi- 
tional pyrotechnic material to compensate for the differences in rela- 
tive free volumes and nozzle throat areas. A pyrotechnic load density 
of 1.5 grams per square inch of screen area was determined to be the 
optimum and was, therefore, utilized in both igniter designs.  Hie 6- 
inch test motor firings also indicated an appreciable effect of Pyrocore 
length on igniter characteristics, the best results being obtained when 
the Pyrocore completely encircled the igniter.  Consequently, the Pyro- 
core is attached to the restart igniter screen completely around its 
outer periphery, The Pyrocore is attached to the screen prior to appli- 
cation of the pyrotechnic to ensure igniter action adjacent to the pro- 
pellant surface.  Igniters similiar to the restart and boost-sustain 
igniter designs for Motor D were prepared under another program and are 
shown in Figs.  358 and 359 respectively for pictorial clarificiation 
of the proposal ignition system for Motor D. 

Ignition of the boost phase of this motor was achieved very satifactorily, 
with an ignition delay of 6 milliseconds and an ignition interval of 
approximately 75 milliseconds.  However, motor failure during burning of 
the boost phase prevented evaluation of the restart igniter. 

(2) Fabrication 

One of the many advantages of the Thermesh igniter is its flexibility 
and ease of fabrication.  Besides the pyrotechnic used, the Motor D 
igniter is made of off-the-shelf hardware consisting of aluminum screen 
wire, aluminum clips, tyrocore, and an initiator. Assembly of the 
igniter starts with cutting the screen wire into a washer shape and 
attaching four elbow clips to the screen. The slips are used to hold 
the screen wire close to the surface of the grain by sliding the free 
legs of the attached clips over the inhibited grain outer diameter. 
Next, the tyrocore is attached to the screen and the assembly is coated 
with the pyrotechnic material by either dipping or hand painting.  In 
Fig.  358,  the darker outer ring of the ends of the grain is the pyro- 
technic coated screen wire.  Only the outer edge surface of the wire 
washer was coated with pyrotechnic for this motor. The  four retaining 
clips are also slightly visible in these end views. 
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Coating Density 
(GMS/ sq in.)          1 
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1120 

7.0 -41 

465 

17.0 -51 i 

159 

20 

17.0 -61 

104 

12.0 -71 

72 

7.0 -81 | 

152 

30 

7.0 -91 17.0 -101 12.0 -111 | 

" 

155 42 70 1 

• • 

KEY: 1Pyrocore• Igniter 1 
Length 1 Dash No. 
(in.) 

t 
1 Ignition 1 
1 
Interval 

Figure 354. Nine Motor Evaluation of Thermesh Design 
Variables 
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After cure of the pyrotechnic, the initiators are attached to the end 
of the Pyrocore.  On the boost phase igniter (Fig.  359) the initi- 
ators are attached to the screen but on the restart igniter the pyro- 
core is trimmed with excess length to allow the initiators to be placed 
in a slot cut into the restart grain.  This allows a thin igniter which 
can be easily placed between the two grains. 

The electrical leads from the restart initiator (Fig.  360) are im- 
bedded in the restrietor along the side of the restart grain as they 
pass to the initiator connectors in the forward closure.  The leads 
from the boost initiator pass out the nozzle throat 

After installation on the grain, the restart igniter assembly is 
covered with a thermal barrier insulation. This barrier was designed 
to break away under restart ignition but still retain the insulation 
pieces by a series of glass cloth strips partially sandwiched into 
the thermal barrier.  Then the loose ends are bonded to the sides of the 
restart grain. 

The outer edge of the screen wire on the boost grain igniter is compres- 
sed between the boost grain and the boost-sustain grain to assist the 
clips in retaining the igniter. Thus, the end of the boost-sustain 
grain is ignited and the hot exhaust gases will, in turn, ignite the 
boost grain ID as they exit. 
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4.     PROCESS DEVELOPMENT 

o 

► 

When the reinforced grain program was terminated, all Motor D fabrica- 
tion procedures were established or under consideration. Preliminary 
processing procedures were necessitated during the design phase, since 
process capabilities placed certain restraints on motor design. This 
was particularly true of the grain support system, which was dependent 
upon the tolerance buildup between the grain assembly and insulated case 
and the procedure by which the two assemblies would be joined. This 
pi jcedure represented the most significant Motor D processing hurdle, 
since the case and grain would be connected by a sponge support system. 

Also, the selection of materials during the design phase required that 
compatibility of these materials be established with respect to the 
propellant and adhesive systems.  Therefore, considerable effort had been 
expended in the formulation of processing techniques and associated 
tests prior to completion of the final design. These items are presented 
and discussed in the ensuing sections. Presented in Fig. 361 is the 
preliminary process flow sheet, which represents the steps intended to 
fabricate and assemble Motor D. 

a. Cylindrical Grain Design 

Cylindrical grains are simpler and relatively straight-forward to design. 
Structurally these grains can carry hoop, longitudinal compression, and 
external pressure loads (but not bending loads, unless a low helix angle 
is used). 

(C) They are usually wound on tapered metal mandrels or on polyurethane 
foam mandrels.  Most grains of this configuration require small internal 
bores which necessitate winding directly on a metal mandrel, tapered 2 
to 3 mils per inch to reduce breakout loads.  Small bore grains only 
allow winding between end plates.  This means that the helix angle is 
limited to a minimum of 6ü degrees; below this point, the wires slip at 
the reversal points. Recommended winding angles are in the 70 to 80 
degree range.  At the higher angles (above 85 degrees) wire wraps tend 
to slide and intermesli into the preceding covers because the intersecting 
angle is so small. 

(c) Grains with helical angles below 60 degrees (grains with a 45-degree helix 
were wound) can  be wound if the grain bore is big enough to allow winding 
a nonstructural dome to prevent wire slippage.  This is accomplished by 
starting with a small dome or cone depending on the size of bore allowed. 
A tapered end piece (see Fig.  362) is used to prevent the wire and pro- 
pellant sloughing off. With this type of grain, the resultant domes are 
cut off to give the desired cylindrical length. o 
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Generally grains are  trimmed to final length with a rotary cut-off saw. 
This allows the removal of the grain ends where the wire pattern and 
volume differs slightly due to follower reversal.  Grain trimming has 
some disadvantages in that sawing can damage the ends causing stress 
risers or delamination, the saw coolant forms frost on the trimmed ends 
and can also cause contamination, the operation is extra and costly, 
and the resultant aluminum percentage can only he calculated from theo- 
retical wire length (since the total wire weight normally used is use- 
less). 

(C) For these reasons the best and easiest method is to fabricate the grain 
between end plates, set to give the correct length.  Some fall-off of 
the grain at the edges is expected since the last wires of the final warp 
do not cross each other; however, this fall-off is insignificant on high 
helix angles (70 degrees up). It also can be corrected on low angle 
winding by judicious fabrication techniques. 

As described under cam design (Motor A Processing), if the web is thick, 
it will probably be necessary to build the end plates in stacked incre- 
ments.  This allows the wire follower head to stay close to the grain 
surface.  The further the follower is positioned from the grain surface 
the greater the foreshortening of the wire warp and the more pronounced 
the affect on angle Z.  The condition is most critical for low winding 
angles and small grain radii. Therefore, if the distance from the grain 
surface to the follower varies considerably during grain winding, it will 
be necessary to have more than one Z cam to prevent pattern gapping or 
overlapping. 

(c)  In cylindrical grain design the required 0D, ID, length, helix angle, 
wire size, and aluminum content are specified. Wire spacing for the 
aluminum content is determined as previously described.  The next step 
(see Fig.  363) is layer design.  The layer thickness depends on the 
allowable tolerance in the winding angle.  Since the winding angle 
changes on a grain with increasing diameter, it is necessary to change 
gear ratios regularly to compensate. An allowable tolerance is speci- 
fied (depending on the grain}; the lower the tolerance, more layers, 
gear changes, and time is required to fabricate.  Usually a ± 2 degrees 
is used with the proper angle being wound at the median radius, 0.-2 
degrees at R^ and a. + 2 degrees at Ro.  The angle tolerance, the winding 
angle a, and the initial radius (Ri) determine the layer thickness. 

(C)  The only other variables are the cover thickness (t), usually considered 
0.015 inch for cylindrical grains, and mandrel rotation (9) at reversal 
(usually 180 degrees is used). With this information, the appropriate 
layers are  determined for the web required. 
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Gear ratio calculations are similar to domed grains.     The  two variables 
in pattern selection are the follower height,  or radius (Rp), and 
the warp vidth.     If Tp/Cp of N must be changed to obtain integers, you 
cannot change a as  in domed grain pattern selection.     The winding angle 
is already fixed and the  only variable to change is  the warp width.    This 
is done by adding or reducing the number of wires in the warp to obtain 
the desired width. 

b.    Grain Fabrication 

The three reinforced grains for Motor D were to be wound on tapered 
steel spindles with end flanges to contain the grain.    The  spindles 
would be Teflon-coated for ease of grain release after cure.     The winding 
machine, wire feed systems, and propellant application methods were those 
developed under Motors A and B and will not be described further. 

(C)    The planned procedures for grain fabrication and winding design were based 
on Motor A processing studies.     The boost grain was designed with the 
70 degree helix angle with 13% per weight aluminum wire.    The sustain 
and restart grains were to be wound at a 60 degree helix angle, with the 
same wire percentage. 

(c)    In grain winding,  the appropriate winding spindle is assembled into the 
winding machine;  36-inch machine for the boost and restart grains and 
the 40-inch machine for the sustain grain.    A liberal bead of RTV-731 
is applied to seal the joints between the end flanges and the Teflon- 
coated spindle.    All grains are wound with 7.5 mil aluminum wire.     If 
a wire breaks,  no more than three traverses  of the feeder head is al- 
lowed before the wire is replaced.    The weight of the wire wound on each 
grain is recorded before and after winding.     The wire spacing is attained 
by having the wire pass through a final guide having provisions for 36 
wires with an average wire spacing of 0.074  inch.    The wire  tension is 
controlled at 300 ± 25 grams and measured with the wire in motion between 
the gathering guide and the machine forward head.    Propellant application 
is by propellant feed guns as required to maintain a uniform thin coat 
of propellant on the surface of the grain.     Sufficient propellant is 
applied to prevent formation of voids underneath the wire.    Propellant 
is spread by a pneumatically-powered aluminum spreader blade and non- 
sparking spatulas.    Maximum air pressure  on the pneumatic spreader blade 
is 20 psig.    The winding requirements for layers,  diameters,  number of 
wires, number of wire  covers, and winding circuits for each of the three 
grains are presented in Table CXV1II. 
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TABLE CXVIII 

MOTOR 1) WINDING REQUIREMENTS 

|   Layer 
Cam Circuits 

Per Cover 
No. 

Covers 
No. 

Wires 
Diameter at Finish^     /n\\ 
HS 1       C I   T.S.^M 

Boost Grain 
l                                                                                                                                                    1 

!    i 2 25 28 3.90 3.82 i    3-75 
1       2 2 31 35 4.83 i    4.76 1    4.68     | 
1       3 39 29 5.99 i    5.91 5.84     | 
1       * 53 36 7.58 |    7.50 1'    7.43     | 
1      5 52 33 9.15 1    9.08 i    9.01     1 

6 74 33 11.44 11.37 1   11.30     i 
j      7 38 36 12.59 12.52 12.45     I 

1   Sustain Grain 

1 20 29 4.43 4.10 3.76   ! 
i       2 24 34 5.15 4.81 4.48     i 

1        3 28 30 5.99 5.66 5.32     ! 
k 33 36 6.99 6.65 6.32      \ 

i      5 39 33 8.15 7.81 7.48     I 
6 46 33 9.52 9.18 8.85     | 

!      7 7 53 33 11.13 10.79 10.46 
8 8 71 35 13.27 12.93 12.60     J 

|   Restart Grain                                                                                                                   l 

1 23 19 4.67 4.59 4.52     j 
2 .7 27 16 5.47 5.39 5.32      : 

i       3 32 34 6.42 6.34 6.27 

i      k       i 37 32 7.53 7-45 7.38     1 
i     5     ! 44 36 8.83 8.76 8.68 
1      6       1 51 32 10.37 10.29 10.29     1 
I      7       1 60       ' 36 12.17 12.09 12.02      1 
\       8        i 42 32 13.43 13.35    1 13.28      1 

^'Diameters Shall Be Within * 0.020 inch of the Specified Value on 
the Final Layer and ± 0.040  inch on Interim Layers. 

'2'HS-Head Stock End of Grain;   C-Center of Grain;  T.S.-Tail Stock End 
of Grain. 
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Grain Assembly 

Following winding of the propellant grains,  the grains are cured and 
trimmed.     Cure time was  established from Fig.    364.      From this opera- 
tion,   the grain OD is given a thin coat of restrictor,  the ends restric- 
ted,  and the  igniters applied to the  aft face of the restart and sus- 
tain grains.     Subsequently,  the three  grains are assembled onto a grain 
assembly mandrel  (Fig.     3^3)     for final restricting,  and application of 
the sponge support system.    After grain assembly cure,   the grain assem- 
bly is ready for insertion into the  case assembly. 

(l)    Restriction 

The outside surface of the grain is  restricted in a two-step application 
using R-143('   /,  similar to Motors A and B,   first vith a prime  coat which 
is semi-cured  and  then with a  finished  layer smoothed with a  template. 
It was planned to apply the finishing  coat after all grains are assembled 
on the  loading spindle,   to obtain the best possible alignment of all 
grains.     Prior to application  of the prime  coat,  the  cure propellant sur- 
face  is wiped with  toluene,  air dried,  and  coated vith a  film of MAPO. 

The grain-end  restriction/insulation was accomplished by bonding sheeted 
or molded discs of R-1470^)  to the grain with R-140(34;.    During cure of 
the R-140,  3 psi pressure is maintained on  the discs. 

(52)R-143 is a Rocketdyne thixotropic restrictor containing carbon- 
.__.filled CTPB. 
("yR-147 is a Rocketdyne EPT rubber formulation. 
(34)ii_i40 is a Rocketdyne low viscosity restrictor made with carbon- 

filled CTPB. 
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(2)    Support Sponge 

Upon Assembly of the three grains  on the  loading spindle and application 
of the final OD restrictor,  a continuous  length of 0.5-iiich thick ESM 
1004 AP silicon sponge was wrapped  on the assembly and bonded to the 
restricted grains.    After extensive  laboratory tests, which included 
tests at extreme temperatures using varying degrees of adhesive and 
different types of cleaning systems,  or  sealing systems on the silicone 
rubber,  a satisfactory method of bonding the  silicone rubber to R-140 
and R-143 restrictors was developed.    The procedure for accomplishing 
the bonding is outlined below: 

1. Abrade restrictor surface with fine  sandpaper. 
2. Wipe  clean with toluene. 
3. Air dry one hour minimum. 
4. Wipe on SS-4056 sealer.(35) 
3. Air dry one hour minimum. 
6. Apply thin coat of SS-4004 primer.(35) 
7. Air dry one hour minimum. ,     . 
8. Apply 5 to 10 mil coat of RTV-56o(36)  (catalyzed as 

required for allowable drying condition). 
9. A  ply silicone rubber within one hour.    The scraping 

ends of the circular wrapped sponge are scarfed and 
bonded together with RTV-360. 

10.     Cure at ambient temperature. 

d.     Case  Insulation 

Concurrent with the preceding operation is the  insulation of the case 
with R-124 and Durez.    Again,  extensive bonding studies were  conducted 
prior to selecting the primer(s) and adhesive(s) for effecting the bond 
between the  insulation and case.    After  the  laboratory had screened many 
candidate materials,  the most promising were  critically tested for bond 
strength,   affects  of high temperature aging  (250 F),  and compatibility 
with other materials.     Adhesive selected for testing were Ty-Ply-Q, 
Ty_Ply-S,  Epon 901,  SS-4056,   SS-4004, RTV-560, RTV-731,  and EC-1648. 
The materials  and bonding processes  developed from these studies are 
presented  in the following discussion. 

('5)sS-4056 and SS-4004 are silicon sealer and primer recommended for 
bonding with RTV-560. 

