NASA CR 72889

FINAL REPORT

DESIGN, FABRICATION, AND TEST OF OMNIDIRECTIONAL
FLEXIBLE SEALS FOR THRUST VECTOR CONTROL OF
LARGE SOLID ROCKET MOTORS

Prepared by:
E. Y. Wong

Aerojet Solid Propulsion Company
Advanced Technical Operations
Sacramento, California

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio

J. J. Pelouch, Project Manager



NOTICE

This report was prepared as an account of Government-
sponsored work. Neither the United States, nor the
National Aeronautics and Space Administration (NASA),
nor any person acting on behalf of NASA:

A.) Makes any warranty or representation, expressed
or impled, with respect to the accuracy, com-
pleteness, or usefulness of the information
contained in this report, or that the use of
any information, apparatus, method, or process
disclosed in this report may not infringe
privately-owned rights; or

B.) Assumes any liabilities with respect to the
use of, or for damages resulting from the use
of, any information, apparatus, method, or
process disclosed in this report.

As used above, ''person acting on behalf of NASA" includes
any employee or contractor of NASA, or employee of such
contractor, to the extent that such employee or contractor
of NASA or employee of such contractor prepares, dissemi-
nates, or provides access to any information pursuant to
his employment or contract with NASA, or his employment
with such contractor.




+

NASA CR 72889

FINAL REPORT

DESIGN, FABRICATION, AND TEST OF OMNIDIRECTIONAL
FLEXIBLE SEALS FOR THRUST VECTOR CONTROL OF
LARGE SOLID ROCKET MOTORS

Prepared by:

AEROJET SOLID PROPULSION COMPANY
Advanced Technology Operations
Sacramento, California

Author: E. Y. Wong

10 June 1971

Contract NAS3-12049

Prepared for:

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Lewis Research Center
Cleveland, Ohio

Technical Management
J. J. Pelouch, Project Manager

A DIVISION OF AERLJET

GENERLL

aerojet solid propulsion company

&






I. Summary
IT. Introduction
ITT. Task I - Design
A. Design Criteria
B. Preliminary Nozzle Design
C. Forward and Aft Pivot Seal Comparison
D. Detailed Flexible Seal Design
E. Manufacturing Plan
F. Process Tooling Design
G. Test Plan
H. Test Fixture Design
IV. Task II - Laboratory Support Service
A. Material Properties
B. Assembly Process
V. Task III ~ Fabrication
A. Flexible Seals
B. Assembly Tooling
C. Test Fixture
VI. Task IV - Testing
A. Test Setup
B. Test Procedure
C. Test Results and Analysis
VII.  Conclusions and Recommendations
A. Conclusions
B. Recommendations
References
Appendixes:
A. Flexible Seal Failure Mode Evaluation
B Engineering Drawings and Specifications
C. Quality Engineering Directives
D Flexible Seal Data Analysis Procedure

TABLE OF CONTENTS

iii

63
63
4
65



LIST OF TABLES

Nozzle Theymal Analysis Summary

Comparison of Preliminary Flexible Seal Analysis Results
Flexible Beal Weight Comparison

Flexible Seal TVC System Comparison

Deflection of Flexible Seal and Nozzle Shell Joint
Summary of Maximum Stress in Flexible Seal

Quadruple Lap Shear Specimen Test Results

Aging and Humidity Test Schedule

Aging and Humidity Exposure Test Results

Evaluation of Surface Effects on Adhesive Bond Strength

Lap Shear Specimen Test Results from Process Demonstration Ring

Compression Deflection Test Procedure

Tensile Properties of Gen-Gard V-45 Rubber

Flexible Seal Component Bound Data

Flexible Seal Height and Concentricity Measurements
Test Fixture Weld Stress

Instrumentation Summary

Seal Vectoring Test Sequence

Flexible Seal Height Measurements

Flexible Seal Lateral Measurements

Measurements of Seal Inside Diameters

Seal Axial Deflection — Proof Pressure Test

Shim Compressive Stress - Proof Pressure Test

Shim Compressive Stress - Vector Test (Null Position)

Farigue Test Load - Deflection Characteristics

LIST OF FIGURES

Variation of Deflection Angle wvs Pivot Point Location

Nozzle Design for 260~in.-dia Motor

iv

Table No.
I
IT
ITT
v

VI
VII
VIII
X

XI
XII
XIIT
XIV
XV
XVI
XVII
XVIII
XIX

XXII1
XXIII
XXIV

Figure No.
1

2



LIST OF FIGURES (Cont.)

Nozzle Design with Forward Pivot Flexible Seal

Nozzle Design with Aft Pivot Flexible Seal

Flexible Seal Design

Structural Analysis Grid for Flexible Seal and Aft Closure
Structural Analysis Grid for Flexible Seal and Nozzle Shell
Flexible Seal Analytical Model

Maximum Shear Stress in Pad P5 for Load Condition (1)

Maximum Hoop Stress in Shim S2 for Load Condition (1)

Maximum Tension and Shear Stress in Pad P5 for Load Condition (2)
Maximum Hoop Stress in Shim S2 for Load Condition (2)

Maximum Shear Stress in Pad P5 for Load Condition (3) and Clockwise
Rotation

Maximum Shear Stress in Pad P5 for Load Condition (3) and Counter
Clockwise Rotation

Maximum Hoop Stress in Shim S3 for Load Condition (3) and Clockwise
Rotation

Maximum Hoop Stress in Shim S3 for Load Condition (3) and Counter
Clockwise Rotation

Typical Stress Distribution at Metal Shim Interface

Local Deformation at Inner Edge of Elastomer Pad Under Pressure and
Ejection Loads

Load Deformation at Outer Edge of Elastomer Pad Under Pressure and
Ejection Loads

Analytical Model for the Elastic Stability Analysis of the Steel
Shim

Thermal History of Elastomer Boot and Flexible Seal
Flexible Seal Assembly Fixture

Flexible Seal Test Fixture

Tensile Test Specimen

Tensile Stress wvs Strain - 0.18 in. Rubber

Tensile Stress vs Strain - 0.10 in. Rubber

Tensile Stress vs Strain - 0.05 in. Rubber

Internal Failure of Rubber in Tension

Quadruple Lap Shear Specimen (4 x 4 Pad)

Figure No,

3

sl

L N & LR W

O o



LIST OF FIGURES (Cont.)

Variation of Shear Stress vs Strain
Variation of Compressive Stress vs Strain
Variation of Creep Strain with Time Duration
Compariscn of Aged and Unaged Shear Specimen Properties
Accelerated Aging and Ozone Exposure Test
Quadruple Lap Shear Specimen (2 x 2 Pad)
Shear Stress ws Strain for Various Skive Joint Adhesive Systems
Failure Surface of Quadruple Lap Shear Specimens with Skive Joints
Adhesive Application Evaluation Fixture
Process Demonstration Bonding Setup
Lap Shear Specimen Configuration
Lap Shear Specimen Behavior During Test
Flexible Seal Metal Shim
Compressive Load vs Cure Time of Rubber Pad
Rubber Pad Compression~Deflection Acceptance Limit
Position Steel Shim on Assembly Bond Fixture
Apply Adhesive on Base Component
Spread Adhesive on Base Component
Apply Adhesive on Top Component
pread Adhesive on Top Component
Prepare to Invert the Assembly Bond Fixture
Invert the Top Portion of the Bond Fixture
Assemble the Bond ¥Fixture
Prepare the Bond Fixture for Adhesive Cure
Flexible Seal, Side View
Flexible Seal, Top View
Flexible Seal for 260-In.~Dia Motor
Location of Weld Cracks in Test Fixture
Weld Crack at Tank Structure of the Test Fixture
Assembly of the Flexible Seal on the Test Fixture

Gas Pressure System Schematic

vi

Figure No.
30

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



LIST OF FIGURES (Cont.)

Typical Strain Gage Installation on the Steel Shim
Typical Dial Gage Installation

Control Room Recording Equipment

Pressure Gage Panel

Seal Proof Pressure Test Setup

Seal Actuation System Schematic

Typical Deflection Potentiometer Installation

Seal Vectoring Test Setup

Seal Height and Lateral Measurement Locations

Seal Vectoring Duty Cycles

Axial Deflection vs Ejection Load

Shim Compressive Stress vs Ejection Load

Variation of Shim Hoop Stress vs Test Pressure
Actuation Torque vs Deflection Angle, Seal S/N 01
Actuation Torque vs Deflection Angle, Seal S/N 02
Variation of Actuation Torque vs Ejection Load
Pivot Point Excursion for +2° Deflection Angle
Variation of Pivot Point Location vs Ejection Load

Seal Unbonded Areas Between Rubber Pads and Shims

Actuation Torque vs Deflection Angle, Over-Rotation Test

Axial Deflection vs Ejection Load, Destruct Test

vii

Figure No.
61
62
63
64
65
66
67
68
69



ABSTRACT

Design, fabrication, and test of a large diameter, flight weight, omni-
directional flexible seal meeting the requirements of the 260-in.-dia solid rocket
motor were accomplished. A simplified flexibles element for the seal was designed
which consisted of uniform, conical shapes of rubber and steel layers. Individual
components of the flexible seal were assembled to form the completed unit by
secondary bonding in successive steps using an ambient temperature curing adhesive
system. Test data confirmed that the seal met the performance requirements pre-

dictably and the performance limits exceeded the design requirements.
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I. SUMMARY

This is the final report for the Nozzle Flexible Seal Program performed
under NASA Contract NAS3-12049. The objective of the program was to demonstrate
the capability to manufacture large diameter, flightweight, laminated, onmi-
directional flexible seals meeting the requirements of the 260-in.-dia solid

rocket motor.

The scope of work accomplished included design, fabrication, test and
evaluation of two flexible seals meeting all the requirements for use in the
thrust vector control system of the 260-in.-dia motor. The total work effort
was divided into Task I, Design; Task II, Laboratory Support Services; Task III,

Fabrication; and Task IV, Test.
Major elements of the finalized seal design were:

Forward pivot design concept

Conical reinforcement shims with constant-thickness elastomer pads
Cylindrical seal body, 108-in. I.D. and 116-in. O.D.

Five elastomer pads, 0.3-in.-thick natural rubber

Four reinforcement shims, 0.7-in.-thick steel

All shims were identical in design allowing for interchangeability. The
simple geometry of the shims enabled design dimensional tolerances t¢ be readily
met with minimum difficulty and hence minimum fabrication cost. The Gen-Shear
44125 pads were net-molded in segments comprising 1/8 of the circumference (45°
each), using a two-cavity heated mold and press. Fabrication in segments enabled
use of a small mold and minimized the fabrication tooling cost. Each molded seg-
ment was thoroughly inspected and only those meeting rigid acceptance standards
were authorized for use in seal fabrication. Quality of the elastomer pads was
thus assured before their commitment for use in a seal, thus minimizing the risk
of rejection in final assembly. The elastomer pads and reinforcement shims were
bonded together with Chemlok 304 ambient temperature curing epoxy resin. Integ-
rity of each bondline was verified by nondestructive testing prior to proceeding
with bonding of successive components in the assembly. These design features

and fabrication methods resulted in high quality seals at minimum cost.



The two seals were fabricated and subjected to performance testing to
verify attainment of performance requirement. In these tests, the seals were
subjected to 850 psig (5.85 x 106 N/mz) chamber pressure, 1.15 x lO6 b (5.11
ps 1@6 N) ejection force and +2° (0.0349 rad) deflection. The actuation torque
for +2° (0.0349 rad) deflection without the protective boot was 4.98 x 106 in.-
b (5.65 x 106 N-m) which is in good agreement with the design value of 5 x 10
in.-1b (5.65 x 106 N-m) for 1 million 1b (&4.45 x 106 N) ejection load. Experi-
mental data confirmed compliance with performance requirement and verified the
adequacy of analytical techniques used. After performance testing, one seal was
subjected to destructive test. This test sequence included over-deflection to
3.3° (0.0575 rad), fatigue test of approximately 1000 cycles, and excessive load-
ing up to 1.5 x 106 1b (6.67 x 106 N) ejection load. Failure was not obtained

and testing was discontinued at these conditions which represent limits of test

equipment and facility capability.

In summary, the program resulted in a seal design and fabrication method
of fering significant advantages including low cost and high inherent reliability.
Two seals were fabricated and tested to demonstrate adequacy of this design in
meeting thrust vector control requirements of the 260-in.-dia motor. These results

constitute a major step in development of flexible seal technology.

IT. INTRODUCTION

A flexible seal movable nozzle as the means of vectoring the thrust of the
large solid rocket motor offers the potential advantages of simplicity, weight,
and cost as compared to other candidate methods of thrust vector control. The
flexible seal has emerged from only a concept a few years ago to a device currently
developed for use on several missile systems. The seal flexible element consists
of concentric spherical laminated layers of elastomer and metal shims. Seals have
been fabricated by either injection molding or layup of uncured elastomer between

shims with the flexible element cured as a unit.



Because of the large nozzle size and low magnitude of steering require-
ments for a 260-in.-dia solid rocket booster, flexible seals for this applica-
tion need to be manufactured in a less complicated manner than is currently
practical. Accordingly, a program was undertaken to design, fabricate, and test
two flexible seals of a size meeting 260-in.-dia motor requirements. The demon-
strated capability to fabricate seals of the required size is necessary for the
proper consideration of flexible seal movable nozzles for large solid rocket

motors.

ITI. TASK I - DESIGN

A, DESIGN CRITERIA

The flexible seal was designed to meet the requirements of a 260-in.
(6.6 m) solid rocket motor. Basic design criteria and performance specifications

were established by contract requirements as follows:

1. The seal shall be designed to be used on a motor nozzle with a
throat diameter of 90.0 in. (2.28 m) and an entrance-to-throat initial area ratio
of 2:1. Allowance shall be made for a nominal 5-in. ablative material thickness

at the throat plane exclusive of overwrap.

2. The seal shall be designed for a motor maximum expected operating

pressure (MEOP) of 750 psia (5.16 x 106 N/mz).

3. The flexible seal shall be flightweight and shall consist of
chamber and nozzle attachment flanges, the flexible element, and the insulation

boot to protect the seal against the thermal environment of the motor.

4. Required vector deflection angle of the seal shall be in accord-

ance with Figure 1.
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5. The following minimum factors of safety shall apply to the

flexible seal design:

Parameter Safety Factor Condition
Metal Stresses 1.25 MEOP and Vectored
Metal Stresses 1.25 MEOP and Null
Elastomer and Bond Line Tension 2.0 Ambient Pressure and Vectored
Metal Shim Compression and Buckling 1.25 MEOP and Vectored or Null,

whichever is worse.

Elastomer and Bond Line Shear 2.0 MEOP and Vectored or Null,
which ever is worse.

B. PRELIMINARY NOZZLE DESIGN

Preliminary design of a nozzle was prepared to define the envelope
and requirements for the detailed design of the flexible seal. Requirements
applicable to a full length 260-in. (6.6 m) motor that is suitable for the 260/
§-1V wvehicle were incorporated into the nozzle design. Test data obtained from

previous 260-in. (6.6 m) dia motor tests were utilized in the design analysis.

The nozzle design, Figure 2 was similar to that for the 260-SL-3
nozzle, Reference 1, except the contour was scaled to a 90-in. (2.28 m) throat
diameter. The submergence contour from the entrance leading edge to the throat
plane was a 3:2 elliptical shape with a major axis corresponding to 75% of the
throat radius. Aft of the throat plane, the surface curvature was equal to the
throat radius and was tangent to the nozzle divergence contour. A bell~shaped

contour with an expansion ratio of 8.5 was selected for the divergence section.

Using a nominal 5-in. (1.27 m) nozzle ablative at the throat plane
as the baseline, ablative thicknesses at other nozzle stations were extrapolated
on the basis of thermal degradation requirements. Nozzle erosion and char data
from 260 in. (6.6 m) dia motor tests were adjusted for differences in throat dia-
meter and motor pressure using Bartz's theory, Reference 2, and applied to the
thermal degradation prediction. Predicted erosion, char, and 100°F (311°K) isotherm

depths at the various nozzle stations were obtained as tabulated in Table I.



Structural support of the nozzle ablative, as well as the rflexible
seal, was provided by steel components. A nozzle shell was designed to maintain
the stress and strain levels in the ablative liner within the allowable material
properties. A bolted joint was incorporated in the shell for assembly to the
forward end of the seal. The aft end of the seal was assembled to a steel conical

closure, which also had provisions for assembly of the nozzle to the motor case.

From this nozzle design, it can be seen that the envelope for the
design of the flexible seal was limited by the nozzle shell and conical closure
configurations. Because of the advantages of lower weight and actuation torque,
the seal was selected so that the inside diameter was as small as practical within
the envelope constraints. This diameter was 108 in. (2.74 m). In addition to the
envelope limitation, selection of the interface design between the seal and the
nozzle structures included consideration of assembly and disassembly of the seal

without interference with the nozzle ablative components.

C. FORWARD AND AFT PIVOT SEAL COMPARISON

Within the envelope defined by the nozzle design outlined above,
flexible seals with the pivot point located either forward or aft of the nozzle
throat plane can be designed. In the initial seal design effort, both forward

and aft pivot design concepts were investigated and comparatively evaluated.

To facilitate this comparative study, the same basic seal configuration
was used for both concepts. Differences in rotational angle requirement [1.95°
(.034 rad) vs 1.72° (.030 rad)) between the two concepts were neglected. The
same flexible element was used, which consisted of five layers of 0.3 in. (.0076 m)
rubber pads that were supported alternately by four 0.7 in. (.0178 m) steel conical
shims. The seal geometry was a cylindrical body with a 108 in. (2.74 m) I.D. and
116 in. (2.95 m) 0.D. Preliminary stress analysis of this seal design, Table II,
indicated that shear stress in the rubber pads and compressive and buckling
stresses in the steel shims met the design criteria. The seal rotational torque
was 13.47% higher for a forward pivot seal with the larger rotational angle

requirement.




Some differences were apparent between the nozzle designs for the
forward and aft pivot seal concepts, as shown in Figures 3 and 4, respectively.
Weights of the two nozzle designs were calculated for comparison. The weight
comparison in Table IIT indicated that the nozzle with a forward pivot seal was
565 1b (256 Kg) less than an aft pivot seal. In terms of cost, the weight
difference was equivalent to $9600 calculated on a dollar per 1b basis for the

various nozzle materials.

For the comparison of actuation system requirements between forward
and aft pivot seals, seal rotation torque, internal aerodynamic, axial acceleration
and inertia torques were calculated. Although the total torque was 557% higher
for a forward pivot seal, the actuation force was actually less because of the
longer moment arm as shown in Table IV. Assuming an actuator fluid pressure of
2000 psi (13.8 x 106 N/m2) and the total stroke for +2° (.0349 rad), hydraulic
system flow rates of 60 and 43 GPM (.00379 and .00271 m3/sec) were required for

the forward and aft pivot seals, respectively.

A summary of this comparative study indicated the following advantages
of the forward pivot seal concept: (1) lower weight, (2) lower cost, (3) simpli-
city of nozzle ablative component design in the submerged cavity, (4) longer moment
arm to veact the actuator torque. Advantages noted for the aft pivot seal concept
were: (1) lower total actuation torque, (2) elimination of actuator cross-talk
with the plane of actuator attachment coincident with the pivot point, and (3) lower
actuation system hydraulic flow rate requirement. From the results of this study,
the forward pivot seal concept was selected for detailed design. Concurrence of

the NASA/LeRC Program Manager with this selection was obtained.

D. DETAILED FLEXIBLE SEAL DESIGN

1. Design Selection

In addition to the design criteria listed in Section A, the

following requirements were determined from the preliminary nozzle design study



for inclusion in the final design and analysis of the flexible seal:

Ejection force 1,000,000 1b (4.45 x 10 )

Nozzle deflection angle +1.95 degree (.034 rad)

Available seal rotation torque 5.0 x 10 in.-1b (.565 x 106 N-m)
Available total actuation force 114,000 1b (5.07 x 105 N)

Weight of nozzle movable parts 50,000 1b (2.27 x 10% Kg)

The selected flexible seal design is shown in Figure 5. For
simplicity in design and fabrication, a seal with a cylindrical body and conical
flexible elements was selected. The inside and outside diameters of the seal
were 108 in. (2.74 m) and 116 in. (2.94 m). The angle measured from the nozzle
centerline to the centroid of the seal was 50 degree (.873 rad). To meet the
rotational angle requirement, the flexible elements of the seal consisted of five
layers of 0.30 in. (.0076 m) rubber pads, which were individually supported by
four 0.70 in. (.0178 m) steel shims. Steel end rings, which have provisions for

assembly of the seal to the nozzle, completed the seal design.

An elastomeric boot for thermal protection of the seal from the
motor exhaust gas environment was designed to fit into the envelope defined by
the nozzle design with consideration of the required deflection angle. An S-shaped
configuration, Figure 5, was selected so that stretching of the boot was minimized

during seal deflection.

2. Material Selection

Gen-Shear 44125 rubber, a natural rubber product from General
Tire and Rubber Company, was selected as the rubber pad material. The properties
of this material were obtained from material characterization studies performed
under Task II of this program and Aerojet Independent Research and Development
Program. Properties that were used in the seal design analysis included the

following:



Young's modulus (E) 81 psi (5.59 x 105 N/m?)

Shear modulus (G) 27 psi (1.86 x 105 N/m2)

Bulk modulus (K) 287,000 psi (1.98 x 10° N/m2)
Ultimate shear strength (FSu) 403 psi (2.78 x 106 N/m2)
Ultimate temsile strength (Fiy) 500 psi (3.45 x 106 N/m2)
Ultimate shear strain (jh) 700%

Young's modulus (E) was assumed to be three times the shear modulus. To maintain
conservatism in the design, the upper limit value of the shear modulus was used.
This value, 27 psi (1.86 x 105 N/m2), is about 8% greater than the average shear
modulus of 25 psi (1.725 x 105 N/m2) obtained in tests. Poisson's ratio (Y) was

calculated from the elasticity relationship between bulk modulus and shear modulus:

, o 3K -2
6K + 2

From this expression Poisson'’s ratio was found to be 0.49995.

Steel shims and end rings of the seal were made from normalized

AISI 4130 steel having the following properties:

Young's Modulus (E) 29 x 100 psi (2.0 x 1011 N/m2)
Tensile yield strength (Fty) 70,000 psi (4.83 x 108 N/m2)
Compressive yield strength (Fcy) 70,000 psi (4.83 x 108 N/m2)
Poisson's ratio (v) 0.3

The nozzle shell and comical closure were assumed to be made
from high nickel maraging steel having a minimum tensile yield strength of 200,000

psi (1.38 x 109 N/m2).

A butadiene acrylonitrile rubber, V-45, was selected as the
elastomeric boot material after comparative evaluation with other candidate
materials. This material has the following properties, which were used for

design and analysis of the boot:



Shore "A" hardness ' 85 maximum

Tensile strength 2000 psi (1.38 x 107 N/m?)
Elongation 2007%
- ° Btu joule

Thermal conductivity, max, @150°F 0.15 T FeT (389 - secoK)

. s . ° Btu joule
Specific heat, min, @ 150°F 0.32 o °F (2.2 Kg °% )
3. Design Analysis

a. Flexible Seal End Rings and Nozzle Support Structure

Nozzle support structure and seal end rings were analyzed
as two separate assemblies. One assembly (Part A) consisted of the seal aft ring
and the conical closure. The second assembly (Part B) included the seal forward
ring and the nozzle shell. Both assemblies were analyzed by means of a finite
element computer program which considers the structure to be an assemblage of
quadrilateral rings connected at common nodal points. Details of the formulation

and method of solution are contained in Reference 3.

In analyzing Part A, the structure was modeled by the grid-
work shown in Figure 6. The flange at Point A (see Figure 6) was assumed fixed
and a design pressure of 938 psi (6.47 x 106 N/m2) [1.25 x 750 psi (5.17 x 106
N/m2)] was applied to the inside surface of the closure. In addition, the ejection
force was distributed over the forward surface of the seal aft ring. In actual
operation torque is applied to the seal ring as a sinusoidally varying edge load
and has the effect of increasing or decreasing the uniformly distributed ejection
force on this surface. Since the computer program used is limited to axisymmetric
loading conditions, the design value of the distributed axial load was taken as the
ejection force plus the maximum value due to torque. A breakdown of this lcading

is indicated below:

199,000 1b/radian (8.86 x 105 N/rad)
35,500 1b/radian (1.58 x 105 N/rad)
234,500 1b/radian (10.44 x 105 N/rad)

Ejection force: 1,000,000 x 1,25/27
Torque: 5,000,000 x 1.25/56m

]

Design load




Results of the analysis indicated that the maximum stress

occurred at Element 31 in Figure 6. The principal stresses in this element were:

Radial stress - 2,250 psi (15.5 x 106 N/mZ) (tension)
Axial stress - 8 psi (55.1 x 103 N/m2) (tension)
Hoop stress - 63,206 psi (436 x 106 N/mz) (tension)

The margin of safety based on maximum stress theory was +0.107. The margin of
safety based on distortional energy failure (Von Mises) theory yielded a slightly

larger margin of safety (+0.127) as all principal stresses were tensile.
Two loading conditions were considered in the Part B analysis.

(L Pressure distribution calculated from compressible
isentropic (# = 1.2) flow based on a chamber pressure of 938 psi (6.47 x 106
N/m2) was applied on the nozzle shell surface. This pressure was found to vary
from 320 psi (2.21 x 106 N/m?) at flange A (see Figure 7) to 938 psi (6.47 x
106 Nim2} at surface B. A load was also applied at flange A so that the resultant
horizontal reaction at C would equal the design ejection force of 1,250,000 1b

(5.56 x 100 N).

(2) This loading condition was similar to the first, except
that an internal pressure of 938 psi (6.47 x 106 N/m%2) was added to the entire

surface of area D (see Figure 7).

Condition 1 was more critical than condition 2 and therefore
controlled the design. From the computer analysis, all stresses in Part B were
below the allowable yield and allowable buckling of the material. For the most
part, however, strain was the governing factor. The highest strain of 0.237% was

at Element 29, showing a margin of safety of +0.087.

The relative movement at the bearing joint between the nozzle
shell and seal forward ring is shown in Table V for loading condition 1. No joint

separation existed even at full chamber pressure.
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At the atfachment joints between the seal and the nozzle
structure , the interface load is normally in compression from the ejection force.
Even with the maximum torque of 5,000,000 in.-1b (5.65 x 102 N-m) that can be
applied, the separating force at the joint is small. The size and spacing of
the attachment bolts were, therefore, governed by good design practices considering

vibration and handling conditions.
b. Flexible Seal Assembly
(1) Stress Distribution

The stress distribution within the flexible elements
of the seal assembly was also determined by means of finite element computer
programs. Programs, Reference 4, that can consider completely incompressible
materials as well as non-axisymmetric loading on axisymmetric solids of revolution
were used. The basic analytical model used in the analysis is shown in Figure 8§.
This model considered the ejection force to be applied uniformly through the cross
section of the seal and a fixed boundary existed at the seal aft ring. Detailed

solutions were run for three specific loading conditions:

Condition 1: Ejection force applied to an undeflected seal geometry

with the chamber pressurized.

Condition 2: Rotational torque applied to produce 1.95° (.034 rad)

seal deflection with the chamber unpressurized.

Condition 3: Ejection force applied to a 1.95° (.034 rad) deflected

seal geometry with the chamber pressurized.

From the analytical results, the stress distribution
in each rubber pad and steel shim was obtained. The maximum stress levels for the
three loading conditions are shown in Figures 9 through 16. In all cases the

values shown represented the average stress within the indicated "element'. From




the maximum predicted stress, the corresponding factors of safety for each loading
condition were calculated and are shown in Table VI. The resultant safety factors

met the design criteria specified in Section II.A.

