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CONFIDENTIAL 
(THIS   PAGE    IS   UNCLASSIFIED) 

FOREWORD 

This Final Technical Engineering Report covers the work performed under 
Contract AF 04(695)-773l "156-7 Fiberglass Case Liquid Injection Thrust Vector 
Control Motor Program".   The program motor, designated by the Air Force as 
the 156-7 rocket motor, is identified for inhouse processing as the TU-393 rocket 
motor. 

This program was conducted under the overall direction of Col H. W. Robbins 
of SSD, with technical direction by the Air Force Rocket Propulsion Laboratory (AFPPL) 
Mr. Carver G. Kennedy, Manager Space Booster Development, was the Wasatch 
Division Program Manager and Mr. W. G. Ramroth, Manager Large Space Booster 
Project Engineering was the Project Engineer. 

This technical report has been reviewed and is approved. 

Mr. R. Felix 
Senior Project Engineer (RPMMS) 
AFRPL,  Edwards, California 
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ABSTRACT 

The 156 in. diameUT case LITVC motor program was conducted by the 

Wasatch Division, Thiokol Chemical Corporation for the Air Force Space Systems 

Division with technical direction by the Air Force Rocket Propulsion Laboratory. 

The two major objectives were (1) the design and fabrication of a flightweight 156 in. 

diameter monolithic solid propcllant motor utilizing a fiberglass reinforced plastic 

monolithic case, a 34 to 1 expansion ratio submerged fixed nozzle, and a NO    LITVC 
2   4 

system: and (2) the demonstration static test of the motor in a simulated altitude 

environment to provide meaningful LITVC data in a high expansion ratio nozzle. 

Both objectives were successfully attained.   The program was culminated on 

13 May 1966 with a static test of the motor utilizing a 10 ft diameter by 82 ft long 

diffuser for altitude simulation.   The motor had a mass fraction in excess of 0.90 

and operated for 110 sec at an average thrust level of approximately 325,000 lb. 

The static test was successful and all motor components were intact and in good 

condition at the completion of the firing.   Two abnormalities occurred during the 

firing.   At approximately 70 sec, a burnthrough occurred in the diffuser tube 

approximately four feet aft of the nozzle exit plane, apparently due to high localized 

erosion of the ablative insulation on the inside diameter.   The diffuser continued to 

operate throughout the test although at a lower simulated altitude.   A malfunction of 

the pressure regulating subsystem portion of the LITVC system caused a degradation 

of injectant pressure during the firing and subsequent degradation of the LITVC per- 

formance.   Post-test inspection of the motor and components revealed that internal 

insulation, nozzle design, and case design were satisfactory and the motor had 

functioned as expected.   The static test demonstrated attainment of all program 

objectives.   After post-test analysis of the fired motor and components, the fired 

case was hydroburst tested to obtain additional data on fiberglass case design.   The 

case burst at 963 psig, very near the design ultimate pressure of biO psig.   This 

hydroburst, performed under a supplemental agreement to the contract, demonstrated 

the validity of the design and fabrication techniques used for this case. 
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TEST PLAN 
FOR 

VERIFICATION OF LINER AND INSULATION BONDS 
FOR 

TU-393 MOTOR 

1.0  INTRODUCTION 

To insure successful bond of the propellant to the case wall 

in the TU-393 motor, a series of tests will be conducted prior to 

propellant casting.  These tests will verify the design, processes, 

actual motor materials, and the product, and will utilize standard 

testing procedures and equipment. 

2.0  SCOPE 

This plan outlines all of the testing planned by Thiokol to 

verify insulation-liner-propellant bond.  Three types of quantita- 

tive load tests are planned (1) 180° rubber peel, (2) tenshear, 

and (3) constant load 180° rubber peel.  These are outlined in 

detail in this plan.  A 9" X 9" bulk sample will also be used to 

further verify processability.  The tests will be conducted in five 

distinct phases.  Scheduling is compatible with the over-all program 

3.0  TEST OBJECTIVES 

The primary objective of this program is to verify that the 

insulation-liner-propellant system will meet or exceed the minimum 

design requirements of 70 psi tensile adhesion and 5 pli for the 

180° rubber peel test for propellant to insulation bond to insure 

a F.S. fo 5.  Other objectives are to (1) optimize liner formula- 

tion using the procedures described in Phase I, (2) verify 

bondability described in Phase 2 and 3, (3) characterize 

1-1 
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the processability of the insulation-liner-propellant system 

using the methods described in Phases 4 and 5, (4) insure that 

the scheduled processes and materials contain elements com- 

patible with planned motor construction. 

Tests will be conducted to verify bond strengths of the 

interfaces at: 

(a) Case to bladder 

(b) Bladder to insulation 

(c) Liner to bladder 

(d) Liner to insulation 

(e) Propellant to liner. 

Interface bond strengths will be evaluated by 180° peel, 

and tensile adhesion tests.  In addition, tensile adhesion 

tests will be conducted on composite insulation-liner-propellant 

specimens.  Type of failure as well as strengths will be eval- 

uated . 

Tests will be conducted to verify process techniques 

simulating actual conditions expected during manufacture of 

the motor.  These tests will determine effects of moisture, 

elevated temperatures, raw material variations, liner slump, 

and mold release use. 

4.0  TEST SCHEDULE 

Tests will be conducted in accordance with the schedule 

given in Figure 1.  (See Appendix A for description of phases.) 

5.0  DESCRIPTION OF TESTS AND APPARATUS 

Three types of tests are to be used in insulation-liner- 

1-2 \ 
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FOREWORD 

This test plan covers the hydrotesting and 
hydrobursting of TU-393 fiberglass reinforced plastic 
rocket motor cases.   It has been prepared by Thiokol 
Chemical Corporation for use on Contract AF 04(695)-773. 
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INTRODUCTION 

Two identical TU-39S cases will be fabricated.   The first one 
will be proof tested to 790 ^  o      Pöi^ anc' t^en hydroburst.   The second 
will be proof tested to 790 *   10    pSijT only, then loaded and fired.   Test 
setup, equipment, instrunienfation procedures, etc. . will be the same 
for both cases.   The only difference will be the addition of a waterproof 
bag to protect the bladder of the second case.   Therefore, this plan 
outlines the criteria and detailed procedures for both tests. 

Assembly, instrumentation and hydrotesting will be conducted 
at the Wasatch Division Test Area.   The test fixture will provide a 
floating piston device which will apply a simulated thrust load to the 
forward skirt. 

II. OBJECTIVES 

Although test methods are the same for both cases, the primary 
test objectives differ. 

A. The primary objective of hydrotest/hydroburst of case No. 1 is 
to determine the actual strength levels obtainable before failure 
and thus appraise the accuracy of analytical calculations. 

B. The primary objective in hydrotesting case No. 2 is to prove the 
case satisfactory for subsequent loading and firing. 

C. Secondary objectives of both tests are: 

1. To verify the manufacturing methods, process controls, 
quality assurance provisions, etc. . used to fabricate 
the case. 

2. To demonstrate the feasibility of using large filament 
wound plastic cases for solid propellant rocket motors. 

3. To determine behavior characteristics of large plastic 
Cises including: 

Percent elongation of glass laminate 

Deflections 

Stress/strain relationships 

II-l 



F 

in. HARDWARE INSPECTION 

A. Pretest 

The following pretest inspection of the case and rclatt d test hard- 
ware shall be performed prior to pressurization.   Departures 
and deviations, to this plan, or established drawings shall be 
coordinated with the cognizant Project Engineer. 

1. Visually inspect the outside case wall and note any 
apparent flaws by description and location. 

2. Measure and record the length at each longitudinal 
extensometcr location. 

4. 

Measure and record the case circumference at each 
circumferential extensometcr location. 

Measure and record the actual location of each strain 
gage. 

Post-test 

IV. 

Post-test evaluations will be directed by the Project Engineer. 

INSTRUMENTATION 

Instrumentation will be installed on the case assembly in 
accordance with Instrumentation Installation Drawing 7U3771().   All 
instrumentation readings will be recorded continuously throughout 
the test on magnetic tape.   (See Table I for Instrumentation Coding 
System.) 

A. Strain Gages 

Sixty (60) strain gages will be located on the case as shown on 
the instrumentation drawing.   Overall accuracy of the strain 
measurements will be + 5 percent, at 3 percent strain. 

B. Extensometers 

Fifteen (15) extensometers will be located on the case per the 
Instrumentation drawing (7U37716-03).   Overall accuracy of 
extensometer measurements will be + 5 percent at maximum 
deflection. 

II-2 



c. Pressure Transducers 

Two (2) pressures will be recorded continuously at the aft 
dome.   The transducers will be located as close to the case 
as possible.   Overall accuracy of the pressure measurements 
will be + 2 percent. 

The test will be conducted in Test Bay T-17 of the Wasatch 
Division Test Area.   The test stand shall be assembled per drawing 
2U25060-02.    Pumping facilities shall be capable of delivering 300 gpm 
at a pressure of 1,500 psig.   There will be a minimum of 1,000 gallons 
makeup water required to reach failure pressure. 