(•'  /RTV-560 is room temperature vulcanizing silicone rubber used  for 
bonding silicone foam. 
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After thorough cleaning and decontamination of the inner case surface, 
the machined insulation ring of Durez 16771 is profit and bonded to the 
steel case with EC-2214.  The adhesive is cured for a minimum of one 
hour at a bond line temperature of 250 F. 

Then the case and Durez-scarfed face are primed with a continuous coat 
of Ty-Ply-Q, which is allowed to air dry for 30 minutes.  Uncured R-124, 
which has been sheeted on the roll mill, is placed over the primed sur- 
face with the roll direction parallel to the longitudinal axis of the 
motor.  After obtaining complete and positive R-124-case and R-124-Durez 
contact, the system is cured under pressure for 10 hours at 325 F. Since 
the R-124 is uncured, the longitudinal scarf scorn is actually vulcanized 
during cure. 

Subsequently, the insulation is machined to the designed taper.  The 
exposed surface of the Durez ring is then coated with a film of EC-200 
(Emerson and Cummings) and the entire case sealed to preclude possible 
contamination of the insulation prior to insertion of the grain assembly. 

e.  Motor Assembly 

(l)  Grain-Case Assembly 

To compensate for the thermal expansion and contraction of the grain, 
the silicone-sponge-wrapped grain must be loaded in compression.  This 
causes a complex loading problem and imposes a tolerance limit on the 
finished grain; in Motor D the tolerance buildup was 0.120 inch.  Several 
insulating systems and loading techniques were evaluated for possible 
use.  This included placing the ablation resistant insulation (R-124) 
next to the grain with the silicone rubber next to the case.  The reverse 
of this method waa also considered.  The latter (reverse) design was 
selected because thermal expansion properties of the R-124 insulation 
matched more closely with the case than with the grain.  With the sili- 
cone rubber next to the grain, the grain was free to change with thermal 
cycling and still be contained during vibration. 

Methods of assembling a grain wrapped in compressible insulation were 
studied with two concepts selected for further consider '.on.  One 
design employed a split rigid sleeve as a means of precompressing the 
silicone rubber before assembly.  A clamp would be used for precompres- 
sion, in much the same way as a piston ring compressor sleeve is used 
in reciprocating engine repair.  The second method of assembly consists 
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of using elevated pressure to compress the silicone rubber. With this 
method, the grain would be inserted in a simple pressure chamber, which 
attaches to the case.  The grain would be mounted on a central shaft 
or mandrel attached to a hydraulic ram.  After pressurizing the chambers, 
the grain would be guided into the case by means of a shaft extension 
(Fig.  366).  Final selection of the latter technique was based on 
favorable results of the pneumatic compression anu friction tests. 

Friction tests indicated that the RTV-560 adhesive acts as a lubricant 
resulting in reduced friction which would probably permit loading by 
force alone (without pneumatic compression).  But, by using the techni- 
que of pressure chamber and friction load, the grain can be easily 
slipped into the insulated case while the sponge surface is under a com- 
presaive load. After insertion into the insulated case, the pressure 
is released and the sponge expands against the adhesive-loaded insulated 
case surface.  Then the adhesive is cured and the motor is prepared for 
final assembly. 

Although detail process procedure was not completed at the time of pro- 
gram termination, tooling for pressure chamber loading of the grain was 
under design and being fabricated.  In actual operation, the three in- 
dividual grains wiuld be assembled onto the grain assembly spindle, 
fixed to a relative position, and clamped to the design length before 
being inserted into the case as a single unit.  Again, actual practice 
might have found that grain loading could have been accomplished by ram 
force alone, but it appeared prudent to plan for the combined methods 
of pressure and ram force load. 

(2) Bore Insulation 

The internal bore insulation/restriction was to be accomplished by 
bonding a preformed tube of R-147 to the ID of the sustain and restart 
grains.  Ihe R-147 is bonded under pressure using R-140 as the adhesive. 
When work was ceased, this operation was scheduled to be conducted 
after the grain assembly had been inse:' ted in the case. However, objec- 
tion was expressed that inspection end repair would be difficult.  Con- 
versely, installation of the R-147 before assembly on the loading spin- 
dle would make the R-147/propellant bond susceptible to damage and in- 
crease the grain assembly tolerances. Additional analysis of this 
processing step is required. 
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(3) Final Assembly 

The last step in the assembly of the motor is the attachment of the for- 
ward closure and the nozzle. As stated previously, the boost igniter 
(Thermesh) is attached to the aft end of the sustain grain and the leads 
are extended through the nozzle throat during attachment of the nozzle. 

1 

The restart igniter leads are connected to the terminals of the forward 
closure assembly while the forward closure is attached to the case. 
The forward closure assembly consists of the steel closure, two Durez 
bushings (which were sealed with SS-4056 and primed with SS-4004) silicone 
sponge, and two electrical terminals. Both bushings and silicone sponge 
are bonded with RTV-560 to the SS-4004-primed steel surface.  Finally, 
the motor receives a leak test and radiographic inspection.  To predict 
the conditioning times for the assembled motor Figs. 367 and 368 
were prepared. 
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Figure 367.  Temperature vs Time for Conditioning Motor D 
During Temperature Cycling 
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Figure  368.       Temperature vs Time for Conditioning Motor D 
During Temperature Cycling 
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APPENDIX I 

DUSIGH AND HYDROTEST OF 
20-INCH REINFORCED GRAIN/FIBHIGIASS CASE 7203/7403 

SUMMARY 

A 20-inch reinforcpd grain and fiberglass case (RPG/GFV 7205/7403) 

was designed,   fabricated,  and hydrotested  to prove  the  structural 

capability of the motor and to provide  strain versus pressure data 

for use in design of future reinforced grain motors. 

VW Aluminum,  rather than plastic,  polar bosses and  load rings were 

used in  this motor to make certain that either the reinforced grain 

(RFG) or glass filament wound  (GJV) case would fail and therefore pro- 

vide  structural compatibility data for the composite unit.     Calculations 

showed  the initial  failure  should occur between 558 psig, which was  the 

shear out pressure of the RFG only at the polar boss,   and  1278 psig, 

which was the sum of the RFG shear out pressure plus  the GJV case 

ultimate pressure  (700 psig).     Rupture of the RFG occurred at 1078 

psig when the lower polar boss and load rings sheared  through the 

grain.     Pressure versus  strain  data indicate excellent structural  com- 

patibility cf the composite motor       Initial   failure was in the dome  cf 

the RFG at 1078 psig but extrapolation of the boop strain data  indicat-s 

the GFV case would have failed at an internal pressure on the RFG cf 

1140 psig if the RFG had net failed first. 

■ 
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INTRODUCTION 

(C)     The current ATP Reinforced Grain Program originally included the 

hydrotest of one 20-inch reinforced grain (RF&-7201) and one 20-inch 

reinforced grain-fiberglass case composite (RPG/GFW 7202/7^01).  These 

two tests were intended to provide design information for a multiple 

helix reinforced grain as well as structural compatibility data for 

fiberglass cases and reinforced grains containing high (3 percent) 

elongation aluminum wire.  Reinforced grain 7202 was rejected after 

hydrotest of RFC 7201 and subsequent mechanical tests of the aluminum 

wire shoved it to be below specification requirements.  Mechanical 

tests of the wire showed that only three of twenty-four wire spools 

used in fabrication of RFG 7201 and 7202 met the minimum requirements 

of 5 percent elongation and the other twenty-one spools averaged about 

2 percent elongation. 

WQ/GFW  7204/7402 was added to the ATP program as a replacement 

for RFG/GFV 7202/7201 which was rejected and tested on a Hocketr'v- 

sponsored program.  The reinforced plastic polar bosses in RFG/GFV» 

7204/7402 failed prematurely during hydrotest and transferred the pres- 

sure load to the GFW case. When the case ruptured the RFG ignited and 

burned all of the unit except the two polar bosses and a small portion 

of the GFW case.  This hydrotest revealed a polar boss problem but 

still left evaluation of the structural compatibility of the RFG/GFW 

composite unaccomplished. 

RFG/GFW 7205/7403 was added to the program and was designed and 

fabricated similar to RFG/&FW 7204/7402 except for the polar bosses 

and load rings which were made of 6061-T6 aluminum rather than rein- 

forced plastic.  This material substitution was made to preclude the 

possibility of failure of the bosses or load rings and to make certain 

that the structural compatibility of the RFG/GFW composite would be 

ascertained. 

Contracts.  AF04(6ll)-8193 and \F04(6I I )-9090 
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DESIGN AND FABRICATION 

This reinforced grain design was identical to RFG-7204 and is shown 

in detail on drawing 99-802274  A drawing of the RFG/GFW case assembly 

is shown in Figure 1 , This drawing shows forward and aft skirts which 

were not made. Grain, case, polar boss, and load ring details, however, 

are correct. Pertinent details affecting the structural capability of the 

reinforced grain are included in Table 1. Tables and figures are grouped 

together at the end of this report. 

Design Basis 

Considering the RFG as a thick wall isotropic cylinder gives a longi- 

tudinal stress ^ of, 
A<r 

"0     f-a* (1) 

For a series of concentric thin cylinders, the maximum value of ^ 

n by the following:   /y»t 

i.(**,}.4g*   2_      Cos' 
is given by the following: 

Öl •V** (2) 

(C) Near the polar boss, only the four geodesic layers support the longitudi- 

nal load and the maximum value oi   *G    from equation (2) is 1242 psi. 

^ (MAM) *  (0'IÜ(*f<°oe)     [0.O7i,Z+O.06$4' +0.0T3S+0*0897] 

(C) The maximum pressure from equation (l) is 578 psig 

m    S78**Iü 

•>'  Nooenclature is on page 835 
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(C)      Previous tests of reinforced grains have indicated ultimate shear 

stress values between 17,700 psi and 20,700 psi in the aluminum wires 

crossing the polar boss and load rings based on the assumption that all 

wires were uniformly loaded in pure shear.  The actual ultimate shear 

stress of the aluminum wires has not been determined but based on data 

from Reynolds Metal Company the ultimate shear stress of the wires should 

be approximately 24,300 psi. Maximum internal pressure based on shear of 

the wires at the polar boss is given by the following: 

■ 

■ 

/D (MAX) ■ t •», "w if*-} 

= i(io,ioo)(ii,7ri)(ämf.y 

• 
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(C)  This maximum pressure calculation is based on a shear stress of 20,700 

psi which is the highest value from previous RFG tests. A maximum 

pressure of 338 psig results from using 17,700 psi as the ultimate 

shear stress of the wire and 766 psig pressure results from using 

Reynolds Metal Company shear stress of 24,300 psi. 

. 

(c)      Minimum and maximum values of ultimate pressure based on shear at 

the polar boss are 338 psig and 766 psig, respectively.  This spread 

of 208 psig is rather large but it is not as important as it appears 

because the RFG is pressure limited to 378 psig based on wire tension 

in the geodesic layers near the polar boss. 

! 
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In the hoop or tangential direction,   the stress is a maxiuiuro at 

the inside surface and is given by the folloving: 

"f.**" ^fe^2 
(3) 

(C) 

The maximum tangential stress which the RFG can withstand is the 

composite stress which results when all wires are loaded to their 

ultimate stress and is given by the following: 

tfeÄ ftuj■ ~w *" 5IN « n ln 

/.4S +o.04.9s*o.0664+oJC/s + oas'rs 
+ 0.06LS+0.0874 +0*0*45* 0.077* 
10.0 fee] 

(C)    From equation (3) the maximum value of P.   is 856 psig. 
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GJ¥ CASE 7403 

Fabrication Data 

Drawing 99-802231 and Figure 1 show GFW case 7403 in the final 

assembly with HPG-7205. Table 2 shows the impcrtant structural para- 

meters for this case. 

Design Basis 

(c)  In the longitudinal direction 

c 0i 
.  4(4O4.)Ccsz23'8S0(&.5O) (5) 

/6.40 
ft 706 PSJGr 

(C)     In the hoop direction, 

*    7MP5i& 

BFG/GFV-72O5/74O3 COMPOSITE 

The preceding sections of this report contain structural information 

about the individual components.  In a composite structure, the load 

carrying ability of the composite is dependent not only upon the strength 

of the individual components but also upon the structural compatibility 

of all of the components. 

o 
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(C)      Calculations in this report show that initial failure of the RFG/ 

GFV should occur between 558 psig and 1278 psig  These values represent 

the lowest pressure at which the reinforced grain will shear assuming no 

load is transmitted to the GFW case and the highest value at which the 

RFG/GFW composite will fail assuming perfect structural compatibility of 

the grain and case  The 1278 psig is obtained by adding the ultimate 

pressure of the GFW case (700 psig) to the ultimate shear pressure for 

the RTG.  It has been assumed here that the RFG only will fail in tension 

or shear, or a combination of tension and shear near the polar boss at 

378 psig which is the maximum pressure for the RFG only in the longitu- 

dinal direction 

Several analytical methods of calculating the stresses and strains 

in the composite RFG/GFW structure have been used. To date, these have 

all been limited to a two dimensional study of the cylindrical portion 

only  Calculations of ultimate pressure in this report and previous 

hydrotests of domed reinforced grains have shown the domes to be the 

critical area  Consequently, one of the principal objectives of the 

hydrotest of RFG/GFW-7205/7403 was to experimentally determine the struc- 

tural compatibility of the composite 

HYDROTEST 

TEST PROCEDURE 

This unit, prior to hydrotest on December 17. 1963, is shown in 

Figure 2  It was filled with water and pressurized with Nitrogen. Strains 

in the GFW case were measured with ten lev/ modulus strain gages. Four addi- 

tional strain gages were located on the inside surface of the RFG and four 

linear potentiometers were used to measure displacement or longitudinal 

deflection of the cylindrical portion of the motor and the upper dome. A 

complete set of reduced data from all gages and a sketch showing the loca- 

tion of the individual gages is included in the appendix. 
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(c)     The motor was pressurized to 1078 psig in approximately 17.7'seconds. 

Strain gages on the lower dome indicated a failure of the reinforced grain 

at this pressure.  When the reinforced grain ruptured the pressure load 

was transferred to the GFW case and as a result of the increased volunfe, 

pressure dropped to 475 psig in approximately 7.5 seconds. After the pres- 

sure dropped to approximately 450 psig. the circ wraps on the GFW case 

started breaking, and as can be seen in Figure 3« about 60 percent of the 

total circ wraps broke before the test was completed. 

Figure k  shows plots of pressure versus average hoop strain, average 

longitudinal strain, average strain in the direction of the fiber on the 

domes, and longitudinal displacement of the cylinder. 

DISCUSSION OF RESULTS 

Strains in the domes were very low as shown on previous tests but 

longitudinal strains in the cylinder for this test were negative. At 

first glance this negative strain appears to be impossible.  However, with 

a thick wall cylinder, the longitudinal strain can be positive or negative 

dependent upon Young's modulus and Poisson's ratio of the material in both 

the longitudinal and hoop directions  The negative longitudinal strains 

were not expected in this test because previous tests of reinforced grains 

as well as the hydrotest of 20-inch RFG/GFW 7204/7402 showed positive lon- 

gitudinal strains.  The plot of pressure vorsus longitudinal displacement 

as shown in Figure 4 also casts some doubts on the negative strain measure- 

ments because it shows positive displacement.  In order for both negative 

strain and positive displacement data to be correct  the strain would have 

to change direction toward the ends of the cylindrical portion of the motor 

and give an average positive strain even though the strain at the center of 

the cylinder was negative.  This condition is hard to visualize and will 

have to be proved or disproved on future tests. 
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(C)     The most important fact which is shown by the data fron this test 

is the hoop strain in the GJV case.  Initial failure of the RPG/GFV 

composite was in the RFG in the axial direction near the polar boss 

and was the typical shear or shear-tension combination type of failure. 

Figure 4 shows, however, that even if the RFG had not sheared at 1078 

psig the GFV case was on the verge of failing in the hoop direction. 

Average strain of the two hoop gages as shown in Figure 4 was 2.34 

percent at 1078 psig.  Extrapolation of the pressure versus average 

hoop strain curve, as shown by the dotted portion of the curve in 

Figure 4, indicates the GFV case would have failed at 1140 psig and 

3.0 percent strain if the RFG had not failed previously.  This is an 

increase of only 3-75  percent over the actual burst pressure and indi- 

cates a well balanced composite structure. 