To understand the behavior of the seal under the combined
loads, the deflections and stress distributions obtained from the computer solutions
were plotted. Figure 17 shows a plot of the normal and shear stresses acting on
a typical shim-pad interface for loading condition 1. From this plot of stress
distribution, it is apparent that a rotational moment is applied to the shim. The
rotation of the shim results in the high compressive stress on the inner bore surface
of the shim. Figures 18 and 19 indicate the deformations at the inner and outer edges
of the rubber pad, respectively, for this loading condition. The total axial deflec-

tion of the seal was predicted to be 0.235 in. (0.00596 m) due to the combined loads.
(2) Elastic Stability

While the compressive stress that resulted from the twisting
moment in the shim is not high in comparison to the compressive yield strength
of the shim material, instability failures have been experienced on some laminated
seals of this type. In order to check the possibility of buckling, the maximum
compressive stress in the shim was compared to the critical buckling stress for an

assumed equivalent beam on an elastic foundation.

From Reference 5, the critical buckling load for an infinitely

long beam on an elastic foundation was derived as:

(1) N =2 Jk EI where: NCr = critical load, Ib/in. (N/m)
er '
= foundation modulus per unit length,
1b/in.3 (N/m3)
E = Young's modulus, 1b/in.2 (N/m2)

= Moment of inertia per unit width,
in.3 (m3)

For a beam of unit width and rectangular cross section, expression (1) reduced to:

=
3



(2) Ooy = /BEEE~ where: Ocp = critical buckling stress, psi {N/mz)

=
1l

thickness, in. (m)

Applying equation (2) to a steel shim of 0.70 in.

(.0178 m) thickness gives:

2,600 %/;; in psi

—
35,000/ k in N/m2

(3) o}

crY

The value of k for use in this expression was determined
by applying a unit edge load to the model shown in Figure 20. A conservative
assumption was made for the model in that the total thickness of rubber pads wa.
supported on either side of the critical steel shim without the reinforcement of
the other shims. The resultant deflection at the point of load application was

used to compute a spring rate for the flexible element of the seal.

Results of this solution gave a spring constant of
9470 1b/in. (1.655 x 10® N/m). This value can be considered equivalent to the
foundation modulus per unit area K of 9470 1b/in. 3 (2.56 x 109 N/m3), then:

Q
1l

or 2600 /9470 = 253,000 psi

3.5 x 104 [2.56 x 109 = 1.75 x 109 N/m2

Since critical buckling stress is well above the
70,000 psi (483 x 109 N/m2) compressive yield strength of the shim, it can be
concluded that buckling of the shim will not occur and compressive stress is the
criteria for design. From Figures 12 and 15, the maximum compressive stress in
any shim was found to be 50,800 psi (350 x 106 N/mz) [3900 psi (27 x 106 N/mz)
due to rotation plus 45,900 psi (323 x lO6 N/mz) due to ejection loading on the
deflected geometry]. The resultant factor of safety for shim stresses is then

1.38 as shown in Table VI.
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C. Elastomeric Boot

An elastomeric boot of 0.50 in. (.0127 m) thick V-45 rubber
(Figure 5) was used to protect the seal from the thermal effects resulting from
exposure to the motor propellant combustion products. A heat transfer analysis
was performed to evaluate the thermal response of the boot and its effect on the

seal for a full-length 260-in. (6.6 m) dia motor firing (approximately 140 seconds).

In order to reduce the severity of the local thermal
environment to tolerable values, the boot and seal were located in a cavity
separated from the main gas flow environment of the motor by a narrow gap,
which was small enough to attenuate any external flow disturbances. The heat
transfer in such a cavity has been treated analytically and experimentally in
Reference 6. For conditions similar to the selected configuration, the heat
rransfer coefficients are related to the flow conditions external to the cavity

and the cavity geometry by the following equation:

. X -.45 -.5 _
h = . —

016 (X ) Rexg (pv) Cp

g
- _ . s e s . Btu
where: h = gverage heat transfer coefficient within the cavity, hr fe2 °F
X, = length of cavity contour, in.
X = gap width, in.
(Re)X = Reynolds number of external flow based on gap width

g
- 1b
local mass f1l external to the cavit
e . 7> hr £e?

(pv)

%

]

specific heat of exhaust products, 15 °F
Use of the above relation represents an extrapolation of the
data provided in Reference 6 because the Reynolds numbers and cavity geometries
for which test data were obtained were different than those in this analysis.
Correlation analysis indicated the thermal model slightly over-predicts the

material decomposition rates.



The input data for evaluating the average cavity heat

transfer rates were as follows:

Propellant: ANB-3254

Chamber pressure: 600 psia (4,14 x 106 N/m2) average
Chamber temperature: 5434° (3280°K)

Aft closure Mach number: 0.3

Gap Width: 0.15 in. (.0381 m)

Substituting these parameters into equation (1), the resulting heat transfer
coefficient was predicted to be 24 Btu/hr-ft2-°F (19 x 103 joule/mZ sec °K).
As indicated by equation (1) the heat transfer rates could be reduced by either

increasing the cavity volume (perimeter) or decreasing the gap width.

The thermal response of the selected design exposed to a
full-length 260 in. (6.6 m) motor firing, 140 seconds, is presented in Figure Z21.
Material density profiles are noted at 40, 80, and 140 seconds duration, together
with the predicted temperature gradient at time of burnout (140 seconds). The
depth of the fully charred zone is predicted to be 0.16 in. (.00406 m) with the
total thermal decomposition zone extending to a depth of 0.31 in. (.00788 m). At
burnout, the maximum temperature of the flexseal, assuming the boot remained in
perfect contact throughout the firing is 90°F (306°K) or 10°F (6°K) above ambient.
In regions where the boot does not contact any portion of the flexseal the back~

side temperature of the boot would be on the order of 250°F (394°K).

The above results indicated that the boot design was adequate
to protect the flexible seal from excessive temperature even with an empty cavity
between the boot and the seal. 1In the actual gpplication where this cavity was
filled with a low viscosity grease, the backside temperature of the boot would be

substantially less than 250°F (394°K).

d. Failure Modes Analysis

An analysis was performed of three basic failure modes related
to the flexible seal. These modes were: (1) structural failure of the seal, (b)
the requirement of torque in excess of that available, and (c¢) premature burn-through
of the insulation boot protecting the flexible seal surface. The details of this

analysis are included in Appendix A.



Stress anélysis identified failure of the seal rubber pads
in shear as the most likely mode of mechanical failure. Because of the complexity
of the relationship, shear forces cannot be related to the design parameters
governing them by simple formulas. The only feasible method for estimating the
probable distribution of the shear requirement, therefore, was to employ Monte
Carlo simulation techniques in conjunction with the computer program used in the
basic stress analysis. Results were obtained for eight simulation runs. From
these results the probability of maximum shear exceeding the material capability

was calculated. A probability of failure of 3 x 107® was obtained.

The calculation of the probability of occurrence of torque
requirement in excess of the design capability was made using the basic relation-
ship between requirement vs capability. The requirement average was estimated
from an approximate design equation that related torque to rubber modulus and seal
geometry. The variability of the required torque was estimated from the formula
by the propagation of variance technique. The results indicated that an increase
of the torque capability from the design nominal of 5.0 x 106 in.-1b (5.65 x 102
N-m) to 5.87 x 10% in.-1b (6.63 x 105 N-m) was required to reduce the probability

of exceedence to the target value of 1 x 10-6,

In calculating the probability of premature insulation boot
burn through, the relationship between requirement and capability was also used.
The capability was expressed in seconds of available protection by the ratio of
the boot thickness to the erosion rate. The requirement was expressed in seconds
of protection required prior to the end of action time. This analysis showed that
with the nominal boot thickness of 0.45 (.0014 m), the probability of failure was
1 x 10~8,

Based on the results of this analysis, the probability of
occurrence of seal structural failure and boot burn through failure modes was
less than or close to the desired value of 1 x 107, An increase in torque cap-
ability was necessary to reduce the probability of exceeding the torque requirement

to this walue.
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4. Engineering Drawings and Specifications

Detailed engineering drawings were prepared for the fabrication
of the individual seal components as well as the assembly processing of the

flexible seal. These drawings were:

Drawing No. Title
1148903 Flexible Seal -~ 260-in.~-dia Motor
1148904 End Ring, Fwd - Conical, Flexible Seal
1148905 End Ring, Aft - Conical, Flexible Seal
1148906 Shim - Conical, Flexible Seal
1148907 Pad - Conical, Flexible Seal
1148993 Boot, Elastomeric - Conical, Flexible Seal

The drawings defined the materials and dimensional tolerances
of each component in accordance with design requirements. FEach rubber pad was
designed to be molded from a flat pattern mold. Eight pads were used to complete
a circumferential layer in the seal, and dimensional tolerances were controlled

so that proper interface fit between pads was obtained without machining.

The seal assembly drawing defined the interface requirements
between components and the overall dimensions of the assembly. The limits of
mismatch between components were specified. Adhesive materials were specified
for the rubber pad interface bond, as well as the rubber pad to steel component
bond. These adhesive materials were selected from results of evaluation performed

under Task II of this program.

Acceptance and quality control requirements for materials and
processing of the seal were delineated by specifications. These specifications

were :

Spec. Number Title
MIL-S-6758 Steel, Chrominum-Molybdenum 4130 Bars and Reforgings
AGC-34463 Compound, Natural Rubber




Spec. Number ' Title

AGC-34230 Insulation, Butadiene Acrylonitrile, Unvulcanized
AGC-36590 Seal Assembly, Flexible, Fabrication of
AGC-36420 Insulation, Rubber, Butadiene Acrylonitrile,

Autoclave Cure, Fabrication of

The control limits imposed by the specifications, in particular, for the natural

rubber compound and for processing of the seal assembly, were derived from results
of evaluation programs performed under Task II. Method of surface preparation for
rubber and steel components and bond integrity determination were specified in the

seal assembly specification.

Engineering drawings and specification used in this program are

enclosed in Appendix B.

E. MANUFACTURING PLAN

In defining the plans for the fabrication of the seal components and
assembly, well-established techniques were used wherever possible. 1In the case
where new manufacturing and processing materials and techniques were required, the
development and evaluation of these items were performed under Task II of this

program.

1. End Rings and Reinforcement Shims

Fabrication of the seal steel components, i.e., reinforcement
shims and end rings, followed processes that provided a high degree of finished
dimensional stability and accuracy. Each component was machined from ring-rolled
forgings to the final dimension. Because of the relative elasticity of the parts,
final dimensional inspection was conducted while the part was on the turning lathe.

Magnetic particle inspection of these components was performed prior to acceptance.



2. Rubber Pads

The selected method for the fabrication of the rubber pads was
by transfer-molding the pads in a close tolerance two—cavity mold. Each mold
charge produced two pads along with a quality control specimen that was used to

verify the proper state of cure was achieved in the molding cycle.

Prior to initiation of production, a development effort was per-
formed by the fabricator, General Tire and Rubber Co. (GT&R) to characterize the

processes. This development phase included the following activities:

a. Design and fabricate mold and tooling.
b. Validate mold design through detailed dimensional inspection
of trial parts.
Optimize molding parameters and cure cycle.

d. Establish acceptance test procedure and limits.

From the results of the development effort, an integrated
manufacturing and inspection plan was prepared that covered all aspects of the
pad fabrication process from raw material acceptance through finished part ship-
ment. Each pad was serialized to provide traceability through the process sequence.

Process documentation for each pad included:

a. Acceptance test data for the raw material lot.

b. Certification of absence of defects by visual inspection.
c. Dimensional inspection results.

d. Cure cycle records.

e. Quality Control specimen test data.

In addition to this development effort, a process demonstration
task was conducted as a part of Task II to confirm the dimensional stability of
the pads necessary to satisfy the seal assembly bonding process and to establish

nondestructive test techniques for final acceptance of the pads.



3. Elastomeric Boot

Fabrication of the elastomeric boot employed a plan which has
been extensively used in the processing of motor case insulation of the same
material types. This plan consisted of molding the boot in segments, which were
subsequently joined together to form the circular part. Each segment was one-
sixth of the circumference. The mold was designed to match the S-shape internal
configuration of the boot. Uncured rubber sheets were layed up on the mold to
the designed thicknesses and cured with autoclave [100 psi (6.9 x 105 N/m2)]

pressure and 310°F (428°K) temperature.

Prior to the production of the boot segments, a development
effort was performed by the fabricator to establish a technique for the splicing
of the segments. From the results of this effort, the splicing procedure,as
well as the splice characteristics, were obtained. Comparison of mechanical
properties between the parent material and the splice was made to ascertain that

the properties met the design requirements.
Radiographic inspection was used for the detection of defects
in the boot. A procedure similar to that used for joining segments was estab-

lished for the repair of defects.

4. Flexible Seal Assembly

The plan for the assembly processing of the flexible seal consisted
of bonding the individual components together in successive steps. Room temperature
curing adhesive systems were used for both the rubber pad interface bonds and the
rubber pad-to-steel shim bonds. Several candidate adhesive systems were evaluated
in Task II of this program prior to their selection for use. The selected adhesive
systems were characterized to determine that the bond properties exceeded the design

requirements.



Surface preparation, adhesive application and curing techniques
were established as a part of the Task II effort. A primer that is compatible
with the selected adhesive system was used for protection of steel component
surfaces against corrosion. A chlorination treatment was used to prepare rubber
pad surfaces for bonding. Bonding and curing procedures included mating of the
bond surfaces under vacuum pressure to minimize bond voids and applying mechanical

pressure tc the bond interface during cure.

Prior to processing of the actual seal, the selected procedures
were checked out by the fabrication of a full size process demonstration ring.
Tooling and fixtures intended for fabrication of the seal assembly were employed
in the process demonstration. Nondestructive techniques for detecting bond defects
were established from inspection of the bondlines in the process demonstration
ring. Bond strength properties were obtained from sectioning and testing of the

ring.

From the results obtained in Task II, intergrated process and
inspection procedures were prepared for each step in the seal assembly processing.
Detailed procedures were defined for the surface preparation of the individual
components and for the adhesive bonding at rubber pad interfaces and between rubber

pad and steel components.

F. PROCESS TOOLING DESIGN

From the established manufacturing plan, tooling and fixtures were
designed to meet the flexible seal processing and assembly criteria. Major items

of tooling were:

Drawing No. Title

T-1023775 Seal Assembly Bond Fixture

T-1023859 Inverting Fixture for the Bond Fixture
T-1023860 Lift Fixture for the Metal Shims
T-1023861 Handling Cart for the Metal Shims



Drawing No. i Title

T-1023862 Adhesive Spreader
T-1023863 Elastomeric Boot Bond Fixture
T-1024056 Primer Curing Oven

Design criteria for the assembly bond fixture were: (1) position
the seal assembly with the centerline in the vertical attitude for bonding, (2)
invert the seal component for adhesive application, (3) bond the seal components
under vacuum pressure, and (4) apply positive pressure at the bondline during

the adhesive cure cycle.

The assembly bond fixture design consisted of an annular vacuum chamber,
Figure 22, in which the seal components were bonded. The chamber was separable
into two parts; the top with the outside wall, and the bottom with the inside
wagll. The bottom of the fixture contained a stand on which the forward end ring
of the seal seated. Ten air cylinders were attached to the top portion of the
fixture for assembly to the seal aft end ring. Trunnions were incorporated for
inverting the top portion of the fixture for adhesive application. Vacuum fittings
were used to evacuate the chamber during the bonding process. Pressurization of
the air cylinders provided mechanical force at the bondline during the adhesive

cure cycle.

The rotating fixture design consisted of a strong-back with legs for
attachment to the trunnions on the bond fixture. The height of the legs was

designed to clear the top portion of the bond fixture during inverting.

Two types of fixtures were designed for lifting the metal shims. The
basic fixture designs were the same consisting of a spider support with three
vertical 1ift points. The difference was in the 1ifting mechanism using either
the magnetic contact or the suction-cup types. Subsequent usage indicated that

the fixture with the suction-cup design provided a more positive lifting capability.

The handling cart was designed with the versatility of handling and

transporting the metal shim in the upright and inverted configurations, as well



as the end rings. Since the cart supported the seal components in the oven

during primer cure, the cart was designed to withstand the oven temperature.

The adhesive spreader was a flat steel plate with serrations on one
edge. The height of the serrations was made adjustable so that the amount of

adhesive applied on the surface can be changed.

A box type oven was designed for curing of the primer. Automatic

temperature control was incorporated for maintaining temperatures up to 400°F.

The fixture design for bonding the elastomeric boot to the seal
consisted of mechanical ring clamps which applied bond pressure axially on each
end of the seal. 1In addition to the clamps, steel bonding straps were used to

apply radial pressure on the adhesive bondline during cure.
G. TEST PLAN
A test program was defined for structural testing of the flexible
seals. The program included functional pressure proof and vectoring tests of both
seals and destructive test of one seal. The plans for conducting these tests

are as follows:

1. Functional Test

a. Pressure Proof Test

Initially, a leak test of the seal will be conducted at
50 psig (3.45 x 10° N/m2) test pressure. Following this, the test pressure will
be increased to a maximum of 850 psig (5.86 x 106 N/m2). This pressure corresponded
to 1.15 times both the maximum expected operating pressure (MEOP) of the motor and
the maximum ejection load acting on the seal. At pressure levels of 200, 400, 600,
735, and 850 psig (1.38, 2.76, 4.14, 5.06, and 5.86 x 100 N/m2), test data will be

recorded to determine the seal axial deflection and steel shim stress.
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b. Vectoring Test

Vectoring tests up to +2° (.0349 rad) deflection will be
performed at various pressure levels. These pressure levels are equivalent to
0, 30, 60, 90, and 115% of the maximum predicted ejection load of one million
pounds (4.45 x 106 N). The tests will be conducted in both the pitch and yaw
planes of each seal. Test data will be measured so that the following seal per-—

formance characteristics can be determined:

(1) Actuation torque vs seal deflection angle

(2) Axial deflection vs ejection load

(3) Pivot point movement during vectoring

(&) Torque variation between ascending and descending
deflection angle (hysterises effect)

(5) Null position shift

(6) Torque variation between seals and between the
pitch and yaw axis for the same seal

(7 Metal shim hoop stress

2. Destructive Test

In the destructive test phase, a sequence of tests that exceed
the functional test requirements will be conducted until the first evidence of

seal structural failure (actual or imminent) occurs or leakage is detected.

a. Vectoring Test

The seal will be deflected to +3.5° (.061 rad) vector
angle. This maximum deflection angle may be less if limited by the available
output force of the hydraulic actuator or by the physical interference between

the seal and test fixture.



b. Ejection Load Test

Test pressure will be increased to an equivalent ejection
load of 1.5 million 1b (6.67 x 106 N) acting on the seal. The increase will be
in steps of pressure equivalent to 1.2, 1.3, 1.4, and 1.5 million 1b (5.34,
5.79, 6.22, 6.67 x 10° N) ejection load. At each pressure step, the seal will
be deflected to +2° (.0349 rad) vector angle.

c. Fatigue Test

Approximately 1000 cycles of flexible seal vectoring will
be performed to evaluate the capability of the seal to survive a repetitive stress
reversal condition. The duty cycle will consist of 500 cycles of +1° (.0175 rad)
followed by 500 cycles of +2° (.0345) vector angle. A sinisoidal command signal
will be used with the maximum slew rate that can be obtained with the hydraulic
power supply unit. A test pressure of 30 psig (20.7 x 10% N/m?) will be used

throughout the fatigue test.
d. Pressure Test

In this test, chamber pressure will be increased to 1100
pisg (7.59 x 106 N/mz), which acts on the external surface of the sezal and simul-
taneously results in 1.5 million 1b (6.67 x 106 N) ejection load acting axially
on the seal. Pressure will be held at 200, 400, 600, and 880 psig (1.38, 2.76,
4.14, and 6.06 x 106 N/m2) while seal axial deflection data are recorded. The
pressure at 1100 psig (7.59 x 106 N/m2) will be held for two minutes to monitor

for leakage followed by venting of the chamber to atmospheric pressure.

At the end of destructive test, the condition c¢f the seal
will be documented. Photographs will be taken to document all failure conditions.

If failure of the seal occurs, the mode of failure will be determined.



Before and after each phase of functional and destructive
testing, seal flange—~to-flange parallelism and concentricity measurements will be

taken.

Comparison of test data will be made to evaluate the contri-
bution of actuation torque with the elastomeric boot installed in place. One
seal will be functionally tested without the elastomeric boot, while the second

seal will be functionally and destructively tested with the boot in place.
H. TEST FIXTURE DESIGN

A fixture was designed to meet the requirements for functional and
destructive testing of the flexible seal. Basic design criteria for the fixture
were: (1) subject the seal to designed load conditions, (2) preclude its restraining
or guiding movement of the seal under applied loading conditions, (3) minimum fabri-
cation cost, and (4) adaptable for testing of flexible seals designed for nozzles

having throat diameters over the range of 71.0 to 90.0 in. (1.8 to 2.28 m).

The primary load conditions that the fixture must simulate were:
chamber pressure acting on the seal external surface, nozzle ejection load,
and nozzle rotation (Vecﬁoring). Because a fixture cannot be designed to simu-
iate all of these loads simultaneously without constrainting the pivot point
location, a fixture design concept was selected that subjected the seal to a
combination of loads in the pressure and vector tests. During pressure test,
the nozzle ejection load and the external pressure load were simulated. In
the vectoring test, the nozzle ejection load and shear stress in the rubber
pads were produced, while the external pressure was substantially reduced.
This difference in external pressure was found from stress analysis to have

only slight effect on the rubber shear stress.

The selected fixture design is shown in Figure 23. Major components
of the fixture consisted of: (1) tank structure, (2) piston, (3) seal support
structure, and (4) actuator support structure. On the top of the tank structure,

provisions were included for assembly of the seal aft ring. Two actuator



attachment lugs, 90° (1.57 rad) apart, were on the external surface of the tank.
The bottom part of the tank structure was the cylinder wall which mated with the
piston. The piston had O-rings for pressure seal against the cylindrical wall.
In the pressure test configuration, the piston was moved upward and attached to
the seal support structure (see Figure 23). Provisions were incorporated into
the seal support structure for assembly of the seal forward ring on the bottom
flange and the actuator support structure on the top surface. The interface was
designed so that the actuator support structure can be positioned in either the

pitch or yaw plane with respect to the seal support structure.

A key element of the test fixture design effort was verification of
its structural adequacy. A structural analysis was completed which indicated
that a minimum safety factor of 1.5 existed at a pressure level of 1125 psi (7.75
x 100 N/mZ) (1.5 x motor MEOP) for both the pressure and vectoring configurations.
This analysis was predicated on using T-1 steel with a minimum yield strength of

90,000 psi (620 x 106 N/m2) in the rolled and welded construction.

Detailed fabrication drawing T-1023498 was prepared of the test

fixture design.

IvV. TASK IT - LABORATORY SUPPORT SERVICES

A laboratory investigation program was performed in support of the flexible
seal design and fabrication effort. The objectives of this program were: (1) to
define the elastomer and laminate physical properties and the effect of various
environmental and loading conditions on these properties, and (2) to evaluate
proceséing and inspection techniques proposed for seal fabrication and to determine

the effect of processing variables on seal performance.
A. MATERTAL PROPERTIES

1. Rubber Pad

The natural rubber, Gen-Shear 44125, which was selected as the

rubber pad material for this program was extensively evaluated in an Aerojet
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Independent Research and Development Program, Reference 7, prior to the initiation
of this program. The material properties determined by specimen tests conducted
under this IR&D program included bulk modulus; tensile, shear, and compressive pro-

perties; and creep characteristics.

a. Bulk Modulus

In determining bulk modulus, three rubber specimens,
0.375 x 0.50 x 7 in. (.0095 x .0127 x .178 m) were tested by immersing in silicone
0il and pressurizing in a pressure vessel up to 1,000 psi (6.9 x 100 N/m2). The
change in specimen length with pressure was measured with a linear variable diffe-
rential transducer (LVDT) and indicated a linear variation. From the measured
data, the bulk modulus was calculated to be 296,700, 296,400, and 269,250 psi
(2.045, 2.043 and 1.855 x 109 N/m?) for an average modulus of 287,000 psi (1.98 x
109 N/m2).

b. Tensile Properties
Twelve tensile specimens with the configuration shown.in
Figure 24 were tested to characterize the tensile property. Rubber thicknesses

for the specimens were as follows:

No. of Rubber

Specimens Thickness, in. (m) Type Shape Factor(l)
6 0.18 (.00457) Bonded 2,2
3 0.10 (.00254) Bonded 4.0
3 0.05 (.00127) Molded 8.0

i

(1) Shape factor for the specimen configuration is defined as
S = D/4t, where: D = diameter and t = rubber thickness.

In the bonded specimens, Chemlok 304 epoxy adhesive was used for bonding the

rubber to the steel end plates. Molded specimens were fabricated by injecting

ucured rubber between the end plates and then vulcanizing in place.
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Each specimen was tested to 4007 strain at two different
cross—head speeds of the testing machine, 0.5 and 5.0 in./min (0.212 and 2.12
x 10~3 m/S), resulting in two different strain rates on the specimen. Subse-
quently, each specimen was tested to failure using the 5.0 in./min (2.12 x 1073
m/S cross~head speed. The stress-strain relationship was obtained for each
specimen and is shown in Figures 25, 26, and 27. The results indicated that for
a higher strain rate on the specimen, the shear strain was increased at the same
stress level. Comparison of the data for the three specimen sizes showed that

the ultimate tensile strength and elongation is higher for larger shape factors.

Examination of the specimens that failed in the tension test
revealed internal failure of the rubber in the form of numerous small pores (spheri-
cal indentation) as shown in Figure 28. This phenomena has been observed in
previous tests by GI&R. An investigation was conducted to correlate the tensile
stress level at which internal failure initiated. A series of five tensile
specimens with 0.18 in. (.00457 m) rubber was loaded to a predetermined stress
level and subsequently dissected for visual inspection. Internal failure was
observed to start between 88 and 97 psi (6.07 and 6.7 x 10 N/m2) tensile stress.
This agrees with the point on the stress-strain curve where a sudden change in
slope occurs (Figure 25). Since the occurrence of internal failure can sub-
stantially reduce the shear capability in the rubber, tensile loading of the

rubber is best minimized in flexible seal design.
c. Shear Properties

Quadruple lap shear specimens as shown in Figure 29 were
used to determine the shear properties of the rubber. Three specimens with 0.18
0.10, and 0.06 in. (.00457, .00254, and .00152 m) rubber thickness were prepared.
The specimens with the 0.10 and 0.18 in. (.00254 and .00457 m) rubber thicknesses
have the rubber pads bonded to the steel plates with Chemlok 305 adhesive, while
the specimen with the 0.06 in. (.00152 m) rubber was fabricated by injecting uncured

rubber between the steel plates and then vulcanizing in place.
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The specimens were tested at different strain rates and with
various compressive pressure levels to determine their effect on the shear pro-
perties. Each specimen was enclosed in a pressure vessel and pressurized to
1000 psi (6.9 x 106 N/m?2) simultaneously with the application of 200% shear
strain. Results in Table VII indicated no significant difference in shear stress
and modulus even with an order of magnitude difference in strain rate and with
compressive pressure variation from 0 to 1000 psi (6.9 x 106 N/m2). A plot of
shear stress-vs~strain variation for the three specimens is shown in Figure 30.

