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FOREWORD

The exploratory development of the TECHROLL(3 seal (U.S. patent Nos. 3698192 and
3727408) movable nozzle program described herein was conducted by United
Technology Center, Sunnyvale, California, under contract No., F04611-71-C-0024,
Mr. William F. Payne and Captain Douglas Bailey, MKCC, Air Force Rocket Propul-
sion Laboratory, were the project officers. This report contains no classified
information extracted from other classified documents.

The United Technology Center program manager was Mr. W. B. Grens, and the project
engineer was Mr. L. L. Schoen. The United Technology project number is 2402,

This technical report has been reviewed and is approved.

Charles R. Cooke
Chief, Solid Rocket Division
AFRPL /MK
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ABSTRACT

The TECHROLL seal is a constant-volume, fluid-filled bearing configured

with a pair of rolling convolutes that permits ommlaxis deflection of a rocket
motor nozzle. The fluid-filled bearing i1s pressurized by nozzle ejection loads
and serves as both the movable nozzle bearing and nozzle seal. The TECHROLL
seal is made of a fabric-reinforced elastomeric composite material and does not
require complex manufacturing processes or tight tolerances. United Technology
Center, under contract to the Alr Force Rocket Propulsion Laboratory, has con=-
ducted an exploratory development program concerned with the TECHROLL seal.
This program consisted of three major phases of technical effort. The first
phase included evaluation of candidate seal materials and demonstration of a
TECHROLL seal movable nozzle thrust wvector control system in tactical missile
and strategic missile configurations. The second phase jncluded advanced
development of the concept. The third phase was an add-on effort for Naval
Weapons Center for the design, fabrication, and test of a TECHROLL movable
nozzle with integral actuators capable of ommiaxial deflection of 15° and con=-
tained within an 8-in,-diameter envelope. The results of this effort will be
reported under separate cover later this year. This report covers only phase I
and phase II activities. During these two phases, seal material evaluation

was completed, and demonstration motor tests of a high-pressure tactical system
movable nozzle and a movable nozzle for a second-stage Minuteman motor were
conducted at the Air Force Rocket Propulsion Laboratory., Each movable nozzle
system was characterized by bench testing prior to firing. Torques, spring
rates, and dynamic response characteristics were identified and later verified
during static motor tests, In addition, an analytical model describing TECH=
ROLL seal characteristies was developed. All static motor firings were com-
pletely successful and verified the performance predictability and low torque
characteristics of the TECHROLL seal.
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SECTION I
INTRODUCTION AND SUMMARY
This technical report, submitted in accordance with the rvequirements of item
B003, exhibit B to contract No. F04611-71-C-0024, covers activities performed

during the period 15 March 1971 through 30 March 1973.

The program for exploratory development of the TECHROLL seal movable nozzle had
the following major objectives:

A Demonstration of a TECHROLL seal movable nozzle TVC system in an
ICBM configuration

B. Demonstration of a TECHROLL seal movable nozzle in a tactical missile
configuration
C. Development of advanced TECHROLL seal fabrication methods which would

result in improved performance, lower costs, and a commercial non-
aerospace source for future seal procurement

D. Demonstration of a TECHROLL seal movable nozzle in an 8-in.-diameter
configuration for NWC.

The program consisted of three phases. The first phase involved basic seal
development in which candidate seal configurations were designed, analyzed,

and tested in air-launched tactical missile and ICBM configurations. The second
phase was devoted to advanced seal development that included evaluation of

seal fabrication and derivation of analytical techniques for future seal design
efforts. A third phase add-on provided testweight hardware in an 8-in.-diameter
air-launched missile configuration for evaluation by NWC. This phase is the
subject of a separate report to be published later this year.

Bench and solid rocket motor testing of the TECHROLL seal movable nozzle were
accomplished in all program phasces. Bench tests were conducted at UTC; motor
firings were conducted at AFRPL and NWC. Table I presents a summary of bench
and static test configurations and the test conditiomns.

This report contains data obtained during the material evaluation activity, bench
and static test results of the ICBM-configured TECHROLL seal, and bench and
static test results of the three tests of the tactical missile configured noz-
zle assembly.

The primary objectives of the materials evaluation effort of phase T were to

(1) develop the techniques necessary to evaluate quantitatively the accepta-

bility of various seal composite materials for application to the TECHROLL seal

system required for air-launched and strategic missile applications and

(2) derive a composite seal material capable of satisfying the requirements of
. . o] . .

the high pressure air-launched motor seal at 75 F. Details of this task are

contained in section IV.
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Screening tests were performed on elastomers and reinforcement fabrics independ-
ently and in combination as composites. The goal was to develop a single seal
composite material for use on hoth the 2,000~ and 3,000-psi chamber pressure
air-launched motor tests.

The dual seam, high tenacity, nvlon-neoprene composite developed during a UTC
in-house prototype program was selected for the Minuteman seal material to
meet the schedule requirement for a static motor test within 5 months of con-
tract initiation.

The following were the principal results of the phase I materials evaluation:

A A two=ply nylon-neoprene composite material was developed that was
capable of satisfyving renuirements of the tactical TECHROLL seal
configuration at ambient {75°F) temperature.

B, Laboratory test techniques capable of providing seal material com-
parative ratings werec developed and preliminary material design
information was obtained.

C. Adequacy of long term aging characteristics of the nylon-necprene
composite material and other composite materials considered for
wide temperature range application was verified in conjunction with
associated seal fluids and protective greases.

D. A three-ply nylon-neoprene composite material capable of satisfying
TECHROLL seal requirements for a tactical motor with 3,000-psi
chamber pressure was developed.

E. Data of the relationships between the fabric characteristics
(bidirectional strength, weave geometry, etc.) and the general
capabilities of a finished secal were obtained.

A TECHROLL seal movable nozzle compatible with a Wing I stage 2 Minuteman motor
and a single nozzle aft closure was designed and fabricated. This movable
nozzle unit was bench tested at UTC and shipped to AFRPL where it was static
tested on the Minuteman motor on 1 October 1971, The Minuteman movable nozzle
demonstrated a +6° thrust vector deflection at slew rates of 30.3%°/sec during

a motor burning time of 60 sec.

Similarly, TECHROLL seal movable nozzles were designed in a tactical air-launched
configuration for test evaluation on a high pressure HIFPO motor. Two movable
nozzle configurations were demounstrated during three motor tests at AFRPL. The
first test was conducted on 14 December 1971. A £10° nozzle thrust vector
deflection at a maximum slew rate of 58Y/sec was obtained during a 20-sec
all-boost firing at 1,800-psi maximum chamber pressure. A second firing of a
similar nozzle on 24 March 1972 demonstrated movable nozzle performance in a
boost-sustain motor with a chamber pressure of 1,680 to 700 psi, maximum nozzle
deflection of 10°, and maximum slew rate of 142°/sec during the 20-sec test.