The case will be hydrotested in the vertical position with the 
forward skirt resting on the base structure of the test stand (per Test 
Stand Drawing 2U25060-02). 

Nozzle thrust is simulated by a floating piston in a flanged 
cylinder attached to the aft polar boss.   This thrust load is applied to 
the overhead test stand structure by the piston and is reacted against 
the forward skirt by the base structure. 

The piston cylinder device allows free axial expansiuu of the 
case while lateral and gimbal bearing units compensate for any twisting 
or lateral movements. 

 __._JD order lo guarantee.a flat surfaceand uniform bearing loads, 
an Epocast 31-D filler will be provided between the piston and overhead 
structures.   The filler will be installed per 2U250G0-02, with the piston 
raised to its maximum height (Note:   hydrant pressure only required for 
this operation). 

Pressurization fluid shall be water at ambient temperature. 

VI. TEST PROCEDURE 

A. To minimize time in the test bay. all possible strain gages and 
all possible extensometer brackets and guides shall be mounted 
before the case is placed in the test stand. 

II-3 



B. Following strain gage and extensometer mounting, the case will 
be installed in the test fixture and aligned.   The floating piston 
will be installed in the aft section and the assembly of the test 
stand completed. 

C. 

D. 

The case shall be inspected as specified in Section in A. 3 and 
A.4 Pretest Inspection. 

The portable pumping facility will be connected and the air in 
the case purged. 

E. The case will then be leak tested at 100 psig for ten (10) minutes 
before returning to 0 psig pressure.   Criteria for successful 
leak test is zero leakage.   A cognizant Project Engineer must 
be present for observation and evaluation in this cycle. 

F. Instrumentation will be zeroed and balanced—cameras will be 
loaded. 

G. The case will then be pressurized to 790 _ o   psig at the 
prescribed rate of 4 psig per second (min) to 8 psig per second 
(max).   The pressure will be held for 120 ♦ B seconds and then 
reduced to a zero at a maximum rate of 15 psig per second. 

H- The following paragraph applies to case No. 1 only: 

After proof testing the performance of instrumentation and data 
acquisition equipment will be assessed.   Remove all extensom- 
eters.    Cameras   will be reloaded, if needed.   The case will 
then be pressurized at a rate of 4 to 8 psig per second to 705 + 10 

psig and held at this pressure for 110 + 5 seconds.    The 
pressure will then be increased at a rate of 4 to 8 psig per 
second until failure occurs. 

VII. PHOTOGRAPHIC COVERAGE 

Photographic coverage for the two proof tests at 790 psig will 
consist of the following: 

1. Two (2) high speed cameras (64 frames per second). 
One located to provide an unobstructed view of the 
entire motor case and the other to provide an unobstructed 
view of the aft case area.   This will include the piston 
assembly and aft portion of the test stand. 

II-4 



2. Appropriate still photographs in color and black and 
white will be taken to document the entire test effort. 
This will include installinj? the case in the test stand, 
instrumentation, test setup, test stand, etc.. in all 
phases of buildup. 

3. Documentary still photographs will be taken of the 
completed setup before and after test. 

4. Photographic coverage for the hydroburst test will 
include all of the above, plus the following: 

a) Four (4) additional high speed cameras 
(64 frames per second), giving a total of 
six (6).   These will provide unobstructed 
views of the entire case from three (3) 
radial directions at the top and at the bottom. 

b) Three (3) very high speed cameras (400 
frames per second).   These will be placed 
120 deg apart at the case center, thus giving 
complete coverage of all of the cylindrical 
portions.    Figure 1 shows the photographic 
layout. 

VIII. DATA REDUCTION AND REPORT SCHEDULE 

A. All films will be processed within three (3) working days. 

B. Selective gages (selected by Development Engineering with the 
aid of the film) shall be run through the quick look recorder. 

C Following the quick look run. the tapes will be processed through 
the IBM and the IBM output will be made available to Development 
Engineering within five (5) days. 

D. Final data from the hydrotest will be made available to Develop- 
ment Engineering within six (6) working days following receipt 
of the IBM runs. 

E. Development Engineering will analyze the data and prepare a 
test report four (4) weeks after the hydrotest. 
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Chemical Corporation for use on Contract AF 04(695)-773. 
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I.     INTRODUCTION 

The TU-393 case S/N 2 per drawing 7U37721-04 will be hydro- 
proof tested, then loaded and static tested.   This case is different from 
case S/N 1 only in that the insulation has been instilled and other 
minor design improvements incorporated.   Test setup,  equipment and 
instrumentation procedures will be the same.   The amount and location 
of instrumentation is different to obtain maximum data.   The insulation 
surface will be protected by a waterproof bag during hydrotesting. 

II.     OBJECTIVES 

A. The primary objective in hydrotesting case No. 2 is to prove the 
case satisfactory for subsequent loading and firing. 

B. Secondary objectives of the test are: 

1. To verify the manufacturing methods, process controls, 
quality assurance provisions, etc., used to fabricate 
the case. 

2. To demonstrate the feasibility of using large filament 
wound plastic cases for solid propellant rocket motors. 

3. To determine behavior characteristics of large plastic 
cases including: 

Percent elongation of glass laminate 

Deflections 

Stress/strain relationships 

III.     HARDWARE INSPECTION 

A.     Pretest 

The following pretest inspection of the case and related test hardware 
shall be performed prior to pressurization.   Departures and deviations, 
to this plan, or established drawings shall be coordinated with the 
cognizant Project Engineer. 
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1. Visually inspect the outside case wall and note any apparent 
flaws by description and location. 

2. Measure and record the length at each longitudinal extensometer 
location. 

3. Measure and record the case circumference at each 
circumferential extensometer location. 

4. Measure and record the actual location of each strain 
gage. 

B.     Post-test 

Post-test evaluations will be directed by the Project Engineer. 

IV.     INSTRUMENTATION 

Instrumentation will be installed on the case assembly in 
accordance with Instrumentation Installation Drawing 7U37716-01. 
All instrumentation readings will be recorded continuously throughout 
the test (see Table I for Instrumentation Coding System). 

A. Strain Gages 

Thirty (30) strain gages will be located on the case as shown on 
the instrumentation drawing.   Overall accuracy of the strain 
measurements will be + 5 percent, at 3 percent strain. 

B. Extensometer s 

Ten (10) extensometers will be located on the case per the 
instrumentation drawing (7U37716-01).   Overall accuracy of 
extensometer measurements will be +_ 5 percent at maximum 
deflection. 

C. Pressure Transducers 

Two (2) pressures will be recorded continuously at the aft 
dome.   The tranducers will be loacted as close to the case 
as possible.   Overall accuracy of the pressure measurements 
will be j^ 2 percent. 
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The test will be conducted in Test Bay T-17 of the Wasatch Division 
Test Area.   The test stand shall be assembled per drawing 2U25060-02. 
Pumping facilities shall be capable of delivering 300 gpm at a pressure of 
1, 500 psig.   There will be a minimum of 1, 000 gallons makeup water 
required to reach failure pressure. 

The case will be hydrotested in the vertical position with the 
forward skirt resting on the base structure of the test stand (per Test 
Stand Drawing 2U25060-02). 

Nozzle thrust is simulated by a floating piston in a flanged cylinder 
attached to the aft polar boss.   This thrust load is applied to the overhead 
test stand structure by the piston and is reacted against the forward skirt 
by the base structure. 

The piston cylinder device allows free axial expansion of the case 
while lateral and gimbal bearing units compensate for any twisting or 
lateral movements. 

Pressurization fluid shall be water at ambient temperature. 

V.      TEST PROCEDURE 

A. The case will be installed in the test stand and aligned.   The 
floating piston will be installed in the aft section and the assembly 
of the test stand completed. 

B. Instrumentation will be installed. 
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C. The case shall be inspected as specified in Section III A. 3 and A. 4 
Pretest Inspection. 

D. The portable pumping facility will be connected and the air and 
the case purged. 

E. The case will then be leak tested at 100 psig for ten (10) minutes 
before returnin" to 0 psig pressure.   Criteria for successful leak 
test is zero leakage.   A cognizant Project Engineer must be present 
for observation and evaluation in this cycle. 

F. Instrumentation will be zeroed and balanced—cameras will be 
loaded. 

G. The case will then be pressurized to 775 -0   psig at the prescribed 
rate of 4 psig per second (min) to 8 psig per second (max).   The 
pressure will be held for held for 120 1§ seconds and then reduced 
to a zero at a maximum rate of 15 psig per second. 

VI.      PHOTOGRAPHIC COVERAGE: 

Photographic coverage for the proof test at 790 psig will consist 
of the following: 

1.     Two (2) high speed cameras (64 frames per second).   One 
located to provide an unobstructed view of the entire motor 
case and the other to provide an unobstructed view of the aft 
case area.   This will include the piston assembly and aft 
portion of the test stand. 

II1-4 

—< 



TWR-141() 
Rev. A 

2. Appropriate still photographs in color and black and white 
will be taken to document the entire test effort.    This will 
include installing the case in the test stand, instrumentation, 
test setup, test stand, etc.,  in all phases of buildup. 