A low shear stress at failure for the specimen with the 0.18 in. (.00457 m)
rubber resulted from excessive bond voids in the specimen. For all three speci-
mens, the shear modulus was relatively constant [25 to 27 psi (1.72 to 1.86 x

105 N/m2)] up to 400% strain.
d. Compressive Properties

Three specimens were prepared and tested to characterize
the compressive property of the rubber. The configuration of the specimen is
identical to the temsile specimen as shown in Figure 24. All specimens have the
rubber pads bonded to end plates with Chemlok 305 adhesive. Variations of speci-
men diameter and rubber thickness were incorporated to produce three different

shape factors:

Rubber
Diameter, in. (m) Thickness, in. (m) Shape Factor#*
1.60  (.0406) 0.19 (.00482) 2.1
1.60 (.0406) 0.10 (.00254) 4.0
2.98 (.0756) 0.10 (.00254) 7.5

#Shape factor is given as: S = %E- where D = diameter and t = rubber thickness

The 1.60 in. (.0406) dia specimens were tested in compression
to result in approximately 4500 psi (31 x 106 N/m2) stress, while the 2.98 in.
(.0756 m) dia specimen was loaded to 1200 psi (8.28 x 106 N/mz) which was the

maximum capacity of the testing machine. A definition of the stress—-strain
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relationship was obtained for each specimen and is shown in Figure 31. As
expected, the compressive modulus was a variable that increases with applied
load. For the same stress level, the compressive modulus value was higher for

a larger shape factor.

Correlation of the experimental compressive modulus with
analytical results was made. Specimen geometries corresponding to the test
specimens were analyzed by the finite element method, Reference 3. Since this
method only considers linearity in material properties, effective compressive
moduli of 843 and 2,543 psi (5.8l and 17.5 x 106 N/m2) were obtained for shape
factors of 2.1 and 4.0, respectively. The analytical values agreed closely
with the experimental results when compared with the initial slope of the stress~

vs—strain curve as shown in Figure 31.
e. Creep Characteristics
Six specimens were tested to determine the creep characteristics
of rubber for shape factors of 2.0 and 7.5. Each specimen had 0.10 in. rubber {.00254
m) which was bonded to metal end plates with Chemlok 305 adhesive. Three each of

the specimens were 1.60 and 3.00-in.-dia (.0406 and .0762 m-dia).

Each specimen was subjected to the following tensile stress:

Diameter, Tensile Stress,
Specimen in. (m) Shape Factor psi (N/mZ2 x 10-3)
1 1.60 (.0406) 4.0 30 (207)
2 1.60 (.0406) 4.0 50 (345)
3 1.60 (.0406) 4.0 80 (552)
4 3.00 (.0762) 7.5 30 (207
5 3.00 (.0762) 7.5 50 (345)
6 3.00 (.0762) 7.5 65 (448)

A record was made of the strain at the following time

intervals after load application: 1 min, 6 min, 18 min, 36 min. 1 hr, 1 day,
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3 days, 1 week, and 1 month. The static load was then removed and the change
in length was recorded at the following time intervals after load removal: 1 min,

6 min, 18 min, 36 min, 1 hr, 4 hr, 1 day and 1 week.

The results (strain-vs-time) for specimens 1 through 5 are
shown in Figure 32. The data, except for specimen 2, showed a continuous increase
in strain even up to 1 month duration. Specimen 2 indicated a constant strain
for the full test duration. Generally, the magnitude of creep was higher with
a higher tensile stress for the same shape factor and with a lower shape factor
for the same tensile stress. The data for specimen 6 were not usable since the
high tensile load resulted in internal failure of the specimen and caused 1607%

strain within 1 month duration.

The creep recovery in the specimen occurred instantaneously
after removal of the tensile load. Residual creep during the time interval from

1 minute to 1 week after load was removed was less than 17.

f. Poisson's Ratio

Poisson's ratio of the rubber was calculated by the

equation:

v o= 3K -2G
6G +2G

where: K rubber bulk modulus, psi (N/m2)

G

rubber shear modulus, psi (N/m2)

The bulk modulus and shear modulus values are those determined from specimen

tests.
g. Aging and Humidity Tests
The effects of aging and humidity on elastomer and composite

properties were initially evaluated by five tensile and three quadruple lap shear

test specimens. FEach tensile specimen was 1.6 in. (.0406 m) dia (Figure 24) with
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a 0.10 in. (.00254 m) rubber layer bonded between the steel end plates. Quadruple
lap shear specimens have 4 x 4 x 0.10 in. (.102 x .102 x .00254 m) rubber pads
bonded at each end of the steel plates. Two shear specimens and one tensile
specimen were coated on the exposed rubber edges to evaluate a candidate pro-

tective coating material, Black-Out, a R. T. Vanderbilt product.

The specimens were subjected to environmental exposures
in accordance with the schedule shown in Table VIII. Aging exposure was conducted
at 80°F (300°K) temperature and ambient humidity, while humidity exposure was in

an oven of 907% relative humidity and 110°F (317°K) temperature.

After three months exposure, the protective coating on the
coated specimens was extensively cracked. Separation of the coating from the
rubber also occurred. Therefore, the three specimens with the protective coating

were removed from further tests.

At the end of each specified exposure duration, the remaining
specimens were tested to determine the change in properties. Tensile specimens
were tested to a stress level of 50 psi (3.45 x 105 N/m2) while shear specimens
were tested to a strain level of 300%. The test results are summarized in Table
IX. A continual increase in shear modulus and decrease in tensile strain was
indicated with increase in exposure time. Both of these effects are indications
of increased stiffness in the rubber. At the end of nine months exposure to the
high humidity environment, an increase in shear modulus from 24 to 30 psi (1.65
to 2.07 x 109 N/m2) was noted. However, only a slight increase in modulus was
observed for specimens exposed to the milder aging environment. Specimens with
an additional month's humidity exposure after the nine months aging exposure
showed a significant increase in shear modulus and decrease in tensile strain.
This indicated that the stiffness of the rubber, as expected, was increased more

rapidly under the severe humidity exposure than the ambient aging conditions.
After exposure to all the specified conditions, each specimen

was tested to failure. The properties at failure are shown in Table IX. Compari-

son with test data of similar specimens not subjected to these environmental
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exposures, Figure 33, indicated that the shear modulus was higher and the shear
strength was lower. The significant difference in the data confirmed the necessity
for protecting the rubber layer of the flexible seal against these types of

environmental exposure.

In order to qualify a material in time for use in the environ-
mental protection of the rubber in the flexible seal, an accelerated aging pro-
gram was preformed to evaluate two candidates prior to final selection. These
candidate materials were Hypalon, a DuPont synthetic rubber product, and
chlorobutyl rubber sheet. In addition to their excellent protective qualities,
these materials have the desired properties of low modulus and high elongation.:
Hypalon was applied as a surface coating, while chlorobutyl rubber sheet was

bonded to the seal surface.

Twelve specimens, 1.00 x 3.75 x 0.10-in.-thick (.0254 x
L0952 % ,00254 m thick) rubber, with the following surface preparation and pro-

tective materials were prepared:

No. of Surface

Specimens Preparation Protective Material
2 Untreated None
2 Chlorinated None
2 ? *#Chlorobutyl rubber sheet (two surfaces)
2 ! *Chlorobutyl rubber sheet (all surfaces)
2 é Three brush coats of Hypalon
2 Chlorinated Six brush coats of Hypalon

%*(3,02 in. (5.08 x 104 m) chlorobutyl rubber sheet bonded
to specimen with PR-1221 adhesive.

The specimens were mounted for test in accordance with ASTM-D518, Procedure B.
The test method for accelerated ozone cracking of vulcanized rubber was in
accordance with ASTM-D-1149 using the counter-current absorption column for

measuring ozone concentration. The specimens were subjected to an exposure of
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158°F (343°K) for 70 hours and then 7 days exposure to an ozone concentration of

50 parts per hundred million parts of air at a temperature of 140°F (333°K).

At the end of exposure time, extensive surface cracks were
apparent on the specimens without a protective material, Figure 34. Specimens
that were coated with either Hypalon or chlorobutyl rubber sheet showed no surface
deterioration. Subsequent dissection of the specimens and examination under a
seven-power magnification revealed no degradation of the underlying rubber surfaces.
These results indicated that either of the candidate materials can provide adeguate
protection under the test conditions of aging and ozone exposure. For surface pro-
tection of the flexible seal, Hypalon was selected because of its ease of gpplication

and good adhesion to both rubber and steel surfaces.
2. Metal Shim

Normalized AISI 4130 steel was the material selected for the
metal shims and end rings of the flexible seal. This steel has a 70,000 psi
(4.83 x 108 N/m2) yield strength and 29 x 106 psi (2.0 x 1011 N/m2) tensile
modulus. All properties necessary to support the flexible seal analysis are

characterized through the extensive use of this material in the industry.

Because of the size and flexibility of the steel shim, dimensional
stability of this material using the selected shim fabrication method must be
verified. Verification of this characteristics was made in the Process Demonstration

Task as discussed in Section III.B.3.

3. Elastomeric Boot

Gen-Gard V-45, an acrylonitrile-butadiene rubber with silica
fiber fillers, was selected as the elastomeric boot material. This material
has a minimum tensile strength of 2000 psi (1.38 x 107 N/mz) and an elongation
of 200%. Elevated temperature properties for the thermal response prediction
of the boot were available through its used as motor case internal insulation, as

well as in similar applications for the thermal protection of flexible seals.
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B. ASSEMBLY PROCESSES

Laboratory investigations to establish processing materials and
procedures for the assembly of the flexible seal were performed. Adhesive systems
for the rubber pad bond and metal-to-rubber bonds were evaluated. Each step of
the bonding procedure; i.e., surface preparation, adhesive application and cure
cycle, was demonstrated so that a technique that resulted in minimum bond voids
and maximum shear strength can be selected. Nondestructive test methods for the
detection of bond defects and internal defects in the rubber were developed. The
selected processing and inspection procedures were incorporated into the fabrication
of a full size process demonstration ring to checkout rhe entire operational procedure

and equipment prior to initiation of flexible seal fabrication.

1. Adhesive Evaluation

a. Metal~to-Rubber Bond

Several candidate adhesive systems were evaluated by the
riubber fabricator, GT&R, for use in the bond between the rubber pads and steel
shims. Results from lap shear specimen tests indicated that only Chemlok 304
and 305 adhesives (Hughson Chemical Products) consistently resulted in 1007%
cohesive failure in the rubber pad that had a chlorination treatment of the rubber
surfaces. Both of these are two-part epoxy resin, structural adhesive systems,
which cure at room temperature. The Chemlok 305 adhesive with a lower viscosity
was selected for its ease of application and uniformity in wetting of the surface.
Subsequent lap shear specimen tests demonstrated that the ultimate shear strength
of the adhesive was in excess of 2000 psi (1.38 x 107 N/m2). This value is
substantially higher than the ultimate shear strength of the rubber and meets the

seal design requirements.
b. Rubber Skive Joint Bond

To preclude premature failure, the adhesive for the rubber

skive joint bond must not only have good bond strength, but also have elongation



and durometer hardness similar to Gen-Shear 44125 rubber. Several candidare

adhesive systems were comparatively evaluated. These included:

Uralane 5735 (Furane Plastics, Inc.)

Uralane 8309 (Furane Plastics, Inc.)

EC~1239, Class B (3M Company)

Scotch-Grip 1300L (3M Company)

Bostik 7074 and Boscodur 5 (United Shoe Manufacturing Co.)

Quadruple lap shear specimens, as shown in Figure 35,
each with four 0.30 x 2.0 x 2.0 (.0076 x .051 x .051 m) rubber pads, were pre-
pared for evaluation. The rubber pad of each specimen contained 45° skive joints
oriented parallel and perpendicular to the direction of force. The skive joints
in the rubber pad were bonded with the candidate adhesives and then the pads were

bonded to the steel plates with Chemlok 305 adhesive to form the specimen.

The specimen test data, Figure 36, indicated that Uralane
5735, Scotch-Grip 1300L, and Bostik 7074 adhesives resulted in the highest
ultimate strength. Examination of the failure plane revealed that the physical
characteristics of Uralane 5735 and Scotch-Grip 1300L adhesives were nearly similar
to the Gen-Shear 44125 rubber. These specimens have no separation at the skive
joint. Prior to firnal selection, two additional quadruple lap shear specimens
were tested to confirm the reproducibility in shear characteristics of the Uralane
5735 and Scotch~Grip 1300L adhesive systems. Examination of the specimen failure
plane showed, Figure 37, that the skive joint with Uralane 5735 adhesive bond was
intact while substantial separation of the Scotch~Grip 1300L adhesive joint
occurred. Uralane 5735 adhesive was therefore selected for use in the rubber skive

joint bond of the seal.

2. Bonding Process Evaluation

a. Surface Preparation

Since the use of masking materials is a necessity in seal

processing, the degradation of bond strength on steel surfaces that have been in
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contact with these materials must be evaluated. In this evaluation, steel sheets
were initially grit blasted and the surface of sets of two sheets were prepared

as indicated in Table X. Each set of two prepared steel sheets was bonded with
Chemlok 305 adhesive to form test panels in accordance with ASTM D1002. Three
specimens were machined from each panel and tested to determine the bond strength.
The test results showed that the bond strength of primed steel panels, in all
cases, was higher than bare steel panels. Bond surface in contact with either
peel coat or teflon tape, however, did not significantly degrade the bond strength.
These materials were acceptable for masking of component parts and fixtures during

seal processing.

Priming of the steel bond surfaces was desirable not only
to attain a higher bond strength as indicated from specimen tests but also to
protect the components from corrosion in the interim of seal processing. FM-47
primer was selected for the preparation of the steel component bonding surfaces

using the following procedure:

(1) Abrade the surface with 100 grit zirconite abrasive
to remove all traces of primer, rust, and foreign materials.

(2) Clean the abraded surface with trichloroethane solvent
and rinse with methyl-ethyl ketone solvent.

(3) Apply FM~47 primer and cure at 325 + 25°F (436 + 14°K)

for two to four hours.

Evaluation test performed by the rubber supplier, GT&R,
indicated that the shear strength was substantially improved and failure occurred
cohesively in the rubber when the rubber surface was treated with a chlorination
solution. As part of the processing procedure in seal assembly, each rubber pad
was prepared for bonding by treatment in a chlorination solution containing the
following (by volume): 100 parts of distilled water, 3 parts of 5.257% sodium
hypochlerite solution, and 0.5 parts of concentrated hydrochloric acid. Each
rubber pad was scrubbed with hexane solvent and then submerged into the solution

for five minutes. Subsequently, the pad was rinsed in distilled water and dried

prior to bonding.
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b. Adhesive Application

Material, equipment, and processing techniques were verified
to ensure that the application of adhesive during flexible seal assembly will meet
the specified requirements. Procedures for mixing, spreading, and curing of

adhesive were evaluated.

The technique of adhesive mixing with the Semco mixer was
demonstrated. A batch of Chemlok 305 adhesive consisting of 2000 grams each of
parts -1 and -2, which is the amount required for each bonding operation cof the
seal, was mixed. The adhesive was dispensed into four trays, each with a varying
duration of mixing. Lap shear test panels were prepared from adhesive mixed for
the wvarious durations. Specimen test results indicated that the adhesive shear
strength increased from 1166 to 2813 psi (8.04 to 19.4 x 106 N/m2) as a result
of increasing the duration from 10 to 20 strokes of the mixer. A mixing duration
equivalent to a minimum of 20 strokes of the mixer was specified for seal

processing.

No evidence of exothermic reaction that would shorten the
working life of the adhesive was apparent after the adhesive was dispensed into
trays. The adhesive remained workable in excess of 1.5 hours after mixing.

This working life is normally adequate for each bonding operation of the seal.

A fixture, Figure 38, was used to evaluate the effects
of spreading technique and bonding pressure on the resultant bondline charac-
teristics. The bond surfaces were inclined at an angle of 40 degrees (.698 rad)
from the centerline to simulate the flexible seal. Prior to applying adhesive,
the rubber and steel bonding surfaces were coated with a release agent so that
the adhesive layer could be removed for detailed examination. After adhesive was
applied, a 25 to 28 in. Hg (8.44 to 9.45 x 104 N/m2) vacuum was drawn in the
vacuum chamber prior to mating of the bonding surfaces. During the adhesive
cure cycle, bond pressure was applied at the bond interface by means of external

load.




Four sets, each containing two specimens, were processed
for evaluation. From the resulfs of this evaluation, the selected adhesive
application procedure was: (1) spreading of the adhesive with a serrated trowel,
(2) mating of the bond surfaces under a minimum of 25 in. Hg (8.44 x 104 N/m2)
vacuum, and (3) curing the adhesive with 5 psi (3.45 x 104 N/m2) bondline pressure

and zero vacuum pressure.
C. Nondestructive Test Method

Nondestructive test techniques were evaluated for the
detection of defects in the rubber pads and bond voids at the rubber-to-steel

adhesive bonds.

Generally, two types of defects occur in the rubber pad,
voids or delaminations and inclusions. A pulse-echo ultrasonic (C scan) method
was found to be effective in detecting voids and delaminations. In this method,
each rubber pad was immersed in a fotoflow solution, removed and drained, and
placed in a tray of distilled water. The ultrasonic signal is transmitted through
the pad by a transducer. Any defects indicated by a change in signal is auto-
matically recorded in a full scale map of the pad as the surface of the pad is
scanned. The procedure for this inspection method is described in Appendix C.
Foreign inclusions in rubber pads were detected by conventional radiographic

techniques,

In the detection of bondline defects, ultrasonic and laser-
speckle inspection techniques were the promising methods. The laser-speckle
method was a candidate for detection of bond defects from the rubber surface. 1In
this method, the surface of the bonded elastomer is illuminated with a laser beam,
which produces a distinct speckle pattern on the surface. When the surface is
deformed slightly with a probe, the pattern shifts noticeably in the area around
the probe. When an unbonded area exists below the probe, the speckle pattemn
shift is greater. The accuracy and sensitivity of this method are related to the
thickness and hardness of the elastomer. Because of the low modulus and 0.3 in.
(.076 m) thickness in the seal rubber pad, the results obtained could not be

readily interpreted.
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A conventional contact pulse-echo ultrasonic technique was
found to provide a high degree of accuracy in the detection of bond voids from
both the rubber pad and the metal shim surfaces. In this method, distilled water
was used to maintain acoustic coupling between the face of the transducer and the
contact surface. A procedure for this inspection technique was prepared and is
described in Appendix C. This technique was selected for use in the inspection of

bond defects during seal processing.

3. Process Demonstration Ring

Two full scale steel shims were bonded to a prototype rubber
layer to verify the process procedures and tooling intended for the fabrication
of the flexible seal. Surface preparation, adhesive system, and bonding procedure

duplicated those intended for seal fabrication.

Eight rubber pads were chlorinated and positioned on the seal
forward flange in the assembly bond fixture. The pads were bonded with Uralane
5735 adhesive to form a circular rubber layer. Mating of the pads was found to
be satisfactory without machining of the interface edges. The resultant mismatch

was within acceptance limits.

A steel shim was bonded to the rubber layer with Chemlok 305
adhesive. This shim was mechanically attached to the seal aft flange on the
assembly bond fixture as shown in Figure 39 to simulate conditions in the
initial bonding sequence of the actual seal fabrication. Subsequently, a steel
shim was bonded to the other face of the rubber layer duplicating the entire bonding

process procedure.

After completion of each bond, nondestructive tests were performed
to determine the bond integrity. Using the ultrasonic method, a 0.5 in., (.0127 m)
unbonded area was detected by inspection through the rubber layer. Subsequent
dissection of the ring confirmed the size and location of the defect. Inspection
for voids in the second bondline also used an ultrasonic method. No indication

of bond defects was obtained in inspection of this bond.




Visual inspection of the completed process demonstration ring
revealed a 90° (1.57 rad) arc of mismatch between the rubber layer and the steel
shims. The mismatch resulted from displacement of the rubber layer by inadvertent
contact with the bond fixture during the bonding process. Modifications of the
assembly tooling were made, as discussed in Section IV.B, to prevent recurrence of

this problem and to provide more positive alignment of the parts during bonding.

Ten lap shear specimens were machined from the process demonstration
ring and tested to determine the adhesive bond strength and rubber characteristics.
Three specimens have axial skive joints. Each specimen was 2 in. (.051 m) wide and
was machined from the cross-section of the ring as shown in Figure 40. The speci-
men deformation during test is shown in Figure 41. Six specimens failed in a shear
plane through the rubber with ultimate shear stress and strain levels in excess of
600 psi and 700%, respectively, Table XI. However, four specimens which were from
the same quadrant of the ring exhibited low ultimate shear properties. Visual
inspection of these specimens revealed adhesive failure at the interface between
the steel and the FM~47 primer. The cause of this was apparently from contamination
of the surface by use of impure solvent combined with insufficient covering with
FM-47 primer. Procedures for processing of the flexible seal were changed to
incorporate the use of reagent grade methyl-ethyl-ketone solvent and the appli-
cation of two spray coats of FM-47 primer with an intermediate drying cycle between

coats on all steel components.

V. TASK ITII ~ FABRICATION

A. FLEXIBLE SEALS
1. Metal Parts
A total of ten metal shims and two sets of end rings were
fabricated by Oakland Machine Works. 1In addition to the eight metal shims

required for the two flexible seals, two shims were used in fabrication of the

process demonstration ring of Task II.
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All of the metal components were machined from rolled-ring
forgings of AISI 4130 steel. The steel forgings were heat treated to a minimum

yield strength of 70,000 psi (4.83 x 108 N/m?) at 0.2% offset.

Because the components were comparatively flexible, dimensional
inspection was performed while the part was held rigidly on the turning larthe
after completion of final machining. In the case of the metal shim, the part
was completely machined except for a holding tab, which was parted after completion
of inspection. The completed metal shim is shown in Figure 42. Dimensional
inspection data indicated no discrepancies from the designed tolerance specified

in the engineering drawing.

Prior to acceptance, each completed part was inspected by the
fabricator using the magnetic particle method. No surface defects were observed

and all the parts were accepted for use in fabrication of the seals.
2. Rubber Pads

Fabrication of rubber pads was performed by General Tire and
Rubber Company at the Wabash, Indiana facilities. Prior to initiation of pro-
duction, two tasks were completed by the fabricator in support of the fabrication
effort. These tasks were to establish the curing procedure and the quality control

acceptance criteria, and to design and fabricate the production mold.

Two lots of Gen-Shear 44125 rubber were characterized to establish
the optimum cure time for fabrication of the 0.3 in. (.0076 m) thick rubber pads.
In determining the optimum cure time, Rheometer tests were initially used to
obtain the degree of cure with time for a selected cure temperature of 280°F
(411°K). TFull cure was found to develop between 60 to 90 minutes for the Lot 21
material and 45 to 70 minutes for the Lot 23 material. Subsequently, 4 x 4 x 0.3
in. (.102 x .102 x .0076 m) slabs of rubber were cured at these durations and
tested in compression in accordance with the procedure specified in Table XIT.
Compressive load at 25% strain versus cure time was plotted as shown in Figure 43,

Optimum cure time which corresponds to maximum load was 70 and 60 minutes for

material Lots 21 and 23, respectively.



The test slabs cured at the optimum duration were tested to
obtain compression-deflection curves for each lot of material. Acceptance limits,
Figure 44, were established which are +107% of the average values for the two
lots of materials tested. When compression test results of the quality control
specimen which were cured along with the seal rubber pads, are within these

limizs, the seal pads are considered correctly cured and acceptable.

Production of the rubber pads used a two—-cavity mold, which
consists of three separate plates. The bottom plate has cavities for molding
two pads and the 4 x 4 in. (.102 x .102 m) quality control specimen. The center
plate has 24 sprues for transferring the raw material from the pot on top of the
center plate into the cavities. The center plate is rigidly attached to the
bottom plate by bolts. The top plate has a ram to force the uncured stock from
the pot through the sprues. During the molding operations, the three plates are
positioned between heated platens of a hydraulic press which exerts the molding

pressure.

Initially, ten rubber pads were fabricated to checkout the
processing procedure and to determine dimensional conformance of the cured part.
Subsurface blisters were evident in each of these pads. Most of the blisters
were 0.06 to 0.12 in. (.0015 to .0030 m) with an occassional one as large as 0.5
in. {(.0127 m). The blisters were caused by the swirling action of the raw
stock being injected into the cavities which resulted in air entrapment. The
mold was reworked to remedy this problem. Pressure seals were incorporated so
that a 26-in. Hg (8.78 x 10% N/m2) vacuum pressure can be applied to the mold
cavities during cure. Some of the sprues were closed to change the swirl pattern
of the material entering the cavities. The ram pressure was increased to 900 psi
(6.21 x 106 N/m?). Incorporation of these changes greatly reduced the frequency

of occurrence of the blisters.
Prior to acceptance of the rubber pads for use in the flexible

seal, each individual pad was subjected to ultrasonic and radiographic inspections.

Internal defects, such as voids, inclusion, and undispersed carbon black that may
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adversely affect the performance of the seal were the criteria for rejection.
Twenty-six pads were found to have undispersed carbon black and voids greater
than 0.20 in. (.0051 m). These pads were rejected and were used for the process
demonstration task only. Replacements were fabricated to obtain sufficient pads

for the two production seals.

3. Elastomeric Boot

The fabrication of the elastomeric boot consisted of hand layup
and autoclave cure of Gen-Gard V-45 rubber on quarter section mandrels. The cured
quarter sections were spliced with a layup of a cushion of uncured V-45 on the
splicing surfaces. The parts were positioned in a splicing jig, and the splice

was cured at 300°F (422°K) temperature and 500 psig (3.45 x 106 N/m2) pressure.

Tests were performed by the fabricator, Holz Rubber Company,
to evaluate the mechanical properties of V-45 material spliced by this procedure.
Three specimens of V-45 incorporating the splice joints and three specimens with-
out joints were prepared and tested in accordance with Federal Standard 601,
Methods 4111 and 4121, Die #3 to determine the tensile properties. Minimum
tensile strength and elongation of 1275 psi (8.79 x 106 N/m2) and 500%, respec—
tively, were obtained for specimens with the splice joint, as shown in Table XIIT.
These values met the design requirements of the elastomeric boot with a high

margin of safety.

The completed boot was inspected dimensionally and radiographically
prior to acceptance. Dimensional inspection of both boots revealed that all
dimensions were within designed tolerances. Radiographic inspection of the boots
indicated that some delaminations existed at the ends of the boot and at the
S-section. Since these delaminations were generally in a plane parallel to the
surface, failure of the boot resulting from them is unlikely. Because of the
difficulty in repairing the defects,only the defects that may impair the performance
of the boot were repaired. In the second boot, five void areas were repaired by:

(1) removing the void by grinding, (2) filling the area with uncured V-45 rubber,

and (3) locally vulcanizing the rubber in the repair area.



4.,  Seal Assembly

In assembly of the flexible seal, each component was successively
bonded to the other starting at the aft end ring. The aft end ring was attached
to the top portion of the assembly bond fixture by the shafts of the air cylinder.
The forward end ring was positioned on the base of the fixture. A steel shim
was placed on the forward ring as shown in Figure 45 to serve as a guide for the
bonding of the rubber pads. ZEight pads, previously prepared with the chlorination
treatment, were positioned on the steel shim and bonded at the skive joint with
the Uralane 5738 urethane resin. After cure, each skive joint was visually
inspected to determine the mismatch at the joint and the voids on the surface.

All woids were repaired by filling with the urethane resin.

Subsequently, Chemlok 305 epoxy adhesive was applied on the
mating surface of the aft end ring and the rubber layer. A typical procedure
for applying and spreading adhesive on the surface of the component that rests
on the base of the fixture is depicted in Figures 46 and 47. Similarly, the
applying and spreading of adhesive on the mating surface of the component that is
attached to the top half of the fixture is shown in Figures 48 and 49. A serrated
spreader was used to regulate the amount of adhesive to be deposited on the surface.
After completion of adhesive application, the top half of the bond fixture was
inverted and mated with the bottom half as shown in Figures 50, 51, and 52. Finally,
the fixture was positioned for adhesive cure under vacuum pressure and mechanical

load, Figure 53.