The third test demonstrated the TECHROLL seal movable nozzle on an all-boost
HIPPO motor operating at a chamber pressure of 2,700 psi for 20 sec. The
TECHROLL seal assembly in this unit used a narrow width convolute (miniseal)
configuration. The high pressure nozzle demonstrated 16,4° deflection at slew
rates to 709 /sec during the motor test at AFRPL on 23 March 1973.

The measured TECHROLL seal performance characteristics for all tests compared
favorably wich pretest predictions.

In conjunction with the experimental data obtained during bench and static
testing, a mathematical model of the TECHROLL seal movable nozzle with an open
loop contrecl system was developed and is discussed in section III. The model
was used to check the performance of each movable nozzle configuration prior

to its static test. As bench test and static test firing data became availa-
ble, nondimensional empirical correction factors were derived to increase model
accuracy. The final goal of the analytical effort was to derive expressions
for all seal parameters related to actuation torques, nozzle torque character-
istics (i.e., inertia, aerodynamics, thrust misalignment, and gravity), and a
closed loop servohydraulic actuation system. This goal was met successfully,

The mathematical model is presented in the form of component equations, svstenm
equations, functional block diagrams, and analog computer simulations of the
TVC systems static test fired during phases I and II.

The phase II effort was devoted to advanced seal development that included
further evaluation of seal fabrication methods, evaluation of a commercial
source of supply (discussed in section V), derivation of analytical techniques
for future seal design efforts, and the 3,000-psi HIPPO motor TECHROLL miniseal
test firing.

Phase TII provided NWC with testweight hardware for an 8-in.-diameter air-launched
missile configuration for both bench and static testing.

Data collection and reduction for bench and static testing are discussed in
appendix I. Appendix II presents derivations of equations that were amalytically
developed to predict some of the key TECHROLL seal parameters. Appendix IIT outr-
lines the test methods and techniques used to perform bench and static tests

for this program.



SECTION II

TECHROLL SEAL NOZZLE SYSTEM PERFORMANCE

1. OBJECTIVES

The objectives of the TECHROLL seal performance evaluation were to (1) charac-
terize and quantify seal motions and torques, (2) demonstrate seal structural
integrity during overpressure conditions, and (3) demonstrate system operational
characteristics during static test firing conditions. These objectives were
achieved through a series or analytical studies, selective bench tests, and
static test firings. The data obtained from these studies and tests were used
in formulation of the analytical model for each system.

2. BACKGROUND AND DESCRIPTION

A brief description of the TECHROLL seal is presented in this section to orient
the reader not familiar with the basic design and operation of this unit.

The TECHROLL seal (figure 1) is a constant volume, fabric reinforced, elastomeric
bladder configured with two rolling convolutes that permit omniaxial deflection
of a movable nozzle system. The bladder is filled with an incompressible fluid
and serves the dual function of movable nozzle bearing and hot gas seal in a
rocket motor installation. During nozzle vectoring, the fluid flows around the
seal maintaining the constant volume geometry. Unpressurized during storage,
the TECHROLL seal is pressurized by nozzle ejection loads produced during
firing. The fabric reinforced seal is supported structurally in all areas
except at the rolling convolute, and the small width of the convolute allows
low tensile forces to occur in the elastomer coated reinforcement cloth. These
forces characteristically are less than 500 1b/linear in., which is well within
the state of the art of nylon, rayon, or dacron reinforced materials. The
elastomeric coating is used as a filler to prevent leakage through the weave in
the reinforcing cloth.

A key feature of the TECHROLL seal movable nozzle is its low inherent torque.
Lowest seal torques occur when the convolutes are placed on a common plane.

Because of the change in momentum of the gas stream an aerodynamic side force
occurs in movable nozzles when they are deflected. The resultant side force is
near the throat on conventional nozzles. The TECHROLL seal pivot point may be
located at the throat area or at the location of the resultant side force,
thereby reducing the aerodynamic torque component due to the very small moment
arm. This reduced torque feature contrasts with the conventional elastometallic
joint (alternating spherical layers of rubber and metal} where aerodynamic
torque ranges are 1 to 5 times greater than for the seal torque. The elasto-
metallic joint design requires the layers of rubber and metal to be compressed
to ensure seal integrity. This constraint precludes location of the elasto-
metallic joint pivot point in the throat area and results in high aerodynamic

torques.
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Thermal protection of the TECHROLL seal from the chamber exhaust gases was
provided by a barrier of silicone grease retained by a carbon cloth or rubber
wiper. A variety of alternate, simplified design approaches are available.

The fluid used in the TECHROLL seal is selected for long term storage compati-
bility with the seal elastomeric ceoating. Silicone hydraulic oil has been used
successfully in this test program and has industry-proven 10-year compatibility
with many rubber coatings. A feature of the silicone oil is the wide range of
fluid viscosity available, from 5 to 200,000 centistckes, which allows specific
gselection to achieve system damping if required. During storage, the potential
for the fluid loss in the TECHROLL seal is minimal since the seal is essentially
unpressurized.

3. SYSTEM CHARACTERISTICS

A discussion of the torque-associated performance parameters and load-induced
movements is presented in this subsection to describe clearly the functional

and operational characteristics of the TECHROLL seal as part of a missile con-
trol system. The torque required to rotate the movable nozzle over the range

of nozzle deflection angle (gy), nozzle angular velocity (GN), and angular accel=
eration (8 ) required by the missile guidance system is of primary importance

Additional seal structural characteristics of interest include the seal stiff-
ness (motion resulting from load) when loaded along the centerline (axially),
perpendicular to the centerline (laterally), and around the centerline (tor-
sionally); the resulting pivot point location during nozzle actuation; and the
pressure generated within the seal cavity in reaction to nozzle loads.

The performance of each of these pertinent system characteristics was evaluated
either analytically or experimentally, or by a combination of both techniques,
if practical.

a. Torque Characteristics

The angular deflection performance of the TECHROLL seal movable nozzle can
be expressed by a general torque equation which identifies coefficients
relating static and dynamic nozzle conditions to torque. These coefficients
represent inertia, damping, spring rate, friction, and offset torque

terms which can be derived analytically and/or experimentally. Table II
presents a summary of these terms as they relate to the following torque
equation, and shows the method of determination.