3. Documentary still photographs will be taken of the completed 
setup before and after test. 

4. Two (2) high speed cameras (400 frames per second) will 
be placed to give an unobstructed view of the case. 

VII.     DATA RKDUCTION AND REPORT SCHEDULE 

A. All films will be processed within three (3) working days. 

B. Selective gages (selected by Development Engineering with the 
aid of the film) shall be run through the quick look recorder. 

C. Following the quick look run,  the tapes will be processed through 
the IBM and the IBM output will be made available to Development 
Engineering within five (5) days. 

D. Final dafa from the hydrotest will be made available to Develop- 
ment Engineering within six (6) working days following receipt 
of the IBM runs. 

E. Developmeit Engineering will analyze the data and prepare a 
test report four (4) weeks after the hydrotest. 

VIII.     REFERENCED DRAWINGS 

7U37721 

7U37722 

7U37716 

Case Assembly - TU-393 

Adapter Assembly Rocket Mot^r FWD 

Instrumentation Installation - TU-393 

2U25060 Hydrostatic Test Stand 
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INSTRUMENTATION CODING SYSTEM 

Pickup 
Code 

P001 

P002 

D001 

D002 

D003 

D005 

D006 

D007 

D008 

D009 

D010 

DOU 

S001 

SO()2 

S003 

S004 

S005 

8006 

S007 

Priority 

R 

R 

Expected Required 
Range Accuracy Remarks 

0-1, 000 psig + 2.0% Pressure 

0-1,000 psig + 2.0% Pressure 

0-5 inches + 5.0% Displacement 

0-5 inches 15.0% Dl splacement 

0-5 inches + 5. 0% acement 

0-15 inches + 5. 0% placement 

0-15 inches + 5.0% Displacement 

0-15 inches + 5.0% Displacement 

0-5 inches + 5.0% Displacement 

0-5 inches + 5.0% Displacement 

0-3 inches + 5.0% Displacement 

0-3 inches + 5.0% Displacement 

0-0.030 in./in. + 5.0% Strain 

0-0.030 in./in. + 5.0% Strain 

0-0.030 in./in. + 5.0% Strain 

0-0.030 in./in. + 5.0% Strain 

0-0.030 in./in. + 5.0% Strain 

0-0.030 in./in. + 5.0% Strain 

0-0.030 in./in. + 5.0% Strain 

III-6 



TABLE I (Cont) 

INSTRUMENTATION CODING SYSTEM 

TWR-1410 

Pickup 
Code Priority 

Expected 
Range 

Required 
Accuracy Remarks 

S008 R 0-0.030 in./in. + 5.0% Strain 

S009 R 0-0.030 in./in. 1 5. 0% Strain 

S01Ü R 0-0.030 in./in. + 5. 0% Strain 

son R 0-0.030 in./in. + 5. 09? Strain 

S012 R 0-0.030 in./in. + 5.0^ Strain 

S013 R 0-0.030 in./in. + 5. 0% Strain 

S014 R 0-0.030 in./in. ♦ 5. 0% Strain 

S015 R 0-0.030 in./in. + 5. 0% Strain 

S016 R 0-0.030 in./in. 1 5. 0% Strain 

son R 0-0.030 in./in. + 5.0% Strain 

S018 R 0-0.030 in./in. + 5. 0% Strain 

S019 R 0-0.030 in./in. + 5.0% Strain 

S020 R 0-0.030 in./in. 1 5.0% Strain 

S021 R 0-0.030 in./in. + 5.0t7o Strain 

S022 R 0-0.030 in./in. + 5. 0% Strain 

S023 R 0-0.030 in./in. i s. 09; Strain 

S024 R 0-0.030 in./in. + 5.0% Strain 

S025 R 0-0.030 in./in. + 5.0% Strain 

S026 R 0-0.030 in./in. + 5.0% Strain 

S027 R 0-0.030 in./in. + 5.0% Strain 
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TABLE I (Cont) 

INSTRUMENTATION CODING SYSTEM 

Pickup Expected Required 
Code Priority Range Accuracy Remarks 

S028 R 0-0.030 in./in. + 5.0% Strain 

S029 R 0-0. 030 in./in. + 5.0% Strain 

S030 R 0-0.030 in./in. + 5. 0% Strain 

m-b 
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1.  INTRODUCTION 

A stress analysis of the Thiokol solid propellant motor TU-393 has 

been conducted.  The analysis used was based on linear elastic theory and 

utilized a finite element stiffness method approach. Two loading condi- 

tions were considered, internal pressurization and a uniform temperature 

variation.  This motor is encased in a Fiberglas case.  The analysis 

performed accounts for the orthotropic characteristics of the case.  The 

results of this analysis are presented in the form of plots of stresses, 

strains, and displacements at various locations in the motor. Also the 

entire computer data output is present in the Appendix to this report. 

The analysis is complicated by the presence of an irregular star- 

shaped perforation of the forward portion of the grain.  This portion is 

analyzed using the results of photoelastic studies. The results of this 

analysis are also presented in this report. 

2.  PROCEDURE 

In this analysis the stresses and deformations are determined undui 

the restriction ot linear elasticity. The solution is complicated by the 

presence of a star shape in the forward 30 percent of the inner bore, the 

aft portion of the bore being circular.  The star perforation was evalu- 

ated using photoelastic results. An equivalem axisymmetric grain was 

analyzed by MSC's stiffness method programs.  The results are combined 
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in Section 5 to obtain an estimation of the actual three-dimensional 

stress and strain states.  In the propellent the star-perforated section 

of the inner bore was replaced by a circular port, the radius of the 

circular port being an equal area radius. This results in a geometry 

which is a circular port in the head end of one radius expanding at 

station 44.8 (i.e., z the axial location is 44.8 inches from the head 

end) to a larger circular port.  This provides a circular port to circu- 

lar port transition geometry to represent the star-perforated port to 

circular port transition.  Since the case liner and filler materials 

have material properties similar to the propellent, they were considered 

part of the propellent grain.  This results in the equivalent axisymmetric 

grain shown in Figure 1.  Two separate numerical analyses were conducted, 

one using the geometry defined by ABCFED and the other using the geometry 

defined by ABC'FED of Figure 1.  Geometry C was used in one analysis for 

numerical reasons. 

For the Fiberglas case two idealizations were employed.  The alumi- 

num bosses for retaining tne head-end closure and the nozzle were viewed 

as rigid boundaries in rotation and radial deflection.  In addition the 

aft end was held in the axial direction to prevent rigid body motion in 

the analysis, the head end being free to expand in the axial direction. 

These case boundary conditions are shown in Figure 2.  In order to 

account for the "Y" joints in the case the thickness was increased to 

one inch at both locations. The resulting variation in case thickness 

is shown in Table 1.  The case thickness varies linearly between the 

points given. 
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Two values of the elastic modulus were used to approximate the visco- 

elastic behavior of the propellant.  For the internal pressurization a 

2 
short-time modulus of 1,000 lbs/in was used. For the uniform thermal 

contraction (equivalently cure shrinkage and cooldown) a long-time modulus 

of 200 lbs/in was used.  In all problems the value of Poisson's ratio 

was held constant at 0.49. For the coefficient of thermal expansion a 

typical value of 5.75 x 10  in/in F was used. 

For the Fiberglas case the orthotropic material properties supplied 

by the Thiokol Chemical Corporation were used. They are as follows: 

E     = 6.17 x 106 lbs/in 
Cir. 

E     = 4.78 x 106 lbs/in . 
Long. 

An average value of 0.25 for Poisson's ratio was provided by TCC.  Since 

symmetry requires 

w E  " v E 
CL L   LC C 

the Poisson's ratios were taken as 

v'CL - 0.282 

.LC -  0.218 . 

Typically in Fiberglas cases the product a E.  equals »^E   Thus, the 
Li  L L  L 

values for the coefficients of thermal expansion were taken as 

a = 5 x 10"6 in/in0F 

o = 6.4 x 10-6 in/in0F . 
Li 
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3.  INTERNAL PRESSURE 

Since the flaps at either end of the motor are filled and sealed 

after manufacture, they were assumed to be nonexistent for the pressure 

loading condition. The pressure acts on the inner bore between the 

points A and C or C' shown in Figure 1. The pressure loading occurs 

m 
during ignition, thus the short-time modulus of 1,000 lbs/in^" was used 

to represent the response of the propellant. 

The propellant was bonded to the case from the point A to point F 

as shown in Figure 1. The propellant was held rigidly from F to C or C' ; 

this is the location of the aft-end boss. The shear load experienced by 

the case due to the reaction of the head-end closure under pressurization 

is shown in Figure 2 as V.. 