Another item of importance from the hydro test of RFG/GFV 7205/7403 

was confirmation of the design approach  Preliminary designs of 30 

and 36-inch diameter motors had been made prior to this test and were 

based upon the same design methods as the 20-inch diameter motors. 

Data from this test indicates the structural design for the 30 and 

36-inch diameter motors should be satisfactory for internal pressure 

loading. 

Structural compatibility of the RFG, GFV case and polar bosses 

was also an important item which was verified.  This was the first 

hydrotest of a reinforced grain motor with rigid (aluminum) polar 

bosses and load rings. Although the polar bosses and load rings 

were rigid as couipared with the RFG the structural behavior of the 

unit was excellent. 
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CONCLUSIONS 

1. Structural compatibility of the reinforced grain and fiberglass 

case was excellent. 

2. The current design method for reinforced grain motors is satis- 

factory for internal pressure. 

3. Polar bosses can be made rigid in relation to the reinforced grain 

and still function satisfactorily from a structural standpoint. 

(C) 4. Ultimate pressure (1078 psig) of RPG/GPV 7205/7403 was 74 percent 

higher than RPG/GPV 7204/7402 (620 psig) and is attributed to the 

improved polar bosses. 
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NOMENCLATURE 

Longitudinal  stress  in  the  reinforced grain. 

Tangential or hoop streets  in the reinforced grain. 

Tensile  stress  of the  aluminum wire. 

Shear stress  of the aluminum wire. 

Volume  fraction  of the aluminum vire. 

Number of wires  crossing the polar boss and  load 
rings. 

Number of ends per inch in  the direction  of the 
helical and  circ roving respectively. 

Dw       Diameter of the aluminum wire. 

O3        Outside diameter of the polar boss or the  outside 
diameter of the  inside  load ring. 

Internal pressure. 

CL Inside  radios  of reinforced grain, 

fe Outside  radius  of reinforced grain. 

*fl        Thickness of the  nth layer  of reinforced grain. 
\ 

OCn    Wrap angle  the wire  in the nth  layer makes with the 
longitudinal axis  of  the motor. 

r^    Total  thickness of the  reinforced grain. 

0^        Wrap angle  the helical  roving makes with  the 
longitudinal axis  of  the motor. 

^i Inside dumetcr of thp glass filament wound ciise. 

^  1Y  Break strength of a  single  helical and  circ end 
* respectively. 
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(c) 
TABLE 1 

DEINFODCED GRAIN 720? DESIGN AND FABRICATION DATA 

c 

\ 

■ 

Aluainua Wir« 
Noainul   Diaaeter,   inck 
Hiniaua UUiante Strenfth,  pat 
Hiiiiaua tloiigutiun,  ptrcvnt 
Averitge Weight Prvction,  parcant 
Nuaber of Wirt* in Wurp 
V»r|i Width, inch 

Gtodemc  Jtuteniioid  iayer« 
Uyer Nu.   J 

Winding Angl«,  dcg 
Tlnckneas,   inch 
No. of Covor« 

Uyer No,   2 
Winding Anglo, dog 
Thickneoo, inch 
Nu. of Cover« 

Layer No. 3 
Winding Anglo, dog 
Thickneoo, inch 
No. of Covoro 

Uyer No. 4 
Winding Anglo, dog 
Thickneoo, ingh 
No. of Covoro 

Fill Uyoro • 

1-A 
Winding Anglo, dog 
Thickneoo, inch 
No. of Covoro 

1-fl 
Winding Anglo, dog 
Thickneoo,   inch 
No. uf Covoro 

1-C 
Winding Anglo, dog 
Thickneoo, inch 
Nu. of Covoro 

2-A 
Winding Anglo, dog 
Thickneoo, inch 
No. of Covoro 

2-B 
Winding Anglo, dog 
Thickneoo, inch 
No. of Covoro 

2-C 
Winding Anglo, dog 
Thickneoo, inch 
No. of Covoro 

3-A 
Winding Anglo, dog 
Thickneoo, inch 
No. of Covoro 

3-B 
Winding Anglo, dog 
Thickneoo, inch 
No. of Covoro 

3-C 
Winding Anglo, dog 
Thickneoo, inch 
No. of Covoro 

laolde Diaaeter,   inch 
Ouioide Diaaeter,   inch 
Wob Thickneoo,  inch 
Average Buildup p«r Covor,   luck 
Tolol Nuaber of Wiroo Croooing PoUr  Beoo 

Flange and Uod Bingo 

0.0073 
50,000 
5.0 
20.0 

1.0B0 

0.0075 
♦5,000 
50 
1*5 
2« 
l.OM 

35.5 
0.115 
7 

35-5 
0.115 
7 

33.3 
0.099 
6 

33.3 
0.107 
6 

30.3 
0.099 
6 

30.5 
0.M3 
6 

28.0 
0.113 
7 

2B.0 
0.0985 
7 

«o 
0.099 
6 

«50 
0.0905 
6 

55 0 
0099 
6 

550 
0.0865 
6 

70.0 
0.115 
7 

70.0 
0.0885 
7 

«50 
0.115 
7 

«5.0 
0.10«5 
7 

550 
0.115 
7 

55.0 
0.099 
7 

70.0 
0.099 
6 

70.0 
0.077 
6 

«0.0 
0.138 
• 

«0.0 
0.13*3 
8 

50.0 
0.132 
• 

30.8 
0.138 
8 

6«.0 
0.115 
7 

6«.8 
0.115 
7 

13750 
16.65 
l.«5 
0.0163 

13.798 
16.318 
1.28« 
0.01«6 

88,776 22.776 

*1-A, 1-B, and 1-C indicates first, second 
and third fill respectively following geo- 
desic isotensoid layer No.  1 

0 
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TAÜLK II 

(JFW CASK T'iOl DFSIÜN AND FAimiCATION DATA 

Fiberglass 

Ho lieu I   Wraps 
Knda  per Iloving 
Wrap An/rKi.   tog 
No.   of Ends  per  inrh 
No.   ol" Covers 
Thickness,   inch 

Ci re Wraps 
Knds  per Uovirifr 
Wrap An^le,   dejr 
No.   ol" Knds  per  inch 
No.   ol Covers 
Thickness,   inch 

lies in 
Curative 
lleuin Content,   weight percent 

Inside  Diameter,   inch 
Outside  Diumeter,   inch 
Thickness,   inch 

Desiirnx i     As Fabricated 

s-<m S-99'» 

112 12 
21.>ir) j      in.85 
Wi UOU 
1 !            1 
0.0\r) 0.018 

20 20 
90- 90- 
501 561 
2 2 
0.019 0.017 

DKU 132 DER 332 
KMI-H PP1 l-M I-8 PPH 
L'O.O           j 2'i.2 

«O.'iO 16.'i0 
10.'i7        i 16.'.? 
O.Ol'i         1 0.035 

xI)esi(jrn  waa  changed   from drawing 99-H02127,i   to match   "as   fabricated" 
HFd 7205. 

t 
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HBTiais Pica wis BULK« rmmnm WAS MOT fnun) 1 
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9iM*.(ett) 

»e)*T»«»a«.«(TWi *Pi«sÄlfc 

.oi»'am 

OÜTfcio»    T»«-«B*r<T   ^UM-« 

^LOnUTUOMM, UHU (I UMMKnON>«l*0 ®Qj> 

ibwtnuDMK uwt ^i u>MiH*<riON)mqo (t) ® 

L^Homnuoi»*. unu (i UMMKMKIIMQO ®*? 

p UJNWTUWNI*.   L»M (i UMNMWntOQO €>S> 

UKUUnOIMTlU. TWOP   1 ««0    ®®®® 

uccvMnaMTiu «/tkr 

»SI IWl-f   UiM   is ■wo.g] 

k>M •(VI ■ & »■ JJ»     *   «*QO 

.ISO W* «*1» Lb     T>r^« 

*-«">»-'->»ofc-i    O-KH-K« a M«I> 

ii »oa«»» riAnbi., « afcoD 

Figure 1. HFG/GFW 7205/7403 Assembly 
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PREVIOUS PACE WAS BUNK, THEREFORE WAS NOT 7IZMED 

Figure 2.    RFG/CTF\V 7205/7403 Before Hydro test 
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Figure 3.    RFG/orV 7205/7403 After Hydrotest 
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APPiNDIX A 

> 

NOTE: Figure 5  shows the location of all strain gages and 

linear potentiometers which were attached to the fiber- 

glass case.  Reduced strain and displacement versus 

pressure data are included in the following pages. 
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180° ± 5° 

LP-3 

60° ± 

TOP 

SYMBOLS: 

LP-4II 
S13l    1   S17 

LP-1 

S19.    jS15 0131     1   S17      S19.    £>L0 
rj-tfl]    fllf-h j^JLMda. 

S14    S18 S20 SI6 

S-XX    Single Axis Strain Gauge 
LP-X    Linear Potentiometer 

FRONT 

LP-2 

■LP-1 

(I 

1 

I LP-2 

SI1 ^3   ^« 

S14 

SIDE 

i 



S13 

iLP-l 

i 

SI 6 

LP-2 
SI!5 

i 

II- 

SIDE 

TP- 

LP- dl 

\ 

S16 

LP-3 

.S13 

S14 

I LP-4 

REAR 

5.0 t 0.5 in. 
True (Typical 
2 Places) 

BOTTOM 

Figure 3.     Strain Gage and Linear 
Potentiometer Location 
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Figure    7, 

0        10,000     20,000 
STRAIN, MICRO IN/lN 

Done Strain Versus Pressure 

30,000 
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1000 - 

o 

0.2 0.3 
DISPL.,   INCHES 

Figure    8.        Cylinder and Dome DispUcement Versus Pressure 
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1000 

P 750 

-10,000 

Figure 10. 

20,000 

Polar Boss Strain Versus Pressure 

10,000 
STRAIN, MICRO IN/IN 
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APPENDIX II 

HEAT TRANSFER METHODS 
OF ANALYSIS 
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HEAT TRANSFER METHODS OP ANALYSIS 

This heat transfer analysis considers the effects of convection, con- 

duction, and radiation heat transfer in connection with ablution and cor- 

rosion losses of applicable components. The prime factors of interest 

are the depth of material lost due to corrosion and ablation and the 

temperature distribution at the end of the firing duration. 

CONVECTION HEAT TRANSFER 

The first mode of heat transfer to be considered is convection. In 

order to calculate the convective heat transfer the convective heat trans- 

fer coefficient must be determined. For this analysis the Bartz equation 

presented in Reference (l) will be used to determine the convective heat 

transfer coefficient. 

Bartz' equation is: 

■ w^ftm'fflW'-' (I) 
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C 

where 

• (+6.6 "/a-'^r/^wf 

*' = 

I 

Thus the rate of convective heat transfer is 

C7    ^ he. (Tn—Tw). 

(2) 

(3) 

(%J 

(5) 

(6) 

The recovery temperature, Tr is given by; 

The convective heat transfer is a major contributor to the heat load in 

regions of high velocity flow. Thus the main heat loading in the nozzle will 

be due to convective heat transfer. 

RADIATION HEAT TRANSFER 

The second mode is that of radiation heat transfer. The heat transferred 

to the surface due to radiation from the combustion gases is: 

o^hrC7^-7^)t (7) 

where hr is given by; 

(8) 

Radiation heat transfer is the major mode of heat transfer in regions of 

low velocity gas flow. Thus the major heat loading of parts in the forward 

and aft head will be due to radiation. 

O 



CONDUCTION HEAT TRANSFER 

The third and final mode of heat transfer is conduction.    Assuming one 

dimensional heat flow,  the Fourier heat conduction equation is: 

• 

JtZ ~ -L AZ . 
d*2  — <*  dZ (9) 

where,  for the present analysis,  the boundary conditions are given by: 

do) 

(11) 

(12) 

and Tw is determined from Equations (5) and (7). 

Difficulties associated with evaluation of the boundary condition 

described by Equation (10) have prevented a rigorous solution of Equation 

(9). Thus a numerical means of decrmining the heat transfer due to con- 

duction was employed. The method chosen is that of finite difference and 

for small increments of time and distance gives very good results . 

The analysis proceeds as follows: First divide the mater-5al(s) into 

a finite number of small nodes. Then write a heat balance for each node 

using; 

= o. 

Looking at three nodes for example, as shown below. 

\\\\\\\\\\\\\\\\\\\\\\ 

(13) 

SKSI^^^Sr^r^ 
Nodes for Finite Difference Analysis 
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C) 

the heat flow into Node 2 over the time increment A. ~£     is 

^A-^UT-T^AZ (no 

The h^at flowing out of Node 2 is 

W=|4fL»-^M2r (15) 

The heat stored by Node 2 over the same time increment is 

% STOW = [ec v]^-rt) ■ (is) 

where Tg  is the new temperature of Node 2 at time { 2* + A 2?   ). 

Substituting Equations lh,   15, and l6 into 13 and simplifying yields: 

(IT) 

From Equation 17 one can easily see that the general form of the conduc- 

tion equation for internal nodes is: 

(18) o 

\ 

858 

lfH^—l«       ■! ■■—«■ -•   -      *■ 



• 

Applying Equation 13 in the same manner to the surface Node 1 yields 

r^jMW^-l/'] 
+ 77 <'-<&>[**'+(ftl]) (19) 

» 

which is the conduction equation for a node with finite surface resistance, 

Conduction heat transfer is the means by which the heat loads brought to 

the wall material by convection and radiation are absorbed and transmitted 

through the wall materials. It is from this mode of heat transfer that 

the ablation and temperature distribution are determined. 

TEMPERATURE DISTRIBUTION 

The prime interest of any heat transfer analysis is to determine the 

temperacure distribution in the wall material(s). The temperature dis- 

tribution of the material(s) can be calculated by using Equations (5), 

(7), and (l9) simultaneously. Equations (5), (?), and (19) have been pro- 

grammed on an IBM709^ high speed digital computer to facilitate solution 

of applicable heat transfer problems. These computer programs were used 

in this analysis. 

ABLATION 

Ablation is defined as the degradation and removal of material due 

to heating.    In this analysis the ablation ^f material is computed by 

checking each nodal temperature against the temperature of ablation of 

859 
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the material,   (Ta).    When the ablation temperature is reached the node is 

held at this temperature until sufficient heat flows into the node to be 

equivalent to the heat capacity of the node  (He^) and the node then is 

eliminated.    This procedure is repeated in conjunction with Equations   (5), 

(7), and (19) for the duration of the firing. 

The ablative capacity of the node is given by: 

W«* = ew'«' (20) 

. 

where 

^     = density of material, 

V     ■ voluble of node. 

He^. = effective heat of ablation obtained from test data. 

Although material is lost due to ablation, this  sacrifice of material 

is Justified by the amount of heat consumed to remove this material.    The 

heat consumed in this process eliminates heat which would normally be absor- 

bed and transmitted by the remaining material(s).    Thus ablation losses are 

Justified by the reduction of heat loading. 

CORROSION 

The increase in nozzle throat diameter during firing can seriously 

affect the efficiency of the motor if the losses are large and not compen- 

sated for in the ballistic design. Since many nozzles, including the Motor 

A nozzle, are designed with throat regions of graphite, or graphite based 

materials, a means of determining the loss of graphite during firing was 
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c 
sought. The method by which these losses may be predicted is given here 

briefly*, and is based on approaches found in Reference 2. 

The loss of graphite in inches per second is given by: 

where: 

"c 

B* 

e 

0 

(21) 

• Convection heat transfer coefficient. 

• Reactivity constant which is a function of temperature and concen 

tration of the various gas species composing the combustion gas. 

«  Density of the graphite. 

• Specific heat at constant pressure of the combustion gas. 

• An empirical function of temperature and pressure to compensate 

for the non-equilibrium conditions in a nozzle. 

The reacitivity constant B* is given by: 

>*- g** BiMf'*'ßJLMz-hß3M3^ •'•£„/**„ 

where: 

(22) 

B.., B-, B-, etc. B The reactivity constant for each gas specie in the 

combustion gas. 

The empirical relations for 0  are presented in the following tabula- 

tion. 