" . 6 .
TT = ITen + BTeN + KTBN + THT rg} + TO + TM + TOM in.~1b

(1) Total Inertia

The total inertia (IT) is composed of the inertias of the nozzle (1),
boot (Ip), and TECHROLL seal fluid (Ig). The inertias of the nozzle
and boot were determined analytically by calculating the inertias of
all movable components about their centers of mass and by translating
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that inertia to the assumed or observed pivot point. No experimental
verification of nozzle and boot inertias was conducted. The inertia

of the seal fluid was determined analytically by the following equa-

tion, the derivation of which is contained in appendix II:

R
I, = RK, — in.-1lb-sec/rad
where:
-KC = seal cone angle coefficient
KA = acceleration dgflection coefficient

p = fluid density, lb-seczlin.4
W = seal cavity width, in.
R = seal mean radius, in.
h = seal cavity height, in.
The accuracy of the equation was evaluated by special testing.
(2) Total Damping
The total damping (Bp) is composed of the damping contributed by the
TECHROLL seal fluid (BS), boot (Bg), internal -aerodynamics (BAI),
and external aerodynamics (Bpp). The fluid used to fill the TECHROLL

seal fluid was analytically determined by the following equation,
the derivation of which is contained in appendix II:

WR5
B. = 121K K. K. 22— in.-1lb-sec/rad
S cCSsS,V 3
H h
where:
KSH = seal shape coefficient
Kv = velocity deflection coefficient
W = fluid viscosity, lb-sec/in.2

The accuracy of the equation was later verified by special testing.
The boot and internal aerodynamic damping were not investigated
independently; however, their combined effect was measured during
the static tests. (The damping due to external flow around the noz-
zle did not apply to static test conditions.)



(3) Total Spring Rate

The total spring rate (Ky) is composed of the spring rates of the
TECHROLL seal (Kg), boot (Kg), nozzle internal aerodynamics (Kay),
nozzle external aerodynamics (KAE), and the mass-induced spring rate
(Ky). The TECHROLL seal exhibits the characteristics of a spring

due to the nonsymmetrical pressure area relationship when the seal

is deflected. The spring rates of the TECHROLL seal and boot were
determined independently during bench testing. The nozzle aerodynamic
spring rate is due to the change in momentum of the gas stream when
the nozzle is deflected. The spring rate due to nozzle internal
aerodynamics was measured during static testing. The spring rate due
to nozzle external aerodynamics did not apply to static test condi-
tion. The mass-induced spring rate (KM) was derived analytically
from the following basic equation:

KM = Mnnga/57.3(in.-1b /degree)

where:
Mn = movable nozzle mass, 1lb
Lg = pivot point to mass center distance, in.
ga = axial acceleration field, g

(4) Seal Hysteresis Torque

Due to the static friction inherent in TECHROLL seal materials and
the friction between the seal and its cenfining metal case, torque
must be applied before the nczzle deflects. The seal hysteresis
torque (Tyr) is defined as that amount of torque which must be
applied to achieve first motion. This torque was determined experi-
mentally during bench testing.

(5) Seal Offset Torque

Slight nonsymmetries in the TECHROLL seal create a small amount of
torque that must be counteracted to hold the nozzle at the null posi-
tion. This seal offset torque (TO) was experimentally determined
during bench testing.

(6) Thrust Misalignment Torque
Misalignment between the motor grain and the nozzle throat causes the
exhaust stream to create a torque which also must be counteracted to

hold the nozzle in the null position. This thrust misalignment torque
(TM) was measured during the static firing.

10
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(7) Mass-Induced Offset Torque

When a lateral acceleration field exists between the motor and nozzle,
such as in horizontal testing, a torque must be applied to hold the
nozzle in the null position. This mass-induced offset torque (TOM)
was determined analytically from the following basic equation:

TOM = MthgL cos SN in.-1b
where:
Mn = movable nozzle mass, 1lb
Lg = pivot point to mass center distance, in.
g = lateral accelerator field, g
SN = nozzle deflection angle, degree

Structural Characteristics

The structural characteristics of the TECHROLL seal movable nozzle can be
expressed by its axial, lateral, and torsional stiffness and by its inter-
nal pressure results from nozzle loading. Table III presents a summary
of these terms and identifies the method of determination.

TABLE III

NOZZLE STRUCTURAL CHARACTERISTICS

Coefficient Description Method of Determination Unit
Stiffness Axial (KSA) Bench test psi/in.
Stiffness Lateral (KSL) Bench test 1b/in.
Stiffness Torsional (KST) Bench test in.-1b/degree
Pressure Seal, Theoretical, bench and psi

internal (PI) static tests

11



(1) Axial Stiffness

The axial stiffness (Kgp) relates the axial load, expressed in terms
of seal pressure, to the axial movement of the seal. It is defined
as:

P
K, =—= psi/in
SA X )
SA
where:
PI = seal internal pressure, psi
XSA = nozzle axial movement, in.

The axial stiffness was determined experimentally during bench and
static testing.

(2) Lateral Stiffness

The lateral stiffness (KSL) relates induced nozzle lateral loads to
the lateral motion of the nozzle. It is defined as:

F
KSL=XL
SL
where:
FL = lateral load, 1b
XSL = nozzle lateral movement, in.

The lateral stiffness was determined experimentally during a special
bench test.

(3) Torsional Stiffness

The torsional stiffness (Kgp) relates any moment applied around the
nozzle centerline to the torsional rotation of the nozzle. Tt is
defined as:

Kgp =5~

where:

My
b

Ii

moment about nozzle centerline, in.-1b

nozzle rotation about centerline, degree

The torsional stiffness was determined experimentally by a special
bench test.

12



(4) Seal Internal Pressure

The seal internal pressure (Py) results from nozzle loads induced by
the gas dynamics of the motor. This pressure as derived by the
equation presented in appendix II. Static firing data obtained later
verified the accuracy of this equation to be within 5Z.

4., SYSTEM PERFORMANCE

Two movable nozzle configurations were selected for the evaluation of the
TECHROLL seal. One configuration was compatible with the envelope of a Wing 1
stage 2 Minuteman motor with an aft closure modified to accept a single sub-
merged nozzle. The second was typical of a nozzle configuration found in an
air-launched missile. These two movable nozzle assemblies, incorporating
TECHROLL seals, were fabricated and underwent extensive bench and static test-
ing. A description of the design and performance of each of these units follows:

a, Minuteman Second-Stage Nozzle
(1) Design
An existing, fixed, Air Force Minuteman test nozzle was redesigned

to incorporate a TECHROLL seal (figure 2) to provide one plane deflec~
tion capability as shown by the nozzle assembly of figure 3.