The major results of this analysis are shown in Figures 3 through 

13 for an internal pressure of 100 lbs/in2.  Figures 3 and 4 show the 

case displacements, while Figures 5 and 6 show the bond stresses gener- 

ated by the internal pressure. The overall bore behavior is shown in 

Figures 7 to 11.  It should be noted that the peak shown in the hoop 

strain curve of Figure 9 does not exist in the actual motor.  For the 

strains existing in the forward region. Section 5 dealing with the 

application of the concentration factors should be consulted.  Figures 

10 and 11 show the stress behavior in the circular port to circular port 

transition region. These may be used as bounding values in determining 

the three-dimensional stress state existing in this region of the actual 

motor. 
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These results have been obtained from two independent computer 

analyses.  Sections I and II of the Appendix contain a complete tabula- 

tion of the computer results for internal pressure. 

4.  THERMAL LOADS 

For use in th« cure shrinkage and cooldown studies, the motor was 

subjected to a uniform temperature drop of 100oF.  The relief flaps at 

either end were assumed to be unfilled and hence the grain unbonded in 

that region.  The flap in the head end extends to a radius of 60 Lnchei 

and to a radius of 47 inches in the aft end. These points are approxi- 

mately located in Figure 1 by D and F, respectively. 

Stresses are developed due to the difference in coefficient of 

thermal expansion of the case and propellant material. Tht propel lam 

coefficient of expansion is approximately ten times greater than that of 

the case. The resulting case displacements and bond stresses are shown 

in Figures 14 through 17. The behavior of the bore is shown in Pigurei 

18 through 22. 

A complete tabulation of the results is contained in Section III 

of the Appendix. 
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5.  APPLICATION OF CONCENTRATION FACTORS 

The analysis thus far has not accounted for the star-perforated 

forward section of the motor. This is done by use of concentration 

factors determined from photoelastic studies.  The photoelastic tests 

of Reference 1 have two assumptions which are pertinent to this analysis. 

The factors obtained are exact for the case of an infinitely long cylin- 

drical grain with a uniform internal and external pressure. Hence the 

reaction of the case must be approximated by a uniform external pressure, 

and the actual stress state must be approximated by a plane strain stress 

state. 

Obviously the stress state existing at the head end of the motor 

where the external boundary is a curved boundary is not one of plane 

strain.  In the region where the web fraction is large the assumption of 

uniform pressure being exerted by the case is fairly good.  However, in 

spite of these difficulties some estimation of the stress and strain 

fields must be made. 

The geometry of the star perforation is shown in Figure 23.  The 

outer radius b varies with the axial station.  This type of configuration 

has been tested photoelastically by Fourney and Parmerter. A plot of 

the concentration factor H versus the port fraction a/b is shown in 

Figure 24. The variation of H with z the axial station is shown in 

Figure 25. 
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Prossuro Problem 

Two approaches will be used to calculate the strains that exist in 

the forward section of the motor.  The first approach will be a straight- 

forward plane strain analysis with a judicious selection of the equiva- 

lent circular inner port. The second approach will consider that there 

are two separate effects which are being approximated, the first is that 

of the irregular star shape, the second is the finite length of the cir- 

cular cylindrical grain. 

In the first approach it is necessary to calculate an interface 

pressure that would exist between an infinitely long flexible case and 

a circular port propellant grain. The difficulty here occurs in the 

selection of the proper equivalent grain to simulate the behavior of the 

star-perforated grain.  This has been discussed in detail in Reference 1. 

Figure 26 shows the variation of the interface pressure p' with axial 

station.  Shown in this figure are curves of p'/p. for both the equal 

web fraction and equal area equivalence.  Also shown is the result of 

the computer solution for the radial pressure at the case-grain inter- 

face.  It is seen that the variation in these various "equivalents" 

becomes significant as z increases.  Based on experience and recent 

results of Reference 2, a value of p'/p. ■ 0.80 is chosen.  Using this 

with the formulas provided in Reference 1, for an internal pressure of 

550 psi a maximum strain of 

t    =39 L"/ max  -,y-'+/° 

is obtained.  The calculations were made for axial station z ■ 30" 

as it is felt that this is more realistic than larger values of z. 
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Using the second approach one assumes that the computer analysis 

has taken into account the effect of the finite length of the grain and 

the effects of the flexible case.  The strain thus obtained must then be 

multiplied by a factor to account only for the star perforation.  Hence 

the strains in an infinitely long grain encased in a rigid case are cal- 

culated on an equal area equivalence.  The ratio of the maximum strain 

in a star-perforated grain to the maximum strain in a circular port grain 

is calculated to be:  F ■ 2.4 . 

When one multiplies this by the strain obtained by the computer 

analysis of station 30 for an internal pressure of 550 psi, a maximum 

strain of 

t . - 42.77. max 

is obtained. 

The close agreement of the maximum strains calculated by these two 

approaches lends credibility to these results. 

Thermal Loading 

As in the pressure problem the two separate approaches will be used 

in calculating the stresses due to a uniform temperature change.  Using 

the first approach the following values of interface pressure are 

o 
obtained for a 100 F temperature drop at station 30: 

Equal Web Fraction:  p' ■  -4.9 psi 

Equal Area:     p' - -10.7 psi 

Results from 
Computer Analysis:  pf - -5.0 psi 
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Hence as in the pressure problem the equal web fraction and computer 

solution appear to be in agreement and the value of p1 for the equal web 

fraction is used. This results in a maximum strain of 

(<max)T = 7-7% 

using again the formulas presented in Reference 1. 

Using the second approach a factor of F ■ 2.25 is obtained. This 

results in a maximum strain at station 30 o.r 

(•—«)- - 5.47, . max--T. 

Hence, again the close agreement leads one to the conclusion that values 

used should be between the values calculated. 

It is important to note that the strain due to the temperature drop 

is of the same sig as that due to the pressurization. 

6.  CONCLUSIONS 

A stress analysis of the Thiokol motor TU-393, under the assumptioas 

previously stated, indicated that the maximum strains occur in the .^tar- 

porforated forward portion of the grain. Due to an internal pressuriza- 

tion of 550 psi a maximum strain of approximately 40 percent is obtained. 

For a uniform temperature decrease of 100oF the maximum strain occurs in 

the sar^ general location and has a value of approximately six percent. 
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Note that these maximum strains due to temperature decrease and pressuri 

zation are additive. 

The linear analysis used is not adequate to predict strains of this 

magnitude.  A nonlinear analysis would probably show some reduction in 

these values.  Unfortunately, the present state of the art does not per- 

mit such an analysis to be conducted. 

Calculations of the strains in an infinitely long grain bonded to a 

flexible case with a geometry equivalent to that of the center section 

of the motor indicate that the strain is a strong function of Poisson's 

ratio. For example: 

¥  - 0.490, t 

v - 0.50,  c 

max 

max 

18.67, 

10.57.  . 

Therefore if the actual value of Poisson's ratio is greater than 0.49, 

a reduction in strain could be expected.  However the actual amount of 

this reduction must be obtained by additional analysis and cannot be 

directly inferred by the results presented above. 

It is the recommendation of MSC that additional analysis of and/or 

modification to this motor be made. 
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TABLE 1 

CASE THICKNESSES 

Cait Coordlnat«! CAM ThlckMtf 

19.5 0.0 
32.0 1.4 
4A.7 4.9 
56.5 11.0 
66.0 19.6 
73.2 30.6 
76.5 43.4 
77.2 56.4 
77.2 69.5 
77.2 78.5 
77.2 87.5 
77.2 96.4 
76.3 104.1 
76.1 111.9 
74.5 119.5 
71.5 126.6 
67.2 133.0 
62.0 139.0 
56.2 144.0 
50.6 148.4 

1.400 
0.500 
0.450 
0.400 
0.350 
0.350 
1.000* 
0.600 
0.600 
0.600 
0.600 
0.600 
1.000* 
0.350 
0.350 
0.350 
0.400 
0.450 
0.550 
0.650 

(All Niabcra In lachet) 

*Add«d thlckntu to r«pr«t«nt tht b«havlor of tho 'V Jolott 
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FIGURE 23 

GEOMETRY OF STAR GRAIN 
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FIGURE 25 

STAR GRAIN CONCENTRATION FACTOR 
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STRESS ANALYSTS  OF  THE  FINAL  TU-i93   CHAIN  DESIGN 

I. Introduction, 

The TU-39^  rocket motor features a lar^e   156-inch diameter 

fiberglass case.     The grain design in this motor has a 6<i. 4 percent wt-b. 

It consists ot a cylindrically perforated primary grain,   reference 

Figure   I lor a sketch.    As can be seen in Figure   1 there is a secondary 

grain bonded to the forward dome.    Although this grain is essentially 

stress strain free,  it could possibley slump.    Attachment A of this report 

considers this aspect of the secondary grain.    Both the forward and the 

aft dome of the motor have large stress relief flaps on the primary grain. 

The   L/D  of this motor is less than   1,    The propellant used in this motor 

is TP-H816i,   an HB   formulation developed by the Space Booster Division 

of Thiokol.    The motor is developmental and,  as such,   not intended for 

wide deployment temperatures.    It will not be deliberately conditioned below 

80oF. 