I * A complete presentation of the corrosion analysis is to be presented 
in a forthcoming Design and Development Section Memo. 
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T 
wall Chanibei' Pressure 

:>U221 F <   870 psi 

> k221 F ^»   870 psi 

<<Zk221 F Z>>   370 psi 

< U221 F ^: 870 psi 

Empirical Relations for ö5 

(C)     vail       Chambei' Pressure     ^  

The (fi   presented in the above listing should be used only for the regions 

indicated by the chamber pressure and wall temperature. As the pressure 

and wall temperature change during the firing duration, the corresponding 

ft   is selected. 

SUMMARY OF METHOD OF ANALYSIS 

The method used in this analysis was to combine Equations (5), (7), 

(19), (20), and (2l) in finite difference equations. These equations 

were programmed for use with a high speed digital computer. The program 

was set up so that the following conditions could be taken into account: 

variable material properties, up to a maximum of three different materials, 

internal temperature distribution in the materials, end convective heating 

of the materials taking into account the pressure change during firing. 

The output of the program gives the ablation depth, corrosion losses, 

convective heat transfer coefficient, radiation heat transfer coefficient, 

and the temperature at each node for each increment of time. 
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RESULTS 

The preceding method of analysis was applied to the various sections 

of Motor A shown in Figures k, 5, and 6. The analysis was carried out in 

two parts. First with a combustion temperature of 5725 F for 10.5 seconds 

corresponding to burning of the core grain and second with a combustion 

temperature of 6325 F for 20.5 seconds corresponding to combustion of the 

RFC. 

FORWARD CLOSURE AND POLAR BOSS 

The results of the analysis of the forward closure and polar boss are 

presented in Figures 7 through lU. The following paragraphs discuss the 

ablation losses and temperature distribution of the forward head obtained 

from the analysis. 

Ablation Losses and Char Depth 

The ablation losses versus time and the ablation loss and char depth 

of the forward closure and polar boss at end of firing are shown in Figures 

T and 8. It can be seen from Figure 7 tuat all the parts are still protec- 

ted by undamaged insulation at the end of firing. The ablation depth of 

the MX26U6 silica phenolic protecting the forward closure and upper surface 

of the polar boss was 0.l6 inch for the closure and decreased to O.lh  inch 

on the upper surface of the polar boss. The variation of ablation in the 

MX26U6 insulation is due to variation of exposure time. The char depth 

throughout the MX26U6 is 0.07 inch. 
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TORUST VECTOR CONTROL SYSTIM 

QMNI-AXIS GIMBALLED SKIRT TYPE NOZZLE. SOLID PROPELLANT ROCKET MOTOR 

BAFIC SPECIFICATION 

NOTE: This revision incorporates all previous 
aaendnents issued against this specifi- 
cation and supersedes all other issues. 
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1. SCOrR - This inecification coven the rcquiraaenia far tht coaplata 
tliruai vector control (TVC) syaten for a solid propelUnt racket aotar. Tliia 
tyatea includea a fixed tliroat-ginballod akirt nessle aseeiibly, hydraulic actua- 
tion Hyetun, and electro-hydraulic control ayatea. It daea not include the 
prinary hot goa preaaure aource, but doea include the aaurca Mounting atruoture, 
praaaure linea, and interfacea. 

• 

2. Al'PMCAHhK PUCUMWTS 

2.1 fcpÜJCaat Specification - Tliia Qaaio Specification eovara the ainiauM 
requireiaoiit» for the doaign, perionaance, nanufacture, teating and packaging of 
the I've ayaten.  Sjeparatv Specific. Specif ieatioia will be iaaued to deaignato 
the aupplier whoao product line been approved far procureaient under this Basic 
Specificstion. The Specific Specification My provide supploswitsl requireisenta 
applicable only to the supplier's particular praduet. 

2.2 Pocuients - The following doounenta ahall fans a part af this Speci- 
ficstion to the extent spacifisd hsrein. If the requirenenta af this Specification 
and the documents liated below differ, the requireaenta of thia Specification ahall 
govern. Unleaa stated otherwiae herein, the applicable iaauo of the follcwing 
docuneuta ahall bo tha iaaue in effect on the data af iaaua of thia Specificatian. 

MIL1TAUY SPECIFICATIONS 

HIL-K-9272 

C 

MIL-S-77W 

HIL-P-8964 

HIL-ll-8779 

HiL-Ef-89366 

MIUII-2W5 

M1L-IW25534A 

MIUIW275W 

Hllr.D-70327 

l^iviroiuaental Teating, Aeronautical and Aaaociated 
Bquipmont   General Specification for 

Screw Threads, Standard, Optiaun Salacted Seriaa, 
General Specification for 

Pneuaatic Syataa Coaponenta, Aeronautical, General 
Specification for 

Hydraulic Syatoa Coaponenta, Aircraft and Niaailea 
General Specification for 

Blectric and Ulectronic Bquipaent and Syateaa, 
Guided Niaailea, Inatallation of. General 
Specification for ! 

Hydraulic Syateaa, Hiaaile, Deaign,  Inatallation, 
Teata, and Data llequireaenta. General Specification far 

biginea. Rocket, Aeronautical, Qualification Teat 
for 

Kollability Hrograa Hequireaente for Aeroepace 
Syatea, Subayateaa and Hquipaent 

Drawinga,  Ifcigineoring, and Aaaociated Liata 

O 

to» 111 Ml 868 
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A ■WWW O^ MOMTM AM«MICAM AVtAflOK INA SPEC NO. NA5-. HOOIVD 

EQUIPMENT   SPECIFICATION 3    «.       «J PACK. JOP. 

MII.ITAÜV STANOAIUtS 

MII.-STD-JM 

MIL-STD-130 

Sin.*«! ricutiuiiH IIIKI StunduiUN,   Order of 
VvvcfiU'ticu 

Ju^iiliriciitiuii Mm king of U.S.  Military 
l'ro)<oi'iy 

MIM'i'AMY STANHAIU) OIIAWINKS 

HS-33';HO MotttU,  Uofinitiou of DiooiiiiUr 

3.     maamauaM 
3.1 (iQiiofwi IUt<iiiirt'iiH'»tii 

3.1.1 Soluction of Snucificiitlniio and Stondurdo - Spocificotion« and 
ntuiidardM for oll laotoriul«, \nücv»*v»t and porta which or« not apocificailly 
doaitfniitud in thia lUicliotdynu Spacificotion,  but which are naeaaaary for complianca 
with tho  ru(|uircinaiita of thia apacificotion,  ahall  ba aalaetod in accordonca with 
NJlr.HTl>-U3. 

3.1.2 Miitorioln and I'rocimwua - Natoriala and proceaaa« uaod in tha 
iMiiiufacLui'u of TVC ayatuu couipononta ahall  conforia to tha opplicabla drawinga 
and apucificationa doaignotod huroin.    Tho nmtoriala uaod in tha loanufucturo of 
tho TVC ayatoia ahall  bo of tha hitfhaat quality and functionally auitablo for  tha 
application.    Tha uao of critical or atrutoKio oiotoriala ahall ba kopt to an 
ahaoluto iiinimuji conaiatont with tha porfuniuinco and aarvica  required. 

3.1.3 Intorchnntfeahilitv - All porta having tho anno part nunbar ahall 
ba directly and camplately intercliongeabla with roapect to inatallation and 
performonca.    Changea in any manufacturar'a part numbora aftor tha apaeific 
apacificntion haa been, iaauad »hall  require Uocketdyne approval and ahall ba 
govarned by tha drawing number roquireaionta of MIIr-D-70327. 

3.1 .'i Threaded i'ortw - All  threaded parta ahall ba auida of corroaion 
raaiatiug aiatorial or ahall ba auitably protected againat corroaion.    Screw 
threoda ahall  conform to MlL-S-?742.    All  threaded parta  ahall  bo poaitivaly 
locked or aecured by aafoty wiring or by other approved nethoda. 

3.1.3 Kinieh - All autterialo uoed in the TVC eyaten ahall  bo treated  to 
reeiat corroeion, ifnot inherently corroeion reaiatant. Diaaiaiilar aietala, aa 
defined by MS~333H6, ohall nut be uaed in intiiaate contact with eacli other unleaa 
auitably pretected againat electrolytic corroaion. No pita, acratchoa, corroaion 
or other defecte ohall ba prettent which are detritfeniai to tha finiali or fuiiotion 
of the TVC oyatoia. Tho TVC aye tew ahall bo free of all foreign »utter during and 
afier aaaoiably. 
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3.1.6 Special Tools - Components shall be designed so that special 
tools are not required for assembly, disassembly! or installation of the 
TVC system or the components. 

3.1.7 Marking - The TVC system and major components shall be marked in 
conformance with M1L-ST1X-130. All electrical terminals, pressure ports, and 
hydraulic fill and bleed ports shall be clearly identified. 

3.1.7.1 Nameplate - Nameplates shall be used for the gimballed nozzle 
assembly and for the major components of the actuation system. The following 
minimum identification shall be permanently stamped on the nameplates. 

Part Name 
Electrical Input (where applicable) 
Rocketdyne Specification Number 
Manufacturer's Part Number 
Manufacturer's Serial Number 
Manufacturer's Name or Trademark 
System Pressure (where applicable) 
Date of Manufacture 

Change letters shall not be applied as part of the Specification or Manufacturer's 
part numbers. 

3.1.8 Qualification and Acceptance - The qualification and acceptance of 
the TVC system shall be in accordance with the tests specified in Section 4 of 
this Specification. 

3,2   Design Requirements 

d 3,2.1   System Design - The TVC system shall provide control for a solid 
rocketmotor in the pitch and yaw axes. The nozzle design shall utilize a single 
fixed throat with an omni-axially gimballed nozzle skirt. Actuation of the 
nozzle shall be by hydraulic means with provisions for connecting hydraulic supply 
and return lines to an external power source. When specified by Purchase Order, 
hydraulic components shall be replaced by rigid adjustable support links for a 
non-actuated TVC system. 

3,2.2   Nozzle Performance - The TVC system shall be used with rocket 
motors containing either of two basic types of propellant. The nozzle contour 
design shall yield the most efficient performance when used with propellant B. 
Increase in throat area during firing shall not exceed 1.90 sq. in. 

O 

3,2.2.1   Kequirements of TVC System 
(a) Thrust Vector Angle, 0, deg 
(b) Maximum Duty Cycle Frequency of 

System, cps 
(c) Nozzle Ballistic Performance, 

percent 
(d) Nozzle Expansion Ratio 

(e) Initial Nozzle Throat Area, sq. in. 
(f) Nozzle Attachment Bolt Circle (see 

Fig.   1) 

ommmmxL 

-4  (in any plane) 
30 (at .25 degree deflection) 

(See Table l) 
97.0 (See Para 3.2.4) 

Altitude Test 25:1 
Ground Test 10:1 
(See Para 3.2.2,3) 
21.835 
10.625 Basic 

, 

O 

Nnnisa-fr-n 870 

-»— T 

r i -    ii r '    ^ —'-' jgy 



CONFTOENHAt 
Homtm *Mmmeim mmmmt* W; MX ""   IHflftff 

(c) 

iß 

EQUIPMENT   SPECIFICATION 

(g) Nozzle Attachaent Diameter, in. 
(See l'ig. 1) 

(h) Number of Attachment Bolt Holes 
i) Nozzle Divergent Geometry 

(j) TVC System Maximum Weight, lb 
(23:1 nozzle expansion ratio) 

(0 

t 

aai«2 Deceabcr I964 

1 ^ 21 

9.747 

18 

+.000 
-.004 

3.2.2.2        Design Parameters 

(a) Duty Cycle 
(b) Ambient Pressure,  pai 

(c) Motor Chamber Pressure 

Modified Bell Contour (See 
Para 3.2.%) 

79.9 (See Para 3.2.5) 

See Table I 
14.7 (maximum) 
Vacuum @ 100,000 ft .. 
(\       an 
minimum) 

See Fig. 3 * Para 3.2.14.1 

PR0PELUNT CHARACTERISTICS 

(d) 

(e) 

it) 

(!t 
(i) 

0) 

(k) 

Weight percent of fuel 
in propellant 

Combustion temp. 
(1000 psi), deg. F 

Exhaust temp. 
(14.697 pai) deg. F 

Total Motor Burn Time 
Specific Heat 

ratio (chanr er) 
Specific Heat 

ratio (exhaust) 
Molecular weight 

rf combustion 
products (chamber) 

Molecular weight of 
combustion products 
(exhaust) 
1. Gas phase 
2. Condensed phase 
3. Mean effective 

16 20 

5725 
3295 

6325 
3950 

Fi*. 3  • 
1.194 l%i 
1.204 1.169 

25.55 27.93 

19.71 20.31 
101.94 101.94 
28.22 32.62 

(Total wt. of reaction products) 
No. pf moles of gas 
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« 3.2.2.2   Design Parameters (Cont'd) 

(l)    Exhaust gas 
composition,  moles/lOO 
gm (14.696 psi) 
HO 
H2 
CO 
co2 
No 
on 
1! 

ci 
A1C1„ 

B 

Al203(s) 

Total Moles 
Moles gas 

0.461 0.522 
1.189 0.904 
0.918 0.646 
0.074 0.063 
0.300 0.300 

0.004 
0.006 0.033 
0.593 0.576 
0.002 0.016 

0.002 
0.296 0.370 

3.839 3.436 
3.543 3.066 

3.2.2.3   Nozzle Expansion Ratio - A flightweight nozzle shall be 
designed with a 25:1 expansion ratio for altitude operation. A foreshortened 
version of this nozzle having a 10:1 expansion ratio shall be provided for 
sea level operation.  The supplier shall furnish estimated nozzle performance 
losses for these two nozzle configurations in the null and deflected positions, 

3.2.3   Dimensional Requirements - The nozzle TVC system shall be 
maintained within the space envelope shown in Figure 1. 

$ 3.2.4   Nozzle Geometry and Ballistic Performance - The nozzle divergent 
geometry shall be a modified bell contour giving an overall nozzle efficiency 
over the burn time of at least 97.0jf (for a 25:1 expansion ratio) in the null 
position. Nozzle efficiency is calculated by the following expression:. 

Nozzle Efficiency {%) test (100) 

Where: 
theo (frozen) 

ratio nozzle), and Cf 

1theo(frozen) 

is 1.857 for A and B propellants (25:1 expansion 

is defined and calculated from 
test 

measured altitude test data as follows: 

CONPTOENTTAL 
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C, 
test 

where: 

P. /Fdeldtb    +     JPcell dt. 

tb 

/ 
P     dt, c        b 

S 
and 

A. A, t.    ♦      tf 

t 

Modifications to the nozzle contour to improve performance characteristics and 
reduce erosion shall be compatible with the nozzle space envelope and weight 
limitations. 

3.2.5 TVC System Weight - The altitude (25:1 expansion ratio) nozzle TVC 
system shall be designed for minimum veight consistent with TVC performance 
requirements but shall not exceed 79.9 pounds.  This weight includes system 
fluid, components and internal connections as shown in Figure 2 but does not 
include the lines, fittings, and brackets necessary to connect to the external 
pover source,  (i.e. test hardware) This weight does not include attachments 
for monitoring pressure and other performance featuers. 

3.2.6 Actuation System - The TVC actuation system shall be similar to 
that shown by the schematic in Figure 2. All major items of the actuation system 
shall be supplied as directed by the Purchase Order,  The entire actuation 
system must be mounted on the nozzle so that no loads will be imposed upon the 
motor grain and case except through the nozzle mounting flange. 

0 3,2.6,1   Hydraulics - The hydraulic system shall be a closed-loop type 
designed to operate from an external hydraulic power source. The hydraulic 
oil shall be compatible with the operating and storage temperature requirements 
of paragraph 3*2.16. 

0 3,2.6.1.1   Hydraulic System Contamination - The external power source will 
supply hydraulic fluid which has been continuously filtered through at least 
a 10-micron absolute standard element. There shall be no system response degra- 
dation during static firing due to contamination. 

0   3.2,6.1.2   Hydraulic System Pressure - The hydraulic system shall be 
designed for a 2000 t  50 psi supply pressure which is provided by an external 
power source. This unit will be provided by Rocket dyne. 

ommmmx 
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^   3>2.6.1.3    Hydraulic System Lonhu/te - TUe maximum intornal leakage of 
the icrvo control valves ahull nut exceed 0.1 gpm total Icaka^o under full 
•ystoHi pre sure with the no/./.le in any position (static) required by the duty 
eyele. Total external Icakufro for all components during vibration teats or 
static firing shall not exceed 0.03 tjpi» under full system pressure with fin 
no/.Kle in nnv position ^Hintic^ roefnred by the duty cycle 

3.2.7 Auxiliary Hydraulic Ground Power - The supplier will furnish his 
own hydraulic source fur any development tests deemed necessary. 