(a) Changes

The major changes to the existing Air Force test nozzle configura-
tion consisted of:

Steel shell modificationg: Addition of a steel housing for
the TECHROLL seal, elimination of the flange on the exit cone,
and design of a separate steel adapter to attach the nozzle/
TECHROLL seal assembly to the test motor aft closure

Monoclithic nose cap: The design of a monolithic nose cap to
protect the forward face of the seal housing which replaced two
separate components (nose cap and entrance ring) in the

Air Force design

Insulation: New insulation on the submerged portion of the
nozzle to provide thermal protection for the seal housing

Exit cone materials: At the direction of the Air Force project
officer, carbon-phenolic tape MX4926 replaced graphite=phenoclic
tape FM5228 as the throat insert material. The exit cone
materials, MX4926 and MXA6012 asbestos-phenolic tape, were those

13
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specified in the original design. Throat diameter (8.5 in.),
exit cone half-angle (170030‘), exit cone expansion ratio
(8.0), and wrap angles (0 nominal) also remained the same.

(b) New Components

The new components required by addition of the TECHROLL seal
consisted of:

Nose cap: The nose cap was fabricated from MXCE-280, an
elastomeric modified carbon-phenolic molding compound. The nose
cap was bonded to the steel housing using EA913, an epoxv adhe-~
sive, and was supported mechanically in a radial direction by

O X b
a 5> taper on the forward face of the housing.

Insulation: Thermal protection for the seal housing on the sub-
merged side was provided by a silica-phenclic tape, FM5404,
wrapped 0° to the nozzle centerline. It was bonded to the seal
housing and the nose cap by EA913 adhesive. The forward end

of this component provided additicnal radial support for the
nose cap.

Nozzle shell: The shell was designed as a two-piece configura-
tion consisting of (1) a seal housing fabricated from 4340 steel
heat treated to 150,000-psi ultimate tensile strength, and (2) an
exit cone shell fabricated from 4130 steel heat treated to
120,000-psi ultimate tensile strength. The seal housing was an
integral unit attached to the exit cone shell through a threaded
joint located slightly aft of the throat plane. This joint
location allowed the exit cone to be attached after complete
assembly of the seal components to the aft closure adapter. The
exit cone shell included an integral thickened ring in the plane
of the TVC actuator attach point. This ring limited shell deflec-
tion due to actuation loads and prevented strain failure in the
exit cone liner materials.

Aft closure adapter: The aft closure adapter was basically a
22° half-angle reverse cone. It adapted the TECHROLL seal noz-
zle to the aft closure, supported the seal, and transmitted the
nozzle ejection loads to the aft closure. It was fabricated
from 4340 steel and was heat treated to 150,000-psi ultimate
tensile strength.

Adapter insulation: Thermal protection for the submerged side

of the aft clgsure was provided by a component of silica-phenolic
tapewrapped 0  to the nozzle centerline. This component was
contoured to provide a rolling surface for the grease rentention
cloth and support for the grease cavity during assembly of the
nozzle to the aft closure. The insulation was bonded to the
adapter with EA213 adhesive.

16



(2)

Grease retention cloth: The grease retention cloth was carbon
cloth (CCA-1). The cloth acted as a thermal barrier and retained
the silica grease placed in the cavity to provide thermal pro-
tection for the seal convolute,

Performance

The performance requirements for the Minuteman TECHROLL seal movable
nozzle assembly were:

Maximum motor pressure, psia 1,000
Duration, sec 60
Maximum nozzle deflection angle, degree 5
Maximum nozzle velocity6 degree/sec 20
Operating temperature, F 75

These performance objectives dictated by the Air Force’s consideration
of the use of a similar configured TECHROLL seal for their C-3 demon-

strator program were achieved during a static firing conducted at AFRPL
on 1 October 1971.

Bench testing prior to the static firing served to

verify system readiness for static firing as well as to quantify some

of the performance parameters discussed in section IIIL.

Table IV pre-

sents a summary of the torque equation coefficients and nozzle struc-
tural characteristics obtained by analyses, bench, and static test,
The following subsections present and discuss the methods by which
these coefficients and characteristics were obtained.

(a) Torque coefficients

Total inertia (It): The total inertia consisted of the combined
nozzle and boot inertias and the seal fluid inertia. The cal-
culated inertia of the combined nozzle and boot (I + Ip) was
156.3 in.-1b-sec?, and the inertia of the seal fluid (IS) was
16.8 in.-lb-sec?.

Total damping (Bp): The total damping consisted of the combined
boot and nozzle internal aerodynamic damping and the seal damp-
ing. Damping of the seal (BS) was calculated to be 176 in.-1b-
sec. The combined damping of the boot and nozzle internal aero-
dynamic (Bp + BAT) was obtained by subtracting the seal damping
from the total damping measured during the static firing and was
7,659 in.-1lb-sec. The nozzle external aerodynamic damping (BAE)
did not apply to the static test mode.

Spring rate (KT): The total spring rate consisted of the seal,
boot, and internal aerodynamic spring rates. The spring rate of
the seal (KS) was obtained from the hysteresis torque test data
described in the next subsection. This spring rate, represented
by the slope of the hysteresis box, was found to be essentially
zero on all Minuteman specimens, as shown by the nearly vertical
line describing torque as a function for deflection (figure 4).

17



TABLE IV

MINUTEMAN PERFORMANCE SUMMARY

Item

Value

Motor Firing Test Conditions

Motor chamber pressure, psi
Duration, sec
Temperature, F

Demonstrated TVC

Maximum deflection, degree
Maximum velocity, degree/sec

Torque Equation Coefficients

IN, nozzle inertia, in.-lb-sec

(IN + I_), nozzle + boot inertias, in.-lb-sec2
Ig, seaﬁ fluid inertia, in.-lb-sec

BS’ seal damping, in.-lb-sec

(B, + B, ), boot + internal aerodynamic damping,
B AT N
in.~1lb=-sec

BAE’ external aerodynamic damping, in.-lb-sec

KS, seal spring rate, in.-1b/degree

(X ), boot + internal aerodynamic spring rate,
in.-1b/degree
Kpp» external aerodynamic spring rate, in.-1b/degree

K,» mass induced spring rate, in.-lb/degree

B + KAI

T.., seal hysteresis torque, in.=1b

T , seal offset torque, in.-1b

T , thrust misalignment torque, In.-1b
TOM’ mass induced offset torque, in.-1b

Nozzle Structural Characteristics

K. seal axial stiffness, psi/in.
K.. seal lateral stiffness, 1b/in.

Kors seal torsional stiffness, in.-1b/degree

PI’ seal internal pressure, psia

18

430
60
75

6.5
30.3

72.3 bench test

156.3 static test
16.8

176

7,659
N/A

0

527
N/A
53.7

1,250
~160

3,230

3,070

5,220
Not tested
Not tested

1,100 static test
1,600 bench test
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()N, DEFLECTION ANGLE, DEGREE

-8

The spring rate of the boot (Kg) was assumed to be zero due to
the compliant nature of boot materials. This assumption was
verified by laboratory investigation of the particular material
used. The spring rate due to the nozzle internal aerodynamics
(Ka1) was obtained by subtracting the spring rate of the seal
from the total spring rate measured during the static test, and
was found to be 527 in.-1b/°. A comparison between figures &
and 5 shows this change in the slope of the hysteresis box
between bench and static firing conditions. The nozzle external
aerodynamic spring rate (KAE) did not apply to the static test
mode.