Although the motor has a fiberglass case,   it is relatively rigid 

(more so than most high performance fiberglass cases) during the ignition 

pressurization loading period.    For conservatism during the   cure and 

thermal shrinkage and gravity loading,   the case is assumed rigid.    The 

reason for the effective rigidity of the pressuri/.ation is that the peak 

pressure will be less than one-half the design pressure of the case.   There- 

fore,   the elongation of the case,  even if full bore pressure were experienced 

at the case,   would   be only one-half that of a motor of optimum design. 
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II. Analytical Procedures and Assumptions. 

The analytical stress program currently operational at the WasaUh 

Division is one obtained from the Mathematical Sciences Corporation in 

Seattle, Washington.   Since completion of the analytiral studies discussed here, 

a new program has become operational and it has neither of the limitations 

ot the above program.    Attachment B presents a brief description of the new 

program.    Also,   limited  TU-J93  runs were made and then results are ihown. 

Although a copy of theprogram write-up has been supplied to the customer,  a 

brief synopsis of the program's capabilities and limitations will be presented 

below.    The program permits the stress analysis of axisymmetrical problems 

pertinent to solid  rocket motor geometry.    The geometry may be any arbitrary 

hollow body of revolution.    The materials may be cylindrically orthotropic or Iso- 

tropie.   Arbitrary distributions can be specified as long as the resulting displace- 

ment increments are small compared to unity.   The solution is obtained by the 

stiffness method using a finite element technique in which the body is divided 

into a large number of finite elements by a grid work of lines intersecting at 

node points.   The present program determines the values of the stress and dis- 

placement fields at each node point.    By reapplication of the basic program in 

an interactive manner,   arbitrary stress-strain relations can be treated; hence, 

problems of non-linear elasticity with small displacements can be solved. 

The equations of the stiffness methods can be derived from the theorem 

of minimum potential energy.   An approximate solution for displacements is 

obtained in the usual way.    The displacement field is expressed as a linear 

combination of functions through undetermined coelficients.    The coefficients 

are then determined so that the potential energy is a minimum. 
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Although the profr». is m» •xcsllsot progra«. it ha. 

two .hortco.lng. rogarding propallant grain analy.i,. The fir.t 

im  tho inability to connidor PoU.on». Ratio input of 0.5. Furthar, 

•vn though Poiaaon». Ratio naar 0.5 can bo accaptad, tha ra.ulting 

r#M#B *r* Ullr«»ll«tic.  Tha prograa can consider layarad 

■ateriala. Tharafora, ona would aaauaa that tha caae ia Juat 

another layer of «aterial.  The aecond shortcoming ia that this 

procedure consume, so .any of the elesenta and nodea that poor 

resolution of the atraina re.ult.  When a plaatic or any Yery 

flexible caae ia under conaideration, it ia necessary to reaort 

to artificea to circusvent the aecond drawback.  For ultra- 

consarvatia., the usual procedure ia to aaaign no atrength to 

the propellent; i.e. the propellent ia an incospra.aibla viscous 

fluid which »eaa. that bore and ca.e-propellant interface pressure 

•re symonosous.  The bore cha.ber pre.aure i. then uaed to detersine 

the .id cylinderical l.ngth caae growth fro. hydroteat and/or 

design data. Th.ae growth data are then applied to the entire case. 

Thua, two pointa of conservetie. are incorporated; (1) the 

propellent doee heve strength even at a total relaxed condition 

therefore the case will not experience the full effecta of bore 

pressure, and (2) the iaaxi.u. caae growth occura at the .id 

length, thue the growth will be too large on the do»..  With 

regard to the first drawback which can be a aerioue one, aeverel 

brief atudiaa have been .ade, not on the TÜ-393 .otor, but on 

si.ilar .otora applicable to the conditions involved. For cure, 
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th«rMl, and gr«Tity load« as Poisson's Ratio approach«« 0.5, the 

•trains of the bor« and the cass-propsllant bond strsssss incrsass. 

Prior studies of the stiffness progras have shown that even though 

the stresses are unrealistic the strains are valid.  Thus, one 

can sake an analysis with a Poisson's Ratio very near to 0.5 

for the strains and deforwations.  To obtain useful stress resolution 

one must calculate at a Poisson's Ratio near 0.49.  The ease type 

of logic can also be applied to the pressure loading; however, it 

sust be noted that now the strains rapidly decrease as Poisson's 

Ratio of 0.5 is approached, but as with cure and thersal, the 

stresses increase.  (This latter increase in stress for pressure 

loadings is a hydrostatic cospression field, and as far as is known the 

propellant to be used in this Botor is traditionally undasageable 

under hydrostatic cospression.)  To Illustrate the trends under 

discussion, two figures have been prepared.  Figure 2 is a plot of 

Induced bond stress versus Poisson's Ratio, and Figure 3, a plot of 

Induced bore strain versus Poisson's Ratio.  Figure 2 indicates that 

the bond stress at Poisson's Ratio of 0.5 is 1.3 tises that of 0.49 

for the cure and thersal loading. 

The TPH-8163 propellant to be used in the TU-393 has not been 

characterized at Wasatch, however, TPH-1096 has and is equivalent 

to 8163.  For the cure, thersal, and gravity loadings the prisary 

parameter of laportance is the thermal coefficient of linear expansions and 

the coefficient of cure shrinkage.  The stress relaxation sodulus 

at equilibrius or rubbery conditions is also of laportance.  For 

the cure and thersal shrinkage calculation, however, this value say 

be perturbated over a wide range with a negligible effect on the 
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streM-atrmin reiult«.  It is of l«port»nc« in the gravity load. 

The coefficient of thermal ejcpansion haa been shown to be between 

3.5 and 6.3 x ICT5 in/in/0F.  The value selected for this study 

was 6 x l(r5 in/in/0? which should nearly represent the upper 

liMit.  The stress relaxation aodulus selection for these 

runs was 200 psi, which appears to be fairly typical of this 

type propellant.  The coefficient of cure shrinkage is not 

handled directly by the computer program, but it is necessary 

to convert this number to some equivalent increment of temperature 

to include the effect.  To illustrate the procedures used in 

deriving an equivalent increment of temperature for the cure 

shrinkage iactor, Figure 4 has been prepared.  It is a plot 

of thermal coefficient of linear expansion versus increments of 

temperature for lines of constant shrinkage factors. 

Unfortunately, the value of the cure shrinkage factor 

that should be used in this stress analysis is difficult to 

determine.  In general, if a value of 0.002 in3/in3 is selected 

for the Thiokol H series propellant, it will be found that the 

bore strains calculated at cure temperature will be very close 

to those measured^1).  Although the values determined per 

laboratory specimen may range as high as 0.008 in3/in3 after 

gelation occurs, these are unrealistic with respect to motor 

values.  Therefore a value double the normal calculated one will 

be used; i.e. 0.004 in3/in3.  It will be seen in Figure 4 that 

this results in an incremental temperature of 220F. 

(1)  Nelaon, J.M., Special Report Improvement of the Elastic 
Analysis Method of Predicting Low Temperature Operational 
Capability of Solid Propellant Motors (u)  Thiokol Chemical 
Corporation - Alpha Division - Hunteville Plant, 27 November 1963. 
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To p«rfor« ihm  pressur« stress analysis requires 

detersinatlon of propellent properties analogous to the above 

discussion.  However, the paraaeter of prise interest in 

pressure studies U the short ters relaxation «odulus.  By 

co.bining experisental stress relaxation data and the calculated 

ignition transient tiat trace, it is possible to develop a 

viscoelastic stress analysis tl).  It ha8 been foundt however| 

that a relatively siaple procedure can be used which will 

result in calculated bore strains slightly greater than those 

of the viscoelastic ones.  The ignition transieat time  is used 

to detenaine a value of the stress relaxation «odulus.  The value 

used in this study is 1000 psi. 

III.  Stress Analysis Results 

The primary purpose of stress analyzing the TU-393 

propellent grain is to ascertain the difference between 

induced grain stresses and strains and the propellent capability 

(i.e. failure criteria). 

A multitude of propellent failure criteria currently exist 

within the solid propellent rocket industry however, Thiokol 

has found that the Ssith failure boundary is the most universally 

useful for all grain loading conditione.  Extensive experisentation 

haa been conducted for the cure and thermal shrinkage loads, and 

UJi*B been unequivocally demonstrated that the failure boundary 

(1) Schapery, R.A. Irreversible Thermodynamics and Variational 
Principles with Applications to Viscoelasticity, PHD Thesis 
California Institute of Technology, 1962 
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established by uniaxial tensile tests relistically establishes the failure 

limits of the multiaxial motor configuration.    The failure boundary is com- 

posed of the following data points obtained from uniaxial tensile specimens: 

corrected maximum stress versus true strain at corrected maximum stress. 

These data are obtained at various test strain rates and temperatures.    The 

resulting stress-strain curve is then modified so that the stress ordinate 

becomes the deviatoric stress from the uniaxial test (uniaxial deviation stress 

equals two-thirds the rncximum principle stress).    Numerous Thiokol pro- 

pellants have been subjected to such testing,  and in no instance has super- 

position of multiaxial motor or specimen data resulted in decreased propellant 

capabiKty.    Indeed,   for the pressure induced motor grain strains it has been 

found that the hydrostatic conditions improve propellant capability if the 

propellant exhibits such improvement under pressurized uniaxial tests. 