3.2.8 Electruhydroulic Servo System Performance Criteria 

8* 

(a) Closed loop gain 

(b) Niniinum input  impedance 
to comnand signal 
Minimum resolution 
Maximum phuso shift 

One degree thrust axis 
movement per valt from 
programmer (l0/volt) 
100,000 ohm 

i:l 0O-l' arc 
15    from 0-8 cpa 

o 

!;i Maximum dead band Steady state amplitude 
accuracy including 
hysterosis and linearity 
errors 

(g) Dynamic Frequency 
Response 

34 at 16 cps 
8V at 30 cps 
0 -3' arc 
0 -6* arc (Maximum error) 

•«■ 3/t from 0-8 cps 
T 30^ at 16 cps 
f 70% at 30 cps 

O 

3.2.9 No'/ale Poaition I'eedback - An electrical output signal shall be 
available from the servo system that can be used to monitor and record nozzle 
position versus time.  The feedback transducer shall be located so that a 
minimum of nozzle position error is introduced. The relationship between true 
nozzle position and feedback reading shall be provided by the supplier. 

3.2.10 Electrical Powor - The TVC system shall utilize a 28 volt do power 
source. Powor requircmoiits for the TVC system shall be kept to a minimum. 

3.2.11 Test ProKraiiwicr - The supplier will furnish his own programmer 
for any tests he deems necessary. Manual null shift provisions shal 1 be in- - 
corporated info the control system. 

3.2.12 No/.zle Axis/Thrust Vector Relationship - In the event the nozzle 
geometric axis and the noz/.ie thrust axis are not coincident, the relationship 
shall be defined. 

3.2.13 Non-Actuated TVC System - Non-actuated TVC systems as specified 
by the purchase order shall bo complete insofar as nozzle ballistic, thermal, 
structural, and dynamic characteristics are concerned. Actuators, and other non- 
operable precision conipunonts shall be replaced by adjustable links or struts 
or similar devices haviiif; dynamic characteristics similar to the replaced item. 

Commercial material shall be uUli/.ed where feasible. 

O 
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3.2.U   DoaiKn Looda - Tho following loads criteria shall bo used 
in the design of the TVC system. 

3.2.1^.1    Structural Loads - The limit operating ctioaber pressurs 
(3 sigma) for design purposes shall be 1013 psia. All structures shall be 
designed with an ultimate design load factor of 1.23. 

3*2.14.2   Acceleration Loads - All TVC system components shall bo 
capable of functioning during and following exposure to the acceleration 
loadingi shown below. Forward acceleration loads act through the C.G. of 
the TVC system along an axis parallel to the motor oenterline end side 
loads act through the C.G. of the TVC system normal to the motor csntsrlins. 
All occoleration loads shall be considered as ultimate for design purposes. 

(a) Non-operating (nozzle in null position) 

Forward - 13 g 

Side - 15 g 

(b) Operating (nozzle iu any position) 

Forward - 13 g 

Side - 3 g 

• 

• 

Induced -  See Figure ^ for magnitude, direction 
and point of application. 

3.2.1'i.3    Vibration Loads - All components shall be capable of normal 
functioning prior to, during, und after exposure to vibration loads listed 
below when attached to tho rocket motor in tho normal flight configuration. 

• 
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3.2.1'i.3.1    ViInation Teat - Tlie rocket motor, including the TVC gyatcra, 
HIIUU be vibrated in uucordunce with Procedure I of MlL-R-2553'iA except that 
all vibration survey and endurance testing shall be conducted at ambient toiapora- 
tures. 

3.2.13   Altitude - The TVC system shall be capable of normal duty cyclo 
operation at altitudes from sea level to vacuum conditions. 

3.2.10    TeMtu'raturo 

3.2.16.1 StoraKQ Tomporature - The TVC system and its components shall 
be capable of storutfe in the ready service condition for a period of one year 
at temperatures between -73 and 170 F without degradation of components or 
ptrformanoe. 

3.2.16.2 Operating Temnernture - The TVC system and its components 
shall perform in accordance with the requirements of this specification when 
conditioned to equilibrium temperatures from -73 to 170 P. 

3.2.16.2.1    Noz/le flange Operatinn Temperature - The nuzzle shall bo 
designed so that the nozzle mounting flange (see Fig. l) shall not exceed 290 F 
during the motor firing. 

ß   3.2.17    Chock-Out - The electrical components shall have adequate pro- 
visions for performing a check-out of all circuits prior to firing the rocket 
motor. A ground hydraulic cart with at least a 10-micron filter capability 
will be used for sea level system checkout. A service port shall be provided 
in the hydraulic system (see Fig. 2, Item 8). Pressure ports shall be pro- 
vided as indicated for hydrm.lic svstem check-out and monitoring before and 
during firing for both 10:1 and 23:1 expansion ratio nozzles (items 4 and 9»FiÄ»2), 

3.3    Pcrfonrmnco Evaluation Criteria - Compliance of the TVC system 
design with this specification may be evauloted by performance of the tests 
listed bolow. Performance of these tests by the supplier will be required 
when specified by the purchase order. 

3.3.1    Environiiiontol Totits - Prior to each teat, the TVC system shall be 
operated under prevailing room conditions and a record made of all data neces- 
sary to demonstrate that the TVC system conforms to the actuation performance 
requirements of this specification. After each test, the TVC system shall again 
be operated and a similar data record compiled to show that TVC system perfor- 
mance has not been affected by the test. 

3.3.1.1 lliflh Temperature - The TVC system shall lie subjected to the 
conditions of paragraph h.1.2  of MIL-B-3272, Procedure II, axcept temperature 
shall be 170 F. 

3.3.1.2 Low Temperature - The TVC system shall bo subjected to the con- 
ditions ol paragraph 4.2.1 of MUi-E-3272, Procedure 1, except temperature shall 
bo -73 K. 
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3.3.1.3 Humidity - The TVC uyBtem ■hall bo aubjcctcd to ilia couditiou« 

of  porograpli 'i.'i.l of MlL-l'!-5'->72 excopt high tomporature ahail bo 170 P. 

3.3.1.4 Vibrntio» - The TVC syaten, vhilo muuntud by its nomul neana, 
•hall bo tented in nccordnnce with Procedure I of Specification MII/-IU25534A at 
roo« temperature  {HOC porn^ruph }.9.|%.3«l|i 

3.3.1.5 ftMM ■ T^10 Wt ■yatcM.ahall bo aubjoetod to the couditioua of 
pnrißraph 4.8.1  of MII/-K-3272. 

3.3.1.6 Ibiin - The TVC  aystem ahall  be aubjocted to tho conditiona of 
parutfrupli 4.10.2 of M1L-K-5272.    A protectivo cap nay be in place over tho 
electrical connectora on the TVC ayaten during thia teat. 

3.3.1.7 Sand and Duat - The TVC ayaten ahali  be aubjoetod to tho con- 
ditiona of paragraph 4 11.1 of MIL-E-5272 except high tenperaturoo ahall bo 170 F. 

3.3.1.8 Shock - The TVC ayaten ahall be aubjoetod to tho conditiona of 
paragraph 4.13.9 of MIL-&-3272. 

3.3.2 Dielectric Strength Teat - The dielectric atrengtb of tho TVC 
ayaten electrical circuita ahall be tooted by applying the following voltagea 
between the current carrying parta and the Mounting proviaiana of tho TVC ayaton 
for 60 oeconda: 

(0)    2H volt circuita:      600 volte ma, 60 - I epe 
(b)    115 volt circuita:     1300 volte nee, 60 * 1 cpe 

No damage, arcing, or breakdown ahall occur ee e reeult of thie teat.    Leekage 
current ahall not exceed 1.0 nillianpero.    The TVC ayeten ehell  then bo eubjoeted 
to  the teat of paragraph 3.3.3. 

3.3.3 Inaulotion UeBietance Teat - The  inaulation reoiotance of  the TVC 
oyuten shall  be neaaured with a 300 volt  inaulation teeter end obeli  be deienained 
iiwaeülately after the dielectric atrength toot of paragraph 3.3.2.    The rooietenco 
Bhull be a niniamm 100 negohua  between the current carrying perta of the TVC 
ayatem and the mounting proviaiona when the 300 volte dc ie epplied for 60 oeconda. 

3.3.4 Suli-SynteiHw and Cowponenta Teote 

3.3.4.1 KluctricHl  Syatem 

3.3.4.1.1 Coiiiponenta -  Electrical   ayaton cumpenente ahall   bo aubjoetod 
tu tuetM apecified  in MIL-l,:-253^ end other applicable nilitery apecificetione 
for the  component. 

3.3.4.2 llydiuulic SvMtein - The  complet« hydraulic ayate« ahall  bo aub- 
Jucted   tu  teatw   epeciJied   in Mli.-ll-2')473f   excopt prool'  preaaure   aliall   be  130^ 
niniiuum of operaLin^ proeaure and bnret preeHuro Bhull be 2U0^ minirauiu of oporut- 
intf prnnNura. 

COJmDEJTIAl 
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3.3.4.2.1 Cotnpimcnta - llydroulic ayston conponontt shall b« ■ubjtctod to 
totU tpocified in M1L-U-B755 and otlivr applicable Military «pvcificationa for 
tho componunt except proof nressurc shall  be 1^0^ minimum of operating pressure and 
burst pressure shall be 20ü> minimiun of operating pressure. 

3.3.4.3 Pneumatic SyHtem 

3.3.^.3.1 CoiHPonents - I'neumatic system components shall bo subjected to 
tests specified in M1L-P-B3C4 end other applicable military specifications far 
the component. 

3*3.3 Static Firing Tuata - Tho nozzle and actuation system shall perform 
according to the system performance requirements of thia specification throughout 
the impoeed conditioning prior to firing and the subsequent static firing without 
Malfunction. 

4. QUALITY ASSUHANCB PnoVlSIONS 

4.1 Accentance Tests - Acceptance tosts shall be performed on each TVC 
system prior to acceptance Vy Rocketdyne.    Acceptance tests shall conaiat of 
the following: 

(a) Product examination per paragraph 4.1.2, including 
uae of suitable non-destructive test techniquoo to 
assure compliance with deaign. 

(b) Performance teata per paragraph 4.1.3. 

4.1.1 lie lection and liework - Failure of one component in a given TVC 
system to psas the tests of this specification shsll be ceu'je for rejection of 
the entire TVC ayatem.    The rejected ayatem may be reworked by tho manufacturer 
to correct defecte and reaubmitted for acceptance.    The manufacturer ahall provide 
the Rocketdyne Inapector with full porticulara concerningi the provioua rejection 
and the action taken to correct the defecta when the TVC feyatema are reeubmitted 
for Rocketdyne inapoction.   A aecond rework ahall not bo permitted without written 
approval from Rocketdyne. 

4.1.2 Product Kxomination - The TVC ayatem ahall be examined for con- 
formance to the workmanahip, dimenaiona,  threaded parta,  finiah and marking 
requiremente of thia apecification.    Tho package containing tho ayatem ahall be 
examined for the proper marking. 

4.1.3 Performance Teeta - The TVC ayetom ahall be mounted in a test atand 
simulsting motor installation, connected to a command signal programmer and t 
ground checkout hydraulic system, and operated to determine proper functioning 
of all componenta. 

4.8 jüimilte 
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PACt—JJL-Of— 
'1.2.1 TI10 DcHipi KolinbiliLy Goal  for tlift TVC ayatna will  bo 9().8^. 

DeiuoiiHtr«tion of  Lhu  rvliubilHy attuhivd will  bu prcdiclMd on a oyntboHia of «11 
ieatiiifr ditnu uu total  nyatenia  mid on Hiibs.VMtoiu.s mid CUIIIIIUIICIIIN .    Wborc  poHsible, 
proof  uf  rol iubil ii>   un  I'niicl miial   i-uipponi'iits will   bo MIIUWII by lifo-tyclo,  MTHl", 
I'fHultH of «ver-ieHt iii(; and/01   |)rioi' binLury uf jiorfonnanc« and teata on ainilar 
or identical model  barduaro.    MIli-W-275'i- will   bo uaed aa a goido plua any 
proviaiona explicitly agreed tu  in the purchaao contract. 

aa 
4.2.2    For the purpoae of tliia program, MU«-Itr-27!>42 will be applicable 

a guide and explicitly to the extent uf: 

(a) Ueaign Keview - Furniahing neceaaary data and drawinga, 
technical deacriptiona and analytical treatmenta to aaacaa the inherent relia- 
bility of the ayatem, aub-ayatema, and componenta. 
ahown and will be aubject to review and approval. 

Schedule pf teata will be 

(b) Teating -  Conducting environmental teata aa referenced herein 
and other deatructive and life teating by the aupplier to verify aafety margina 
or give aaauranco on doaign features or materiala uae. 

(c) Failure Ueporting - Failure Uoporting and Analyaia of cause 
and corrective action on any TVC ayatem or component. 

(d) Fatiatatea of Iteliability Demonatration levela for aub~ayat 
and componenta will be ahown aa part of scheduled teats with an aaaoclsted con 
fidence number. 

5. P1U)PA11ATI0N FOR DKUVKUY 

9.1    General - The TVC ayatcma ahall bo delivered, aaaembled, and 
packaged individually. The proviaiona apecified herein govern preparation for 
delivery to llocketdync.  In addition, the aupplier ahall perform preaervation, 
packaging or packing neceaaary to ensure the protection of the TVC ayatem during 
transportation, handling and atorage. 

9*2    Protection - The aupplier ahall develop and uae methoda of preser- 
vation, pacbaging, and packing which will adequately protect the TVC ayatem 
againat corroaion, contamination, physical damago or other deterioration during 
tranaport to llocketdync and during subsequent indoor atorage for 90 days. 

3.3    Marking for Shijimcint - Containers ahall be durably marked in a 
legible manner in such a way that the marking ahall not become damaged when the 
containera are opened. The auirkinga ahall provide at ieaat the fallowing 
information: 

1. Manufacturer'a Fart Number 
2. Manufacturer's Serial Number 
3. Manufacturer's Name and Addreaa 
k, Itocketdyne Specification Number 
3. Name of Fquipinent in Package 
6.    Purchase Order Number 

1 

4 
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o 
6.1 l'^gincering Ihitn oiul Attprovul - Th« uupplior »hull submit tht 

following engineering dutu fur Duaign llevlow and approval by llotkotdyne prior to 
del ivory of any TVC ayotetn: 

1. Perfonnuncc records and teat reaulta denonatrating TVC 
ayatem confonuonce with.thoa« requirenonta. 

2. Drawinga of the TVC ay a ten and ita component a allowing 
mounting proviaioiiM, electrical connectiona and 
componuut operation. 

3. ßlectricol wiring diugraiua identifying terreinala uaed. 
k.    Schematica of pneumatic and hydraulic ayatema. 
5» Procedurea for aervicing and operating the TVC ayatem. 

6.2 Qualification Approval Data - If the monufacturer hoa obtained 
Qualification approval from any government agency for the ayatem and/or coaponenta 
covered by thia upecification, or haa performed toata aimilar to thoaa required 
by thia apecification, auch testa may fulfill requirementa of thia apecification. 
Supporting data shall be submitted for Itocketdyne evaluation. 

6.3 Data on Production Climmea - After the specific apecification haa 
been released, the supplier shall make no changea to the TVC ayatem without firat 
obtaining written approval from Itocketdyne. Within 30 daya after receipt of a 
apecification change, the supplier shall submit written notification to Rocket- 
dyne of all changea in the TVC system design, dimensiona, materials, proceaaea 
or performance.  The suppliers approval request fur any change shall deiaonatrata 
that the proposed changes will not adversely affect the quality or performance 
of the TVC ayatem and that the modified TVC ayatem and/or component shall be 
interchangeable in all respects with systems or components previoualy received 
by Itocketdyne.  If test reaulta will be affected, a teat program ahall be aub- 
mitted to reteat the system or component that the proposed change will affect. 