Visual and ultrasonic inspection of each bondline was performed
after completion of cure. Flat panels that were bonded with each adhesive bond
cycle were machined into lap shear specimens and tested to evaluate the adhesive
curing characteristics. Adhesive cure characteristics and ultrasonic inspection

results for both seals are summarized in Table XIV.

Some discrepancies from specified requirements were noted in the
first seal to be fabricated. A mismatch of 0.080 in. (0.002 m) occurred at the

inside diameter between the seal upper flange and the first rubber layer. This
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problem was remedied by rework of the assembly fixture to provide for more
accurate alignment in the centering of the parts during bonding. Ultrascnic
inspection of the first bond indicated seven unbonded areas, each approximately
0.5 in. (.0127 m) dia and located 0.5 to 1.0 in. (.0127 to .0254 m) from the
inside diameter edge. This condition resulted from inadequate filling of the
voids due to the rapid release of vacuum pressure. Thé process procedure was
subsequently revised to allow for a slow release of vacuum pressure and to

apply a thicker coating of adhesive on the bond surfaces. With the incor-
poration of the revised procedures, only one other unbonded area, 0.5 in. (.0127 m)
by 2.0 in. (.051 m) was observed from ultrasonic inspection on the remaining bonds.
This unbonded area, which was at the edge of the rubber layer, was repaired by

filling with Chemlok 305 adhesive.

Results of adhesive curing characteristics indicated that the
adhesive strengths of bond sequence No. 2 and 3 for seal No. 1 were lower than
expected (see Table XIV). Although the lowest bond strength still provided a
safety factor greater than 2.0 on the seal design, the lot of Chemlok 305 adhesive
with which the low strength was obtained was isolated. This lot of adhesive was

removed from further use in seal fabrication.

After completion of the adhesive bond operations, both seals
were cleaned by gritblasting to remove extruded adhesive. The completed seal is
shown in Figures 54 and 55. Measurements were taken at 10 locations equally
spaced around the seal circumference to determine the variation of seal height and
concentricity between the end flange rings. The measurements are tabulated in
Table XV for both seals. Seal No. 1 had a maximum height variation of 0.085 in.
(.00216 m) and a concentricity wvariation of 0.041 in. (.00104 m), while seal No.
2 had a maximum height variation of 0.005 in. (.000127 m) and a concentricity
variation of 0.072 in. (.00183 m). This magnitude of variation can be expected

for a seal of this size and will not affect the seal performance.

The elastomeric boot was installed on the seals to complete the

flexible seal assembly (Figure 56). The boot was not installed on seal No. 2
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until after completion of functional tests conducted under Task IV to facilitate
visual inspection of the seal.after test. On seal No. 1, however, the boot was
installed prior to the start of testing to determine comparatively the effects of
the boot on seal performance. The processing procedure for the installation of

the boot was as follows:

a. Clean bare steel surfaces by light sandblasting and wipe

with MEK solwvent.

b. Prime steel surfaces with GACO N-11 primer except rubber

surfaces and areas for bonding to the boot.

c. Apply a minimum of two coats of GACO Flexmarine (Hypalon),

material on the 0.D. and I.D. surfaces except bonding areas.

d. Install and bond the elastomer boot to both ends of the

flexible seal with adhesive.

e. Fill the cavity between the boot and the seal with a low

viscosity silicone grease.
B. ASSEMBLY TOOLING

Five principal tool items were fabricated for use in the assembly

nrocessing of the flexible seals. These tools were:

Lift and rotate fixture
. Shim lift fixture
Handling cart

. Boot bonding fixture

Ui e o BN e

Vacuum bonding fixture

The largest tool item was the vacuum bonding fixture, which was fabricated by

Conseco Division of Whittaker Corporation, San Leandro, California.
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All of the tooling ﬁerformed satisfactory for the intended application
except some rework was done on the bonding fixture. Rework on the assembly bonding
fixture was made to remedy problems observed during fabrication of the process
demonstration ring. This rework included: (a) increase the number of alignment
adapters from 4 to 8 and structurally reinforce the adapters, (b) replace the air
cylinder extension shafts, (c¢) provide supports to prevent shifting of the seal end
flange during inverting, and (d) incorporate mechanical clamps for sealing of the
fixture and reacting the force applied during the adhesive bond cure cycle. The

rework was completed prior to the start of seal fabricationm.

The shim 1ift fixture was initially designed using magnetic pads for
the lifting force. Because of the high angle on the shim surface, however, the
pads have a tendency to slide on the shim surface. To provide a more positive
means of holding at the 1lift points, the fixture was redesigned using the suction-
cup concept. Three segments, approximately 14— in. (.355 m) long were machined
from the process demonstration ring for this purpose. Vacuum fittings and gaskets
were incorporated on each segment to form a surface seal. Vacuum was drawn at the
interface between the segment and the shim. This revised fixture performed well

in lifting the shim throughout processing.

C. TEST FIXTURE

The seal test fixture was fabricated by Oakland Machine Works using
rolled and welded T-1 steel plates. Pressure vessel grade steel in 4.0 in. (.102 m)
thickness was used for the tank and base structure of the fixture, while structural
grade steel was used for all unpressurized components. All welds were inspected by
radiographic and magnetic particle methods. A repair weld was made after a crack

was detected on the weld between parts -204 and -205 (see Figure 23).

All mating surfaces were machined to meet the designed dimensions.
Because of the close tolerance requirement for sealing between the piston and
the cylinder components of the fixture, a trial assembly of these components was

performed by the fabricator. The diametral clearance between the piston and
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cylinder components was 0.009 to 0.012 in. (2.28 to 3.05 x 10~%4 m). This clearance

was acceptable for the O-ring seal.

During preparation of the test fixture for seal testing, cracks were
visually detected on the surface of the welds between the actuation lug and the
tank structure and at the cylindrical wall of the tank structure as shown in Fig-
ure 57. Longitudinal and transverse cracks were observed on the actuation lug
welds. A longitudinal weld crack, Figure 58, was observed in the region of the
cylindrical wall where repair welding had been accomplished. None of these weld
cracks was indicated on X-ray films from radiographic inspection. Because of the
uncertainty on the depth of the weld cracks, the test fixture was returned to the

fabricator for further examination and rework.

After the test fixture had been returned to the fabricator a complete
radicgraphic inspection was made of the circumferential weld in which cracks
had been visually observed. All detectable weld cracks from both visual and
radiographic inspections were removed by grinding. Weld repairs were made in
these areas under conditions of stringent control on preheat and welding techni-
gues. Subsequent radiographic inspection indicated excellent penetration of the

repalr welds and no additional cracks in the weld.

To provide an indication of the stress level within each weld in the
test fixture, a stress analysis was conducted using the finite element method.
Stress levels for both the high pressure and vectoring conditions were obtained.
The results are summarized in Table XVI and indicated a varying stress of 20,282
psi (1.4 x 108 N/m?2) occurred at the weld between parts -204 and -205. This
stresse level is substantitally below the anticipated weld strength of 70,000 psi
(4.83 x 108 N/m?).

Dimensional inspection of the test fixture after weld repair indicated
that an ovality existed on the inside diameter of part -205. Diameter measurements
varied between 108.256 in. to 108.285 in. (2.7497 to 2.7504 m) at the area where the
O~ring seals. To eliminate possible interference with the piston, the diameter of the

bore was machined to a minimum of 108.268 in. (2.7500 m). Further dimensional tolerance
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analysis revealed that the sealing capability of the O-ring was inadequate under
the worst tolerance condition. Therefore, O-rings with an increased cross
sectional diameter to provide the proper squeeze were used with the reworked

fixture.

VI. TASK IV - TESTING

A. TEST SETUP

The flexible seal test program was conducted in the Structural Test
Laboratory using the Universal Test Cell and the Instrumentation and Control
Center. The seal test fixture was installed in the test cell and the base cylinderxr
of the fixture was leveled and welded to the floor plate of the test cell. A
hydraulic jack for lifting and lowering the piston of the test fixture was bolted

to the floor plate.

The flexible seal was assembled to the test fixture as depicted in
Figure 59. With the seal properly assembled, motor ldéds on the seal were simulated
by pressurizing the fixture with nitrogen gas. A pressurized area of the fixture
was selected to provide the required ejection force on the seal. Simultaneously,
the same gas pressure acted on the outside diameter of the seal. To obtain the
seal behavior that is directly applicable to the expected performance on the
260 in. (6.6 m) motor nozzle, the actuator attachment points on the fixture were

located identically to the nozzle design.

1. Proof Pressure Test

For the proof pressure test, the -301 lower platen, or pistom,
of the test fixture was bolted to the bottom of the -401 upper platen assembly,
as shown on the right hand side of Figure 59. In this configuration, the motor
loads of ejection force and chamber pressure acting on the seal were both simu~
lated by pressurization of the fixture. A schematic diagram of the gas pressure

system for this test is shown in Figure 60.
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Instrumentation was installed to determined the shim compressive
stress and axial deflection of the seal at various pressure levels. Four biaxial
strain gages were placed 90° (1.57 rad) apart on the inner circumference of the
middle shim as shown in Figure 61. Strain data were recorded manually using
BLH SR~4 strain indicators. Axial deflections of the seal were obtained using
dial indicators at 90°(1:57 rad) locations, Figure 62. Reading of the indicators
was done remotely utilizing closed circuit television. The equipment for monitoring
the instruments and recording the data is shown in Figure 63. Test pressure was
measured with two 0-1500 psi pressure transducers. The output from the transducers
was continuously recofded on an oscillograph. Control of the test pressure was
accomplished manually using a hand valve and the pressure gage for reference,

Figure 64,

The test setup for the seal proof pressure test is shown in

Figure 65.

2. Vectoring Tests

The test fixture configuration for the seal vectoring test is
depicted on the left hand side of Figure 59. 1In this configuration, the -301
piston was lowered away from the upper platen and the bolt holes were sealed with
pipe plugs. To eliminate the possibility of loading the seal in tension in this
configuration, the fixture was equipped with three adjustable support arms,
which transferred the weight of the upper platen assembly to the tank structure

of the fixture and bypassed the seal.

In the vectoring configuration, the increase in pressurized
area required that the test pressure be reduced to attain the proper ejection
force on the seal. Thus, while ejection force was of the correct magnitude during
vectoring test, the chamber pressure on the seal external surface was necessarily

low.

52



An 8 in. (.203 m) dia hydraulic cylinder with servovalve control
capability was used to deflect the seal during vectoring test. Operating at
3000 psi (2.07 x 107 N/mz) hydraulic pressure, the actuator has a 120,000 1b
(5.35 x 105 N) force capability and a +12 in. (.305 m) stroke. A Demnison
hydraulic pump having a flow capability of 20 gpm (.00126 m3/sec) at 3000 psig
(2.07 x 107 N/m2) pressure supplied the actuator. A schematic diagram of the

actuation system is depicted in Figure 66.

The desired deflection angle/actuator stroke program was
plotted on R-I Controls Type MCR48-1010 graph paper. This paper was placed on
the drum of a Model FGE 5048 Data-Trak Programmer (Research Incorporated). The
output from the programmer was fed into a‘Model LC 5131 Servac servo-controller
(Research Incorporated), which controlled a Raymond Atchley, Inc., Model 425,
25 gpm servovalve. One of the R-I Controls Model 7101-16 displacement trans-—
ducers on the actuator was connected to supply feedback signal to the servo-

controller.

In addition to strain gages for measurement of shim stresses,
other instrumentation was incorporated for the wvectoring test. Deflection
potentiometers were used to measure the actuator stroke position. Actuation
load was measured by a Morehouse-ring load cell, which was integrally assembled
to the actuator. Supply and return line pressure and the differential pressure
across the hydraulic actuator, as well as gas pressure on the test fixture were
measured by Tabor pressure transducers. A tabulation of the type and range of

instrumentation used is shown in Table XVII.

To obtain the seal performance characteristics, movement of
two selected points on the test fixture was measured. These points are dencted
as E and F on Figure 59. Two deflection potentiometers were connected to each
point and attached to a fixed bracket on the other end at a predetermined angle
as shown in Figure 67. During vectoring, the change in length of each potentio-
meter was measured and the X and Y coordinates of these points were calculated.
From the calculated positions of these two points, the axial and lateral deflectiom,

rotation angle, pivot point location, and rotational torque of the seal were
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analyzed by the procedure outlined in Appendix D. This procedure was programmed

into the computer for solution.

A photograph of the test setup for conducting the seal vectoring

test is shown in Figure 68.
B. TEST PROCEDURE

1. Seal Measurement

Height and lateral measurements of the seal were taken as shown
in Figure 69, at specified steps of the test procedure to determine if the free-
state configuration of the seal was significantly changed during test. The
height measurements were made with a vernier height gage at 45° (.785 rad)
intervals, while lateral measurements were taken with a micrometer at four places,
90° (1.57 rad) apart. The initial measurements, which were used as a reference,
were made with the seal bolted to the -401 upper platen of the test fixture. After
assembly of the seal to the fixture, the setscrews in the three support arms of the
fixture were adjusted to obtain a satisfactory match to the referenced height
measurements. Subsequently, seal measurements were taken after completion of the

proof pressure and vectoring tests and after each phase of the destructive tests.

In addition, the inside diameters of the seal at locations that
corresponded to the above lateral measurements were measured before and after

completion of all the tests to verify the free-state configuration of the seal.

2. Leak Test

Leak test on the seal was conducted prior to functional test and
after each step of pressure and vectoring tests. Prior to the start of pressure
test, a mixture of nitrogen and helium gas was used to pressurize the test fixture
to 100 psig (6.9 x 10° N/m2). After holding at this pressure for 2 min. the pres-
sure was reduced to 30 psig (2.07 x 10° N/mZ). At this pressure, a CEC Model 24-

120A Helium Leak Detector was used to inspect the inside diameter of the seal for
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leakage. In both pressure and vectoring test sequences, leak tests were performed

using a helium leak detector.

3. Functional Test

Functional tests were performed on both flexible seals, Seal SN

01 with the elastomer boot in place and Seal S/N 02 without the boot.
a. Pressure Proof Test

Following a satisfactory leak test, the pressure in the
fixture was incrementally increased to 200, 400, 600, 735, and 850 psig (1.38,
2.76, 4.14, 5.06, and 5.86 x 106 N/m2). The pressure was maintained at each
level to record strain gage and seal deflection data. At the 850 psig (5.86 x
100 N/mz) pressure level, both the ejection force and pressure load acting on the

seal were equivalent to 115% of the 260-in. (6.6 m) motor MEOP loads.
b. Vectoring Test

In the vectoring configuration of the fixture, a 2.2 psig
(1.52 x 104 N/m2) pressure was maintained to balance the weight of the fixture
upper platen prior to removal of the support arms in preparation for vectoring
test. This pressure was considered the reference "zero" condition, and seal
height and lateral measurements were taken in this condition during vectoring

tests.

A series of vectoring tests to a +2° (.0349 rad) deflection
angle was conducted on the pitch and yaw planes of the two seals as indicated in
Table XVIII. 1In the 0-180° (0-3.14 rad) plane, duty cycle A tests were performed
at pressure levels of 2.2, 30, 58, 87, and 111 psig (1.52, 20.7, 40.0, 60.0, angd
76.5 x 104 N/m2). At the 111 psig (76.5 x 104 N/mz) pressure level, the ejectiocn
force acting on the seal was equivalent to 1157 of the motor MEOP load. In addition,

duty cycle B tests were performed at pressure levels of 40 and 2.2 psig (27.6 and
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1.52 = iﬂé N/m2). The tests on the 90-270° (1.57-4.71 rad) plane were identical
except that the duty cycle A tests with 30 and 87 psig (20.7 and 60 x 104 N/mz)

pressure were omitted.

The duty cycles and the points at which data were subsequently
reduced are shown in Figure 70. Duty cycle A consisted of a series of 0.5° (.00873
rad) incremental steps through plus and minus 2° (.0349 rad) with a hold of approxi-
mately 3 seconds at each level. The vectoring rate between levels was approxi-
mately 0.25° (.00436 rad) per second. Duty cycle B contained 10 cycles of +1°
(,0175 rad) followed by 10 cycles of +2° (.0349 rad) deflection angle. The maxi-
mum vectoring rate attained was 0.5° (.00873 rad) per second, and the rate was

normally between 0.4° (.00698 rad) and 0.5° (.00873 rad) per second.

Since the seal deflection angle was controlled by the
actuator stroke, a vectoring test was initially performed to establish the
relationship of deflection angle and actuator stroke. A test cycle at 2.2 psig
(1.52 x 10% N/m2) pressure and a predicted 1.5° (.0262 rad) deflection angle was
performed. The calculated deflection angle by computer analysis was obtained to
correlate with the measured actuator stroke. From this relationship, the stroke

for a 2° {(.0349 rad) angle was predicted for use in the subsequent vectoring tests.

The actuator null position changed with chamber pressure
as a result of the axial deformation of the seal. To determine the null position
of the actuator at each test pressure level, an additional test was performed
by pressurizing the chamber to the required pressure level with both sides of the
actuator vented to atmosphere. The average actuator stroke position from ascending
and descending pressure tests was taken as the null position for that pressure

level.

4, Destructive Test

Destructive test was performed on Seal S/N 01 with the elastomeric
boot installed and following completion of the functional tests. Three types of

tests were included: wvectoring, fatigue, and pressure tests.

Ln
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a. Vectoring Test

The seal was deflected to +3° (.0524 rad) and +3.5° (.061
rad) at two test pressures, 30 and 87 psig (20.7 and 60.0 x 10% N/m?). The 87
psig (60.0 x 104 N/m2) pressure resulted in an ejection force which was equivalent
to 90% of the 260-in. (6.6 m) dia motor MEOP load. A duty cycle A program was
used in each test sequence. In the preparation of the Data-~Trak trace for these
tests, the nonlinearity in the relationship between deflection angle and actuator

stroke revealed from functional test data was incorporated.
b. Fatigue Test

Approximately 1000 cycles of flexible seal rotation at a
chamber pressure of 30 psig (20.7 x 104 N/m2) was performed during this test.
The duty cycle consisted of 500 cycles of #1° (.0175 rad) followed by 500 cycles
of +2° (.0349 rad) deflection. During fatigue test only the actuator stroke, load,

and hydraulic pressure were recorded on the oscillograph trace.
c. Pressure Test

The test fixture was reconfigured to the proof pressure test
position prior to the initiation of this test. A turbine o0il was used as the
pressurizing medium to minimize the amount of stored energy to be dissipated in
the event of rupture. In this test, the chamber pressure was increased from zero
to 1140 psig (7.86 x 106 N/m2), held for 2 minutes, and then reduced to zero. The
maximum pressure is equivalent to 150% of the MEOP ejection force and chamber
pressure for the 260 in. (6.6 m) motor. During the hold period, the pressure gage

was monitored for evidence of leakage.
C. TEST RESULTS AND ANALYSIS

1. Seal Measurements

Height and lateral measurements of the seal are tabulated in Tables

XIX and XX. The data indicated no significant change occurred in the seal dimensions
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even after completion of destructiye tests. The variation in the measurements
was generally less than 0.01 in. (.000254 m). This magnitude of variation is

not expected to have any effect on the seal performance.

Pretest and posttest measurements at the inside diameter of
the seal are shown in Table XXI. The maximum difference between the measure-
ments was 0.03 in. (.00076 m) which is extremely small in proportion to the

diameter of the seal.
2. Legk Test

No evidence of gas leakage through the seal was observed during
all phases of testing. In the high pressure tests, no pressure drop was noted
from visual observation of the pressure gages during the hold period. Also,
helium lesk detection at pressures below 30 psig (20.7 x 104 N/m2) indicated no
leakage.

3. Functional Test

a. Proof Pressure Test
(1) Axial Deflection

Both seals were proof tested at loads up to 1.15 times
MEOP [850 psig (5.85 x 100 N/m2) external pressure and 1.15 x 100 1b (5.11 x 106 N)
ejection forcel. Axial deflection of the seals obtained from dial gage measurements
are tabulated in Table XXII. The average deflection is plotted versus ejection load
in Figure 71. Comparison of seals $/N 01 and S/N 02 data indicated a close agree-
ment in the magnitude of deflection and the hysteresis characteristics. Deflections
of 0.140 and 0.148 in. (.00356 and .00376 m) occurred at maximum ejection load
which is substantially lower than the predicted deflection of 0.235 in. (.00597 m).
Comparison of deflections between increasing and decreasing pressure cycles indicated
that the hysteresis characteristic is the reverse of that normally expected. This
reverse hysteresis characteristic apparently resulted from a change in the frictional

force of the test fixture O-ring seals.
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(2) Shim Compressive Stress

From the recorded strain gage data, the compressive
hoop stress of the steel shim was calculated and is tabulated in Table XXIII. A
plot of the average stress versus ejection load is shown in Figure /2. The values
of stress were identical for the two seals. A linear relationship of stress versus
ejection force was obtained, and a maximum compressive stress of 40,000 psi (2.76 x
108 N/m2) occurred at 1.15 x 106 1b (5.11 x 10® N) ejection force. This magnitude

was slightly lower than the predicted compressive stress of 42,800 psi (2.95 x
108 N/m2) for a one million pound (4.45 x lO6 N) ejection force.

b. Vectoring Test
(1) Axial Deflection

The axial deflection of the seals in the vectoring
configuration was obtained as computer output data from the seal performance
analysis. As shown in Figure 71, the axial deflection was twice that obtained
from proof pressure test for equivalent ejection loads. This fact was substan-
tiated by direct dial gage measurements in both test configurations. The difference
in deflection was apparently due to a lower external pressure acting on the seal in
the vector test configuration. As depicted in Figure 17, a lower external pressure
results in a higher shim rotation and effectively "flatens" the shim. This effect
reduces the equivalent shim thickness and decreases the distance between the end
flanges of the seal. From this standpoint, the axial deflection of the seal

obtained from pressure test is more realistic and should be used in nozzle design.
(2) Shim Compressive Stress

The higher shim rotation that occurred during vectoring
test was confirmed by a higher shim compressive stress as compared with the proof
pressure test data for the same ejection load. Comparison of the compressive
stresses in Figure 72 indicates that a 20% higher stress existed for the vector

test condition. The data also showed a slight deviation from a linear relationship
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with ejection load. The stresses calculated from strain gage data for the null
position of both seals are tabulated in Table XXIV. Close agreement between the

two sets of stress values was obtained.

During a +2° (.0349 rad) seal deflection with 1.15
million 1b (5.11 x 106N) ejection load, approximately 25,500 psi (1.76 x 108 N/m2)
hoop compressive stress is either added to or subtracted from the neutral position
stress. This value of stress, which is due to seal rotation alone, is substantially
higher than the 8,000 psi (5.52 x 107 N/m2) predicted. As a result, the total
hioop stress in the shim with the combined maximum vectoring and ejection loads,
was at the limit of the allowable material yield strength of 70,000 psi (4.82 x
108 N/m2). However, with a higher external pressure acting on the seal in the
actual meotor condition, the maximum shim stress would be reduced to 65,600 psi

(4.52 % 108 N/m?) for the 115% MEOP loads.

The variation of compressive hoop stress in the steel
shim with test pressure is shown in Figure 73. This hoop stress resulted from
the combined pressure and vectoring loads at 2° (.0349 rad) seal deflection angle.
The stress level at +2° (+.0349 rad) deflection was approximately 8,000 psi (5.52 x
107 N/m2) higher than -2° (-.0349 rad) deflection. The difference resulted from
the actuation force. In the case of a +2° (+.0349 rad) deflection, the actuation
force is additive to the ejection load and causes a higher shim rotation. The
reverse is true of a -2° (-.0349 rad) deflection. Comparison of the data between
the two seals indicated that the hoop stress was approximately the same and not

significantly affected by the elastomeric boot.

(3)  Actuation Torque

The variation of actuation torque with deflection
angle is shown in Figures 74 and 75 for seals S/N 01 and 02, respectively. The
actuation torque was for an ejection load of 1.15 x 106 1b (5.11 x 106 N). The
variation was nearly linear and the hystersis characteristic was normal. The
torque for +2° (.0349 rad) deflection of seal S/N 02 was 4.98 x 100 in.-1b (5.62 x
105 N-m), which is in good agreement with the design torque of 5.0 x 10% in.-1b

(5.65 x 105 N-m) for a ome million 1b (4.45 x 10® N) ejection load.



The torque for a given deflection angle was not a
constant, but varied with ejection load. For +2° (.0349 rad) deflection, the
variation of torque with ejection load is plotted in Figure 76. Although
generally the variation is similar, indicating the torque is maximized and then
decreased with further increase in ejection load, the magnitude of torque was
slightly different for the plus and minus directions of actuation, as well as
for the two planes of actuation. The variation in torque for a given ejection
load was approximately 10% for seal S/N 02 and 4% for seal S/N 01. The dif-
ference was attributed to the null angle that existed in the seals. As expected,
the actuation torque for seal S/N 01 was higher than for S/N 02 at the same
ejection load because of the added stiffness of the elastomeric boot. Using
an average torque for comparison, the increase in torque resulting from the boot

was 11 to 157%.
(4) Pivot Location

Movement of the seal pivot point during vectoring
was obtained. TFigure 77 shows the typical pivot point excursion for +2° (.0349
rad) deflection at zero, 0.6, and 1.15 million 1b (0, 2167, and 5.11 x 106 N)
ejection load. Although a clear trend in movement of the pivot point as a function
of deflection angle can not be established, the grouping of the points occurred
within a relatively small area, especially for higher ejection loads. It is
recognized that the method of pivot point calculation is highly sensitive to any

small change in seal configuration as reflected by the measured input data.

Using an average value for comparison, the pivet point
location was observed to progress away from the seal aft face with increased
ejection loads as shown in Figure 78. This fact is consistent with the expected
increase in steel shim rotation with ejection load. The pivot point distance
changed from 52.0 to 58.4 in. (1.32 to 1.48 m) when the ejection load increased
from zero to 1.15 million 1b (5.11 x 106 N). The theoretical pivot point location
of the seal is at 53.4 in. (1.35 m). Comparison of the data for the two seals

indicated that the variation was more linear for seal S/N 01 than for S/N 02.
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4, Destructive Test

Prior to initiation of the destructive tests, visual inspection
of the seal revealed that the inside edge of some of the rubber pads were locally
wmbonded from the steel shims. The unbonded areas were generally in line with the
actuation planes where maximum shear stresses occurred. Maximum areas of unbonded-
ness occurred at the forward rubber pad-to-shim bond. The separation depth of
this bondline was 0.10 to 0.25 in. (.0025 to .0064 m) with some local areas extending
to 0.50 in. (.0127 m) as shown in Figure 79. Subsequent destructive tests did not
significantly increase the unbonded depths and leakage or pressure drop was not

detected.
a. Vectoring Test

In the vectoring test, a maximum deflection angle of 3.3°
{.0575 rad) was indicated from the test data. The deflection angle was limited
to this wvalue by the interference of the seal with the wall of the test fixture.
Prior to this test cycle, the seal was deflected to +3.0° (.0524 rad) with 0.3
and 0.9 million 1b (1.335 and 4.0 x 106 N) ejection load.