Seal hysteresis torque (Tgr): The seal hysteresis torque was
obtained by the bench test methods described in appendix TII.

The results of this test are in the form of a cross-plot of
deflection angle (fy) as a function of total torque (Tp) as shown
in figure 4. The hysteresis torque is defined as the amount of
torque which must be applied to achieve first motion, and is
egqual to 1,250 in.-~1lb, one half the width of the observed
hysteresis box.

The irregularity shown at -2° deflection (figure 4) possibly 1is
due to variatioms in low deflection velocities during the test.
Stiction (static friction) effects present in the TECHROLL seal
system can scatter the torque data when the deflection velocities
are low. The effect of seal internal pressure on the geal
hysteresis torque also was investigated and is shown in figure 6.
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TT , TOTAL TORQUE, IN.-LB

Figure 5. Minuteman TECHROLL Seal Static Firing Torque

vs Deflection Angle for Constant Velocity (30.3%/sec)
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THT' HYSTERESIS TORQUE, IN.-LB

2,000

1,500

1,000

500

Seal offset torque (Tp): The seal offset torque is defined as
the torque required to maintain null position as a result of
slight nonsymmetries in the TECHROLL seal. This torque is repre~
sented by the torque offset of the hysteresis box (figure 4),

and was -160 in.-1b.

Thrust misalignment torque (Ty): The thrust misalignment torque

is the torque required to maintain null position as a result of
asymmetrical exhaust flow in the nozzle. This torque was obtained
by subtracting the sum of Tgp and Tgyq from the total misalignment
torques obtained during the static firing. Figure 5 shows that
the total misalignment torques were essentially zero. Therefore,
the thrust misalignment torque was =3,020 in.=-1b.

Mass-induced offset torque. (T.,): The mass induced offset
torque was calculated to be 3,8%0 in.=-1b

(b) Structural Characteristics

Seal axial stiffness (Kg,): The seal axial stiffness was deter-
mined using the test metﬁod described in appendix ITII. The
Minuteman seals had a spring rate of 5,220 psi/in. Figure 7
presents the seal pressure versus axial displacement cross-plots
obtained during bench testing.

B
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Figure 6. Minuteman TECHROLL Seal Hysteresis Torque

vs Seal Internal Pressure
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Loops are a result of energy losses in the system i.e., the seal
is not a perfect spring in the axial direction. The shape of
this loop was an indicator of the seal integrity. When a seal
exhibited irregularities in spring rate, such as those shown in
figure 8 anomalous performance and substandard burst pressure
could be predicted. This correlation between axial spring rate
change and substandard seal performance was used as partial
acceptance criteria.

The axial hysteresis plot in figure 8 also shows that (1) oil
leakage was indicated by failure of the nozzle to return to the
initial axial location, and (2) air entrapment in the seal was
indicated by excessive axial displacements for a given pressure.

Seal lateral stiffness (Kgy) and seal torsional stiffness (KST):
The seal lateral and torsional stiffness was not investigated
for the Minuteman seals.

Seal internal pressure (Pr): Using the equation derived in
appendix II, the seal internal pressure was calculated to be
1,100 psig for a chamber pressure of 450 psig. Figure U presents
the seal internal and chamber pressures obtained during the
static test. Test results agree very closely with calculated
values.
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(c) Bench and Acceptance Tests

Bench and acceptance tests were conducted for the Minuteman
TECHROLL seal selected for static motor testing. The objectives
were to demonstrate the adequacy and readiness of the TECHROLL
seal and its supporting actuation and instrumentation systems
for static motor testing. Bench and acceptance test of the
TECHROLL seal consisted of:

Ignition shock test: Integrity of the TECHROLL seal during
ignition transient was verified for Minuteman seals by raising

the seal pressure to MEOP within approximately 500 msec, None

of the shock tested seals exhibited anomalous characteristics
following this test, The test method is described in appendix III.

Safety margin test: The safety margin was determined by increas-
ing the seal internal pressure until failure occurred. The
safety margin was calculated by:

Safety margin =-£-§%%%EES-- 1 x 100
The Minuteman configuration seal was proof tested to 2,000-psi
seal internal pressure, the equivalent of 1.82 times MEOP, for
1.5 min prior to failure. Failure at 2,000 psi was characterized
by fluid leakage through the interstices of the reinforcement
fabric. This seal was designed to sustain internal pressures
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equivalent to those experienced by a TECHROLL seal in a first-
stage Poseidon (C-3) application operating at 1,000-psi chamber
pressure and 1,600-psi seal pressure. The burst pressure factor
of safety for the Poseidon (C-3) application is 1.25, which

is based on a calculated seal MEOP requirement of 1,600 psig.
This requirement was added to qualify the TECHROLL seal for use
on the C-3 demonstrator program.

Simulated duty cyecle test: This test consisted of loading the
nozzle to simulate motor firing conditions and nozzle actuation,
as described in appendix ITI, with the open loop duty cycle (fig-
ure 10) planned for motor test use. During the duty cycle, move-
ment of the nozzle in axial and lateral directions and total
actuation torque were monitored.

Figure 11 shows a plot of axial and lateral nozzle movements
during the duty cycle (figure 10) for the Minuteman nozzle. The
nozzle movements are referenced to a theoretical intercept point
on the nozzle that is defined as the intersection of the nozzle
centerline and the plane of the geal convolute tips at the
unpressurized condition and at 0  deflection. The relatively
small excursions of the nozzle during the cycle indicate that
the true pivot point was very close to the theoretical intercept
point.

Figure 12 shows the total actuation torques obtained during the
duty cycle bench test of the Minuteman movable nozzle assembly.