Thus,  the only adjustment to the failure boundary necessary for pressure 

loading is also obtainable from uniaxial tests. 

It would appear that the propellant capability is directly related to 

the stress imposed,  but at high strain and low stress (resulting from time at 

load),   the strain is nearly independent of stress.    Figure 5 illustrates this 

point,  wherein it is a failure boundary for a high solids   HC propellant. 

Prior to the efforts described above,   many analog motor experiments were 

performed and it was found that motor failure strain exceeded the strain 

at corrected maximum stress of routine (2 in/min.  crosshead rate) JANAF 

data.    Although this seems contrary to the Smith failure boundary work,  it is 
- 

not.    The analog motor data will lie on that portion of the boundary that is 

basically independent of stress. 
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Th« cure and therail shrinkage and 1 g «lump failure 

criteria selected for this effort will be strain at uncorrected 

■axisus stress from  JANAF data.  Note that conservatism has been 

interjected in that strain at uncorrected ■axisus stress is 

always less than that at corrected aaxisum stress.  Note that if 

the correct effective gauge length is used on the JANAF data, 

there will be no change between measured and calculated data. 

Extensive propellant-liner bond testing has indicated that 

the failure is a propellent cohesive failure.  Consequently, 

the MbondM strength is fint of the propellant.  Traditionally, 

bond capability has been oriented towards stress considerations 

rather than strain.  Thiokoi  however, is currently investigating 

bond capabilities sore generally.  Since these efforts are 

inconclusive to date, it is necessary to assume that stress 

failure criteria applies.  The specimen used to measure bond 

properties is rectangular where the propellant size is 2 x 3 x ^ 

inches. The testing device is such that pure tension or pure 

shear can be applied as well as combinations of each.  Obviously, 

a specimen of this size will reflect biaxial or triaxial properties, 

but these have not been evaluated as yet.  The normal test 

cross-head rate for the tenshear specimen is 0.5 in/min, however, 

it has been tested at other rates.  In all cases the tensile 

bond stress slightly exceeds the maximum tensile stress capability 

as determined by JANAF uniaxial tests.  Therefore, the bond stress 

failure criteria will be based on the maximum stress capability 

of the propellant as obtained from low rate JANAF tests. 
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The pressure induced strains of this motor appear large due to 

the conservatives apphed In the analysis.      Although it has not been com- 

pletely explored as yet.   U would appear that two or three methods of 

applying pressurized gram stress-strain values to the Smith Failure 

Boundary could be used.    First,   the mean deviatoric stress;   second,  maxi- 

mu» principal stress magnitude;   and third,  the maximum difference of 

principal stresses all versus maximum induced strain.    Since any one of 

these (ignoring sign convention) will occur in the same general reg.on as 

the cure and thermal shrinkage strains lor fti. motor,   the pressure strains 

will merely be added to the cure and thermal strains. 

Finally,   one further conservatism will be included in the results. 

Arbitrarily,  all propellant capability limits will be divided by 1.5.    The primary 

iustificauon for Uli. is to account for batch to batch variation,  vacation in 

post cure,   and effective gauge length variation.    It has been inferred by 

some mdwiduals in the sohd propellant industry that a biaxial degradation 

must be included in the stress analyst.    Since Thiokol has not been able to 

substantiate a biaxail decay with their propellants.   it is ignored. 

The results of this stress analysis wuh regard to the two loading 

conditions studied can best be presented graphically.    Figure 6 is a sketch 

of the original grain shape with the deformation due to cure and thermal 

shrinkage and  1   g   slump at SOT.     The deformations are emphasized to 

more clearly delineate their true shape,   and it will be found that their 

scale factor is larger than the motor sketch,  as noted in the Figure. 
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The maximum bore deformation occurs slightly aft of the center of the 

grain and at this point the maximum strain is   4. 0 percent.    Since the 

propellant capability far exceeds this level of strain,   there is obviously 

no significant strain problem in this motor design.    Therefore,   it becomes 

necessary to investigate the bond stresses of the motor due to cure, 

thermal,  and gravity loads to ascertain any deleterious conditions that 

may arise.     Figures   7.     8.    9.   and 10,   respectively,   present the radial, 

axial,   shear,  and tangential stress distributions as a function of the axial 

location in the motor.    As can be seen,   the only large stresses occur at 

the grain end.   and these are still less than propellant capability,   even 

when one considers the increase.as shown in Figure  2,       The maximum 

tensile stress will be found in Figure  10  and it is   13.8   psi,  which will 

increase to 17.8   psi when modified according to Figure Z,    The maximum 

shear stress is found in Figure 9  and it is   I, 25   psi. 

The pressure induced deformations are presented in Figure  11. 

noting again the deformation scale-up in the sketch.    The maximum bore 

strain is   14.96 percent,  which when combined with the above strains 

results in a total of approximately   19 percent. 
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IV. Conclusions. 

As was shown in th>i preceeding section,   there are no deleterious 

stresses or strains in the TU-393 motor.    To further portray the intrinsic 

reliability of this grain design,   Table I has been prepared,   relating the 

effective margins of safety;    a comparison between the induced conditions 

and a very conservative estimate of the propellant capability.    Based 

upon these results,  one must conclude that there will be no structural 

integrity problems with this motor. 
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ATTACHMENT A 

Stress Analysis of TU-393 Secondary Grain 

The secondary grain of the TU-393 motor consists of a long 

cantilevered hollow cylinder of propellant, reference Figure 1A. 

The cure and thermal shrinkage and subsequent pressurization loads 

are insignificant.  The body is essentially only effected at 

the bond interface by the former load and the latter load will 

be pure hydrostatic compression.  However, the stresses and 

deformations due to the cantilever effect when the motor is horizontal 

must be carefully examined. 

The exact grain teoroetry as shown in the figure is not rigorously 

tractable, therefore certain simplifying assumptions must be made.  The 

approach was as follows: 

The triangular areas in the figure were distributed over 

the full body length as concentric layers of material.  Thus, the 

problem analyzed was a right circular cylinder 43.5" long with 

O.D. and I.D. of 31.55" and 14.7" respectively. 

The applicable equations are as follows: 

1)  Tip deflection at free end. 

w ^^L; 

L 2 (Ro2 + Rj2) 
+ 3 

2)  Shear stress, a9z  "  2P L 
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3)     Tt-nsile  stress, oz 
2r 1,2 Ro 

2 
+ 

2 
i,) 

where: 

3 
p   ■ Propellant density, lb/in , 0.064 

1 » Grain Longth inches, 43.5 

R0 - Grain O.R. inches, 25.75" 

Ri  = Grain l.R. inches, 7.35 

F   -  Relaxation modulus at equilibrium conditions, 
estimated range from 75 to 225 psi. 

Rased on   the equations 2 and 3 the maximum stresses are 5.6 

and 8.7 psi respectively, either of which is well within the limits 

of propellant capability.  The tip deflection range is 6.96 to 

2.33 for the range of equilibrium modulus.  Obviously, the former 

an undesirable condition.  One method of preventing this slumpage 

would be to pot the forward 10 inches of the primary-secondary gap 

with liner or flap-gap filler.  This effectivity shortens the canti- 

lever length resulting; in a maximum slnnp ;)f mly 3.32 inches.  Another 

method would be to determine the bottom of the motor with respect to 

horizontal storage, and then insert a small saddle of foam between the 

grains . 

Although the analysis used is quite conservative, it would appear 

advantageous to assure that contact between the grains is positively 

prevented.  Therefore, it is recommended that one of the procedures 

described above be used.  Note also that in preventing the slump 

the shear and tensile stresses are reduced. 
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ATTACHMENT B 

ADDITIONAL   TU-393   STRESS  ANALYSIS   EFFORTS 

Since the TU-i93 stress analysis studies were ( omplrtcd ,   an 

.idvnneed version of the computer program described above has  been put 

into operation.     A change in the formulation of the equations governing the 

thermal and  mechanical  response of the  Isotropie and linearly elastic 

continuum has removed the singularity associated with an incompressible 

material,   i.e.,  v^ = 0.5.    This change in the finite element   analysis 

permits more  realistic values of Poisson's  ratio to be used and results in the 

ability to obtain excellent resolution of the stress fields.     Also included in 

the new  program is the  ability of considering   the effect of    an ciastu   case 

bonded to the propellant grain.     This eliminates much of the manual input 

in the form of displacement boundary conditions to the computer program 

and provides a solution to the existent situation. 

Using the new program,   the  TU-393 grain was analy/.ed for stresses 

and strains induced by cure,   thermal,   slump,   and pressuri/-ation loads.    It 

should be noted that an alteration has been made in the split flaps <it both 

ends of the grain since the original grain analysis was performed.     This 

modification entails much longer split flaps than were previously con- 

sidered.   Also,   the longer split flaps will  remain unfilled after cure and 

motor cooldown. 