The test data for both vectoring cycles with 0.9 million
b (4.0 x% 1@6 N} are shown in Figure 80. The variation of actuation torque with
deflection angle was generally linear up to +2° (.0349 rad) deflection. Beyond
this point, the increasing torque with deflection angle was apparent. At the
deflection angle of 3.3° (.0575 rad), the actuation torque was approximately
10 million in.-1b (1.13 x 106 N-m). One set of data indicated a torque sub-
stantially higher than this value, which apparently resulted from a shift in the

pivot point location when the seal contacted the wall of the fixture.
b. Fatigue Test
The seal was tested at 455 cycles of +1° (.0175 rad) and 500 cycles

of +2° (.0349 rad). The number of cycles at +1° (.0175 rad) was reduced from the

planned 500 cycles because of a malfunction of the cycle counter on the Data Trak
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programmer. The actuation load and stroke were recorded during test and are
summarized in Table XXV. Although some slight differences in these values occurred,
the magnitude of the difference is less than 5% and is within the measurement

accuracy obtainable from the oscillograph trace.
c. Pressure Test

Axial deflection of the seal was obtained from dial gage
measurements at four locations 90° (1.57 rad). The average deflection is plottead
versus ejection load in Figure 81. A maximum deflection of 0.217 in. (.00551 m)
was obtained at 1.5 million 1b (6.67 x 106 N) ejection load. Comparison of this
data with the functional test results indicated some difference. At the ejection
load of 1.15 million 1b (5.11 x 106 N), the axial deflection of 0.18 in. (.00457 m)
from this test was higher than the 0.14 in. (.00356 m) obtained from functional
proof pressure test (see Figure 71) for the same seal. The hystersis characteris~
tic was as normally expected, but was the reverse of that indicated from the
functional test results. Although no conclusion can be made on the cause of these

differences, the effect on seal performance is not expected to be significant.

The compressive hoop stress of the steel shim was calculated
from the strain gage data. A maximum stress of 53,100 psi (3.67 x 108 N/m?) existed
under the combined loads of 1.5 million 1b (6.67 x 10 N) ejection load and 1120
psig (7.72 x 10% N/m2) test pressure. This is in close agreement with a stress
level of 52,100 psi (3.60 x 108 N/mz) obtained by proportioning the results from

the functional test to the same pressure of this test.

After completion of the destructive test series, seal S/N
01 was disassembled from the test fixture. Visual inspection revealed no physical
damage to the elastomeric boot. The ends of the boot remained securely bonded to

the seal.

VIT. CONCLUSIONS AND RECOMMENDATIONS

A, CONCLUSIONS

Major conclusions derived from this program are:
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1. An omnidirectional flexible seal has been demonstrated to meet
the program objective. The seal performance characteristics were satisfactory

for the intended application.

2, Existing analytical techniques can be applied to the flexible

seal design to predict its performance with acceptable accuracy.

3. A seal design with conical metal shims of uniform configuration

can be designed to meet rotational angle requirements in excess of +3°.

&, Large flexible seals can be successfully manufactured by

sequential assembly using ambient cure, secondary bonding techniques.

B. RECOMMENDATIONS

The following recommendations are made:
1. Further develop the analytical technique to provide a more
accurate method for the prediction of elastic stability and compressive stress

in the metal shim.

2. Conduct thrust vector control system test to investigate the

interplay between flexible seals and flight configured actuation system.

3. Incorporate the seal into a 260-in.-dia motor static firing

test to confirm the seal performance characteristics.
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Area Ratio
2.00 (Entrance)
1.50 (Entrance)
1.06 (Entrance)
1.00 (Throat)
1.10 (Exit)

2.00 (Exit)

TABLE I. - NOZZLE THERMAL GRADIENT SUMMARY

Depth Below Original Surface at Motor Burnout, in.

(m x 10%)

Erosion
0.83 (2.11)
0.87 (2.21)
1.10 (2.80)
0.92 (2.34)
0.37 (0.94)
0.20 (0.51)

Char
1.68 (4.26)
1.72 (4.36)
1.95 (4.95)
1.77  (4.50)
1.22  (3.10)
0.95 (2.41)

Isotherm
100°F~(311°K)

2.12

2.16

2.42

2.23

1.80

1.55

(5.39)
(5.50)
(6.15)
(5.66)
(4.56)

(3.94)



TABLE II. - COMPARISON OF PRELIMINARY FLEXSEAL ANALYSIS RESULTS

Parameter

Maximum compressive stress, psi

<me2 % 10‘6)

Allowable critical buckling stress,

psi (mez x lO~6)
Seal rotation torque, in.-1b x 10—6
(N-m x 107%)

Maximum elastomer shear stress, psi
2 -3

(N/m™ %= 10 7)
Maximum elastomer tensile stress,

psi (N/mz X 10~3)

Twd Pivot

48,000  (331)

60,400  (416)

4.73  (.535)

82  (565)

66 (455)

Aft Pivot

48,000

60,400

4.17

82

66

(331)

(416)

(.471)

(565)

(455)



TABLE III. - FLEXIBLE SEAL WEIGHT COMPARISON

Component Weight, 1b (Kg) Fwd Pivot Aft Pivot
Nozzle Shell 625 (283) 820 (371)
Nozzle Closure 6270 (2840) 6590 (2985)
Backup Imnsert 1210 (548) 1450 (657)
Closure Insert 1980 (897) 1990 (902)
Closure Insulation 2670 (1210) 2300 (1042)
Flexseal Assembly 4425  (2004) 4595 (2081)

Fwd Flange 1215 (550) 1400 (634)
Aft Flange 1160 (525) 1130 (511)
Laminate 1890 (856) 1890 (856)
Boot 160 (72) 175 (79)

The fwd pivot seal design is 565 1b
the aft pivot seal design.

(256 kg) less than

Difference
-185 (-88)
-320 (-145)
=240 (-109)
- 10 (-5)
+370 (+168)
(=170) (-=77)
-185  (-84)
+ 30 (+14)

¢
- 15 (-7}



TABLE IV. - FLEXIBLE SEAL TVC SYSTEM COMPARISON

6 6

(N-m x 10~

Torque, in./1b x 10~ )

Seal Rotation
Internal Aerodynamic
Jet Dampimg(l}
Axial Acceleration
Inertia

Total Torque

(2)

Design Torque

System Redquirement

Moment Arm, in. (m)

3

Actuation Force, 1b (N x 10

(1) Jet damping torque is assumed equal to zero at maximum

torque requirement

Fwd Pivot

4.73
1.21
0.40
1.21
0.42
7.57

9.45

96.5

98,100

(2) Design torque includes 1.25 safety factor

(.534)
(.137)
(.045)
(1.37)
(.047)
(.855)

(1.068)

(2.45)

(436)

4.17
0

0.40
0.28
0.42
4.87

6.10

59.2

103,000

Aft Pivot

(.471)

(.045)
(.032)
(.047)
(.550)

(.689)

(1.50)

(458)



TABLE V. - DEFLECTION OF FLEXIBLE SEAL AND NOZZLE SHELL JOINT

2
e
(r //
i B ) - -
Radial Displacement Axial Displacement
Nodal Point inch (m x 103) inch (m x 103)
184 -.005091 (=129) -.00248 - 063)
187 -.007573 (=192) -.00248 (=063)
185 -.00518 (=131) -.00445 (=113)
188 -.007878 =200) -.00445 (=113)
186 -.005284 - 134) -.00643 =163)

189 -.007987 (.202)

.00643 (=163)



TABLE VI. - SUMMARY OF MAXIMUM STRESS IN FLEXIBLE SEAL

Factor
Loading Type of Stress Stress gevel - Allowabl; Streggth of
Condition and Location psi (N/m”~ x 10 7)) psi (/m” x 10 Safety
1 Shear stress at inside 104 (.717) 403 (2.78) 3.88
edge. of P5 pad
1 Compressive hoop stress 42,800 (295) 70,000 (482) 1.63
at inside edge of S2
shim
2 Shear stress at outside 53 (.366) 403 (2.78) 7.59
edge of P5 pad
2 Tension stress near .out- 149 (1.028) 500 (3.45) 3.36
side edge of P5 pad
2 Compressive hoop stress at 3,900 (26.9) 70,000 482) High
edge of S2 shim
3 Shear stress near inside 103§;§ (.710) 403 (2.78) 3.91
edge of P5 pad 98" (.675) 4.11
3 Compressive hoop stress 46,900§%; (323) 70,000 (482) 1.49
at inside edge of S3 shim 29,300 (202) 2.39
2 4+ 3 Shear stress near inside 147 (1.012) 403 (2.78) 2.74
edge of P5 pad
2 4+ 3 Compressive hoop stress 50,800(1) (350) 70,000 (482) 1.38

at inside edge of shim

(1) 2° rvlockwise rotation.
(23 2° counterclockwise rotation.
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TABLE VIII. - AGING AND HUMIDITY TEST SCHEDULE

Aging Humidity Exposure
(80°F/300°K, Uncontrolled R.H.) (95% R.H. 110°F/317°K)

Specimen 1l Mo. 3 Mo. 6 Mo. 9 Mo. 1 Mo. 3 Mo. 6 Mo. 9 Mo.
Shear Tests 1 X X X X X

2 X X X X

3 X X

L X b4 X X X

5% X X X X
Tensile 1 X X X X X
Tests

A X X b4 X

3 X x X X X

#The exposed rubber edges of these specimens were
treated to evaluate retardation of the aging process.
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TABLE X. — EVALUATION OF SURFACE EFFECTS ON ADHESIVE BOND STRENGTH

Specimen Description

Bare steel

Primed with FM-47

Bare steel in contact with peel coat for 1 day
Primed steel in contact with peel coat for 1 day
Bare steel in contact with peel coat for 7 days
Primed steel in contact with peel coat for 7 days

Bare steel in contact with teflon tape for 1 day

Avg. Shear Stress,

psi, (N/m2 X 10_6)
1820 (12.55)
3732 (25.75)
2775 (19.13)
3419 (23.6)
3092 (21.3)
3500 (24.1)
2535 (17.5)



TABLE XI. -~ LAP SHEAR SPECIMEN TEST RESULTS
FROM PROCESS DEMONSTRATION RING

Shear Stress at DUltimate
300% gtrain:3 ?hear gtressi6 Ultimate Shear
Specimen psi (N/m~ x 10 7) psi (N/m~ x 10 7) Strain, 7%
F 73.4 (506) 745 (5.14) 809
G 78.4 (540) 595 (4.10) 734
M, 68.5  (471) 2681 (1.85) 635
M, 77.8  (536) 2221 (1.53) 555
0, 77.6  (535) 225D (1.55) 550
0, 73.0  (503) 97.51 (.67) 400
P 76.7 (529) 625 (4.31) 745
Rl 75.0 (516) 698 (4.81) 808
R2 73.1 (505) 777 (5.35) 830
R3 71.8 (495) 806 (5.55) 833

(1) Adhesive failure at interface plane between the
bare steel and the FM-47 primer.

Rubber Skive Joint
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TABLE XII. -~ COMPRESSION DEFLECTION TEST PROCEDURE
TABLE XII

EQUIPMENT

&

Instron Model TTC or equivalent.

10,000 1b capacity load cell.

c. 2 -6 x6 x 1/4 CRS plates abraded on one side with aluminum oxide.

PROCEDURE

a. Calibrate equipment according to manufacturers instructions.

b, Set cross head at 0.20 in./min and chart at 10. in./min.

¢c. Gauge slab in five places (4 corners plus center) and record.

d. Center 4 x 4 x .3~in. slab between the abraded surfaces of the
steel plates.

e. Center assembly on load cell and balance.

f. Preflex two times to 25% compression {(approximately .075 in.)
Load and unload at 0.2 in./min.

g. Preload assembly to 0.5% of load at 257 compression (32-36 1b
range) - balance to zero.

h. Record third flex and plot load at .010, .020, .050, and .075 in,



A,

B.

TABLE XIII. - TENSILE PROPERTIES OF GEN-GARD V-45 RUBBER

SEecimen

SPECIMENS WITHOUT SPLICE JOINT
1

2

3

SPECIMENS WITH SPICE JOINT
1

2

Tensile Strength,

psi (N/mz‘x 107 7)

6

Elongation
at Break, 7

2200
2250

2250

1340
1275

1325

(15.2)
(15.5)

(15.5)

(9.25)
(8.80)

(9.14)

775
750

775

500

500
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Circum.

Location

OOV~ W=

et

Max.
Min.
Range

TABLE XV. - FLEXIBLE SEAL HEIGHT AND CONCENTRICITY MEASUREMENTS

Seal S/N 01, inch (m)

X Y
2.114 10.926
2.114 10.965
2.073 10.966
2.093 10.920
2.102 10.915
2.099 10.945
2.104 10.970
2.099 10.945
2.108 .10.895
2.104 10.885
2.114  (.0536) 10.970 (.2782)
2.073  (.0526) 10.885 (.2760)
0.041  (.0010) 0.085 (.0022)

L—r—
Seal S/N 02, inch (m)
X Y
2.143 10.895
2.120 10.875
2.154 10.867
2.128 10.890
2.102 10.865
2.082 10.885
2.103 10. 850
2.086 10.855
2.100 10.840
2.110 10.851
2,154  (.0547) 10.895 (.2767)
2.082 (.0529) 10.840 (.2753)
0.072 (.0018) 0.055 (.0014)



-202 to -203 Weld Stress, psi (N/m2 x 10-6)

TABLE XVI. - TEST FIXTURE WELD STRESS

169

\\*--

-203

— =202

~203 to -204 Weld Stress, psi (N/m2 X 10—6)

Element Pressure Vector Element Pressure Vector
No. Condition Condition No. Condition Condition
228 7920  (54.5) 7510 (51.8) 175 -0.6 46 (.32)
234 4314 (29.8) 3691 (25.4) 176 107 (.74) 200 (1.38)
2472 3197 (22.0) 1998 (13.8) 177 1009 (6.95) 87 (5.98)
250 2043 (14.1) 1060 (7.31) 178 2787 (19.2) 1857 (12.8)
261 1545  (10.6) 1036 (7.15) 179 4142 (28.5) 2908 (20.0)
272 w003 (6.91) 747  (5.15) 180 4979 (34.3) 3479 (24.0)
283 270 (1.86) 208 (1.43) 181 6423 (44.2) 4564 (31.5)
294 118 (.81) 81 (.56)
-204 to ~205 Weld Stress, psi (N/mz X 10_6) -205 to =206 Weld Stress, psi (N/m? X 10_6)
Element Pressure Vector Element Pressure Vector
No. Condition Condition No. Condition Condition
79 20,282 (140) 15,450 (106.5) 6 0.3 22.8 (.16)
97 11,144 (76.9) 8093 (55.7) 14 7.3 (.05 774 (5.33)
1i5 4,887 (33.6) 3895 (26.9) 22 16.8 (.12) 2525 (17.4)
132 900 (6.20) 1289 (8.89) 30 33.5 (.23) 4618 (31.8)
151 ~471 (~3.25) 189 (1.30) 38 76.9 (.53) 9552 (65.9)
169 ~-880 (~6.06) -116 (-.80)

Pressure Condition — 850 psi (5.85 x 106 N/m2)
= 115 psi (7.93 x 10° N/m)

Vector Condition
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TABLE XVIII, - SEAL VECTORING TEST SEQUENCE

0°~180° Plane

1. Cycle A, + 2° at 2.2 psig
(+ .0349 rad @ 15.18 x 103 N/m2)

2. Cycle A, + 2° @ 30 psig

(+ .0349 rad @ 207 x 103 N/m?)

3. ‘ Cycle A, + 2° @ 58 psig

(+ .0349 rad @ 400 x 103 N/m%)

4. Cycle A, + 2° @ 87 psig

(+ .0349 rad @ 600 x 103 N/m2)

5. Cycle A, + 2° @ 111 psig
(+ .0349 rad @ 765 x 103 N/m?)

6. Cycle B, + 1° and + 2° @ 40 psig
(+ .01745 and + .0349 rad @ 276 x 103 N/m?)

7. Cycle A, + 2° @ 2.2 psig
(+ .0349 rad @ 15.8 x 103 N/m2)

8. Cycle B, + 1° and + 2° @ 2.2 psig
(+ .01745 and + .0349 rad @ 15.18 x 103 N/m?)

93°~270° Plane

1. Cycle A, + 2° @ 2.2 psig
(+ .0349 rad @ 15.18 x 103 N/m2)

2. Cycle A, + 2° @ 58 psig

(+ .0349 rad @ 400 x 103 N/m?)
3. Cycle A, + 2° @ 111 psig
¢+ .0349 rad @ 765 x 103 N/m?)

&4, Cycle B, + 1° and + 2° @ 40 psig
(+.01745 and + .0349 rad @ 276 x 103 N/m2)

5. Cycle A, + 2° @ 2.2 psig

(+ .0349 rad @ 15.18 x 103 N/m2)

6. Cycle B, + 1° and + 2° @ 2.2 psig
(+ .01745 and + .0349 rad @ 15.18 x 103 N/m?)
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TABLE XX. - FLEXIBLE SFAL LATERAL MEASUREMENTS Page 1 of 2

FLEXIBLE SEAL LATERAL MEASUREMENTS

SEAL S/N 01 A A B C D E

Before Proof & Leak Test 0° 29.430 29.429 29.425 29.414 29.441
90° 29,707 29.693 29.691 29.659 29.678
180° 29.556 29.532 29.519 29.543 29,527
270° 29.077 29.102 29.081 29.081 29.005

After Proof & Leak Test 0° 29.415 29.432  29.426 29.413 29.436
90°  29.697 29.687 29.685 29.655 29.677

180° 29.558 29.533 29.520 29.546  29.525

270° 29.075 29.103 29.082 29.082 29.003

Before Vector Test (90°- 0° 29.412 29.431 29.426 29.415 29.436
270°) 90° 29.716 29.705 29.696 29.656 29,669
180° 29.555 29.532 29.520 29.543 29.518
270° 29.059 29.088 29.070 29.077 29.002

After Vector Test (90°- 0° 29.412  29.430  29.426  29.415  29.436
270°) 90° 29.715 29.705 29.698 29.657 29.669
180°  29.556  29.532  29.519  29.542  29.519
270° 29.059 29.088 29.070 29.077 29.004%

After Vector Test (0°- 0° 29.402  29.423 29.422  29.415 29.437
180°) 90° 29.706 29.696 29.691 29.656 29.670
180° 29.569  29.545 29.530 29.549  29.520
270°  29.075 29.099 29.079 29.084 29.007

After Fatigue Test 0° 1 29.404 29.421 29.419  29.413 29.436
90° 29.705 29.695 29.690 29.654 29.668
180° 29.570 29.546  29.531 29.549 29.521
270°  29.070 29.098 29.075 29.081 29.005

After +3.5° Vector Test 0° 29.410  29.421  29.420 29.415  29.438
90° 29.707 29.696  29.691  29.655 29.669
180° 29.571  29.546  29.531 29.549 29.523
270°  29.077 29.098 29.079 29.081 29.006

Before 1140 psig Pressure 0° 29,408 29.423  29.421 29,415 29.438
Test 90° 29.696 29.691 29.687 29.654 29.669
-180° 29.562 29.544 99.530 29.548 29.522

270° 29,071 29.100 29.080 29.082 29.006

After 1140 psig Pressure 0°  29.405 29.424  29.423 29,417  29.440
Test 90° 29.698 29.696 29.693 29.656 29.670
180° 29.559  29.545 29.532 29.552  29.523
270°  29.069 29.100 29.081 29.085 29.008




Table XX . - FLEXIBLE SEAL LATERAL MEASUREMENTS (cont.) Page 2 of 2

SEAL S/N 02 A B C D E

Before Proof & leak Test 0° 29.446  29.431  29.424  29.423 29,459
90° 29.685 29.667 29.064 29.668 29.672
180° 29.518 29.562  29.554 29.540 29.536
270° 29.081 29.075 29.070 29.053  29.006

After Proof & Leak Test 0° 29.448  29.434  29.427  29.423  29.455
90° 29.684 29.670 29.665 29.669 29.672
180°  29.517 29.541  29.557 29.548 29.534
270°  29.079 29.074 29.070 29.055 29.007

After Vector Test (0°- 0° 29.435 29,419 29.412 29.413  29.437
180°) 90° 29.692 29.712 29.730 29.702 29.697
180°  29.547 29.579  29.565 29.545 29,531
270° 29.100 29.074 29.069 29.057 29.013

After Vector Test (90°- 0° 29.446  29.435 29.425 29.416  29.437
270°) 90° 29.709 29.685 29.672 29.672 29.671
180° 29.513  29.559  29.552  29.539  29.530
270°  29.044 29.058 29.058 29.052 29.011

All dimensions in inches; SI units omitted for clarity.



TABLE XXI. - MEASUREMENTS OF SEAL INSIDE DIAMETERS

0°-180° Plane 90°~-270° Plane
Location Pretest I Posttest Pretest Posttest
Flexible Seal S/N 02
A ; 107.939 107.960 108.080 108.051
B 107.982 108.001 108.048 ; 108.019
c 107.980 107.993 108.040 | 108.010
D 107.968 107.980 108.050 | 108.021
E 107.997 108.011 108.019 é 107.992
;Flexible Seal S/N 01
| A 108.000 107.987 108.013 108.018
B 108.009 107.997 108.031 % 108.034
C 108.000 107.991 108.012 108.012
D 108.011 108.003 108.011 108.017
E 108.014 108.007 107.971 107.980

All dimensions in inches,

SI units omitted

for clarity.




TABLE XXTII.

- SEAL AXIAL DEFLECTION - PROOF PRESSURE TEST

ziiz: FLEXIBLE SEAL S/N 01 FLEXIBLE SEAL S/N 02 |
psig 0° 90° 180° 270° 0 90° 180° 270°]
f o 0 0 0 0 0 0 0 0
.50 z .010 .009 .010 .010 .010 .012 .008 .006
1100 % .019 .019 .021 .021 .019 .022 .019 016
| 50 % .013 .012 .013 .014 .013 .012 .012 .013
200 i .039 .042 .041 .039 .040 044 .040 .036
400 E .077 .083 .089 .085 .077 .086 .078 065
3600 E .106 .108 .122 .125 .107 .113 .102 .092
2735 .125 124 .140 .144 .131 .131 .119 L112
5850 .139 .139 .155 .158 .149 . 149 .134 127
600 . .099  .097  .110  .114 | .108  .102  .094  .090
400 .060 .060 .067 .069 .066 .059 .054 .051
izoo .025 .021 .023 .023 .029 .021 .017 .020
g 50 % .013 .012 .010 014 | 0 -.006  -.011  -.004
0 }—.011 -.016 -.019  -,016 | _.007  -.016  -.019  -.011

All dimensions in inches, SI units omitted for clarity.
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Test Pressure

Ejection Load
1b x 1073

psig (N/m? x 10-3) (N x 10-6)

Seal S/N 01

TABLE XXIV. - SHIM COMPRESSIVE STRESS, VECTOR TEST (NULL POSITION)

Seal S/N 02

2.2

30

58

87

111

40

2.2

Stress values in ksi (N/m2 x 10~

(15.2) 0
(207) 300
(400) 600
(600) 900
(765) 1150
(276) 400
(15.2) 0

(1.34)
(2.67)
(4.01)
(5.11)

(1.78)

90° 90°
0 0 0 0
14.4 (99.3) 14.2 (97.9)
27.0 (186) 27.3 (188) 27.0 (186) 28.3 (195)
38.9 (268) 38.1 (262)
46.9 (323) 46.1 (318) 45.6  (314) 8.0 (331)
19.7 (136) 20.2  (139) 19.0 (131) 21.0  (145)
0 0 0 0

6



TABLE XXV. - FATIGUE TEST LOAD -~ DEFLECTION CHARACTERISTICS

Counterclockwise Deflection Clockwise Deflection
Cycle No. Load, 1b Deflection, in. Load, 1b Deflection, in.
+ 1° Deflection

1 32,307 1.738 33,630 1.934

50 32,307 1.709 33,630 1.934

100 31,697 1.709 33,630 1.934
150 31,697 1.709 33,630 1.934
200 32,307 1.709 33,630 1.934
250 32,307 1.709 33,630 1.934
300 32,307 1.709 33,030 1.905
350 32,307 1.709 33,030 1.905
400 32,307 1.709 33,030 1.905
430 32,916 1.709 33,030 1.905
455 32,916 1.709 33,030 1.905

+ 2° Deflection

1 60, 346 3.528 60,655 3.924

50 59,127 3.442 59,453 3.924

100 59,127 3. 442 58,853 3.924
150 59,127 3.442 58,252 3.924
200 59,127 3.442 57,651 3.924
230 59,127 3.442 57,651 3.953
30@(1} 59,127 3.470 57,651 3.924
350 59,127 3.447 58,252 3.838
400 59,127 3.447 58,252 3.809
450 59,127 3.447 58,252 3.809
500 59,127 3.476 58,252 3.809
Reading Accuracy 2 610 0.029 601 0.030

{1) Cycles 326 through 500 were performed the following day.
{2) The oscillograph traces were measured to the nearest 0.01 inch. A
variation of data corresponding to 0.01 inch is as shown

ST units omitted for clarity.



Flexible Seal Pivot Point Location, in. (m)
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1.50 (2.62) 1.60 (2.79) 1.70 (2.97) 1.80 (3.14) 1.90 (3.31) 2.00(3.49) 2.10 (3.66)

Deflection Angle, degrees (rad x 102)

Figure 1. - Variation of Deflection Angle vs Pivot Point Location
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54.0 41, (1.37 m)
Radius

(L69; rad)

84

Fixed Boundary

S3 S2 S1 —ﬂ\

Eiection

Fo. .. END
' ‘ RING

"

58.01in.
(1.47 m)
Radius

P5 _m///’;q._///,/ _d//)’/ _,//f;;

Shim (S) Thk. = 0.7 in.
Pad (P) Thk. = 0.3 in.

(.0178 m)
(.0076 m)

Figure 8. — Flexible Seal Analytical Model



54.0 in.
(1.37m)

F\Wd T F———
radius

/[:Lou (71.6)/ 21 (14-5)/ 5T <39-3>/ 69 <u7,5>/f

/// 75 (51.67// 2l (16.5Y//4A (30.3)///90 (62-o>///
// (33- 1/ (13. 1)/ (19.3) / (53-0) /
Z/ 25 (17. 2z//7 (k.81) /éo (13.8) (32.4) /
/// 8 (5.5) j// (6.2) /// (9.65) /// (19. 3)1//

// 17 (11. 7)//11 (7.58) / 8 (5.5) 11 (7.58>

//;5 (17.2) //;1 (7.58)/// 2 (1.38) //;O (6.90)///
/// (15.8) /// (6.90) /// (2.06) //iS (10.3) //7 Values in psi

/// /// /// /// /// (W/m2 x10-%)

(11.7) 8 (5.5) L (2.76) L (2.76)
/ /7(481 / (6.2) /u(ss)/ l
58.0 in.(1.47m)
/— / / / / Radius
(13.1)/ 8 (5.5) / 13 (8. 95) 23 (15.8)

16 (11.0) // 12 (8. 26)//6 (k.13) %7 (25. 5) L

Figure 9. — Maximum Shear Stress in Pad P5 for
Load Condition (1)
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-32.0 -34.8 -37.5 ~40.3
(<22.0) /| (-24.0) (-25.8) (-27.8)
-28.3 _31.1 ~33.8 ~36.6
(-19.5) / (=21.4) €23.3) (=25.2)

-24.6 -27.5 -30.3
(-17.0) (-19.0) (-20.9)

-29.5
(-20.3)

(-18.4)

-21.0 -23.9 ~-26.7
(-14.5) (-16.5)

-26.0
(-17.9)

-13.9 -20.3 -19.7
(-9.6) (-14.0) (-13.6)

-19.1
(-13.2)

/

-7.0 -16.8 -9.3 -12.2
(~4.8) €11.6) (-6.4) (-8.4)

—3 6
-2.5)

-3.1
(-2.1)

-2.5

-5.3
(-1.7) (~-3.15)
-1.8
; (2 1) (o 2) (0 6) (-1.24)
ié 55\ /// (4. 75) /// 2. 9) ///(1 1) ///

6.4 //
/ G4 an (4.4) G

58.0 in.