6.4 Deviations from Specification - If the supplier finda it neceaaary 
to deviate from the requirementa herein, he ahall reference by paragraph number 
of thia apecification the proposed deviation and atate the reaaona for non- 
compliance. Itocketdyne will evaluate all auch propoaala and determine whether 
the product can bo grunted «ioviationa to thia apecification. 

6.5 Definition of Terroa 

6,5.1    General Definitions 

0  6.5.1.1    TVC System - The term "TVC ayatem" ahall mean the gimballed 
akirt noxsle employed for omni-axial thrust vector deflection, together with all 
aub-ayatema and compunents required for noaale actuation and poaition indication, 
excluding the external power source. 

6.5.1.2    Component - The term "component" ahall mean a control valve, 
actuating cylinder, or similar element. 

o 
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6.5.2 HailiMtic Dofinitiona (soe Figure %) 

6.5.2.1 Hum Tim»',  t.   - Uum time  is the  intvrvul from the point on the 

prcMxure  truce which  reptoHtüitH  10 percent of  the iiiMxiroum chuuiber preutfure  to the 
point un the  tioce wliich  repreyentH 73 percent of  the ul't tungeiit preuHure  (nee). 
Aft tintgent prewnure   in  ileLemiined by drawing  tungentH to  the  finul   regreuuive 
portion of  the preHuure-tiiue curve und drawing a  lino from the  intemeciion of 
tiu'KO tongunt line«  hiHoctiug the oreu enduued between the tongent linen.    The 
IntorHMctijn of thin  biuoctiT lino with the proeeure-tine curve reproeentii the 
aft tonuenv proeeuro. 

6.5.2.2 Avenige Thrunt. F.  - Average thrust ia the burn time total 

impuli« divided by the burn time,  corrected to vacuum conditiona  (lb.). 

6.5.2.3 
any time during rocket motor firing,  (lb.). 

6.5.2.4 Hum Time Total  Tmnulae.   I.   - Ikirn time total  inpulae  ia the 

urea under the thruut-time curve between the pointa defined in 6.5.2.1 (lb-aec). 

Delivered ThruHt. P. .  - Meaaured value of delivered thruat at . __^ ___ __.    j^ j 

■ 

6.5.2.5 Average Chumber Preaaure.  I*      - The average chamber preaaure ia 

the area under the pressure-time curve between the points defined in 6.5.2.1 
divided by the burn time,   (psia). 

6.5.2.6 Average Cell Pressure.  P    ..  - Average preaaure existing in tost 

call during rocket motor firing,  (psia). 

6.5.2.7 Nozzle Kxit Area. A - The exit area of the exhaust cono 
2 

determined before firing (in. ). 

6.5.2.8 Initial No/asle Throat Area. A,    - The area of the nosale throat 

determined before  firing (in.  ). 

6.5.2.9 Final Nozzle Throat Area. A.  - The area of the nozzle throat 

determined after firing and cleaned of depoaita (in. ). 

6.5.2.10 

rocket motor firing, (psia). 

('humber Preseure. P - Chamber preae ire at any time during 

fWMlfl-MI 881 
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TADLE I 

T1UIUST VHCTOIl CON'illM. ACTUATION PIluuRAM 

Duty Cycle 
Tine 

(lequirenvnt 
(•cc) 

lunitiun » Q 

0-0.9 
0.5-2.5 
2.5-3.5 
3.5-4.5 
45-5.0 

5.0-6.0 
6.0-70 
7.0-7.5 
7.5.8.5 
8.5-9.0 
9.0-10.0" 

10.0-10.5 
10.5-11.5 
11.5-12.0 __ 
12.0-13.0 
13.0-13.5 _ 
13.5-U-5 
U.5-15.0 _ 
15.0-16.0 
16.0-16.5 _ 
16.5-17.5 
17.5-18.0 __ 
18.0-19.0 
19.0-19.5 _ 
19.5-20.5 
20.5-21.0 __ 
21.0-22.0 
22.0-22.5 _ 
22.5-23.5 
23.5-24.0  
24.0-25.0 
25.0-25.5 _ 
25.5-26.5 
26.5-27.0 __ 
27.0-28.0 
28.0-28.5 _ 
28.5-29.5 
29.^-30.0 __ 
30.0-31.0 
31.0-31.5 _ 
31.5-32.5 
32.5-33.0 
33.0-35 0— 
35.0-THilorr 

r«MiifM.M 

Pitch Yaw 
Amplitude Ajoplitude 
(Dcg. about (Dcg.  about 
center line) center line) 

0_ 
*4 
+3.5 
±3.5 

0 
±3.25 
+3.25 
0_ 

±3 
0__ 

+3 
"0  
+2.5 
"0   _ 

0 
0_ 

+2 
0 

±2 
0 

"o_ 
+1.5 
"o_ 
+ 1.5 
"0 
0" 
0_ 

+1 
■D_ 
+ 1 
0_ 

+0.5 
"0 _ 
+0.5 
'0 
I 
0 

+0.25 
"0  
+0.25 

^4 
±3.5 
±3.5 

0  
±3.25 
+3.25 

0  
±3 

0   
+3 
"0  
+2.5 
"0  
42 
"o  
+2 
"o  
+2 
"0  

0 
0  

+1.5 
"0  
+1.5 
'0  
+ 1 
"0  

0 
0  

+1 
"0  
+0.5 
'0  
+0.5 
"0 
+0.5 
"0  

0 
0  

f0.25 

0 
• orrrr o. 

Phase Shift Actuatory 
in Pitch Cycling Cycles 

Plane Frequency        Completed 
(Degrees) (cycles/sec) Pitch    Yaw 

0 
.;+90 
.+90 
.+90 

0 
.-90 
.-90 

0 
.+90 

0 
.-90 

0 
.+90 

0 
0' 
0 

180 
0 
0 
0 
0 
0 

180 
0 
0 
0 
0 
0 
0 
0 

.+90 
0 

180 
0 
o' 
0 
0 
0 
0* 
0 

.-90' 

.+ 
0 

0 
".oTT 

i 
2 
0_ 
2.5 
3 
0_ 
3 
0 
I 
0 
3" 
0 
1 

3 
0 
*.l 
0 
2 
0 — 
4 
0 
6."" 
0 
4 
0 
6"" 
0_ 
8 
0_ 
4 
0_ 
8 
0 

16 
0 

16 
0 

30 
0 r 

o. 
i. . 
1; 
2. 
0. 
2.5 
3. 
0. 
3. 
0. 
1. 
0. 
3. 
0. 
0. 
0. 
3. 
0. 
4.5 
0. 
2. 
0. 
4. 
0. 

"6. 
0. 

* 0. 
0. 

"6. 
0. 

' 8. 
0. 

' 4. 
0. 

' 8. 
0. 

* 0. 
0. 

16 
0. 

30. 
0. 

% 

0 
•   \t 

1. 
.   2. 
.  0. 

2.5 
3. 
0 
3. 
0. 
1. 
0. 
3. 
0. 
1. 
0. 
3. 
0. 
4.5 
0. 
0. 
0. 
4. 
0.. 
6. 
0. 
4. 
0. 
0. 
0. 
8. 
0. 
4. 
0. 
8. 
0. 

16 
0. 

16. 
0. 

30. 
0. 

C 
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NORTH AMERICAN AVIATION. INC. 
CODC IDENT. HO. 02^02 

NUMBER 

MKfcflQfllAB 
MvitioM uTTel 

1111 m PACE 18 c 
1, Servo Valve■ 
2, Yaw Actuator 
3, Pitch Actuator 

** 4, Manifold Pressure Port 
9, Position Feedback Transducer 
6. Nozzle Position Control Amplifier 

* 7. Ground Cart (See Para 3.2.1?) 
6. System Disoouiect (v/filter) 

** 9, Pressure Port 
«10. Filter 
*11. Nozzle Position Instrumentation 
»12. Programer (&ee Para 3.2.12) 

* Furnished by Rocketdyne for 
test firings. 

** For Ground Test Units Only. 

EXTERNAL PRESSURE 

RETORN o 
Figure 2.     Typical (iimballed Nozzle Actuation Syeton Schematic 

FORM im*.* NEW i)4a 884 1   
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NORTH AMERICAN AVIATION, INC. 
CODE IDENT. NO.       ')'^'-:- 

NUMBER 

NAr)-3001',D 
REVISION LETTER m PACE «a 

CONFIDENTIAL 

Time,   (Sec) 

Fijijuro 5 -  Induced Accolcrution* vs Time 

*Accolcratio.i nonial to motor ccnterlino due 
to nozv.io voctorin/;. Determined ut u point 
l'i  incites ait oi nu^/.le mounting flange. 

Wms 
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HW7I0ÜS PiOK ViS BIAMK, THEHiro« «AS NOT FUND 1 
APPENDIX IV 

ESTIMATION OF ENERGY REQUIRED FOR 

SOLID PROPELLANT MOTOR IGNITION 

Aa mtiuily useful relationship between certain rocket motor parameters 
end the energy required to obtain satisfactory ignition has been developed 
by the U. 8. Mural Ordnance Laboratory. (Reference: HavOrd Report 613U, 
0« J. Bryan and £• K. Lawrence). The above referenced report presents 
the methods utilised in obtaining data, and the empirical relationship 
which was developed • The equation derived has been further reduced and 
adapted for use by SPO through the combined efforts of the Propellent 
Research Unit and the Structures Design Unit. 

laSRIVATIQR OF FORMÜIA FDR ENERGY REQUIREMEHTS 

From Equation 3* RavOrd Report 6l$kf 

•. 38 [(v AhVWVl 0*59 
1.06 

(1) 

Where 

Q Ö 

A a 

h a 

h t3 

«c 

mm 

• 

Total energy required for ignition in calorie* 

Total area exposed to products of Ignition, en? 

Length of grain, cm 

Fort.™, e^ 

Ignitiability of propellent, cal/cm 

Dimsnflional analysis of the above formula indicates the units of  the term 

1.06 

1.06 

are cal * . Therefore, to yield cal for Q, the dimensions of the constant 

38 are cal*' . To make the above equation valid for British units, convert 
as follows: 

891 



.06 
2$2 Ml/ 

) 

1.06 

.».s k*%H" (sVp^}^ 

i (38) (1.39)^06 

« 52.8 «ü-*06 

• (52.8)(U7r) 
0.3127 625^ 0.3127 

■ 11Ö.5 qe 
1.06 "0.4346   0.6254   0 *3127l 

•ingle type propellant (e.g. RDS-135),^ m^be assuasd constant. 
*or a elngle propellant, the term 116^5 q^1,Db nay be considered a 

For a 
nun for a single propeiiant, the term lib»? q^ 
•ingle constanti K, and equation (l) becomes: 

4» r A0'«V6e5U*P0,3127 (a) 

o 

Where 

K a U6.5 %. 
I.OS 

(3) 

Once QQ is detsrsinedf then K may be calculated, determining the linear 
relationship bstsesn Q9 the energy required for ignition, an. «he term 

^0.1*3116^0.6^5^0.3127).   VtiLm relmUonship ia shown graphically in 

892 O 
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The ignltabllity of Rockotäyne08 propellantg (qc) has not been deterainad 
in such a Manner that values are available for using directly in equation 
(1). However, the constant K oey be approxiaated fro« the results of 
previous aotor tests utilising the sane propellent, end on which satis- 
faetoxy results vare obtained. This is illustrated as follows. 

If we assuas that the Mk 23 rocket aotor utilized the cptlana weight 
of Ignition aaterial, than 

2600 BTD/. 
■) lb e 550 

Since 96 gas « wt. of P120A Ignition material used and 2600 Äfü/ib e 
heat of explosion (approxiaate available energy) per lb of P120A. 

Vor Nk 25: 

A  s  2717 in.2 

Lg s  U0.3 in. 

A^ »  33a in.2 

From equation (2), 

Ks tp.kWi öTte^A 0.512^ 
-6 s 

■ 

(2n7)0",,3*6(»>o.3) 
252-, 

(22.1) 0.3127 

s lii.mlRw&Mi) 

*D 

• 0.667 

Or, utilising the basic formula 

Q s   550 a   52.Ö  < (2717) 

«    52.8 (U^c)1'06 

3 Vu 7r(22.l) 
^ grn — 

10.59 
1.06 
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1.06 :BL 
(3B.8>( 1190)^« 

Fro« «fwttOB (3), 

X t U6.$ to1*06 

« (ll6.5)(O.007ö9)1'06 • 0.66? 

In order to ofetaln th> bttt MtiMt»» the X vftlot 
Mvu'al aotor ooofl^Dntioiui tatted vhleh OM4 

vmU» vat approilaiUd at 0.60. 

«M datOTimd for 
135 propallant, and 

CALCÖLAKOI OF 

«ooatant, f, la dataralnad, than the ei»rgy repaired to obtain 
eaa be aetlwted If the port area (Ap), the length of the 

propellent train (%)# and the total area a^oeed to the products of 
Scnltlon (A) era knovn.   Application of thle eqottlon la llluatrated In 
the followin« en«U. 

fbr the 11-3^, the grain length (1^) la 1J£ Inches, the port area la 172 
aqnare Inehee, and the surfece area la 53*000 aquara Inehea.   The propel« 
lent fomaUtlon for 11-3^ ie RD8-135, for ehleh K velne la placed at 0.60. 

required for i^ltlow (Q) then 

Q . (cooMsa^ooo^'^diA^^dTa)0-313 

e 756O HD of available energy 

Since the l^Htlon naterlal, P»12QA.f has an available energy of 2600 Ba!ü/lb, 
the velght of ignition naterlal required la 7560 a 2,91 peunde, or 1320 

u   (Botet teeesnt design need 1000 graesf since relatively long Ig- 
nition delay of i»00 111110800000 at -75°? !• pawdsslble). The voloae 
required to oontsin thle aaooot of Ignition arterial eon raedlly be 
oaleolatad fro» the balk deneltgr of the particular Ignition ■aterlal Involved 
in thle HlMtraUon lA" dlaaeter PlflOA pellets were used, etoleh has a bulk 
deaoltar of 22 greae/eoble inch. The VOIIOM required la then 1320 grena 

Sg3S^n.3 
or 60 
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The charts in flgnres 1 and 2 have been prepared to facilitate computation 
of the required energy, ignition «a'terial, and volume. Once the factor 

A0.^35L 0,625A O.313 hftfl been caxcuxated, these three variablea may lie 
obtainea directly fro« the applicable chart by reading up to the line 
designated for the propellent concerned then across to the variable deBlred. 
BUM, for the M^ the factor would be {33fOOO)0'k^ (lU2)0t625( 172)0.313, 
or 12,600. 

On Figure 2, read up from 12,600 on the X-axis to the line deoignrrccd 
as RDß-135? then across to the Y-axis. The Ignition energy required is 
approximately 7600 BZIPs, the ignition material required is 1320 grams, 
and the volume required is 60 cubic inches. 

DISCUSSION 

The authors of the referenced article have estimated that a satisfactory 
charge for 92J& of the Ignition systems could be obtained by a tuo trial 
method. First a value of one standard estimate of error below the nominal 
would be used, and, if unsuccessful (should be successful or ureter-ignition) 
a value of one standard error above the nominal would be tried. An even 
higher probability of success (99^) is estimated where tests preciously 
coaducted on similar configurations have proven satisfactory. 

In application of the equation at SPO, it mazt be recognized thnb vmlpM of 
qc are, at best, estimates based on previous firing data rather then 
analytical determinations. As additional infonDation on this property le 
gained, /alues of qe (and consequently, K) which are chowa her? vVX bt 
adjusted to reflect the improved estimates. It is also evident that, ramy 
factors, ether than these three variables shown^ ohould be eors:'.dered 
before making a final decision as to the quantity an;l type of i.gnj.tion 
to be employed. A suggested approach is to estimate the requiremeats 
from this equation to obtain approximate quantities of energy. The 
weight of ignition material may then be raised or lowered to compensate 
for other variables not previously considered, such as unusual or extrear 
ignition times, proximity of ignition medium to propel laut surfte. 
ignition shock limitations, starter djaphra^ms, etc. 
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APPENDIX V 

WINDING MACHINES 

The company developed a number of winding machines for the rein- 

forced grain program. The 6-, 10-, 36-, and 40-inch winding machines 

were designed and fabricated. Design of the 72-inch winding machine 

was also initiated and approximately 75^ completed. 