It is obvious that the increase in flap length will dec rease the bore 

hoop strains induced by cure and thermal shrinkage.    By keeping the split 

flaps uniilled during motor firing or internal pressuri:.ation,   the bore hoop 

strains will be reduced;   equally important,   the stresses induced by the 

pressurization load will approach Isotropie   compression,   thereby 

decreasing the deviatoric stress components. 
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Since a considerable amount of the main body oi this report concerns 

tailure criteria and propellant stress-strain capability,   these items will 

not be  repeated here and the data will be presented in a rather matter-ol- 

iact manner.    A sketch oi the deformed grain resulting from cure and 

thermal shrinkage is shown in Figure  1-B.    Note the exaggeration in the 

deformation scale with reference to the grain size.    Figure Z-B  is a 

similar presentation of grain deformation under internal pressurization 

with the unfilled split ilaps.     The printed results from the computer were 

carefully examined and the maximum stresses and strains induced in the 

TU-i9i grain during the two specific loading situations are compared to a 

conservative value of propellant stress/strain capability in Table  1-B. 

As is shown in Table   1-B,   the smallest margin of safety is   i.ZZ 

and is related to the bore hoop strain which occurs upon internal pressuri- 

zation of the motor.    Sufficient margins of safety are indicated to assure 

total grain structural integrity under the loading conditions of cure and 

thermal shrinkage,   slump,   and internal pressurization. 
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TABLE    1-B 

MARGIN OF  SAFETY   FOR   TU-393   LOADING  CONDITIONS 

(Longer Split Flats;   Poisson's Ratio      0.5) 

Conditions 

Maximum Induced 
Tensile Stress 

or Strain Capability 
Margin 
ol Safety 

806F plus 
lg   Slump 

15.37   psi 

0.0307 in/in 

90  psi 

0. 22 in/in 

5.86 

7. 17 

80oF 
lg  Slump 
and 450 psi Pressure 

0.0683 in/in 0. 22 in/in 3.22 

*Note that propellant capability has been reduced by a factor of 1.5 . 
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and prevent N204 leakage into the nozzle prior to pressurization 
of the system. 

The pressurization system consists of a 3,000 psig gaseous 
nitrogen spherical storage tank mounted on the nozzle opposite 
the N2O4 tank, and a dual pressure regulating system.  An 
initiator solenoid valve is installed in the line between the 
nitrogen tank and the dual regulation system.  This is a normally 
closed valve which is opened at T minus 40 sec in the countdown. 
Opening of the initiator valve is delayed as long as practical to 
prevent the system from being pressurized, rupturing the burst 
disc and exposing the nozzle to N2O4 leakage from the injectors. 
From the initiator valve, the one inch CD pressurization line 
separates and each line is routed to a normally open solenoid 
valve thru a set of pressure regulators and a pressure switch, 
and then the two lines are tied together and routed to the No64 
tank.  Redundant regulation is provided in the event that either 
regulator fails ope^ or closed.  The pressure switch will sense 
an overpressure condition (1,000 psi) and close the upstream 
normally open solenoid valve, stopping flow to the malfunctioning 
regulator.  A motorized switch for each pressure switch is incor- 
porated to keep the solenoid valve closed once it has received a 
signal to close.  The regulators are set to deliver an 850 psig 
nitrogen pressure to the NgC^ tank. 

The nitrogen tank is made of titanium and is filled remotely 
through a test facility regulation and plumbing system from 6,000 
psi nitrogen bottles.  A 3,450 psig relief valve is mounted on the 
tank to protect the tank from overpressurization. 

Hydraulic pressure to operate the injector valves is supplied 
from an electric motor driven hydraulic pcuap through a supply and 
return line manifold going to each injector.  Supply pressure is 
750 psig utilizing tfIL-H-5606 hydraulic oil with a return pressure 
of approximately 100 psig.  Electrical power to the pump motor is 
supplied from a ground power source.  On a flight motor, power 
would be supplied from a motor mounted battery.  A battery bracket 
is installed on the nozzle but is not used for the static test 
A hydraulic relief valve is provided between the supply and return 
lines in case the pump compensator fails, causing an overpressure 
condition.  A 10 micron filter is provided in the supply line to 
prevent hydraulic system contamination. 

The electrical system provides control of the overall LITVC 
system including control of the solenoid valves, the hydraulic 
power supply unit, the servocontrol unit, and the injector valves 
The main component in the electrical systen is the servocontrol 
unit.  This unit takes the input signals from the guidance system 
in this case the ground test signal programmer located in central 
control, and converts them to the appropriate signals for contrj^-r 
the injector valves.  Power to operate the servocontrol unit is 
provided by the test facility power source. 
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SECTION VI 

CONCLUSION 

The LITVC integrated syttem tests proved that the system 
will perform satisfactorily.  All test objectives were met with 
satisfactory results.  No problems are anticipated during the 
motor static test; the sysvem is expected to perform as predicted. 
Minor problems encountered on the integrated tests, such as leaky 
connections and bladder rupture have been resolved by minor design 
changes.  The system is slightly underdamped, allowing some 
oscillations of the injector valve pintle before steady state is 
reached in the hold events.  However, steady state is delays 
approximately 1/3 second and these oscillations do not have any 
significant effect on performance. 

The pressurization subsystem regulates the pressure to the 
injectant tank within acceptable limits.  All components in the 
system functioned exceptionally well during all runs.  Simulated 
overpressurization failure tests indicated that the system will 
close the malfunctioning side of the dual system and the opposite 
side will continue to regulate pressure to the injectant tank. 
Injectant tank initial full pressurization occurs approximately 
1/4 second after opening the initiator valve. 

System response is faster than expected.  Maximum slew rate 
is approximately thirty percent greater than what was predicted 
for the 2.5 cps cycling rate.  The maximum slew rate for the duty 
cycles used in these tests occurs when a two degree hold is initiated. 
A maximum pintle travel is commanded in an infinitesmal amount of 
time.  This causes the system to respond to its maximum capability, 
which is 49 deg/sec. 

No evidence of water hammer effect was indicated in any of 
pressure traces.  The pressure fluctuations shown on the pressure 
traces are not of sufficient magnitude to be caused by water 
hammer. 
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Figure 2. Integrated System Test Set-Up
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TU-393 Integrated Systen (Run #1) 

Test Date 15 March 1966 

MaxiBum Strain Micro in/in 

TWR-1423 

Loc. Max. Time 
(sec.) 

S601 1743 79.8 

S602 1798 79.8 

S603 1767 79.8 

S604 1581 0 

S605 1509 0 

S606 1463 0 

S607 562 8.8 

S608 358 8.8 

Loc. Max. Time 
(sec.) 

S609 438 8.9 

S610 379 8.8 

S611 385 8.8 

8612 545 0 

S613 359 8.8 

S614 328 8.8 

S615 158 8.9 

8616 342 8.8 

Maximum Vibration 

Loc. Max. 
G 

Time 
(sec.) 

A601 6.7 9 

A602 10.2 43 

Figure  19.     Maximum Strain  and Vibrations 
Run No.   1 
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>4I - 46. j SEC, + ] DKG HOLD 
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Figure  31.     Duty Cycle for  Run No.   6 

VI-53 

UNCLASSIFIED a. 











YAW 

(DEC) 

♦.'.0 

♦l.U 

-1.0 

-2.0 

HYDRAULIC 
PRESSURE 
AT ♦ YAW       750 
INJECTOR 
VALVE   (PSI) 

10.0 - 14.5 SEC 
♦2.0 DEU HOLD 

'1   « - 22.4 SEC 
♦ 2.0 DEC. STEPS 

r-K.i - 23.58 SEC 

/ / / ♦ 2.0 DEI '. HOLD 

 1 l 
1 

I i 
 LI . 

22.4 - 23.4 SEC 
♦ 2.0 DEC STEPS 

20.0 - 21.6 SEC 
♦ 2.0 DEG STEPS 

11.0 - 13.5 tEC. 0 PSI HYDRAULIC 
PRESSURE AT ♦ YAW INJECTOR VALVE 

 1 

1 ,— 

.  1 

16 20 24 28 32 36 40 44 48 52 

TIME (SEC) 

/ 



f7 

UNCLASSIFIED 

, 

fc 

48 52 »♦ »1 < 100 104 

TIME (SEC) 

Figure 36.  Duty Cycle for Run No. 7 
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NOMENCLATURE 

EQ = modulus of elasticity in hoop direction 

Eo = modulus of elasticity in longitudinal direction 

NQ = membrane load in hoop direction 

N(j = membrane load in longitudinal direction 

p = pressure 

Rc = mean case radius 

Rp = radius of thrust piston 

tQ = thickness of hoop wrap 

ifP = thickness of polar wrap 

Iget = total thickness glass in polar wrap 

tg0 = total thickness glass in hoop wrap 

a = polar wrap angle relation to the meridian of the shell 

HOQ      =   Poisson's ratio giving hoop strain caused by stress in the 
longitudinal direction 

MQO      ■   Poisson's ratio giving longitudinal strain caused by stress in 
the hoop direction 

Vß 22     =   Poisson's ratio for the hoop wrap giving hoop strain caused by 
stress in the longitudinal direction 

^921     =   Pois80n,s ratio for the hoop wrap giving longitudinal strain caused 
by stress in the hoop direction 

Wo 22    =   Poisson's ratio for the polar wrap giving hoop strain caused by stress 
in the longitudinal direction 

^21     =  Poi8son'8 ratio for the polar wrap giving longitudinal strain caused 
by stress in the hoop direction 
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SECTION V 

TEST RESULTS 

A.     DATA ANALYSIS 

The strain and deflection data obtained during this hydrostatic burst test 

was of excellent quality with only one gage,  S009, totally inoperative.   Strain gages 

and extensometers were placed on the cylindrical section of the case in the basic 

areas where a failure might occur.   Strain gages were placed on the forward dome 

to measure the effect that the existing crazing had on the performance of dome 

structure.   Strain gages also were placed on the aft dome to evaluate magnitude of 

these strains relative to the basic cylindrical section.   The axial deflection of ths 

forward dome, and both the axial and transverse movement of the aft dome, were 

measured with extensometers to evaluate case deflection. 