(d) Static Test

The Minuteman TECHROLL seal movable nozzle system was success=—
fully static fired at AFRPL in accordance with the test methods
described in appendix III, and all objectives were satisfied.
The seal pressure was as predicted and no thermal protection
degradation was observed,

Total torque: The total nozzle torques measured during the
Minuteman static firing duty cycle (figure 13) are shown in
figure 14. The differences between these total nozzle torques
and the bench test total actuation torques result from the
increase in nozzle inertia due to addition of the nozzle abatives
and thermal insulation system, and gas flow through the nozzle.

In interpreting the torques measured during the period of
acceleration, it must be understood that the values presented
are large only because of the excessively high accelerations
(approximately 20,000 °/sec?) achieved with the open loop
actuation systems, and not because of the TECHROLL seal system.
For example, if a closed loop actuation system were used to
deflect the Minuteman nozzle sinusoidally about null with an
amplitude of 5° , the velocity would equal the tested velocity of
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30.3%/sec but the acceleration (approximately 10,0000/sec2)
would be only one-half of the tested acceleration. This would
reduce the acceleration torques to approximately one-half of
the tested values.

Nozzle movements: Figure 15 presents the nozzle movements
recorded during the static firing of the Minuteman nozzle. Com-
parison of this plot to that obtained during bench testing shows
no significant differences.

Nozzle insulation performance: All ablatives eroded as predicted
for the 60~sec firing. No measurable amount of insulative

grease was consumed. The graphite cloth grease retention device
remained intact and experienced very little flame effects. The
prefired nozzle (figure 16), postfired aft view (figure 17), and
postfired front view (figure 18) indicate the condition of the
ablatives. Since no posttest ablative analysis was required
under this contract, the nozzle was not disassembled.

Expanded time plots: Figure 19 shows expanded time plots of the
Minuteman nozzle axial deflection, lateral deflection, deflection
angle, and seal torque during an early portion of the static
firing.
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Air-Launched Nozzle (HIPPO)
(1) Design

The air-launched TECHROLL seal nozzle assembly, (figures 20 and

21 used the nozzle ablative design developed under contract

No. F04611-69=-C=0065, Development of High Performance Materials for
High Pressure Rocket Motors. Modifications to this basic design
allowed for incorporation of a TECHROLL seal to provide a 10° deflec-
tion capability in a single plane. One nozzle assembly was used for
all three air-launched configuration firings with a slight modifica-
tion necessary to properly house the miniseal.

(a) The major changes to the existing high pressure test nozzle
configuration consisted of:

Nozzle: Adapting the existing nozzle (from contract

No. F04611-69-C-0065) required that the nozzle shell be recon-
toured; however, the thickness of the shell was maintained at
or about the original design thickness, This was possible
because the insulation components of the existing nozzle were
thicker than required by this program and could be reduced with-
out sacrificing structural or thermal integrity of the nozzle.
The forward end of the shell also was redesigned to incorporate
a steel housing integral with the shell to support the TECHROLL

seal.
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Figure 21. HIPPC TECHROLL Seal Configurations
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Insulative components: New insulative components were designed
to provide thermal protection for the seal housing.

Adapter: A conical steel adapter was required to support the
aft side of the seal and to adapt the nozzle assembly to the
modified HIPPO motor aft closure in a submerged configuration.

(b) New Components

The new components required by the addition of the TECHROLL seal
consisted of:

Nose cap: The nose cap was fabricated from MXCE-280, a carbon
molding compound, and was bonded to the steel housing with
EAS913 adhesive.

Insulation: Thermal protection for the seal housing on the
submerged side was provided by silica=-phenolic tape, FM5404,
wrapped 0  to the nozzle centerline. It was bonded to the seal
housing using EA913 adhesive.

Nozzle shell: The shell was designed as an integral unit fabri-
cated of 4340 steel and was heat treated to 150,000-psi ultimate
tensile strength. The actuator was attached to a threaded ring

on the aft end of the nozzle shell.

Aft closure adapter: The aft closure adapter was a flanged
cylinder which adapted the nozzle to the modified HIPPO aft
closure, supported the seal, and transmitted the nozzle ejection
loads to the aft closure. It was fabricated from 4340 steel,
and was heat treated to 150,000-psi tensile strength ultimate.

Carbon cloth: The carbon cloth (CCA-1) was bonded between the
aft end of the seal housing and the aft closure adapter and
formed a cavity which was filled with silicone grease (DC40) to
provide thermal protection for the seal. The cloth was bonded
"~ to the seal housing with EAY913 adhesive and fastened to the aft
closure adapter by a steel ring, phenolic tube assembly. This
tube assembly supported the grease cavity and assured that the
carbon cleoth was not pinched or otherwise restricted during
assembly.

(c) Configuration

The all-boost and boost-sustain nozzle assemblies (figures 20
and 21A) were identical, using the conventional TECHROLL seal
shown in figure 22, The high pressure seal used a three-layer
conventional TECHROLL seal (figure 22) with the same external
dimensions as the all-boost and boost-sustain seals; therefore,
this seal could be tested in the existing hardware. To accom-
modate the miniseal, it was necessary to add removable spacers
within the seal housing and to fabricate a new set of retaining
rings as shown in figures 21B and 23,
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(2)

Performance

The performance requirements for the HIPPG TECHROLL seal movable noz-
zle assemblies were:

Performance Requirement

Boost-~- High Pressure
All-Boost Sustain Seal
Maximum motor pressure, psia 2,000 2,000 3,000
Duration, sec 20 20 20
Maximum nozzle deflection angle, 10 10 10
degree
Maximum nozzle velocity, degree/sec 30 300 30
Operating temperature, O 75 75 75

Two seals, a three-ply conventional seal and a miniseal were com-
petitively evaluated for performance through a limited series of
bench tests prior to selection for high pressure static firing.
Evaluation consisted of comparing the seal margin of safety, nozzle
axlal stiffness, and seal hysteresis torque. The results as pre-
sented in table V, led to selection of the miniseal. Bench tests
served to verify system readiness for the static firing as well as
to quantify some of the performance parameters discussed in section III.
Table V presents a summary of the torque equation coefficients and
nozzle structural characteristics obtained by analysis, bench, and
static tests. The following paragraphs discuss the methods by which
these coefficients and characteristics were obtained.