SIX-INCH WINDING MACHINE 

This machine was designed as a laboratory research tool to wind 

small cylindrical grains for grain studies, propellant matrix evaluation, 

development of fabrication techniques, and evaluation of process con- 

trols. It is capable of winding cylindrical grains 6 inches in diameter 

by 14 inches long with variable web thicknesses. The 6-inch grain was 

chosen to allow use of Rohm and Haas-type test hardware for standardized 

ballistic data. 

The winding unit and all accessories are mounted on a mobile bench. 

The unit is capable of winding 16 wires simultaneously with considerable 

flexibility as to wire spacing and winding angles. Each wire is pro- 

vided with individual tensioning by means of a frictional drag on the 

wire spool. 

This unit has been successfully used to wind grains for burning 

rate studies, evaluating 5- and 10-mil wire, and study of process vari- 

ables such as optimum wire volume, helix angles, and propellant viscosity. 
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TEN-INCH WINDING MACHINE 

This unit was designed as a process development machine  to wind 

grains for reproducibility studies, development of fabrication tech- 

niques, evaluation of process variables,  and glass filament case develop- 

ment.     The machine is capable of winding cylindrical grains 10 inches in 

diameter by 30 inches  long.    The  10-inch size was chosen to allow use of 

standard 10-inch test hardware. 

This machine is a scaleup of the 6-inch unit and has similar capa- 

bilities and flexibility.    Like the 6-inch unit,  its mandrel rotation 

and traversing mechanism are operated through separate transmissions 

controlled by mechanical  linkage, variable-speed-control units.    This 

type design allows irreat flexibility in winding patterns; however,  it 

is more difficult to develop reproducible wire patterns.    The wire feed 

system is the same as on the 6-inch machine;  however,  the number of wires 

wound can be augmented as required.    Wire application is in a contin- 

uous helical pattern,  traversing back and forth along the grain length. 

This unit was also designed for glass filament winding.    It has a 

glass filament feed system capable jf winding either pre impregnated 

rovings or "wet" rovings.    The system has a two-spool capacity with 

tensioning devices for controlling the roving tension.     In wet winding, 

a water-jacketed resin pot  is provided to allow control of the resin 

temperature.     The rovings,  after passing through the resin bath, are 

stripped of excess resin and oriented for application on the cylinder. 

This 10-inch machine was used for experimental winding of hydrotest 

cylindrical grain with special end bosses, the winding of glass filament 

cases, and the winding of glass filament cases on reinforced grains. 
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THIRTy-INCH WINDING MACHINES 

This polar machine was designed and fabricated under a preceding 

study authorization; however,  the design, fabrication,  and evaluation 

of auxiliary equipment such as the wire feed system and propellant feed 

system were carried out under the RFG program.    This is also true of 

modifications and improvements made on the unit.    This machine has been 

in operation at the McGregor plant since November 1961 and all 10-inch, 

domed-end grains fabricated to date were made on this machine.    Due to 

scnedule delays in delivery of the 6-incIi machine, this unit was also 

used to wrap 6-inch cylindrical grains for laboratory studies. 

■ 

The unit was designed  to wind grains up to 20 inches in diameter 

with cylindrical length-to-diameter ratios to 1.5, but it is capable 

of winding grains up to 30 inches in diameter with L/D ratios less than 

1.0. 

i 

The polar-type winding machine winds grains with domed ends by 

alternating between polar winding and helical winding.  In polar winding 

the wire is wound lengthwise from pole to pole as the grain rotates 

around its center of gravity on an axis normal to its longitudinal axis. 

In helical winding the wire is wound on the horizontal rotating 

grain as the wire feed traverses back and forth along the cylindrical 

length of the grain. Winding angles are determined by change gears in 

the gear transmission which determine the ratio between mandrel rota- 

tion and the spindle speed, in the case of polar winding, and the ratio 

between mandrel rotation and carriage traverse movement in the case of 

helical winding. 
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THIRTY-SIX INCH WINDING MACHINE 

This unit is capable of winding grains up to 36 inches in diameter 

and 3 feet long. It is a reciprocating helical winding type, employing 

hydro-mechanical means for actuation ard winding control. 

The general configuration of the machine consists of two upright 

structures, the headstock and tailstock. An overhead bridge joins the 

top of these structures and serves as a track for the carriage.  The 

mandrel is positioned horizontally between the headstock and tailstock 

and rotates about its longitudinal axis.  The headstock houses all 

power units, drive transmission, programming cams, and hydraulic winding 

control. The carriage moves bi-directionally and parallel to the axis 

of mandrel rotation. The delivery head, which is capable of laying 

down 30 individual wires, is mounted on a boom which moves vertically 

up and down and rotates about the vertical axis of the boom. 

The horizontal position of the carriage and the vertical and ro- 

tational position of the carriage boom are controlled by cams. Precise 

tracer valves follow the cam surfaces and the movement of the tracer 

valves determines the motion of the carriage and boom.  Thus, these 

cams orient and position the delivery head on a predesigned path at any 

instant in the winding cycle. The winding anglr is controlled through 

a gear system with change gears that establish vhe speed ratio between 

mandrel revolutions and cam revolutions. The unit is able to develop 

high- and low-angle helix patterns as well as polar and circumferential 

windings. 
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FORTY-INCH WINDING MACHINE 

Two 40-inch winding machines were  designed and developed with 

company funds to support the extensive  grain fabrication requirements 

of the Reinforced Grain Advanced Development Program.     These units are 

advanced versions of the 36-inch winding machine which served as a 

development prototype.    Due to the tight design and fabrication schedule, 

all  possible basic  components were used  from the 36-inch machine. 

Operational experience on the 36-inch unit allowed a number of  improve- 

ments to be  built  into the 40-inch machine. 

Like  its prototype,  the 40-inch winding machine is a reciprocating, 

helical-winding type,  employing hydro-mechanical means for actuation 

and winding control.     It is capable  of winding domes or cylindrical 

grains up to 40  inches in diameter and 80  inches  long.     It can develop 

helical patterns from low to high angles,   including poiar and circum- 

ferential patterns. 

The general configuration of the machine consists of two upright 

structures,  the  headstock and tailstock.     An overhead bridge joins the 

top of these  structures and serves as a track for the carriage.     The 

mandrel is positioned horizontally between the headstock and tailstock 

and rotates about  its  longitudinal axis.     The headstock houses all 

drive  transmission,   programming cams,  and hydraulic winding controls. 

The carriage moves bi-directionally and parallel to the axis' of mandrel 

rotation.    The  delivery head  is mounted on a boom which moves verti- 

cally up and down and rotates about the vertical axis of the boom. 

The horizontal  position of the carriage and the vertical and ro-' 

tational position of the carriage boom are controlled by cams,     hydrau- 

lic  tracer valves  follow the cam surfaces and the movement  of the 
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tracer valves through hydraulic cylinders and mechanical components 

determines the motion of the carriage and boom.  The cams orient and 

position the delivery head on a predesigned path at any instant in the 

winding cycle.  The winding angle is controlled through a gear system 

with a set of change gears providing the required gear ratios that 

establishes the speed ratio between mandrel revolutions and cam revo- 

lutions. 

Two power units each consisting of a hydraulic reservoir,  electric 

motor, and two hydraulic pumps are located adjacent to the headstock end 

of the machine. 

Design requirements for the 40-inch machine were based on program 

motor sizes,  increased operating capabilities,  improved process con- 

trols,  improved winding precision, and experience  gained in the develop- 

ment and operation of the 36-inch unit.    Design responsibility was 

assigned the design function of the Structural Plastics Group,  located 

at the Van Nuys Facility.     The two units were built by the Manufacturing 

Department of the Los Angeles facility. 
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APPENDIX VI 

CAM DESIGN 

GENERAL 

It was apparent early in the RFG program that existing methods of 

developing cams for filament winding were inadequate for the scope and 

number of cams required. Since a GJ¥ case required a single cam, or a 

set of two cams (X and Y), the problem hadn't been serious.  Most of 

the industry scribed the desired path on the winding mandrel surface 

and forced the follower through the required motion.  The follower 

motion generated the required contour on the cam blank mounted on the 

winding machine. This was obviously impractical for a multi-layer 

grain since the cost of repeating the operation for many mandrel diam- 

eters and shapes would be prohibitive.  Cut-and-try approacheä to cam 

design also proved unreliable, costly, and time consuming. 

Therefore, it became necessary to theoretically develop the pre- 

cise follower motion required to generate a specific filament path on 

a domed mandrel.  The first approach was a geometric solution in which 

a helix angle defined by the design diameters is wound in plane over 

the domes and as a helix over the cylindrical section. 

Along with the theory, it was necessary to develop a method of 

converting the theory to practice, and a graphical method of cam 

design was developed concurrently.  In turn, the cam design was nat- 

urally adjusted to the existing SRD winding machines since the prac- 

tical aspects were dependent on machine limitations of size, rate, 

mounting, and tracing.  On SRD three-axis machines the "X" cam defines 

the variable horizontal (longitudinal) traverse of the follower 

carriage, the "Y" cam defines the variable transverse (vertical) 
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movement of the follower boom and the 7 axis defines the variable 

rotational movement of the follower guide.    The Z axis orientation was 

necessary for winding multi-wire warps to prevent roping and gaping 

of the wire patterns. 

c 

MOTOR A 

Cams for Motor A were designed by the graphical approach and 

though tedious it proved very effective. The grain was divided into 

9 geodesic layers and 8 intermediate layers. Each geodesic layer 

required an X, Y, and Z cam. Each intermediate layer was divided into 

3 to 3 layers with different dome termination points and winding angles. 

Usually those layers with winding angles below 43 degrees were wound 

with X, Y, and Z cams while above 45 degrees the Y cam was not nec- 

essary. This resulted in a large number of cams and improved methods 

of cam fabrication were developed (see Cam Fabricationj. 

Design and winding of Motor A disclosed, and allowed solution of, 

many problems that were previously ignored or considered insignificant. 

It showed that more refined methods of determining warp width, layer 

dome thickness, dome in-plane angle (ex) and winding patterns were 

necessary to improve cam design and grain design techniques. 

A typical cam design package included the layout in rectangular 

coordinates, the polar coordinate data, and sketches of the three cams 

on polar graph paper.  The raw data developed by graphical means or 

obtained from the cam computer program were plotted on the rectangular 

graph paper (cam rotation vs cam radius). The points were joined to 

form the cam contours and the contours corrected to allow for the 

radius of the cam follower normal to the curve.  The radii for 
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appropriate cam angles were transferred to the data sheets and sketches 

plotted on polar graph paper.  The sketches were used to show the cam 

configuration and the size blank required. 

CAM COMPUTER PROGRAMS 

Development of computer programs for cam design resulted in three 

basic programs:  (l) a program (JVCKRT) for iterating the winding angle 

until a suitable winding geometry is obtained, (2) a program for cam 

design with 3-axis machine control (JJSCOT), and (3) a program with 

2-axis machine control (RQSCOT). 

The program for selection of the winding geometry was fairly 

straightforward. All acceptable winding patterns expected to be 

encountered, i.e., turns and circuits per pattern, were stored within 

the program.  The winding angle was adjusted in increments equal to 

0.01^ of the total mandrel rotation until the resulting winding pattern 

was acceptably close to the stored values.  The tolerance for this 

agreement was 0.5%  of ihe total mandrel rotation for one circuit.  This 

program also calculates the winding ratio and selects change gears 

which will yield this ratio.  Various values are also calculated within 

this program which serve as input to the cam design programs.  Develop- 

ment of computer programs for cam design was basically the same for 

both the 2- and 3-axis operation with the 2-axia operation simply main- 

taining the Y axis constant.  The primary problem involved in each case 

was definition of the filament path over the domed ends to be readily 

usable.  The geodesic dome is readily defined; however, occasions 

arise when the object to be wound upon is not a geodesic.  The filament 

path was therefore defined in terms of the in-plane dome angle and the 
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dome coordinates.  Follower head position and orientation was deter- 

mined for each dome coordinate value except the first and last.  For 

a given dome coordinate the filament path was approximated by defining 
2 

the filament path as a quadratic of the form y = ax + bx + c passing 

through the given point and the points immediately before and after 

the given point.  Follower position and orientation for the cylindrical 

portion of the mandrel were determined, as required, for simple spiral 

winding. After determination of follower position and orientation 

for one complete filament, this data was converted to cam coordinates 

using appropriate winding machine conversion factors. Cam follower 

correction was made at this point within the program; however, the 

technique for this correction has not yielded accurate results and needs 

further development.  A plot of the cam contours was obtained by plot- 

ting the data on an SC-4020 plotter. An improved program combining all 

the computations necessary for a complete winding setup from winding 

geometry determination to cam coordinates for 3-axis operation (JJWBIG) 

was compiled; however, it was also plagued with the erroneous cam 

follower correction and required further development. 

MOTOR B 

The major «mprövement in Motor B cam design, beside the use of the 

cam design computer program described above, was the reduction in the 

number of cams required.  Study of all the cam designs for Motor A 

showed it feasible to reduce the number of cams required for a grain of 

a similar type due to the high degree of similarity in winding patterns 

between layers in adjacent cycles.  The reduction was accomplished by 

designing a cam set for the middle layer of any series of three sequen- 

tial layers, or for the outer layer for a series of two sequential 

layers.  For example, cams for the first, second, and third geodesic 
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layer were designed for the second geodesic layer; cams for the tenth 

and eleventh geodesic were designed for the eleventh.  By making minor 

machine adjustments during winding, cams were used in this manner with- 

out affecting pattern accuracy.  The method proved very successful and 

resulted in a 30 to 60^ reduction in cam requirements for the complete 

grain. 

MOTOR D 

All Motor D grains were cylindrical; therefore, cam design was 

considerably simplified. A cam for cylindrical winding is a special 

case of dome cam design.  Only X and Z cams are necessary for straight 

cylindrical winding. The X cam can be used for any thickness of web; 

however, more than one Z cam is required if there are significant 

variations in the follower height above the grain surface.  If the 

end plates are built up in 0.50- to 0.75-inch radial increments, the 

follower heighfstays near the grain surface and there is little warp 

foreshortening. Thus, one Z cam is sufficient.  If the follower clear- 

ance varies considerably over the web then several Z cams are needed. 

The Motor D grains used the built-up end plate method; therefore, only 

one Z cam per grain was considered necessary. 

The cams were designed using 180 degrees of mandrel rotation 

during follower reversal.  In this case reversal is from where the 

wire warp contacts the grain one warp width before the end of the grain 

to one warp width past the grain end on the return (Fig.  1  ). Ex- 

perience dictated the use of 180 degrees as an arbitrary figure. The 

use of greater rotation caused extra buildup at the reversal while less 

rotation usually caused wire slippage at reversal. 
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CM FABRICATION 

Several design features applicable to fabricating and final use 

were worth discussing.  The cam design called out the angle increments 

and radii for these angles and the shop fabricated the cam from this 

information.  The following standards were established for the 36- 

and 40-inch winding machine cams. 

1. Generally the X cams were large and made of 3/l6--inch aluminum 
sheet while the Y and Z cams were made from 1/8-inch aluminum 
sheet.  Steel cams were too heavy to bardie.  Some plastic 
(phenolic) cams were successful; however, the contour edges 
usually wore faster, were more easily damaged and couldn't 
be filed smooth like aluminum cams. 

2. To fit the cam support shafts and driving stud, accurate hub 
holes were necessary.  The shop drilled the hub diameter in 
a cam blank on a milling machine and used a transfer fixture 
to accurately position the drive hole. 

3. A cam template, which consisted of a plate with radially 
scribed lines for each degree of angle (0—36o), was made. 
The cam blank was mounted on the template by means of the 
drilled holes.  The 3/8-inch diameter drive hole was always 
located on the 270 degree line of the cam.  The cam was 
radially scribed for each angle called out on the design and 
a precision measuring scale with scribe mounted at the hub 
laid out the required radii at each angle.  Ship curves were 
used to lay out the cam surface through the points located. 
The cam was then cut out with a band saw and a sanding wheel 
used to rough finish the required contour.  The cam was 
finished by hand filing. 