J -3.6 -9.9 -5.9 ~-8.7
; (-2.5) (-6.8) (-4.06) (-6.0)

Values in ksi
(N/m?2 x 10-7)

|

(1.47 m)
Radius

Figure 10.

~ Maximum Hoop Stress in Shim S2 for Load Condition (1)
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31. 6/56 0) 30 7/58 5) (29.8/58. o) 29.0/57.1)
43.8/83.1 [ 44.5/80.8 [u4k.4/81.2 [L43.9/81.6
(30.2/57.3) [(30.7/55.6) [(30.6/56.0) [(30.2/56.2)

h2.9/85.2 [ L43.9/86.7 [ Lk.9/85.4 [L45.5/8k4.2
/k29-6/58.7> (30.2/59.7)(30.9/58.9) [ (31.4/58. o);

42.5/93.5] 43.6/92.4 45 0/92.7 [ 46.2/92.6
(29.3/6k.5) (30.2/63.6)[(31.0/64.0) [ (31.8/64.0)

I 12.3/101.9 43.7/101.7/ 45.2/100.9 ] 46.4/100.k
[ (29.1/70.2)(50.1/70.0)[ (31.2/69.5)[ (32.0/69.2)

f k2.3/110.5( 43.7/110.6f 45.1/110.1f 46.6/109.8
/(29 1/76.1)f (30.11/76. 2/(31 1/76. o)/ 32.2/75.7)/

h2.3/120.6/ 43.7/119.2 45.2/119.5/ 46.6/118.8
[[(29 1/83. oy/(ao 1/82. 4%/(31 2/82. u%/(gg 2/81. 9)/

/ 42.5/128.2 / 43.8/129.3 45.1/127.6] 46.5/128.0] Shear/Tension

(29.3/88.5) (30.2/89.1)f (31.1/88.0) (32.0/88.1)

L2.7/138.0 u3 9/135.7) 45.1/137.4 46.3/135.8
(29.5/95.1) (30.2/93.5) (31.1/9L.8) (31.9/93.5) Values in psi

L 10-k
43.6/1&3.8 Lh.o/1k5.3 [L4.8/1k1.7 h5.9/1u3,8 (W/n? x 1074)
(30.1/99.0) [(30.3/100) [(30.9/97.6) [(31.6/99.1)

Lh.6/1h7. 4 Mh6/1ks 4 Wb .7/109. 7/ 15.0/146. j/

(30.8/101.6)(30.8/100) [(30.8/103) [(31.0/101)

L8.4/148.5 [ 45.1/147.0 u3 7/140.8 [43.1/1k47.0
(33.3/102.4)(31.1/101) [(30.1/97.0) [(29.7/101)

53.1/122.6 [ 48.5/126.4 [ 42.1/133.3 [ 39.1/126.3
(36.7/84.5)[(33.4/87.1) [(29.0/92.0) [(27.0/87.1)

Y e n e e !

58.0 in. (1. 47m)

Radius

Figure 11.~ Maximum Tension and Shear Stress in Pad P5
for Load Condition (2)
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-0.2(-.14) 0.7 (-.48) | -1.2(-.83) -1.7(-1.17)/

Values in Ksi

/0.7 (-.48) [-1.3 (-.90) [ -1.7 (-1.1 -2.2(-1.5) (/u? x 1077)

£»1.3 (-.90)/-1.8(-1.2u)//-2.2 (-1.5)/{2.6 (—1.8)/

fi-lﬁ (-1.24 -2;3(-1.6)/-2.7(-1.85)/-3.1 (-2.1) 58.0 in.(1.47m)
: Radius.
5[2‘,3(-1.6) /-2.8 (-1.93}/-3.2 (-2.2);/-3.6(-2.5) /
j~297 (-1.85)/ -3.1(-2.1) /_3.5(-2.4) /-3.9(-2.7)] ;

Figure 12.- Maximum Hoop Stress in Shim S2 for
Load Condition (2)
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/Ltl (28.2) /20 (13.8) /36 (24.8) /103 (71) j

/;5 (10.3) /Lo (6.9) /;5 (17) Z; (48) /

5 (3.5) |8 (5.5) 16 (11) 36_(25)

18 (12.4) 10 (6.9) 10 (6.9) 19 (13)

/26 (18) 13 (9) 5 (3.5) _[2 (1.1)

/;9(20) /14(91% / 2 (1.h) / 9 (6,2) //

28 (19) 1k (9.6) [1 (.7) 15 (10.3)

22 (15) 13 (9) 1(.7) 15 (10.3) Values in psi
(11/m? x lO”M)

13 (9) 11 (7.6) 4 (2.8) 11 (7.6)/

/ru (2.8) / 9 (6.2) /rfr(hWB) J/ 4 (2.8)
[21 (m.s)/ 7 (4.8) /12 (8.3) / 10 (6.9) / g

58.0 in. (1.47m)
Radius

15 (10.3) [12 (8.3) 14 (9.6) 26 (18)
es [1@ oo [2en | !

Figure 13.- Maximum Shear Stress in Pad P5 for Load Condition (3)
and Clockwise Rotation
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L (2.8) L (2.8) 6 (k.1) 8 (5.5)

LT (4.8) /6 (4.1) /3 (2.1) /2 (1.1) /

1L (9.7) /7’(&.8) o (1.4) / 9 (6.2)

/QB (12.4) 8 (5.5) 2 (1.4) /rlz,(8.?§ /

/C9 (13.1) 9 (6.2) 2 (1.4) 12 (8.3)
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oo |
§j 17 (11.7) J 8 (5.5) 2 (1.4) 9 (6.2) (/n2 x 10-1)

11 (7.6) 6 _(h.1) 3 (2.1) 3 (2.1)

j’g (2.1) 4 (2.8) 6 (4.1) 8 (5.5) l
58.0 in.(1.47m)

Radius

jilz (8.3) 6 (4.1) | 11 (7.6) 22 (15) »
[2s are) | 8(s.5) |16 1) | o8 o) | !

Figure 14.- Maximum Shear Stress in Pad P5 for Load Condition (3)
and Counterclockwise Rotation
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/;.9(-24.0)/38.0(-26.2)/&1.o(-28.3)/&&.0(-30.3)}1
/[30.8(-21.2)/[33.8(-23.3)/-36.8(-25.AX-39.8(-27.L;£

|
/26 .8(-18.5)/29.8(-20.5)132.7(-22.5)[35;7(4&.6)}

-22.9(-15.8)/-25.8(-17.8),[28.7(-19.8)/-31.7(-21.8Z

-19.0(-13.1 -21.9(-15.1)/2&.7(-17.0)/-27.6(-19.0)/

_-}_5;71(-10.1; -18.0(-12.&)[20.8(-14 3)[23 6(-16. 3)/

-11.3(-7.8)/-1L+.1(-9.7) /16 o(-11. 6)/19 7(-13.6)

/—7-5(—5-2) /-10.%(-7.1)/ 13,1(-9. O/—lS 8( 10J)

-3.7(-2.5) [-6.5(-Lk.5) [-9.3(-6.L4) [-12.0(-8. 3)/ Value in Ksi
(W/me x 10°7)
/o.l (.o71) /-2.7(—1-9)/—5.5(-3.8)/—8-3(-5.7)/

/3.8 (2.6) /l.O (.69) /-1.8 (-1.2)/-u.6 (-3.g/
/ L (5.1) /ué(se)/18(12)/ 06)/ 58.0 in. (1.472)
[11(76>J/83(57)/55(38)/28(19)j A

/135(93 /107(710 /79(5@ /50(345)

Figure 15.- Maximum Hoop Stress in Shim S3 for Load Condition (3)
and Clockwise Rotation.
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/[17.3(-11.%/

-18.7(-12.9)

-eo.o(-13.%/
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-12.2(-8.4) -13.6(-9.u)<[1h.9(-1o.3y[16.3(-11.2

-10.4(-7.2) [11.8(-8.1) -13.1(-9.0) [-14.5(-10.0

Values in Ksi
(N/m2 x 1077)
-8.6(-5.9) -10.0(—6.9)1-11.3(-7.8) -12.7(-8.8)

245-8(—h.7) -8.2(-5.7) /C9.5(-6.5) /(10.9(-7.5)
/
f~5,o(-3.u) -6.5(=4.4) [-7.8(-5.4) [-9.1(-6.3)

-3.3(-2.3) J-k.7(-3.2) [-6.0(-k.1) [-7.4(-5.1) 58.0 in. (1.47m)

Radius

/%1:6(—1-1) 2.9(-2.0) /{h.3(-3.o> Z;-T (-3.9)
-0.4(-0.3) /-1.8 (-1.2)/-3.1 (-2.1)/;A.5 (-3.1)/ L

Figure 16.- Maximum Hoop Stress in Shim S3 for Load Condition (3)
and Counterclockwise Rotation.
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Figure 22. - Flexible Seal Assembly Fixture
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{a) start of internal failure

(b) internal failure at ultimate strain

Figure 28. - Infernal Failure of Rubber in Tension
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Figure 29. - Quadruple Lap Shear Specimen (4 x 4 Pad)
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(a) Specimens without (b) Chlorobutyl Rubber
Chlorination Treatment Covered Specimens

(¢) Specimens with (d) Chlorobutyl Rubber
Chlorination Treatment Wrapped Specimens

(e) Specimens with (f) Specimens with
3 Coats of Hypalon 6 Coats of Hypalon

Figure 34. - Accelerated Aging and Ozone Exposure Test
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Figure 35. - Quadruple Lap Shear Specimen (2 x 2 Pad)
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Figure 38. - Adhesive Application Evaluation Fixture
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Figure 40. - Lap Shear Specimen Configuration
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Apply Adhesive on Base Component
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7. ~ Spread Adhesive on Base Component
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48. - Apply Adhesive on Top Component
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49, - Spread Adhesive on Top Component

Figure
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50. - Prepare to Invert the Assembly Bond Fixture

Figure
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Figure 52. - Assemble the Bond Fixture



Figure 53. - Prepare the Bond Fixture for Adhesive Cure



Figure 54. - Flexible Seal, Side View



Figure 55. -~ Flexible Seal, Top View



Figure 56. - Flexible Seal for 260-In.-Dia Motor
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Figure 67. — Typical Deflection Potentiometer Installation
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Figure 70. - Seal Vectoring Duty Cycle

C.DUTY CYCLE B, PART 2,%2° 10 CYCLES




35
(8.89

-

7 (mx 103)
o
&

(7.62)
o
=
.

25
S (6.35) /
£ % ; . Vector Test, S/N 02
B l"‘\
43 20 /// / “N-—  Vector Test, S/N 01
0
A / 2
-
©
5

15 =1
(3.81 ////':?7i§¢¢f%

_— //ij’///
—L ~
,53;//////

10 X

(2.54
’H\—»~Pressure Test, S/N 02
5 N
\—— Pressure Test, S/N 01

(1.27

0 ‘ ‘ . |

>’7 2 (.89) 4(1.78) 6 (2.67) 8 (3.56) 10 (4.45) 12 (5.34)
1y

Figuré 71.

Ejection Load, 1b x 10-5 (N x 10-6)

| ! .
- Axial Deflection vs Ejection Load



30
(207)

20
(138)

10
(69)

- A_‘AA_T —
e
i

,,,,, P : i
i N | \
i ! ; :
‘( ! } | ‘ ;
| ’* | | i ;
! ! ; ! i ‘ ‘ :
| ‘ ! : | . | |
; | i | . ‘ : -
} g i
! ‘

Vector Test
(Nill Pogition)

Pressure Test

2(.89) . AK1;78)‘ 6(e.67)  B(3.%6) To(kk5) 12(5.34)

Figure 72. - Ejection Load, 1b x 107> (N x 10’6)




(53.2)

(48.3)

~~

' (41.4)

w

B~

o

- 2
Compressive Hoop Stress, psi x 10 4 (N/m~ x 10

~
L
)

~
N2
(@)

~
= obo
[O%]

.5)

(27.6)

.7)

.8)

/

/
/

N
égéi/ \\x_—_ -2° Deflection, Seal S/N 02

; / . ‘
e e =2° Deflection, Seal S/N 01

; 20 (13.8) 40 (27.6) 9 (41.4) 80 (55.2) 10060 0)

/ Test Pressure, psig (N/m? x 10-4)

Figure 73. - Variation of Shim Hoop Stress vs Test Pressure

1z0

(82.8)



"T0 NS T®®S ameé U0T3199733q sA anbio] uoTIBNIOY ~ 4/ 2an3T g

»gi]lLAI . - , (zs %) \\@,“

Ll : S S . . - oA

TR | o

SRR L (7ot x:‘wmmv_ oe18eqg ‘9T8uy uoTiveIeqg
e (8Y0E) (29°0) (£°T) (£8°)
o 0z ST 01

1

(SL°T-) (2d'z)  (6y77€-)
0T~ G T- 0°lz-

suelg 06 [— ——01
sueTg ,0 G—&@ =

(50T * Ha.mv@ﬁ 0T ¥ ST°T = PeoT cOﬁuumﬁm

¥ W-§
(..ot )



70 NS Te®S ‘°13uy

uotT1o8TIag SA

enbroy UOTIBNIDY - °G/ BANBTH

e
o (597 ¢
R (Te9-) | #-
—— (6€°€-) | €~
- - (92°2-) | ¢-
“ %
T (0T x pey) 99I89p “9T8uy UOTIDATIRQ (€T°1-) | 1- \
CoeTe) 0z (@9rn)eT (sL'DotT (487)¢t0 »ﬁw“““ww@Alv ¢ 0-(5L°T-) 0°1-(29°2-) ¢ 1-(6%77€-) 0°Z-
[ P . \h\ =
e T
. 3
O
— AN
o
0]
— m m
- -_
H
— 7
- - o
0_
T © s o auBTd .0 O——O
] PUETd .06 [F— — —[
- B 0l X ¢I'T = peoq uotieslx

% 7T
(N @OH I1°6) dat 9

(¢-0T % wW-N)



Pt
T
)
¢ =
L 5
7 i
v
3 ez
b &
¢ O

[ DA RS

Actuation Torque, in.-1b x 10

L DIETZEE R Tfes iz 8D

P ua
e

Pl L
o e

oL : »//n”*"f7*ﬁ7 Datlémtlpa, Seal §/Ni01|(90° Plane)|
k:g‘;lﬁ'\‘ : ! :b : ‘ j

L | s/ -2° Deflection, Seal S/N 01,

b

f

a8

5.4

6.100 _—

(5.&52} : | ‘ \[ ‘ . e

- T T [ ~ | - e -
| 3 ‘ i ! | N
K e e ey LT CEEI P 8 s -
! ! ’ SN | | 2 ‘
O S T T e [T L RS |
| | . | I !

| }¥———-t2°\bé$ié~t;5ﬁ§7Sébi“51Nfoi'(bfféléﬁa5

(0° Plane)

5]
v
g

zfil~ -2° Deflectlon, Seal s/N 01
- 32) (90° Plane)’ \

-2° Deflection, Seal S/N 02
(0° Plane)

S/N 02 (0° Plane)

-2° Déflection Seal S/N 02 L SO e
(90° Plane)

420 Deflection, Seal S/N 02 — \\\

(90 Plane} : ' ' \\\

+2° Deflection, Seal

0 2 (.89) | %(1;78§ 6 (2.67) $(3 56} 10 (4.45)

| ‘Ejection Load, 1b x 1075 (N x 10—6)
(R TSR VAU S SRS SUR S N
i . . | | }

? |
! . : ! | : ! . I ! ! - .
Figure 76. - Variation of Actuation Torgque vs Ejection Load

12 (5. 34)



Distance from Aft Face of Seal, in. (m)

46

(1.

W
oo

~ U
s BN

—~ W
PRI o

—~
pea OV

58

(1.

60

(1.

77)

.27)

.32)

.37)

.42)

47)

52)

\ Ejection Load,
" b x 10-6
\ (N x 1076)
0

\\"\Tj\\‘\. / \
o \
~ \\\ \»\‘ ‘
.. \
o \
0.6
(2.67)
1.15
(5.11)
-4(-.102) -2(-.051) O 2(.051) 4(.102) 6(.152)

Distance from Seal Centerline, in. (m

Figure 77. - Pivot Point Excursion for + 2° Deflection Angle



ce from Seal Aft Surface, in.

Distan

P ¥
bt

P
ot

oo LR
bt %

oo R
bt A%

L 60D

SRR %, l ,T{ff
’ NE x!‘ ; o
‘. T . »»14 ‘.~ 4.4‘....4
: | i ‘ :
! \ i
i I
L] ] B :
] | C
? | s |
| '
‘ | R TS U R S
j i :
! H :

Seal S/N 02‘—“\\\ o /////’

T

Figure 78.

2). f |
0 | 2 (.89) (1,78 4 (2»67 -8, 565 %O (4.45) 12 (5.34)
| ? o ,i_. EJectJ;n Lodd 1b 'x 10- 5‘(N X 0—6) .

|

I
IR .
- Variation of Pivot Point Location vs Ejection Load



SUTYS pue speq I9qqny ULOMIDY SBOIY pepuoqup Te9s - g/ San8Tg




(~6.10)

(=5.24)

+7
L (7.91)

.-1b x 10 °

i

+6
.78)

~~
(o))

-

+

fTorQuq, in

+5
.65)

~
(%]

R Y
+3.5° Vector Test | (4.52)
0.9 x 106 Ejection
Load

- +3
P (3.39)

(=4.36)
(-3.49)
(-2.62)
-1.75>
(1.75)
(2.62)
(3.49)
(4.36)
(5.24)
(6.10)

-3.5

(%]

.0

~2.5 -2.0 -1.5 -1.0 =-0.% ¢/|/ +0.5 +1.0 +1.5 +2.0 +2.5 +3.0 +3.5
o ‘ Deflection Angle, Degree (Rad x 102)

/
£O,
/ .
(‘ jgg +3° Vector Test
— 0.9 x 106 1b

Ejection Load

L9
(10.16)

Figure 80. — Actuation Torque vs Deflection Angle, Over-Rotation Test



(TT°1)
9°T

(z2°9)
7T

1891 10NI1S3(q ‘prOT UoTIDL[Y SA UoTiloeTIeq TRINY - ‘g 2Ind1g

AGROﬁ xzv @%OH xgﬂaﬁmOAcowuuwmm

(ve°6) (s%°7%) (96°¢) (L9°7) (84°T)
T 0°T 8°0 9°0 7°0

- b
(B0 S

~
['pY
[3a)
O
~r



APPENDIX A

- FLEXIBLE SEAL FAILURE MODE EVALUATION



Appendix A

FLEXIBLE SEAL FAILURE MODE EVALUATION

I. INTRODUCTION

This analysis was prepared as part of a program to design, fabricate and
test flexible seals for a 260-in. (6.6 m) dia solid rocket motor moveble nozzle
The scope of this analysis includes the identification of principle failure
modes of the seal assembly and the estimation of their probability of occur-

rence during program testing and under anticipated flight conditions.

IT. FAILURE MODE CHARACTERIZATION

The analysis was limited to only those failure modes related directly
to the seal, since the nozzle shell, the conical shell and their protective
inserts and insulation are not the primary subsystem being evaluated on this
contract. As shown in Figure 1, there are three basic failure modes involved
with the flexible seal: (a) the structural failure of the seal, (b) the require-
ment for torque in excess of that available, and (c) the premature burn through
of the insulation boot protecting the flexible seal surface. Although all
three are possible under flight conditions, only the first two will be
evaluated in the test program.

IIT. PROBABILITY CALCULATION FOR EXCESS TORQUE AND BOOT
BURN THROUGH FATLURE MODES

The calculation of the probability of occurrence of torque reguirement
in excess of the design capability and boot burn through prior to the end of

action time was made using the basic requirement vs capability formula:
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%,_ Xc - Xg
h 2 + 2
where ib and Tp are the estimated average and standard deviation

of the capability parameter

Xgp and CYR are the estimated average and standard deviation
of the requirement parameter

@? is the number of pooled standard deviations between the
two parameters which can be equated to failure probability

by reference to standard statistical tables of the normal

distribution.

In calculation of the probability of excess torque, the requirement

average was estimated from the approximate design formula:

615 G wh2 RED 1.95
T = Nt (E—EE
where T = torque per degree deflection, in.—lb/degree

G = 7rubber seal modulus, lb/in.2

W = seal radial width, in.

R = 1inner seal radius, in.

t = pad thickness, in.
"N = number of pads

The ratio of l.95/l.h5 was determined in the preliminary stress analysis to be

the amount required to adjust the results from the approximate design formula
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to those obtained in the computer analysis. The variability of the required

torque was estimated from this formula by the propagation of variance technique:

2 2 2
gy |[og 1.5 Iy (2.5 TRy 7% §
T Jla ( W ( R (%‘

Using the values tabulated in Figure 2, a value of L4.60 x 100 in. 1b (5.20 % 105 Ii-m)

was obtained for T and .266 x 100 in. 1b (.30 x 102 N-m) for T. Assuming thab the
capability (Xn) is fixed at 5.00 x 100 in. 1b (5.65 x 10° N-m) with no variance,
the probability of the requirement excecding the capability is calculated to be

0.67. Figure 3 illustrates the relationship between torque capability and the Proy-

N

ability of exceedence and indicates that a capability of 5.87 x» 100 (in. 1b (6.63 %
105 N-m) would be required to reduce the probability of exceedence to 10'6, the

design goal needed to assure a motor reliability of .999.

)

In calculating the probability of premature insuvlation boot burn throus

il

the capability (ib) was expressed In seconds of available protection as follows:

insulation thickness, inches

il

where t,
i

e = insulation erosion rate, inches/sec

The requirement (iﬁ) was expressed in seconds of protection required

prior to the end of action time as follows:

= Ty Lo
XR = Ty + Tto
where tw = maximum thickness of propellant consumed during web

time, inches
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r.oo= propellant burning rate prior to web time,
inches/sec
tto = maximum propellant thickness consumed during

tail-off, inches

Tig = propellant burning rate during tail-off, inches/sec
The standard deviations for the capability and requirement distributions

were debermined from the following formula:

2 2
q_._q . (Tti Uer
XC %i e]f'
oo S P S 2 1T [ :
Jr Tyg ity (rw)E o Tio ttg' (rtg) To

Using the values tabulated in Figure M, a value of 250 seconds was obtained for
XC with a standard deviation of 17.4 seconds (6.95%). The nominal requirement
value (fﬁ) of 1L7.5 seconds was found to have a standard deviation of 1.92
seconds. Figure 5, which illustrates the relationship between boot thickness
and the probability of premature boot burn through, indicates that the current

nominal design thickness of .500 is adequate.

v, DETERMINATION OF PROBABILITY OF SEAL MECHANICAL FAILURE

The preliminary stress analysis identified failure of the rubber pads in
shear as the most likely mode of mechanical failure. Because of the complexity

of the relationships, shear forces cannot be related to the design parameters
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governing them by simple formulas. Instead they are calculated by a computer
program employing the finite element technique. The only feasible method for
estimating the probable distribution of the shear requirement, therefore, is
to employ Monte Carlo simulation techniques in conjunction with the computcr
program used in the basic stress analysis. In performing such a Monte Carlc
simulation, the parameters that are normally input into the computer zs a
single value are allowed to vary in a number of simulation runs to the degree
that they could be expected to in a series of motors. Thus, instead of pro-
ducing a single value result such as maximum shear stress, a distribution of
probable shear stresses 1s obtained. It used to be considered necessary to
make hundreds of simulation runs to characterize such a distribution, however,
for preliminary estimating purposes, it is sufficient to make a limited number
of runs and calculate a standard deviation of the output parameter from these.

The values for averages and standard deviations used in this analysis
as input parameters to the computer simulation runs are shown in Figure 6.

Figure 7 presents a tabulation of the input parameter values actually
used in each simulation run. These actual values were calculated for ecach
input parameter by selecting eight values from a table of random standard
deviations and adding or subtracting that number of standard deviations from
the nominal values for the eight runs.

It should be noted that two input parameters, ejection force and Poisson's
ratio, were not varied independently since they were considered tc be functicns
of other input parameters that were being varied. Ejection force (Fej} for

example was calculated for each run from the formula:
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Fej = 13,400 P, - 9.02 x 10°

where Pa maximum chamber pressure

Poisson's ratio (1)) was calculated in similar fashion by:

V _ 3K - 2G

T K+ 26

where K = rubber bulk modulus
G = rubber shear modulus

The results obtained for eight simulation runs are shown in Figure 8.
When plotted, the correlation between chamber pressure and maximum
shear appearéd to be extremely high. A regression analysis ylelded a corre-
lation coefficient of +.999L indicating that 99.73% of the wvariability of
maximum shear was associated with chamber pressure (or ejection force) and
only .27% was a function of the variability of all of the other input parameters.
Since similar plots for other elements yielded similar results, it was concluded
that the variability of shear stress could be estimated directly from the

variability of chamber pressure (or ejection force) from the following

relationship:
, 2 2
m I
OJFY Pe 3 Sey
Fy Pc Fy
where: Cffy and ?& = the standard deviatlion and average maximum shear
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the standard deviation and averuge maximum

1

7'p_ and P
c c
chamber pressure
m = the slope of the linear relation between
maximum pressure and maximum shear
IS = standard error of estimate from maximum

ey

pressure ves maximum shear regression analysis

Using values of 103.7 for 32

117.266 for m, and .LOOB for Sey, a value of

S
<

216% was obtained for

hﬂl

y
Because of the difficulty of running a combined simulation of axisymmeiric
and torque loading, the simulation was performed only for the axisymmetric case,
with the reasoning that the percentage variability cbtained for the axisymmetric
case would be a good estimate of that of the combined loads. Accordingly, the

H

standard deviation of maximum shear was estimated at 21.6% of the total of 104,

L

pei (7.2 x 107 N/m?) (axisymmetric) plus 17.9 psi (1.23 x 105 I1/m2) (toroue)

5
2

yielding a value of 26.4 psi (1.82 x 105 N/m2) for 10". Although this percent

(21.6% may seem to be high compared to the 1.6% for chamber pressure, it must
be remembered that the ejection force standard deviation ig actually lT,l% of its
meari.

As a final step, the probability of maximum shear (combined axisymmetric
and torque loa&ing) exceeding the material capabillity was calculated. Tor ths
capability nominal, the value of 292 psi (20.2 x 100 N/me) derived in the interim

stress analysis was employed. A standard deviation of 10%, bascd on propellant

variability experienced, was assumed. This resulted in a probability of failur:
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of 3 x 10‘6 only slightly greater than the target value of 1 x 10'6. Figure 9
presents the relation between probability of failure and shear strength nominal,

assuning a sbandard deviation of lO% for shear strength capability.

V. CONCLUSTONS AND RECOMMENDATTIONS

Based on the preliminary design information available, the probability
of occurrence of the seal structural failure in shear and the insulation burn
through failure mode, is less than or close to the desired allocation of 10'6.
The probability that the torque required will exceed the actuator capability
igs excessive, indicating that a significant increase in torque capability is
required.

Because the probabilities are dependent to a large degree on variability
of rubber shear stress and modulus, it 1s recommended that the estimated values
used here, which were based on experience with similar materials be verified
oy a laboratory test program of the candidate material. Such a program should
measure lot-to-lot variability as well as within-lot variability in order to
realistically reflect probable manufacturing conditions. The effects of aging

upon these parameters should also be investigated.
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Name

RubbergShear Modulus,
1b/in. (/u2)

Seal Radial Width,
in. (m)

Inner Seal Radius,
in. (m)

Pad Thickness, in.
(m)

Number of Pads

Appendix A

Basis for Estimate of

Estimated
Design Standard
Nominal  Deviation
X a
25 1.25
(1.72 %
105)
4.00 .01kl
(.102)
54.0 .00833
(1.37)
.3 .0087
(.0076)
5 None

Batch to batch variability
of modulus of 10 batches
of V-45 rubber at 300%
strain.