(a) Torque coefficients

Inertia (I7): The calculated cowbined inertia of the nozzle
and boot (Iy + Ig) was 9.10 in.-1lb-sec?. The inertia of the
seal fluid (Ig) was highest for the miniseal due to the smaller
size of the fluid cavity and varied for the three nozzles as
follows:

All-boost IS = (.41 in.-lb-secg
Boost=-sustain IS = 0.41 in.-lb-sec2
Miniseal IS = .68 in.=1lb=sec

Damping (BT): Damping of the seal (BS) was calculated to be
2.38 in.-1lb~sec for the all-boost nozzle, 2.38 in.-lb-sec for
the boost=sustain nozzle, and 6.64 in.=-lb~sec for the miniseal
nozzle. The combined damping of the boot and internal aero-
dynamics (Bg + Bpay) was obtained by subtracting the seal damping
obtained in bench tests from the total damping measured during
the static firings. The combined damping was 2,579 in.-lb-sec
for the all-boost nozzle, 1,862 in.-lb-sec for the boost-sustain
nozzle, and 1,880 in.-lb-sec for the miniseal nozzle. The noz-
zle external aerodynamic damping (BAE) did not apply to the static
test mode.
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Spring rate (Kp): The spring rate of the seal (Kg) was obtained
from hysteresis test data. This spring rate is represented by
the slope of the hysteresis box and was 62.5 in.-1b/° for the
all-boost nozzle, 62.5 in.-1b/° for the boost- sustain nozzle,

138 in.-1b/° for the miniseal nozzle, and 488 in.- 1b/° for the
high pressure nozzle, as shown by the centerline slopes of
figure 24 through 27. The spring rate of the boot (Kg) was
assumed to be zero due to the compliant nature of boot materials.
This assumption was verified by laboratory investigation of the
particular material used. The spring rate due to nozzle internal
aerodynamics (K,y) was obtained by subtracting the spring rate
of the seal from the totual measured spring rate during the static
tests. The spring rate was essentially 0 in.- lb/0 for the all-
boost nozzle, 37 1n.-1b/ for the boost-sustain nozzle, and

52 1n.-1b/ for the miniseal nozzle. Figures 28 and 29 show
this change in the slope of the hysteresis box during static
firing conditions of the all~boost nozzle and boost-sustain
nozzle, respectively. The pronounced change in slope at the
hardover position was due to the holddown ring bottoming out
against the seal wall. This effect was pronounced since
inaccuracies in the open loop actuation system caused the nozzle
to deflect more than the intended 10° maximum. The nozzle
external aerodynamic spring rate (K ) did not apply to the
static test mode.

Seal hysteresis torque (Tyr): The seal hysteresis torque was
obtained by the bench test methods described in appendix III.
The result of these tests are in the form of a cross-plot of
deflection angle (GN) as a function of total torque (Tr) and are
shown 1in figures 24 through 27 for the four configurations tests.
The hysteresis torque is defined as that torque which must be
applied to achieve first motion, and is equal to one-half the
width of the hysteresis box. This torque equaled 1,450 in.-1b
for the all-boost nozzle, 1,000 in.-1b for the boost-sustain
nozzle, 2,300 in.-1b for the miniseal nozzle, and 3,500 in.-1b
for the high pressure nozzle.

Seal offset torque (Ty): The seal offset torque is defined as
that torque required to maintain the nozzle in the null position
as a result of any asymmetry existing in the TECHROLL seal. This
torque is represented by the torque offset of the hysteresis
boxes (figures 24 through 27) and was found to be 750 in.-1b for
the all-boost nozzle, 450 in.-1b for the boost-sustain nozzle,
=725 in.=1b for the miniseal nozzle, and =500 in.=-1b for the
high-pressure nozzle.

Thrust misalignment torque (Ty): The thrust misalignment torque
is defined as the torque required to maintain the nozzle in the
null position as a result of asymmetrical exhaust flow in the
nozzle, This torque was obtained by subtracting the seal offset
torque from the total misalignment torque obtained during the
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static firing. The thrust misalignment torque was =250 in.-1b
for the all-boost nozzle, and =250 in,-1b at TM -0 for the
miniseal nozzle.

Mass=induced offset torque (Tpm): The mass-induced offset torque
was zero due to the vertical orientation of the nozzles during
static test.

(b) Structural Characteristics

Seal axial stiffness (KSA): Using the test methods described in
appendix III, the HIPPO seals had axial spring rates of

14,650 psi/in. for the all-boost and boost-sustaln nozzles,
14,500 psi/in. for the high pressure nozzle, and 50,600 psi/in.
for the miniseal nozzle. Figures 30 through 33 show the seal
pressure and axial displacement cross=-plots obtained for the
four seals, respectively. The highest axial stiffness was
achieved by the miniseal.

Seal lateral stiffness (Kg;): Using the test methods described
in appendix III, the seal lateral stiffness for the all-boost
nozzle seal was 26,000 lb/in. Figure 34 shows a cross-plot of
lateral force versus lateral displacement. No lateral stiffness
data were obtained for the miniseal.

Seal torsional stiffness (Kgp): Using the test method described
in appendix III, the torsional stiffness of the all-boost nozzle
seal was 5,200 in.=16/° for angles of less than 1°, and

25,000 in.- lb/ for angles between 1° and 1.8° Figure 35

shows the torque. No torsional stiffness data were obtained for
the miniseal.

Seal internal pressure (PI): Using the equation derived in
appendix II, the seal internal pressure was calculated to be
almost the same as those recorded during the three static tests.
Test results were 2,850-psi seal pressure for a 1,800-psi chamber
pressure for the all-boost nozzle, 2,620-psi seal pressure for

a 1,680-psi chamber pressure for the boost-sustain nozzle, and
4,200-psi seal pressure for a 2,700-psi chamber pressure for

the miniseal nozzle, as shown in figures 36, 37, and 38,
respectively.

(c¢) Bench and Acceptance Tests

Bench acceptance tests were conducted on the HIPPO TECHROLL seals
selected for the all-boost nozzle, boost-sustain nozzle, and
miniseal nozzle static motor firings. The high pressure conven-
tional seal was not acceptance tested. The objectives and the
procedures were identical to those of the Minuteman tests
discussed previously.
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Ignition shock test: These tests were conducted to simulate the
ignition transient effects. Both conventional HIPPO seals
(tested by raising the seal pressure to MEOP within approximately
500 msec) exhibited no anomalous characteristics. Based on
previous favorable results, this test was not repeated for the
HIPPO miniseal.

Safety margin test: The two-layer conventional HIPPO seals were
tested similarly to the Minuteman seal. These seals survived

120 sec at 3,700-psi chamber pressure prior to failure. The
failure mode was structural failure of the composite, This test
demonstrated a factor of safety of 1,28 based on a HIPPD test
motor MEOP of 2,000-psia and a maximum seal pressure of 2,900 psia.
Figure 33 shows the proof pressure test on the HIPPO miniseal in
which the seal was held at 5,700 psig for 10 sec without failure.