4. One technique used to add flexibility to the X cam and re- 
sultant horizontal carriage movement was to slot the X cam. 
This allowed the use of cam inserts with variable spacing of 
the hub hole and drive hole with respect to the slot.  The 
inserts verc made with l/8-inch increments of spacing.  The 
slot length was always towards the 270 degree mark on the 
cam which was also the smallest radius of the cam contour. 
The 0 cam innert was the sam as the standard bole position. 

915 

————— 



MW 

The plus inserts increased the length of carriage travel at 
each end, depending on the amplification factor of the machine 
(l/2 to 5/8 inch for each l/8-inch increment), and the minus 
inserts decreased the travel by the same degree. These slots 
were only needed on X cams for domes grains and for special 
cylindrical grains. 

Since the cam contour had to be corrected for the difference 
of the normal distance between the cam follower centerline and 
the contour, the cam follower or stylus was kept at a standard 
3/8-inch diameter.  It was preiarable to machine a weak point 
in the stylus so it broke before damaging the valve or cam 
in case of malfunction. 
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APPENDIX VII 

AUTOMATIC PROPELLANT FEED SYSTEM 1 

DEVELOPMENT 

■ 

From the early research phase of the reinforced grain program con- 

siderable thought and effort were given to the best method of applying 

and spreading the matrix propellant. An adaptation of a commercial 

caulking gun was found to be an excellent tool for applying propellant 

to the grain. The propellant was loaded into polyethylene cartridges 

which were inserted in the gun.  Extrusion pressure was obtained by 

e. ther air or nitrogen. 

As development progressed storage tests showed that Flexadyne pro- 

pellants could be frozen at -70 F and stored for months without harm to 

properties.  This technique permitted mixing propellant in advance and 

storing until needed. 

The manual application of propellant on the grain by use of pres- 

surized guns proved a simple and effective method of operation.  The 

propellant could be applied when and where needed and at a rate compat- 

ible with the winding speed.  This feed system was very satisfactory 

until grains became so large that propellant application became a lim- 

iting factor in grain winding.  Pressure spraying, using a precoated 

ribbon,and employing mechanically held mobile extruders were among the 

feed techniques investigated.  In all cases the difficulties appeared to 

outweigh the advantages.  Concurrent with the application problem, the 

use of hand spatulas for spreading and smoothing the propellant was an 

increasing problem as grain size increased.  Teflon rollers were tried 
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first, then differential speed-braked rollers were used.  Neither was 

very satisfactory because of sticky binder accumulation which pulled 

propellant from the grain.  It was apparent that a new concept in propel- 

lant feeding was required to improve the thickness uniformity and reduce 

the time lapse between start and finish of a layer of propellant.  These 

factors are important in maintaining uniformity in web buildup. 

DESCRIPTION 

A new propellant feed system was designed and developed with fea- 

tures to overcome previous shortcomings.  The advantages sought were: 

1. Mechanical and semi-remote operation to reduce personnel expo- 
sure to potential hazard 

2. Simultaneous propellant application along the entire grain 
cylindrical length to improve build-up uniformity and reduce 
possibility of air  elusion 

3. Improved temperature control and viscosity reduction through 
heating the spreader blade 

4. Fabrication cost reduction by reducing manhours as much as 30^ 

The automatic feed system was composed of a spreader blade assembly, 

an extrusion unit, and necessary auxiliary equipment.  The blade assembly 

consisted of two heated blades, positioned in a vee, and held against the 

grain by regulated pneumatic cylinders.  The extruder unit was positioned 

relative to the spreader blade by a mechanical linkage.  The extruder 

contained a series of rectangular propellant cartridges which were 

aligned to apply propellant evenly across the full groin length so 

the complete cylindrical section was covered in one revolution of the 

grain.  The propellant was extruded from the cartridges by pneumatically 

controlled pistons or rams. A schematic diagram of the feed system is 
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shown in Fig. 1  .  The side of the unit showing the battery of ex- 

trusion rams is shown in Fig. 2  . A view from the other side of the 

unit (Fig.  3 ) shows the nozzles of the plastic propellant cartridges, 

An end view of the unit is shown in Fig.  4 . 

EVALUATION 

The feed system unit was completed and undergoing shakedown evalua- 

tion when the grain fabrication work ceased.  Results of the evaluation 

indicated the feed unit was usable; however, some potential problem areas 

were encountered. 

■ 

With the extruders aimed on an upward angle, propellant tended to 

leak into the extruder and down the ram rods whenever pressure was re- 

leased for any interruption of feeding.  This was a nuisance and would 

make maintaining a clean unit very difficult over an extended winding 

period. 

Under certain conditions of propellant "heat history" and grain 

surface, freshly applied propellant tended to pull loose from the grain 

before contact with the apreadcr blade.  It chen rolled up and resulted 

in a very uneven surface.  This might be eliminated by some experimenta- 

tion with a secondary smoothing blade located closer to the extruders. 

Some preliminary trials did show promise. 

A third problem was the bulging of the cartridges after being filled. 

This caused a misalignment of the cartridge holding panel preventing it 

from seating tightly.  Thus the cartridge nozzle or lip was not supported 

adequately to provide the necessary spreading action during propellant 

application. 
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Partly due to the preceding soft nozzle effect n.nd partly as a re- 

sult of low sensitivity in the controls, the thickness of the propellent 

layer was difficult to control.  This would undoubtedly have improved 

with operating experience.  Use of the unit was limited to inert propel- 

lant.  This program was stopped which precluded use of the unit with live 
propellant. 
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Item Descriptive Name 

1 Cylindrical Grain or Mandrel 
2 Extruder Head 
3 Spread or Blade 
4 Frame 
5 Linkage Cable 
6 Actuating Cylinder (Pneumatic) 
7 Propellant Filled Cartridge 
8 Extruder Ram 
9 Extruder Cylinder (Pneumatic) 

10 Wedge Angle 
11 Pressure Safety Svitch 

Figure     1 Schematic of Propellant Feed 
System for Reinforced Grain 
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WIRE FEED SYSTEM FOR REINFORCED GRAIN 

The wire feed system for the Reinforced Grain Advanced Development 

Program consists of several components, each of vhich are important to 

wire process control.  These components are a tension control fixture, 

a tension monitor, a wire weight totalizer, a wire gathering fixture 

and a final wire guide. 

The control of the wire tension during grain fabrication is impor- 

tant because of its effect upon the quality and structural capabilities 

of a reinforced grain. Furthermore, the tension must be held constant 

to insure winding buildup reproducibility and required wire volume 

percentage. 

The tension monitoring system is used to set the winding tension 

initially, continuously monitor the tension of one wire and check 

intermittently the tension of all wires during grain fabrication. The 

wire weight totalizer was developed to monitor the in-process weight of 

wire used. The gathering fixture and the final wire guide enable the 

wire to be fed from the wire tension control to the grain in an orderly 

predetermined fashion with a minimum of wire friction. 

This wire feed system has resulted in a controlled wire tension 

during winding operations. The previous system allowed only erratic 

control of wire tension and the tension fluctuated as much as 100 per- 

cent of the desired tension.  The present system fluctuates no more 

than 2 percent of the desired tension. 

The ability to maintain constant tension has contributed to the 

improved structural capabilities, web buildup reproducibility, and wire 

content repeatability of program grains. 

929 

CONFIDENTIAL 



CONFIDENTIAL 

c 
DISCUSSION 

WIRE TENSION CONTROL 

The wire tension control (Fig. l) is on electro-mechanical servo- 

system that automatically controls wire tension hy varying the driving 

or retarding torque 

to the wire spool 

spindle (see Fig. 2). 

This unit maintains 

the preset tension 

within + 2 percent. 

The unit has an adjus- 

table spring loaded 

servo-arm for each 

spindle. This arm 

spring force is bal- 

anced by the wire loop 

from the spindle to 

the feed position.  If 

tension varies, the 

loop allows the servo- 

arm to move from the 

equilibrium position. 

This sends an elec- 

trical signal to the 

servo motor which 
.     ..    . Figure 1.  Tension Control Fixture 
brings the system B 

back to equilibrium by increasing or decreasing the driving torque of the 

wiie spool spindle.  This system works very well and is capable of com- 

pensating for an accelerating or decelerating wire feed rate. 
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This tension con- 

trol fixture was cus- 

tom designed to 

Rocketdyne Specifica- 

tions by Eastern Equip- 

ment and Controls 

Company, Roselie Park, 

New Jersey. Standard 

components were incor- 

porated into a design 

package which would 

be compatible with 

the complete wire 

feed system require- 

ments. The fixture was designed to accommodate 3 pounds of wire per 

spindle. The unit is capable of delivering wire at any rate up to 240 

feet per minute. The tension range is adjustable from 200 to 800 grams 

with independent adjustments for each spindle. 

Figure 2. Control System, Tension Control Fixture 

An alarm system which signals a wire break was included in the 

design. Actuation of the system rings a bell and illuminates a red 

light located by the spindle involved.  This system may be bypassed for 

any spindle not being used. 

The complete unit has 36 spindle assemblies with space provisions 

for 12 additional spindles for future requirements. Spare spindle assem- 

blies were ordered and will be available for use in the event of a com- 

ponent malfunction during winding operations. 

This wire tension control fixture has eliminated most of the wire 

breakage problems experienced vith mechanical tension controls previously 

used. The mechanical controls were not capable of close tension control 
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and the tension constantly fluctuated, particularly during acceleration 

and deceleration. The mechanical controls had to he reset frequently to 

compensate for the change in spool feed diameter as the wire was depleted, 

The servo-system tension control has decreased winding time by 

decreasing the amount of wire breakage and virtually eliminating the 

need to reset the tension during winding. Changing spools is much faster 

because of the quick release system used for securing the- spools. This 

ability to maintain constant tension allowed better evaluation of other 

components of the wire feed system, and pointed out the need for improve- 

ments in these components. 

WIRE GATHERING SYSTEM 

The wire gathering system (Fig. 3) is an important component of the 

wire feed system.  It enables the wire to be fed from the wire tension 

control to the grain 

in an orderly fashion. 

The gathering system 

must be designed in 

such a manner as to 

be as frictionless as 

possible so as not to 

offset the advantages 

of a good tension con- 

trol system. 

Figure 3- Wire Gathering Fixture 

The gathering 

system has individual 

feed paths for each 

wire being used.  This is necessar> because all the wires do not feed at 

the same rate during dome winding.  Each feed path for the wires is com- 

posed of ball bearing rollers and pulleys. 
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The gathering system is a considerable   improvement over that pre- 

viously used.    The  individual ball bearing feed paths do not cause the 

large tension variation during winding previously experienced.    The 

design concept was not changed radically from the  previous gathering 

system,  the improvement being basically due  to the use of the ball bearing 

rollers and pulleys. 

FINAL WIRE GUIDE 

The  final wire guide  (Fig.  4)  is the  fixture which dictates the 

wire  spacing within the wire warp being wound on the grain.    The  final 

wire  guide, usually referred to as 

the  follower head,   is attached to 

the  boom of the winding machine. 

This  gives the  follower head the 

tri-axial motion required for 

laying the wire warp on the mandrel 

in the desired location. 

The wire  is fed to the  follower 

head from the wire gathering system 

which remains  stationary while the 

follower head is traversing the 

length of the mandrel being wound 

upon.    This causes the wire to be 

fed from the gathering system into 

the  follower head at a  constantly 

varying angle.    The wire  is then 

fed from the follower head to the 

grain at another varying angle which 

is determined by the winding geometry. 

Figure 4.    Follower Head 
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The follower head design must allow for these variations in wire 

feed angles.    Two spacer combs and rollers are used to guide the wire 

with the least amount of drag while moving through the various feed 

angles.    The initial   comb and roller set is  free  swiveling so that it 

is always oriented at the  optimum position with the gathering system. 

The final comb and roller set is controlled by the machine winding cams 

so that it  is oriented as required by the winding geometry.     The  swivel- 

ing comb and roller was located at the axis of rotation of the cam orien- 

ted comb and roller.    This location keeps the friction variation,   caused 

by the  combs, at a minimum.     Ball bearings have been used in the rollers 

to keep the  drag to a minimum. 

The previous design for the  follower head did not allo*' for this 

minimum friction variation.     The  comb and roller sets were not oriented 

on the  same  axis  of rotation so severe wire  feed angles  resulted at the 

spacer comb as the follower head traversed the length of the grain.    The 

rollers had sleeve bearings  rather than ball bearings which also caused 

considerable drag. 

WIRE TOTALIZER 

The wire totalizer (Figure 3)  is used to record the amount of wire 

wound  into a grain.    The amount used may be determined at tny time during 

the winding process.    This capability allows an in-process monitoring of 

an important process control variable. 

The wire totalizer is nothing more than a calibrated wheel over which 

the wire runs.    Each revolution of the wheel  is recorded by an electric 

counter.    The counter is actuated by a proximity sensor located at the 

calibrated wheel.    The wheel  has an element located near the periphery 

which energizes the proximity switch each revolution.    This proximity 

switch  is a  stock item offered by Honeywell. 
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Figure  5-    Wire Totalizer 

This system has 

been calibrated so that 

each revolution of the 

wheel,  when multiplied 

by a conversion factor, 

represents the wire 

weight used.    The cali- 

bration of the system 

indicated that errors 

due to variations in 

wire diameter and wire 

density caused no more 

than + 0.3 percent 

error  in weight. 

The results of this system were very good when checked during a 

grain winding.    The wire weight obtained by this system varied only 0.8 

percent from the weight obtained by actual weighings of the wire spools 

before and after winding. 

TENSION MONITOR 

An accurate and reliable system for measuring wire  tension is a very 

important requirement for any wire  feed system.    Figure 6 illustrates the 

tension monitoring system chosen for this wire feed system.    It consists 

of a tension transducer and an indicator.    The transducer is a  shelf item 

offered by Tensitron,  Inc., Harvard,  Massachusetts.     It  is essentially a 

cantilever beam with a full-bridge strain gage .    The indicator  is a San- 

bom Transducer Amplifier-Indicator Model  311 which was  obtained from the 

Sanborn Company, Waltham, Massachusetts. 
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Figure 6. Tension Monitoring System 

COMPARATIVE TESTS 

The system has 

proven to be a con- 

siderable improvement 

over tae previously 

used tensiometers 

which were mechanical 

in nature and con- 

sisted of springs 

and gears. All of 

the components were 

subject to damage 

and wear which soon 

resulted in erroneous 

readings. 

A series of tests were conducted to compare the new wire feed system 

with the previous system.  The results of these tests are shown in Tables 

1 and 2.  These tests were conducted with a follower head setting which 

would be required for winding a 60 degree helix angle pattern. The fol- 

lower head positions are referenced to a Motor A mandrel. 

TABLE 1 

PREVIOUS TENSION CONTROL SYSTEM 

Follower Head at 
Grain Mid Point 

Follower Head at 
Headstock Tan- 
gent Point 

Follower Head at 
Tailstock Tan- 
gent Point 

Tension at 
Control 

350 grams 

350 grams 

350 grams 

Tension After 
Gathering System 

350 grams 

450 grams 

450 grams 

Tension After 
Follower Head 

65O grams 

1000 grams 

1000 grams 
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TABLE 2 

NEV TENSION CONTROL SYSTEM 

Follower Head at 
Grain Mid Point 

Follower Head at 
Headstock Tan- 
gent Point 

Follower Head at 
Tailstock Tan- 
gent Point 

Tension at 
Control 

350 grams 

330 grams 

330 grams 

Tension After 
Gathering System 

350 grams 

350 grams 

350 grams 

Tension After 
Follower Head 

380 grams 

380 grams 

380 grams 

The data shown in the columns headed Tension at Gathering Systems 

was obtained by feeding wire through the gathering system only. This 

shows how the tension varied as the feed angle from the gathering system 

to the grain varied. The data shown in the columns headed Tension After 

Follower Head was obtained by feeding wire through the gathering system 

and follower head. This shows the increase in tension caused by the fol- 

lower head as the feed angle from the gathering system to the grain varied. 

Comparison of Table 1 and Table 2 shows the benefits of the design improve- 

ments of the wire gathering system and follower head. 

The results in Table 1 and Table 2 were obtained by dynamic wire 

tension measurements with the follower head remaining static. Tests were 

also performed during actual winding conditions. These tests compared 

very well with the data shown in Table 1 and Table 2. 
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