The RSS combination of 1/6
of the total drawing
tolerance for both pads
and shims.

1/6 of the total drawing
tolerance.

Total within sheet and
between sheet O /X %
estimated from nine sheets
of rubber.

Parameters Used in Calculating Excess Torque Probability

Figure 2



Appendix A

Probability é@or Equivalent Wo. of Pooled
Of Excessive Standapg DeviaEions Between Torque Capability
Torgue Xp and X (XC) in, 1b (N-m)
.067 1.50 5.00 x 106 (design nominal)
(5.65 x 105)
.01 2.32 5.22 x 106
(5.90 x 109)
.001 3.09 5.42 x 100
(6.13 x 105)
.0001 3.72 5.60 x 106
(6.32 x 107)
.00001 h.25 5.73 x 106
(6.48 x 102)
.000001 4.75 5.87 x 106

(6.64 x 102)

Relation of Probability of
Excessive Torque to Torgue Capability

Figure 3



Name

Insulation Thickness,
in., (m)

Tnsulation Erosion
Rate, in./sec,

(m/sec)

Propelliant Thickness
Consumed Prior to Web
Time, in. (m)

Propellant Thickness
Consumed During Tail-

Lon
£, in. (m)

of
Propellant Burning Rate
Prior to Web Time,
in./sec. (m/sec)

Propellant Burning Rate
During Tail-Off,
in/secl{m sec)

Appendix A

Estimated
Design Standard
Nomgnal Deviation
X o
.50 .0083
(0.127)
.002 .000136

(5.1 x 10-?)

85.0 .1870
(2.16)
2.5 .005
(.0635)
606 .00818
(.0154)
.333 .00L5
(.008k5)

Basis for Estimate of

1/6 of total drawing tolerance.

Motor to motor variability of
maximum erosion in fwd and aft
heads of 12 Minuteman Wing VI
motors.

The RSS combination of 1/6 of
case and insulation drawing
tolerances, observed bore dia-
meter variability, and estimated
maximum core shift of .25 inch.

(.00635 m)

Variability between 12 pot
increments of liquid strand
burning rate for 260-SL-1
and 260-SL-2.

Variability between 12 pot
increments of liquid strand
burning rate for 260-SL-1
and 260-8[,-2.

Parameters Used in Calculating
Premature Burnthrough Probability

Figure L
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Probability of g%or Number of Pooled _

Premature Boot andard Deviations X, Boot Thickness,
Burnthrough Between Xp and X in. (m)

.001 3.09 378 (.009)
.0001 3.72 .398 (.0101)
.00001 L.25 : Loz (L0107)
.000001 L.75 Lho (L0112)
10-6-2 5.86 450 (L011h)

(Design Nominal)

Relation of Probability of Premature
Boot Burnthrough to Boot Thickness

Figure 5




Parameter

Bjection Force (Fej), 1b(W) 1,000,000

Max . Chamber Pressure
(p.), 1p/in.2 (W/m2)

Young 's Modulus of
Bubber (Ep), 10/in.2
(W/w2) ~F

Young's Modulus of2
Steel (E.), 1b/in.
(/) ®

Pad Thickness (t in.

),
() P

Shim Thickness (tg), in.

I
Ly

Seal Radial Width

(Wp + W), in. (mS

Poisson's Ratio of
Rubber (1])

Appendix A

X T
171,000
(k.45 x 100)
750 12.7
(5.17 x 106)
81%x h.1

(5.59 x 107)

29,000,000 58,000
(2.0 x 1011)
.30 .0087
(.0076)
.70 .0033
(.0178)
4.00 L0141
(.102)
4999 *

Source of ¢

*

RSS combination of vari-
ability of burning rate,
propellant weight, web
thickness, throat area,
etc.

Batch-to-batch variability
of modulus of 10 batches
of V-45 rubber at 300%
strain.

Based on variability of %
of basic chemical ingre-
dients from heat to heat.

Total within sheet and
between sheet /X
estimated from nine sheets
of rubber.

1/6 of total drawing
tolerance.

RSS combination of 1/6
of total drawing tolerance
for both pads and shims.

*

* Values used in simulation runs were derived as functions of
other input parameters, i.e., parameter does not vary independently.
*¥*The maximum value of 81 was used instead of the nominal 75 to make
the simulation results compatible with previous analysis. The results
were not significantly affected.

Shear Stress Simulation Input

Parameter Averages and Standard Deviation

Figure 6



Appendix A

STZzZON T®eg XoT4 ‘sentep
andul UOoTqBTNWIS OTJIB) 99UOKH

°£3TIBTO JOJ PoAATWO SATUN TG
Ioqany SNTHPOR S, BUN0JL SB SWeSyy
*oangsasad JI9CuBy) SB OUBSy

292" 1~ 96L" T~ G002~ X% QT 1~ GlG: - * o T~ mol
eet et ge) T+ Qe T+ *% 6L T+ e T+ * £99" T+ USTH
s\ _p Jo o3uey
TEUTWON
000" 1 00L"* 00t * 026 ‘666" 0°'Tg 062 000" T 06,  uBtseqg
166° € 00L* €ge” LTG ‘6664 0" g 00" 62 T6L" G TEL 8
HEO™ L69” T€” onG ‘666M" T LL 20762 056" € otk L
GTO' 1 90L* HOE " 726 <6661 €28 70" 62 Qeg” 0" geL 9
286°¢ L69* cge” 96 ‘666 1" 164 00" 62 oTe T L€l 4
ce6°¢ T0L* 962" TOS ‘666 1" €88 Lo 62 118" 6°6EL 1
866" € 769° nge” 056 666 1 0 9L 90 62 280°T T 95L ¢
200" 1 col- 982" 926 666" 818 L6 gz RET' T 0*09L 2
096° € woL" 99" Ens 666" QL L6792 062 1T 9 g9/, T
"uT ‘Ut 4 *UT Jagqnyy Ioqqny @OH X T2219 9-0T X eTsd uny

ﬂﬂpwwz ‘agouyoTyYL ‘€8oUNOTUL ‘otamy ‘snTapon © GenTnpon 2qT ‘eoaod ‘sansssad
Te1PpBY wriys Ped g,u08sTO0d S, unox g, unox uotaoaly Jaquiey)



Appendix A

Maximum
Ejection Chamber Maximum Next Highest
Force, 1b Pressure, Shear, psi Shear, psi
Run No. x 10-6 psi (BElement 1-36) (Element 2-36)
(W x 10-0) (1/m2 x 10-4) (1f/mZ x 10-%) (N/m2 x 10-k4)
1 1.250 768.8 13Lk.4 95.0
(5.55) (530) (92.7) (65.5)
2 1.13k 760.0 118.8 8h.2
(5.05) (52k) (81.9) (58.0)
3 1.082 756.5 111.1 79.7
(k.81) - (521) (76.6) (55.0)
L 811 735.9 827 59.9
(3.61) (508) (57.0) (L1.4)
5 1.212 T773.7 127.7 91.0
(5.40) (53k4) (88.0) (62.8)
& .838 738.0 84.5 61.5
(3.73) (509) (58.2) (42.5)
7 .950 746.3 96.8 70.6
(4.22) (515) (66.7) (48.6)
8 751 731.5 73.6 53.3
(3.34) (505) (50.7) (36.8)

Monte Carlo Simulation Results

Figure 8
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Probability of éﬁ(ar Number of Pooled Pad Shear

Shear Requirement Standard Deviations Between Strength, psi

Exceeding Capability Xﬁ and XC Xo (W/m2 x 10-4)
.01 2.32 200 (138)
.001 3.09 230 (159)
.0001 3.72 260 (179)
.00001 .25 287 (198)
.000003 L.32 292 (202)

(Design Nominal)

000001 L.75 325 (22L)

Relation of Probability of Maximum Shear
Requirement Exceeding Capability to Pad Shear Strength

Figure 9



APPENDIX B

ENGINEERING DRAWINGS AND SPECIFICATIONS



II.

ENGINEERING DRAWINGS

Drawing No.

1148903
1148904
1148905
1148906
1148907
1148993

SPECIFICATION

Specification No.

AGC-34463
AGC~34230
AGC-36592
AGC-36420

Appendix B

Title

Flexible Seal - 260-in.-dia Motor

End Ring, Fwd - Conical, Flexible Seal
End Ring, Aft - Conical, Flexible Seal
Shim - Conical, Flexible Seal

Pad - Conical, Flexible Seal

Boot, Elastomeric - Conical, Flexible Seal

Title

Compound, Natural Rubber
Insulation, Butadiene Acrylonitrile, Unvulcanized
Seal Assembly, Flexible, Fabrication of

Insulation, Rubber, Butadiene Acrylonitrile, Auto-
clave Cure Fabrication of

Page 1
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Appendix ‘B

AGE-51230

. SCOF

11 Sx u;u - This vpeciticaiion covers two classes of synthetic-
rubber inselation tormulated troem ittea butadiene-acrylonitrile
copoiviuer,

(DD} 1.2 C lx-mxu.uxnn. - Lthe material shall be classified according
to the methog of 10t . as totlows, If no class is specified,
AGU-34230-1 ;w.pp!m ~

Suttix Clitss Dequ,natzon
-1 I Rolls or sheets of unvulcanized stock
scparated by embossed polvethylene
filim.
-2 1L Rolis or sheats of unxul(‘a.n'wvd stock
mrated by unembossed polyethvlene
..Im.

Each classification «hall he called out by referencing the spccification number
plus the suifix number desipgnating the class uu‘au('n desired,  Example:

N
"Use matertal in accordance with AGC-3542350-1."

2. APPLICARLE DOCUMENTS

2o Iz',) srnent v-.' Tensce (;f)(‘w}un £, - Unless otherwise
specitied, the o '

S cocuments, of the tsste listed in the Department
of Derense Index of npediltcations and bwm‘:;xrct& in eifect on the d.nn of
invitation ror bids, shatl form a part of this specification to the extent

1

specificed herein,
SPECIFICATION

¥ ("ig I’u

or Use in Organle Couatings)

=
:
-]

H
p

‘
N
o
o
bt

'
—~
N

STANDARI

Feoederal

re,

Fuod, oot Nothod Rubbaers Sempling and Testing o
Std. No.o tul
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Appendix B
AC-3d250

Military :

MIL-STD-105 Sampling Procedures and Tables for .
Inspection by Attributes

MIL-STD-149 Marking for Shipment and Storage

(Copies of documents required by contractors in connection with
specific procu-ement functions should be obtained as indicated in
the Department of Defense Index of Specifications and Standards.)
2.2 Other documents. - Unless otherwise specified, the
following documernts, of the issuc in effect on the date of invitation

for bids, shall form a part of this specification to the extent
specified herein,

PUBLICATIONS

Americun Socicty for Testing and Materials
ASTM C 177 Method of Test for Thermal Conductivity
of Materials by Means of the Guarded

Hot Plate

ASTM D 865 Method of Heat Aging of Vulcanized
' Natural or Synthetic Rubber by Test
Tube Method

ASTM D lodo thod of Test for Viacosity and Curine

fe
)
Ll NS S S S R R TPTR e -
NAavacieriasiigs ol v dasel 2 L oiled Iy
Disit Viscometet
colr pestan [N & B8

14
Jiilo Heave Sireel. brhiiadeighld 3. I'a. )

otherwise speoliteds ! o, fele st tasie 1n elteot,

Shadl forrn A part o this speciiication Lo the oxXtent speoiiice hoeren,
SPECIFICA VION

AGC-312738 Adhesive, Rubber. Valoanizing

Page 16
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RS G IR

35, REQUIREMENTS

3,1 Ounlification.- The material farnished under this speci-

ficution shall be a product which has been tested and passed the quali-
fication tests.specified herein.

3.2 Preproduction, - The material shall be subjected to pre-
production tests as specificd herein,
P

3.3 Unvulcanized material. - The unvulcanized material

shall be in accordance with the following.

3.3.1 Moonev viscosity. - The Mooney viscosity of the

materinl shall not be more than 80 for the first seven days after the
date of manufacture,

3,3.2 Scorch charactevistic,- The time required for the
Mooney viscosityv of the unag_vcd material to increase five noints above
the minimum value shail not be less than 10 minutes for the first
seven days after the date of manufacture.

3.4 Vulcanized material. - The vulcanized material shall be
in accordance with the following:

b

3.4.1  Unaged material. - The unaged material shall be in

o}
[g]
g}
o
<
v
(a5
job)
=
Ci
o]
b
r
-
=
e
"
<
1o
C
——
Yoot
o

wing:

Min Max
(2) Specific gravity wt 25°C 1,195 1,225
(L) Shore "A'" hardness 644 80
(c) Water absorption, wt%
(1) After immersion ———— 0.75
(2) After immersion and c——— Q.10
drying
() Tensile sirength, psi. 2000 —
parallel with the grain
{¢) Elongation, 9%, parallel 450 -————
with the grat
(£} ©  ILaminar peel, ib/in, 125 -
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AGC-34230

3.4, 2 Aged material, - The aved material shall be 1n accordance
with the rollowing: ' ‘

Min Max

Shore "A'™ hardness 71 85

Udusite strength, psi. 2000 -
paraile! with the grain

() Elongation, 9, paruallel = 200 -———

with the grain '

3.4, 3 Thermal propertice. - Ihe vulecanived, unaged material

shail have the following thermal propertices:

Aan Ma
(a)  Thickness loss rate. in, /sec - 0. 0055
(1) Weinht toss, o - 3.0
{¢) Thermal conductivity., Btu-ft ‘hr - O.15
CF e ar 150°F mean temp
() Specitic hent, Br b " F 0,32 ----

—

3.-40501 Temperiatare rise. - The time allowed for the anexposad
suriace of the mdterial to reach the inuicated temperature shall Le in
1
i

svcordance wvith the following:

h

I'hicknes In. Temperatare, °F Miniinum Time, Scc .

éel} 0. ()ﬁ(’.\'\) 200 5.5
(1) 0. 060 300 70

(<) 0. 060 , 400

o
-

- The shipping date shall be at least six months
(7.3 h and i)

prior to the

3.6 Storave Mie, - Storage life of the materisl 2hall be cight

months from cate ur manulacture.,

3.0, Usce bLiftes - Usc lite of the material shell Le ar deast ¢ix
months prior to the vapiratien date,

Page 18
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4, QUALITY ASSURAN

PROVISIONS

P

supplier

responsibility, -

I« wutm - Unless otherwise speciticd. the supplier is
i s Bt

vl v pe riormance of all preproduction and acceptanoe feats
S Tio T BeTean i iy e any taciiitics acteplable the procaring
vttt

1.1, 4

- ihe ,\mp.‘e? shatl mike 10 vnanges
i processing e i tea clors alldolany tne noasbite ul oty

product without prior approval o Lotivit,

the procuripg

4.1, P:u production =il A preproduciion samole sholl be
7

taken in ac ccord Tince with 4. 5. TUn ¢ test shall be in accordance with 4. 7.

4.2

continuous

iuced 1 oone

process,

I.ot =ive -

miaterial pr
in mater

A ~hall conrist of
\

prm.m vien run without change ials or anc

oifered for aclivery at one time. A lot =hail not exoced 5000 puunds of
material, .\111‘;1! v Lot siee shall be 200 pounds,  Each lot is to e

divided into rolls of muterial, A standard roll shall be 230 pounds, maximum,
3o-inch nominal width,

4.3

and accept

5.
inspection

mnh Yo, -
“shall

Samuling for examination, »reproduction tes
be orcance with \HI_-.\, FD-105,

Jn:: m oL eC

Level L The acceptabie G ity level (AQL) shall be i.0 percent cerccirve,
The unit of product =<hall be ore roil of rubber. Ihe procedure ror obtainin
1
test samples trom cach roll shail Le as follows:
Discard the first two yvirds from the roll.

T =
-

rotl, trom

oY - -
TOLTOW S

width o1 the
dte ol w 1immesietely
Lt prepare

I,.)\,)

Cut a

the m

— —

s

test cuupons

u\;izu'tc nt
i, not remove the protective

e L‘LH!‘( o
film,

il

() Wrap the sample in a noncontaminating
Wrappor.

(<) Complete an Dlentification fabel swith the
following nrermation and arisch it o tiie

sample «rin
(1) I\'um‘r;v:'

-.})

D
JRAR

I

Nateridl s

RSN )

CcoLe

number

oot muniher or

bioteh

o~ — o~
LRV SR
— S N

:zlnmplc

Page 19
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Sampling date and time Lisen
5) ldentivicaticn of person taking the
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1y

¢ ‘zu pots, -

Chie o

ounon shall be widvamzed at a
i, SO (peru) sanmuin, using

YU s A SIS AN
e Loll P S O S S L z;:;u‘:‘.xl.i.x‘x.‘:
(+) Ri-e the toinper i are-to 300 & AT
{b) Nisaobaii s tetipuratuie 1J0
Pao 2 s otie s
4. 3.0 Grodn arvientation, - When the test coupon is made
from more thaa one iLyver of unvulcanized material, the grain directions
of all layers shall be parailel,
4.3, 1. Cuurmn thickness, - When the unvulecanized material
is greater in thickness thau the roguired tect coupon, the vulcanized
coupon shallbc reduced in thickness in accordance with Standard Fed.

Test Method Soad,

Plien 1t

the
Gl oan
¢t

4,4 Lkﬂn"l

)
b)
()
N
)

No. oCl, method

100 Taersind

t-nn. - Packagai

ccted for confo

A

Yater absorption

insile stron
Finn

N SR

ation (o)

1111,

rmance \\1th the requir

Tae jnspection and te
LLows:

Malitiction tests shall

cments of

t conductoena

DI accinvity. Iaece tests shall

CoupPlance leat- spe il heren,

ddorional ene-predact tests as speciiied by the procuring ac

o

Thoerinal conductiiviy

llaminar peel

P crpoeriatare
Sturage jite

rise

t and use lite
Shore "A'" hardness (aged)

Page 20
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4.7

Breproduction tests shall br~

‘.-
PRI

tests.

NEENI Y dos e it by

at an
following

Preprodaction tests,

the procnring activity,

Mooney
Scourch charactwris

visCcostly

s
1iC

and shall con-

.8 Accentance tesrs, - Acceptance tests of individaal @
shall consist (f tests to determni compliance with the Ttulu Ving
requiraements of section 3:

-
Iz

Shore
Tensile

et et s

Spe 1f:

Thic

b

o0 T

~

C
%

kn

e~ o, p—

ot}
o

—

Shippi

A

s
Weight lo

e

streng

Spec ific gravity

hiardness (unaged)
th {unaged)

Flongation (unaged)
heat

loss rate

=3

4.9  Test methods, = Testing for quolification, preproduction,
and acceptance shall be in accordance with the methods snecified below
Samples to be tested for conformance with the requirements of soed
material shall be aged at 212 + 2°F for 168 + £ hours in accordance
with Publication ASTAL D 865, h
Characteristic Test Procedure Remarks o
(2) Water absorption 4,0,1
(L) Tensile strongth Fed. Test Method Test temperature 73,4 4
Std., No, 6C1, 2°F after a min of three
thod 4111, die III hours conditioning at 73, 4+2
(¢} Elongation Fed, Test Method Same conditions us for
Std. No. 61, >thod 1111
method 4121, die 111
{d) Tmnpe"f' are rise 4, 9,2
{¢)  Mooncy viscosity ASTN D 1646 Test temporature 212+ 1°F
one-minute deluy, fou r-
minute test period, large
rotor
{f) Scorch charactes- ASTM D 1616 Smiull rotor; test omperatur
istic 300 < 1°F
{(g) Specific gravity Fed., Test Method Spugimen size 50 10 g, test
Std, No, 601, temperature 25°C
. method 143011
(k) Shore "A' hardaess Fed, Test Method Tegt temperature 704 6°F

F
S{.‘j.

me

thod 3021

P

Mo, 601,

after a min

conditivming

age 21

ol throee

1t

At

o
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Chirncteristic Test Drocedure Roemarbs

Weight loss 4.9.3 *
Thickness loss rate 4. 9,44

P
e

k)  Thermal conduc- ASTAN C 177 Mean test temperature
tivity 150° F
(i}  Specific heat . 4.9.5 Mean test temperature

150° F
(1m) Shivping date
{(n}) Laminar peel
{o} Storage lifc and

[ 2 5
0

.

0
-
~ o

e

use life

4,9.1  Water absorntion, - Water absorption shall be determined

1 (in.) by
from
coupon so that th.c 0. 25-in, wide

(a) Cut four f'*.‘ﬂv)les 4 i O. 030
1 25

o

o

o ,,..
)

oo

o

(b) Condition the specimens for a minimum
of 24 hours at 75+ 5°F and 30 + 5 ner-
cent relative humidit Ly,

(c)  Weigh each sl ecimen to the nearest

(d) Place the sne
sure test fixture., Separate the samples

mens in & suitable pres-

from cach other and from the test fixture

by stainless steel sereoens
Dy slaldss Stew: sraens,

{e) i1 the test fixture with distilled water
at 75 + 5° F. Clese the rest fixture, and

tzaining :.:tro;gcn at u minbmuam of 1500

psia,

() Increase the pressure inthe oot fixture
to 900 + 10 nsiv, and held for 30 + 1

() Release the nressure

est fixture, snd remove the :s;mcimcns.
(h) . Rlot the excess water from the specimens
with chsorboent paper and weigh cach speci-
men to the nearest 0, 0001 ¢

(1) Place e shocimens in oon o oven ot 158 2 o
for 240 4+ 10 minates, Demove Srom the

oven and allow to remain ot TH 4+ 5°F and

50 4 5 nercent relative h‘.:mi:iiv

Tor a4 rmini-

ooy of 20 hours el aczin weich cach
specninen to the nearest 0, G001

)
N

-~

Page 22
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(1) Record the results as weight nercent
increase, f{rom the original weight, of
the weights obtained in {(h) and (1),

. h -C
M{(h) - '_“fc‘_:“"‘— X ]UO

_._._.,:E_. x 100

"

Y5

"

Original weight

Weight after immersion

i

]

C
Where: C
h

j Weight after immersion and drying

%
1. 9.2 Temperature rise, - The following procedure shall be

used to determine temperature rise:

4.9.2.1 Test fixture,- Use a test {fixture adjusted to produce
the following:

(a) Fix torch perpendicular to specimen.
(b) Adjustable distance between torch-tip
and sarmple face to 1 + 0,030 in.

(¢) Manifold pressure regulation of oxygen
and acetylene to 12,5 + 0.5 psig.
(d) Acetylene flow of 0,58

te (
of 0,57 & 0,01 cfm.

() Tirvie control un to two minutes,
'y P .o P K [0 ISR |5y = - o ~ S g
{(H Forch-tin No, 2195545, Gencral Tire

and Rubber Companv, Akron, Ohio.

1,9, 2.2 Test, - The test shail be as follows:
(a) The svecimens to be tested shall be
bonded to the mietal backing, conforiming
to SAE 4130, with the adhesives types I,
11, and IIl described in Specification
AGC-34278, and shall be in accordance
with the following:
Specimen Dimensions
Size of Specimen. In, " Size of Metal Dackine, In

4 by 4 by 0,060 thick Dia - 2 by 0,020 + 0, 001 thick
+ 0, 003 steel ¢

Page 23
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(e)

(f)

4.9,3 We

Appendix B

s Ny e [ESUTORS SRR TR SO It AN
Tmmierse o {iberboard spocir o he Mder,

of tnapprourviate sise to contain the steel
bocking plate, in water ot room temperas-
rire for 5 to 10 minutes. Remove from
the water, blot off thie excess, and use
within one wenr,

Assemble the specimen in the fiberboard
holder ind position on the test fixture.
Secure a recording thermocouple in con-
tact with the metal backing plate and place
a damp 2 ia, diameter specimen holder as
a cap on tup of the sample.

Ignite and lower the torch-tip to 1 + 0,030
in. from the upper surface of the upper
plate, with the torch-tip «t 90 + 5° Lo the
plane of the plate.

Derermine the time, to the nearest 0.2
sccond required for the backside suriace
to reach tcmpera'.ux'-cs of 200, 300, and
400° F, and record.

It loss, - The following procedure s 'nall be us

to determine weicht loss:

o

(a)

(e)

(f)

Cut or mold a specimen of insulating
material to a dimineter dapproximately
2 by 0,25+ 0,01 in, thick, Record this
thickness as tg.

Weigh the specimen to the nearest 0,05 g
and record this initial weight (We),

Plice the specimen in the specimer .1o1d r

and position it in a test fixture (4.9,2,1),
With the test fixture adiasted in accordance
with +, 9, 2. 1. except that the torch shall be

directed away from the specimen. ic
flome and verifv the adjustment of the mani-
fold pressure and flow meters,

Liower the tC)rc‘:1~'ip to the test position and
allow to oscillote at 10+ €, 25

minute thr 'uwh awvl?® arc,

At the end of 30 seconds, remove the flome
from the specimen, yemove the specimen
holde» with sample from the feas fixtire,

o cool them by immersing in 4 container

Page 24

ed




Appendix B

RO X ¥

-

{e) Weich and record the {inal weioht of the
sample (We) to the nearest 0005 ¢ and
determime the weight loss as follows:

W= Wy - Wy
Where: W = Weight loss, g
W = Initial weight, g
W¢ = Final weight, g A
4.9.4 Thickness loss rate, - The f'ollowing procedure shall
be used to determine thickness loss rate. ‘

(a) After weighing the specimen in 4, 9. 3 (g),
saw the specimen in two on a line that cuts
through the approximate center of the
eroded arca.

(L) Measure to the nearest 0,01 in,, on the
face of the cut, the minimum thickness of
virgin material (i) (sce figure 1), Record
the average of three determinations,

%
{c) Calculate the thickness loss rate as follows:
bty -t
. O r.
TLR, in./sec = ——7——1—
E
Whe re: to = Criginal thickness of sample, in.

t = Minimum thickness of virgir

v 5
material let after exposure, in.

E = Exposure time, seconds

4.9.5 Specific

change-of-phase calorimeter, The specimen, prepared by iminating

'

one sheet from cach sample roll and cured in accordance with 4, 9,6
to form a compoesite fweight W) shall be heated to a temperatare (1)
and then placed in a vaporizing medium of Freon 114 maintained ot a
constant témuperature (1),

Calculate the specific heat in accordance with the following cquation:
Tl + IZ h\’. (!ﬂ)

Specific heat at ' =
2 Wl ’TZ)

Page 25
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-l . LTSRN

Exposed Surface

g e U N

[~ e e e gt T e+ .

Cha?f

—
Degraded Layer

Viroin Material

- Mater]

TEST SPECIMEN AFTER EXPOSURE

TO OXY-ACETYLENE FLAME
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A= 3800

Where. h. = The heat of vaporization limitation
of Freon 114, BTU/Ib
m = The amount of Freon 114 passed
off as gas (corrected for normal
environmental losses), 1b
W = Weight of the specimen, 1b
Ty = Temperature of the specimen, °F

T, = Temperature of the Freon 114, °F
4,9.6 Laminar peel.- An even number of 12-inch-lony pieces

of unvulcanized rubber shail be freshened on both sides with toluol, in
accordance with vau“gatlon TT-T-548. The freshened pieces shall

be laminnted to nominal 0,5 in. thickness, rolling the air from hetween
the layers. Release the plies with polytetrafluorocthylene for a distance
of 6 in, from one end and with the same number of sheets of rubber on
both sides, Cure for 2+ 0.1 honrs at 300 + 10° F and 500 pounds per
square inch pressure, minimum. Cut a"grc»\cinw'i“ly one-inch-wide

strips from the cured laminate, Determine laminar peel at 18C° neel
and 20 in, per minute cross-head speed.