Figure   9     depicts the pressure vs time trace as measured by pressure 

transducer P001 located in the shell section of the aft adapter.   The pressurization 

rate averaged 6.125 psig/sec with no indicated fluctuations in the trace.   The pressure 

suddenly dropped at 963. 5 psig, indicating that failure had occurred at 135. 37 sec 

from the commencement of pumping (t   =   0 sec and p   -   132.0 psig). 

Figure 10    depicts the hoop strain in the cylindrical section of the case at 

the forward and aft datum lines,  and at midcylinder.   At midcylinder,  strain gage 

S005 (inoperative after 535 psig) and extensometer D006 agreed very closely, thus 

establishing a good measurement of hoop behavior in the area.   Extensometers 

D005 and D007, at the aft and forward datum lines,  respectively,  showed that the 

magnitude of the strain at these two locations was very similar, and about 12 percent 

less than the indicated strain at midcylinder.   Strain gage S009 at the aft datum 
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line was inoperative,  and strain gage S001 at the forward datum line showed a 

higher reading than the equivalent extensometer.   However, gage S001 failed 

at 875 psig, and was thus probably in a location of local crazing. 

Figure   11    depicts the longitudinal strain in the cylindrical section of the 

case as measured by (1) extensometers D001 and D002,  located between datum lines, 

and (2) by strain gages S002,  S006, and SOU.   Experience has revealed that strain 

gages installed on the hoop wrap and oriented in the longitudinal direction are very 

susceptible to premature failure or erratic readings due to cra/.ing in the hoop 

laminate.   Strain gage S002 located at the forward datum line operated through case 

burst and the resulting data were fairly close to that from the extensometers. 

Gage S006,  located at midcylinder,  also was fairly accurate, but due to crazing, 

the gage became inoperative at 500 psig.   Gage SOU,  located at the aft datum line, 

was extremely erratic, probably because it was located over a local crazing which 

opened in the longitudinal direction. 

An important observation in the D001 and D002 data is the sudden increase 

in axial deflection at 950 psig, indicating that a polar failure might have preceded 

the indicated hoop fnilure. 

Figure   12    depicts the measured hoop,  meridional, and fiber strain along 

the periphery of the dome.   The data showed that the respective meridional and 

fiber strains remained very similar in magnitude at the specific locations over 

the dome.   In general, the magnitude of these strains was approximately 18 percent 

lower than the longitudinal strain experienced in the cylindrical section.   The 

predicted strains in the forward dome are shown in Figure 13. 

The hoop strain trend in the forward dome was a little erratic due to the 

crazed areas.   At case failure, gage S016, located 12 in. from the forward datum 

line, indicated a hoop strain of 0.024 in./in.; while 15 in. further up the dome, gage S025 

recorded a hoop strain of 0.012 in./in.; and at a point an additional 16.5 in. up the dome 

gage S026 indicated a hoop strain of 0.005 in./in.   However, at this same axial location, 

but 180 deg away, gage S018 recorded a hoop strain of 0.017 in./in., indicating that 

the local crazed area allowed uneven hoop strain in the dome, high in the areas of 
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crazing and lower in the areas of noncrazing.   The hoop strain data at a distance 

54 in. forward from the forward datum line were found to agree closely with the meridional 

and fiber strain data.   This latter area also was relatively free of craze marks 

Figure 14 depicts the measured fiber strains and Figure 15 shows the predicted 

strain at three locations equally spaced up the aft dome.   At case failure, the three 

gages indicated an average strain   of 0.019 in./in. (gage S023 extrapolated) which 

was approximately 13 percent lower than the longitudinal strain in the cylinder. 

The magnitude of the hoop and meridional strain gages (SOU and SO 12) located 

at the inflection point of the dome agreed closely with the fiber gage (S023).   These 

strains were approximately eight percent lower than predicted in the netting analysis. 

Figure  16    depicts the axial displacement of the forward dome relative to 

the leading edge of the forward skirt.   Up to 350 psig, the dome exhibited nonlinear 

deflection, which can be attributed to local bending in the shell structure just outboard 

of the polar boss where the surface is essentially flat and normal to the axis of the 

case.   In this area, the dome will reorient itself slightly before exhibiting true 

membrane behavior.   As shown by the data, the extent of this reorientation was 

small. 

Figure 17     shows the total axial and transverse movement of the case and 

aft dome relative to the hydrotest fixture.   The four gages indicated no canting of 

the case during pressurization as a result of local relaxation or crazing in the case 

or skirt structure.   Figure 18 shows the predicted axial deflections for the 

two areas of the case. 

The total axial deflection of the case at burst was 4.82 in., or an average 

longitudinal strain og 0.0296 in./in. based on an inspected length of 163.0 in. from 

the face of the adapter cap to the face of the aft polar boss. 

The magnitude of the data obtained from this burst test was comparable to 

the data obtained from the hydrostatic proof test and from the static firing.   Figures 

19 and 20 show representative extensometer data from these three tests, comparing 

the measured hoop and longitudinal strain values recorded for the cylindrical section 
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A review of possible inadequacies in design, analysis, materials, processing, 

and testing indicates several possible causes for an apparent premature failure. 

1.     DESIGN, MATERIALS, PROCESSING, AND TESTING REVIEW 

a. Design and Analysis—The configuration and procedures employed were based 

on experience from previous motors and were consistent with the techniques then 

current throughout the industry.   The exceptions were the large length of aft skirt 

attachment and the use of 143 fabric in the outer hoop winds to provide a tensile 

tie between the aft skirt and case.   This design and associated requirements are 

detailed in the case design report. 

A quantitative explanation of the failure could result from a more detailed 

analysis of the stress resulting from the complex loading condition at the skirt 

to case juncture.   However, the completed analysis indicates no critical stress 

conditions in this area. 

The ultimate fiber strength used in the design was the demonstrated three 

sigma lower limit strength developed from POLARIS case data.   Although the 

TU-393 case was by far the largest that has been tested to destruction, no negative 

influence of size was expected or considered in the original design.   This position 

is justified in that, (1) the TU-393 vessel falls in the same realm of thin wall theory 

as all previous experience, and (2) any approach to probability analysis of failure 

criteria or distribution will indicate that the statistical distribution of failure should 

narrow with increasing wall thickness.   That is, the significance of filament dis- 

continuities or probable flaws is dissipated with increasing size. 

b. Materials and Case Fabrication—Both the materials and fabricated case met 

the requirements of design documentation which were consistent with the design 

and analysis criteria employed.   The materials were the same as those used in 

previous cases and were subject to qualification testing.   The case fabrication 

procedures were consistent with previous experience and no known discrepancies 

occurred. 
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Figure 3. Area of Heat Discoloration
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C.   SPECIFICATIONS 

1.    MATERIAL SPECIFICATIONS 

REV 
SPEC NO. LTR SCN's TITLE 

TWS-MF-20 1,2.3.4       UF-2121 Liner 

TWS-MI-171 1,2,3,4,5   UF-3177 Sealant 

TWS-MI-210 Chemlok 220 

TWS-MI-2042 NBR, Silicon Dioxide-Filled 

TWS-RM-2037 1 steel. Alloy. 18 Percent Nickel 
Maraged Steel 

TWS-y^-339 A 4 UF-1155 Insulation 

TWS-MI-2005 Chemlok 203 

TWS-MI-2006 A Caram 216 Splicing Cement 

TWS-MI-2007 A Asbestos-Filled Nitrile 
Butadiene Rubber (NBR) 

TWS-MF-2041 UF-3196 Sealant 

TWS-RM-2027 Forgings, Aluminum (2014 T 652) 

TWS-MR-257 UF-1149 Insulation 

TWS-RM-2028 1,2 Roving, S-994 Glass, HTS Finish, 
Epoxy Resin-Impregnated 

TWS-RM-2031 l Roving, Glass, Multiple End 

TWS-RM-2033 1 Roving,  E-Glass. HTS Finish, 
Continuous-Filament, Multiple End 

TWS-RM-2034 l Roving (E-Glass - HTS), Epoxy 
Resin-Impregnated 

TWS-MF-2040 A 1 TP-H8163 Propellant, Type II 
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