4,9.,7 Storage life and use life,- The unvulcanized, calendered

Y

materiil] shall be stored in o clean, dry container, in a da:—k, drv area
at a temperature not exceeding 80° F for the specified time; ¢nd upon
vulcanizing shall boe tested for, and meet the rcquiremex ts of.3.

5, PREPARATION FOR DELIVERY

The material shall be packaged in roils or

S

dne on the

sed in packaging shall not stick to the
m:itcr‘l;ﬂ. : stored for extended periods or leave resi
material that would affecr the uscbility of the material,

or sheots of "nvuh anized

Bl ¢ 4 ro. o~ i, v - >x_

{ LT n trs I

’ ; !

- }bk L Chgi-yr 15 T RN ST RN TR RS AN SR I [ S B e
}’)«1;)\ IR U AN [ SN TEENE A 1y e oty . ;:‘ Lt ',
ot ey b sl e oo Lo HRUVER S ' AU Tl "

3 it » 3 v . 0 [ SUAN 5 - o
BRETE ISR S S SIS S i 1 N 1 [ RIER S . [RERR e alie o ¢
puUrchase oraer or contradt
i

-
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{ kY
R O RIS ) ot nhal Bie oy vk od Do LLnoe
T : 1] Teyp oyt P
S Y s b e =1 e laie, bt not bho mite

(2} NMoanufaciurerts name
() ANoaterinl trode name
() [t mumber
(1)

Tihe mureber and revision letter of this

SOILNY ation
) Net weirht
) Date of manufacture

+

1 sbo
1) Claigs of nuterial
i) The following statement

- =
o e e e
“Uhis mecesial shoil be stored in aclean, ‘
i dari, drv area,

Stora mre, Stevaze Time,
Nonths

20 1/ 6 .

| :

1y may e abhove 80°F Lyt

K 5

6, NQOTES

. +

HER A SIS i o 0 lal 111 ToC st inutory,

b, 2

1

Procurement documents should specify,

it not be lon:

-

owing informa

teqraest for three copt

es of luboratory analvsis
vreproduction and acventandce test rective-
ments
() Cliass of material

Page 28
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6. 3 Storage conditions. - The unvuleanized, calendered material
should be stored o clean, dry container, ina dark, dry area ata
termperrture not cxceeding 80°F, cxcept 20 percent of the storage life mavy
Le below 100°F,  The material should be discarded after the expiration date.

6, 3.1  Storage life. - Storiage life of the unvulcanized material is

e e

defined as the tinte after manufactnre during which the material, stored in
accordance with ¢, 3, upon vulcanizing will mect the requirements outlined
in 3, 4.

6.3.2 Use life, - Use life of the unvulceanized material shall be
defined as the timie atter shipment, during which the material stored in
dccordance with o, 3, upon vulcanizing, will mecet the properties outlined in

3.4
(I)) (‘r."‘l‘ Delicted,

(D) ho 5 Quidification, - Procurement contracts will be awarded only for

such producis thet, prior to the closing date 1or receipt ol quotations, have
been tested and aoproved ror inclusion on the applicaile Qualified Products
List. 1he attention ol ~applicrs 1+ caltled 1o this reguiremient, and they are
urced to have tho products that thev propose to offer to Aerojet Solid
Propud-ion Compiny tested for quadirication, in order that they mav be elivible

to be cwarded contracts tor the procacts covered by thits specification.  The

activity responsible for the Quahificd Procucts List is the Acerojet Solid
Propulsion Company, Sacrnment o, Coditornty, 953815, and intormation

pertianing to quiliiteation of proaa.is may be obtuined trom that activity,

Page 29
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fm”?j AEROJET-GEHERAL CORPORATION

[ gt o erme e
K,Eu's;.’al L CODE IDENT. NO, 13310

‘y.

/’T'

AGC-36420A
Amendnment
7 July 1964

DEVELOPMENT SPECIFICATION
INSULATION, RUBBER, BUTADIENNE ACRYLONITRILE,
AUTOCLAVE CURE FABRICATICN OF
This amendment forms 2 part of Aerojet-General Corporation
Development Specification AGC-36420.4,
Paragraph 3 3.4.1, Table I Delete and substitute:

" " Table 1

Autoclave Cure Cycle

Vulcanization FHold Period Autoclave

Temperature MNin Pressure, Vacunm in Bliunket,
i3 (Minutes) Min (psi) Min ( In. of Hg Vo)

180 + 5 180 100 20

220+ 5 125 100 20

310 + 5 125 160 2

150 —a- 50 20 "

~

Authorized for Releuwse:

éﬁuud

Yaetto, dManacoer

Specifications and atuml;;rds
Solid Rocket Operations
Sacramento Plant
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oyt
J:.».;uy., -;Aal\\

\\‘ GEmh.A CODE IDENT. NO, 133]0

AGC-36420A

19 February 1961
Superscding
AGC-36-420

3 February 1064

DEVELOPMENT SPECIFICATION

INSULATION, RUBBER, BUTADIENE ACRYLONITRILE,
AUTOCLAVE CURE FABRICATION OF

1. SCOPE

1.1 This specification establishes the requirements for

fabrication of autoclave-cured butadiene acrylonitrile rubber insulation,

Z, APPLICABLE DOCUMENTS
2.1 Department of Defense documents, - Unless otherwise
specified, the following document. listed in the issue of the Depart-
‘ment of Defense Index of Specifications and Standards in effect on the
date of invitation for bids, shall form a part of this specification to
the extent specified herein.

SPECIFIC ATION
Federal
TT-M-261 Methyl-Ethyl-Ketone (for Use in

Organic Coatings)
(Copies of decuments required by contriactors in connuction with

specific procuremaont innctions should be abtained as indicated in
the Devartment of Defense Index of Specifications and Standards, )
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2.2 Other documents, - Unless otherwise specified, the

following document, of the issue in effcct on date of invitation for
bids, shall form a part of this specification to the extent specified
hercin,

SPECIFICATION

Department of the Navy
Burcau of Naval Weapons

WS 1138 Insulating Mate-ial, Butadiene
Acrylonitrile, Unvulcanized

{Copies may be obtained fromn the procuring activity or as indicated
by the contracting officer.)

2,3 Aerojet-General Corporation documents., - Unless other-
wise specified, the following documents, of the latest issue in effect,

shall form a part of this specification to the extent specified herein,
SPECIFICATION
AGC-34151 Adhesive, Epoxy Paste with Amine
Curing Agents
STANDARD
AGC-STD-3003 . Chemicals and Materials: Sampling
and Testing
Method
9073 Spark Test, Chamber Insulation
9074 X-Ray Inspection, Chamber Insulation

3., REQUIREMENTS

3.1 Materials, - The following materials, or equivalent,
apvroved by the Acrojet-General Corporation (AGC), shall be used:

(a)  Methyl-ethyl-ketone, technical grade (MEK)
conforming to Spccification TT-NM-261,

(b) Chlorothene NU (DOW Chemical Co.,
Midland, MNichigan)

(c) Insulating material conforming to Specifi-
cation WS 1138, class 1, except that the
bondability requirement is waived,
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AGC-36420A
(d) Insulating material conforming to
Specification WS 1133, class 2,
(e)  Adhesive prepared by dissolving 22 parts

by weight of insulating material, con-
forming to Specification WS 1138, class 2,
in 78 parts by weight of MEK,

(f) Germax cure-accelerating agent (The
Goodyear Tire and Rubber Company,
Akron, Ohio)

(g) Insulating material conforming to Speci-
fication WS 1138, class 1, modified with
Germax cure-accelerating agent (The
Goodyear Tire and Rubber Company,
Akron, Ohio)

(h) Insulating material conforming to Speci-

‘ fication WS 1128, class 2, modified with
Germax cure-accelerating agent (The
Goodyear Tire and Rubber Company,
Akron, Ohio)

(1) Adhesive, in accordance with Specification
AGC-34151, type I,
(i MR-22 release agent (Penninsular Chemical

Products, Grand Rapids, Mich,)

3.2 Tools.- The following tools, or equivalent, approved
by AGC, shall be used:

(a) Gloves, cotton, lint {ree
{b) Cloths, cotton, clean
{c) Rollers, steel, 2.0 inches (in,) wide, maximum
(d) Stitchers, serrated or knurled steel faced,
0.5 in. wide, maximum
(e) Hypodermic needle
(f) Awl
(g¢) Emery cloth, 40 to 80 grit
3.3 Fab_x_-ication.—
3.3.1 Mold preparation, -
3.3.1.1 Clea‘n_in:z, - The building mold shall be cleaned so

that it is free of all foreign matter by wiping with 2 cloth wer with chloro-
thene NU,  Allow the mold to dry until all traces of chlorothene NU have
evaporated,
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3.3.1.2 Mold release application. - If a mold release ageunt is
dueemed nccesssar‘\;',_*t‘h(‘: surfaces of the mold.to which the unvulcanized
insulation rnalerial is to be applied shall be coated with MR-22 release
agents

3.3.2 Insulation layup procedure, - The following procedure
shall be used to layup the insulation materizal:

(a) The layup shall be made with multiple plies
of patterned piecces cut from insulation
material conforming to Specification WS 1138,
class 1 or class 2. The patterned pieces
shall be cut from material that is free of all
defects such as wrinkles, voids, delamina-
tions, or forcign matter,

{b)  The edges of the patterned pieces shall be
skived or scarfed at an angle of 25 + 5° to
the surface of the picces, B

{c) All surfaces and edges of the unvulcanirzed
patterned pieces that are to be mated shall
be scrubbed with clean cloths that are
dampened with MEK., Care shall be exer-
cised in all subsequent operations to prevent
contamination of the scrubbed ddges and
surfaces., The surfaces of the unvulcanized
material shall be buffed with a wire brush
within 72 hours before, or immediately after,
scrubbing with MEK,

(d) The scrubbed, patterned pieces shall be used
in the layup within four hours, but not until
all traces of MEK have evaporated.

() Assemble the first layer of the insulation
pieces in the mold, using steel rollers having
a width of no more than £ in., to expel all air
from between the patterned pieces and the

mold.
(f) Stitch the joiuts between pieces with steel-
faced rollers having a width of no more thar
0.5 in. |
(g) If an air bubble exists that is too far from the

edge of an insulation piece to remove with a
roller or stitcher, use a hypodermic needle or
awl to puncrure the insulation muterial at as
small an angle to the insulation surfuce as
possible. Remove the trapped air and stitch
the area of the puncture thoroughly,
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{h) Repeat steps (¢} through {g) until the
required hyup thickness is obtained,

(1) The distance hetween joints or splices
of the patterned pieces in adjacent plies
shall be 2 in,, minimum.

(3 The patterned pieces are to be placed in
the mold in such a manner that the largest
pieces are used in the last ply placed on

: the layup.

« 3.3 Vacuum blanket procedure, -

3.3.3.1 Bleeder cloth, - The outermost ply of the layup
shall be completely covered with a bleeder cloth ply, The bLleeder
cloth material is to be cut into patterned picces and placed over the

layup in such a2 manner that there are no wrinkles in the cloth, Squar
woven cotton, nylon, or fiberglags fabric is to be used for the bleeder
ply. The clotk shall be coated with a release agent which will facili-
tate removal of the cloth after vulcanization of the insulation material,
without contaminating the material surface,

3.3.3.2 Vacuum bu.nke(.- The layup and the bleeder ply

shall be completely encapsulated in a vacuwin blanket of natural or
butyl rubber, 1/8 to 3/16 in, thick, At least one vacuwm port is to
be installed in the vacuum blanket, It shall be so located and con-
structed that the bleceder cloth and unvulcanized insulation material
will not be drawn into the port opcning,

‘ 3.3.3.,3 Ex:xcuat'on. A vacuum of 20 in, of mercury, mini-
mum, shall be ,-Dph"u at room temperature to the unvulcanized layup
for four hours, minimum. Any detectable leaks in the assembly shall

be repaired prior to vulcanization,

3.3.4 Vulcanization, -

3.3.4. 1 Autoclave cure cvcle, - The insulation material s’naM

be vulcanized under the conditions specified in table I, The vulcaniza-
tion temperatures must be maintained at the center of the tn::‘ant
portion of the insuliarion material for not less than the specified hold
period.  The maximum temperature of the henting media shail not be
more than 25°F above the required vulcanization temperature
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Table I

Autoclave Cure Cycle

Vulcanization Hold Period Autoclave Vacuum in Blanket,
Temperiature Min Pressure, Min (in. of Hg Vac)
{*F) (Minutes) Min (psig)
180 + 5 180 100 20
310 4+ 5 125 100 20
150 -- 50 20

3.3.4.2 Cure cycle verification, - Each autoclave cure cycle
shall be verified by including a test block of insulation material con-
forming to Specification WS 1138, class 1, with each insulation com-
ponent during vulcanization, The test block shall have a thickness equal
to, and a widtk greater than, the maximum thickness of the component
being cured, The test block shall be prepared so that it is exposed to

the same conditions as the insulation component during vulcanization.,
Thermocouples located at the center and at other positions inside the
test block shall be monitored and the temperatures recorded through-
out the cure cycle, The test block shall be sectioned after completion
of the cure cycle. The Shore "A'" hardness at any point in the test block
shall be 74, minimum.

3. 3.4.3 DMoisture test coupon. - Included with each insulation
component during autoclave curing shall be a Z in, by 1 in. by 0.5 in,
coupon of insulation material, Following completion of the cure cyele,

the coupon shall be tested to determine the weight loss which occurs

ir in an oven at 212 + 10°F, ifa
coupon weight loss of greater than 0,7 nercent is obtained, the corres-
ponding insulation component must be dried by a 12-hour exposure to
dry air at 212 + 10° F,

during a 1Z-hour exposure to dry «

yo
-

3.4 Finishine, -

ter vulcanization, the insulation com-
ponent shall be trimmed to the final dimensions in accordance with the
applicable drawing,

3.4.2 Cleaning and abrading, -  After removal from the mold,
the insulition component shail be cleaned by wiping with a clean cloth
dampened with MEK., Bonding surfices shall then be abraded with
40 to 80 ¢grit emery cloth and cleaned by wiping with a clean, dry cloth,
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3.4.3 Finished part acceptance.- A finished part is acceptable

with surface Immperfections measuring up to 10 percent of the part thick-
ness if this 10 percent dimension does not exceed 0,10 in, The final
thickness, as measured from the hottom of the imperfection to the other
surface, cannot be less than the minimum applicable drawing require~
ment, A finished part is one which has been cured, or cured and
trimmed, to final dimension,

3.4.4 Repair,- Other imperfections shall be repaired as follows:

3.4.4.1 Preparation of repair arca.- The area of the imper-
fection shall be prepared as follows:

(a) Scrub defective area with a clean cloth
dampened with MEK. The cleaned aren
shall include the area up to at least 1 in.
from the edges of the defect,

(b) Allow the area to dry until all traces of
MEK have cvaporated,

(c)  If the condition is a cut, gouge, or
depression, all defective portions of the
part in the area of the condition shall be
removed by abrading with 40 to 80 grit
emery cloth,

(D) If the condition is a blister, cut away
the blistered surface. Remove all
defective portions of the part in the area
of the void Ly abrading with 40 to 80 grit
emerv cloth,

—
¢
—

f the defect is an inclusion, cut away
only the material necessary to remove
the inclusion from the ncarest surface,
(£) Remove enough material to facilitate
layup of the repair material. The
cavity shall be faired to an angle of at
least 45° to the fuce of the part and
abraded with 40 to 80 grit emery cloth,
(g) Scrub the area of the part which was
abraded in (c), (d), or {f) with a clean
cloth dompened with MEK,
{h) Allow the arene to dry until all traces of
MEK have evaporated,
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3,4.4.2 Repair methods, - Layup and cure of material in the

prepared area shall be accomplished by one of the methods outlined
below, AGC approval of the repair method to be used must be received
by the supplier prior to initiation of any repair procedure,

3.4.4. 2.1  Alr-curing method. The procedure for completmg
the repair by the air-curing method snall be as follows:

() Mix 100 parts by weight of the adhesive
specified in 3.1 (¢) with 2,5 parts by
weipht of Germax cure-accelerating agent,

(b) Apply a minimum of two coats of the
adhesive to the abraded arca of the part,

(c) Dry the adhesive coat until all traces of
MEK have evaporated,

(d) The adhesive-coated area of the part shall

be filled with plies of insulation material
to which Germax cure-accelerating agent
has been added. Parts fabricated from
material conforming to Specification

WS 1138, class 1, shall be renaired using
the material specified in 3.1 (g). Parts
fabricated from materizl conforming to
Specification WS 1138, class 2, shall be
repaired using the materia l spocL ted in
3,1 (h). The repair material shall be pre-
pared and kid in place according to the
layup procedures in 3.3, 2.

N

(e) Cure the repair aree under a vacuum of
24 in, of mercury, minimum, for two
hours, minimum, at 19C° F, minimum, or

cure under a pressure of 10 pounds per
square inch (psi), micimum, fm- rwo hours,

minimum, at 120°F, minimum,

3.4.4,2,2 Heoting ivon cure method. - The procedure for com-
pleting the repair by the heating iron method shall be as follows:

(o) Apply a minimum of two coats of the
adhesive specified in 3,1 (e) to the
abraded arca of the part,

(b) ° Dry the adhesive coat until all traces
of MEK have evaporated,
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(c) The adhesivo-conted area shall be filled
with plies of material of the same speci-
fication as the part. The repair material
shall be prepared and laid in place accord-
ing to the layup procedures in 3.3, 2,

(d) The repair shall be cured by use of a heat-
ing iron ut a temperature of 300 + 10° F.
under a pressure of 10 psi, minimum,

The required cure time is given in table II,

Table 11

Heating Iron Cure Times

Depth of Cavity Min Cure Time
(In,) (Hours)

Up to 1/8 in, 2.5

1/8to 1/4 -6

1/4to t/2 8

1/2to 3/4 : 12

Precured repair methed. - The procedure for

3.4.4. 2. LUTCT Tepair me

2
2
completing the repair by the precured method shall be as follows:

(a) Obtain 0. 030 und 0, 080 in, thick patches
of cured insulation material of the same
specification as the part to be repaired,

(b) Prepare the patches for layup according
to the nrocedures of 3, 3,2,
(c) Prepare the adhesive specified in 3,1 (i)

by mixing four parts by weight of the
Part A paste with one part by weight of
the Fart B curing agent.
{(d) If the denth of the abraded area of the
part is less than 0, 080 in,, the surface
of the abraded arca shall be coated with
the adhesive. An 0.080 in, thick patch
prepared as in (b} shall be placed over
the defect, without trapping air beneath it,
(<) 1f the depth of the abraded area of the part
exceeds 0,080 in,, the defect shall be
filled with 0,030 und 0,080 in. thick patches
prepared as in (b), Each ovicce of cured
muaterial is to be bonded to the part and to
the adjacent picces with the adhesive of (c¢).
Care shall be tiken to avoid trapping air
between plies.,
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LY

(N The repair shall be cured for six hours,
minimum, at 20°F, minimum, and 10
pounds per square inch, gage, minimum,

A check sample of the mixed adhesive

shall be exposed to the same temperature
environment as the repair area during
curing, The cure cycle is not to be termin-
ated until the adhesive sample has cured,

3.4.4.3 Finishinq the repair area. - The material in the
repair arca shall, if necessary, be ground after cure so that the
surface of the repuir materizl is flush with the adjacent material

surface,

3.5 Dimensions,~- The insulation part shall conform with

the dimensional requirements of the applicable drawing,

3,6 Insulation defects. -

{2) There shall be no holes in the cured boots
and cylindrical section insulation when
spark tested in accordance with 4,1.1,4,

(b) The curcd cylindrical section insulation
shall have no holes, blistcrs; or cuts
deeper than 10 percent of the part thick-
ness, no thin arcas less than 0,10 in,
thick, and no foreign material, except
asbestos agelonerate

o~
n
~—

The forw;n‘nl, afn, c.nd noz‘lu 1nquldt10n
components shall show no voids or
delaminations when X-rayed in accor-
dance with 4,1,1, 4.

4, QUALITY ASSURANCE PROVISIONS

4,1 }"abricam’:s 1'«>suonsibilitv - The fabricator shall be

responsible for the performance of all the processing and inspection
requirenents as specified herein, The fabricator may utilize his
own G¢r any other inspection facilities and services acceptable to the
procuring activity, Frocoessing records a pection records shal
be kept complete and available to the procuring activity,

$1.1.1 T!‘b"»CL \1’m \v'i*\rv Drocess, - The fabricator sholl

establish and muaintain inse ction at appropriately tocated points in

the process to verify compl“‘nce with the requirements of section 3,
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4,1.1.1 Cure cycic verification,- Test blocks required in

3, 3.4. 2 shall Le so identified as to permit positive traceability to the
component being cured,

4.1,1.2 Moisture test,- Test coupons required in 3. 3. 4.3
shall be weighed to the nearest 0,001 gram before and after 12-hour
~oven exposure, and weights recorded. Test coupons shall be so
identified as to permit positive traceability to the component being
cured.

4,1.1.3 Precured repuair.- The check sample of mixed
adhesive cinpleyed to determine cure time in 3, 4.4, 2.3 (f) shall be
considered to be cured when the sample is solidified,

1.1,1.4 Tests for insulation defects, - The following tests
shall be employed to determine the location and acceptability of
insulation defects:

(a) Spark tests in accordance with Standard
AGC-STD-3003, method 9073,

(b) X-ray in accordance with Standard
AGC-STD-3003, method 9074,

4.1.2 Processing chances, -~ The supplier shall make no
changes in processing techriques or other factors affecting the quality
of the product without prior approval of Aerojet-General Corporation,

5. PREPARATION FOR DELIVERY

5.1 This-secction is not applicable to this specification,
6. NOTES
6

.1 This section is not apnlicable to this specification,

Authorized for Release:

b
K=\ﬁﬁ4n

N

J. H. Yetto, Manager
Specifications and Standards
Solid Rocket Plant
Sacramento

THIS DOCUMENT AND THE INFORMATION CONTAINED HEREIN IS NOT TO BE REPRODUCED, USED CR
DISCLOSED TO ANYONE WITHOUT THE PERMISSION OF THE AEROJET-GENERAL CORPORATION: EXCEPT
THAT THE GOVERNMENT HAS THE RIGHT TO REPRODUCE, USE, AND DISCLOSE FOR CGOVERNMENTAL
PURPOSES (INCLUDING THE RIGHT TO GIVE TO FOREIGN GOVERNMENTS FOR USE AS THE NATIONAL
INTEREST OF THE UNITED STATES MAY DEMAND) ALL OR ANY PART OF THIS DOCUMENT AS TO WHICH
AEROJET-GENERAL CORPORATION IS ENTITLED TO GRANT THIS RIGHT.
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QED NO.
7

2-Eaero]et solid propulision company LRU-101

DATE
e el 2 Jupe 1970

QUALITY ENGINEERING DIRECTIVE

TITLE:
SUPERSEDES
ULTRASONIC INSPECTION, RUEBER TO
STEEL BOND, 260 INCH FLEXSEAI, PROGRAM /
ANAGER,
qdﬁéDUCT ASSURANCE DEPARTMENT
1. SCOPE

This directive establishes the procedure to be followed in the inspection of rubber to steel
bonds in the 260" Flexseal using contact pulse/echo ultrasonics at the exposed rubber surface.

EQUIPMENT

Branson Sonoray, Sperry Reflectoscope, or equivalent ultrasonic instrument
3.5 Mc Lithium sulfate transducer, 0.5 x 0.75"

Bond/unbond semple

Distilled water

Sponge and/or clean cloths

PROCEDURE - SETUP (Branson Sonoray)

3.1 Plug the instrument into a 110V cutlet

3.2 Attach the transducer to the "pulser"” jack on the instrument with the appropriate search
cable.

3.3 Turn the power switch to "OK" and allow the instrument to warm up 10 to 15 minutes.

3.4 Position the instrument controls as follows:

Deley 1 Coarse Gain D

Range 2 Fipe Gain ol

Damping T Rate Gen. 12 ofclock
Reject 9 o'clock Range Mult. Slow

3.5 With the instrument warmed up:

3.5.1 Adjust DELAY control to place the initial pulse at the first left vertical grid
line on the scope. (Figure 1)

3.5.2 Using distilled water as a couplant, place the transducer on the rubber surface
of the bond/unbond sample over an area known to be bonded. If necessary, adjust
the FINE GAIN control until the scope presentation extends to the right vertical
grid line. (Figure 2)

3.5.3 Place the transducer over an area of the sample known to be unbonded. HNote that
the scope presentation is reduced to three major pips as in Figure 3. Adjust
RANGE and FINE GAIN controls to obtain maximum differentiation between bond and
unbond signals.

PROCEDURE - INSPECTION

Place the ultrasonic instrument and an ample supply of distilled water inside the circle formed
by the steel/rubber ring of the Flexseal. The instrument should be mounted on a wheeled cart

or table at a height that affords easy viewing of the CRT screen. The couplant (distilled water)
should be used directly from the bottle.

Saturate a sponge or pad of clean cloth with distilled water and wipe a small area of the rubber
surface, leaving as much water on the surface as possible. Sweep the transducer over the moistened
ares in both the vertical and horizontal directions, adding distilled water as pecessary to main-
tain acoustic coupling between the face of the transducer and the surface of the rubber. As each
area is completed, wipe the rubber dry with a clean cloth or sponge.

ADIVISION OF AERCJET-GENERAL &S
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2 3

Ingpect the entire ring in this meammer, and record the location and size of all unbonded areas
on & wmap of the ring. DO NOT MARK ON THE SURFACE OF THE RUBBER. Document all unbonded areas on
an Inspection Report.
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QED NO.
N\
Zﬂiﬁ’}aerolat solid propulsion company LRU-102
QUALITY ENGINEERING DIRECTIVE DATE
P 13 April 1970
AUTOMATED ULTRASONIC INSPECTION (C SCAN) SUPERSEDES
CF ELASTOMERS FOR EVALUATION OF INTERNAL
DEFECTS
MANAGER,
J,LPRODUCT ASSURANCE DEPARTMENT
1. SCOPE

(%)

This procedure defines the use of one type of pulse~echo ultrasonic equipment to detect internal
voids and delaminations in the sheet rubber components for use in the 260" Flex-Seal.

EQUIPMENT

Curtiss-Wright Immerscope, Model 424D

Alden Helix Recorder, Model 319CA

Automation Industries Ultragraph, Model 1047

Immersion Tank with Bridge and Carriage - Automation Industries

Plexiglass trays {54" x 18" x 3") with supports for mounting in Immersion Tank
15 Mc, medium focus Lithium Sulfate Transducer, 0.75" diameter

Distilled Water

Fotoflow Solution

Standard Samples - 6" x 6" (2)

PROCEDURE - SETUP AND OPERATION

a. Turn on power supply to Immerscope and Ultragraph. Allow 15 minutes {or warm-up.

b. Set controls as follows:

Immerscope

Frequency 2.25
Pulse/sec Loo

Gain 100

Zero suppress off

o1 C orf
Coarse sweep F

Fine Sweep Minimum
Marker off

Alarm off

Auto sweep off

Hange marker off
Ultragraph

Level 8 o'clock
Contrast L

Gate delay 12 - 12.5
Gate width 17
Intensity Adjust as required

Set for positive recording

Bridge and Carriage

Lines/inch L
Bridge speed L2
Helix On
Carriage On
Carriage speed 45
Vert. & Rotary Drive off

A DIVISION OF AEROJET-GENERAL &S
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‘7—-’\
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L
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