Simulated duty cycle test: The open loop duty cycles for the
all-boost and boost-sustain nozzle tests were similar (figures 39
and 40). During the open loop duty cycles, the movement of the
nozzle in the axial and lateral directions and the total actua-
tion torque were monitored. The closed loop duty cycle for
bench testing the miniseal nozzle (figure 41) was conducted in
segments due to command source limitations. Nozzle motion and
torque data were recorded. Figure 42 shows a plot of axial and
lateral movements of the conventional all-boost and boost-
sustain nozzles. Both nozzles exhibited small excursions during
the duty cycle.

The first series of bench testing the miniseal nozzle resulted
in an inner-half seal failure. All mechanical interference
problems and nonconcentricities of the hardware were discounted
as the cause. Inadequate lateral stiffness of the seal was
suspected and investigated analytically.

Under certain conditions of seal geometry and high pressure, the
lateral stiffness (spring rate) can become negative., If this
condition exists, a small disturbance can drive the seal to its
extreme lateral displacement. This lateral bottoming could cause
both pinching and overstressing of the convolute of the seal
(figure 43) and could lead to failure.

Because of the unexplained inner convolute failures on the two-
layer HIPPO miniseals, an investigation was conducted to determine
whether lateral stiffness effects were the cause. Analytically,
the miniseals (two layers of fabric on both the inner and outer
convolute) showed a negative lateral stiffness (nonrestoring)

at the operating pressure {(figure 44). Negative lateral stiff-
ness would result from pinching the inner convolute at one point
(with a force exceeding 700 1b at MEOP) and overstressing the
inner convolute at another point (at least 337 over the the

desipgn stress). Experimentally, a negative lateral stiffness
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has not been verified conclusively; however, there are indica-
tions that the condition exists, including observed abrasion of
the inner convolutes, and or unusually large offset torques. A
lateral stiffness deficiency was a probable cause of the initial
miniseal failures, Analysis indicated that condition could be
corrected by increasing total fabric thickness, By adding a
third fabric layer of the same thickness (0.013 in.) to the

inner seal and eventually to the outer seal, an increased lateral
stiffness was achieved (figure 39) and bench testing was com-
pleted successfully.

Figures 45 and 46 show the total actuation torques obtained dur=-
ing the open loop duty cycles of the two conventional HIPPO noz-
zles. Figures 47 through 50 show the total actuation torques
obtained during the closed loop duty cycle of the HIPPO miniseal
neozzle, Figures 47 and 48 show the HIPPO miniseal response to
full amplitude step commands. Figures 47 and 48 show that the
total peak actuation torque required was 5,000 in.-1b to achieve
a peak nozzle velocity of approximately 420°/sec., Figure 49
depicts the nozzle response to a 2.2-Hz *#10° triangle wave. As
anticipated, the velocity was approximately 909/sec. Figure 50
shows the nozzle response to a 1« through 5+Hz sine wave of
amplitude *#3°., Again, the resulting response was as anticipated.
Using a liquid filled hydrotest fixture as in the Minuteman test
sequence, the bench test technique added additional viscous
drag torque components to the total actuation torque, The dif=-
ference is not apparent at high nozzle velocities, as indicated
in a comparison of torques (figures 47, 48, and 22).

(d) Viscous Fluids Special Test

Fluid damping: The flow of fluid in the seal as the nozzle is
deflected adds damping to the system. For small tactical sys-
tems this additional damping could contribute the actuation
torque required to move the nozzle. TInitially, this coefficient
was derived analytically as described earlier, However, a
special test was inserted into the bench test phase of the HIPPO
(boost=sustain) nozzle to verify the analytical technique.
Experimental values of TECHROLL seal fluid damping were obtained
for three seal fluid viscosities at various nozzle deflection
angles and velocities. These results are plotted in figure 51
with the theoretical relationships., Valid data were obtained

for the high viscosity (60,000 centistoke) fluid where seal
damping becomes measurable relative to other seal and actuator
parameters. Available test data seem to support the validity

of the analytically derived equation for predicting TECHROLL seal
damping, Figure 51 shows experimental data for the high viscosity
fluid agree with the theoretical data over approximately 75% of
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Figure 51. HIPPO TECHROLL Seal Fluid Damping
vs Nozzle Angular Deflection

the deflection range to within a *20% tolerance; however, at
extreme deflection angles experimental damping exceeds the
theoretical. Damping data for the two lower fluid viscosities
are sufficiently accurate to substantiate the predicted pro-
portionality between damping and viscosity,

Experimental seal damping data were obtained with difficulty

for the three test fluids (figure 47); however, data accuracy

is roughly proporticnal to the viscosity of the fluid used in
the test, At one extreme, damping values for the high viscos-
ity fluid should be reasonably accurate (within approximately
£10%), while values for the low viscosity fluid may be accurate
only within an order of magnitude. At the high slew rates
required for these tests, it was discovered (analytically) that
the actuator introduced considerable apparent damping caused

by pressure drops between the cylinder cavities and their respec-
tive pressure transducers, Furthermore, due to the nonsymmetri-
cal nature of the actuator, actuator damping coefficients were
different for positive and negative velocities.
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Fluid inertia: Because the fluid must be accelerated from rest,
the fluid mass adds inertia to the movable nozzle. For large
accelerations, its contribution to the actuation torque may be
large. This test attempted to determine the coefficient I in

the torque equation but was unsuccessful. No valid experimental
data were obtained from the seal fluid inertia tests. This

result was a consequence of a combination of the following effects:

A. The HIPPO seal geometry and available fluid densities
result (theoretically) in extremely small inertia values
for the seal relative to other torque-related parameters
(especially nozzle inertia and seal hysteresis).

B. The existing HIPPO open loop actuator produced signi-
ficant start-stop torque transients during large accelera-
tions (when inertia measurements should be made).

C. The digital data reduction system could not compute
instantaneous values of angular acceleration with sufficient
accuracy. Three sampling rates were attempted: 100, 500,
and 1,600 samples/sec.

(e) Static Test

Three HIPPO TECHROLL seal movable nozzle systems, the all-boost,
boest-sustain, and miniseal, were successfully static fired, in
accordance with the test methods detailed in appendix III. All
objectives were satisfied.

Total nozzle torques: The total actuation torques are shown in
figures 52, 53, and 54 for the all-boost, boost-sustain, and the
miniseal tactical air-launched configured nozzles occurring dur-
ing their respective static firing duty cycles which are shown

in figures 55, 56, and 57. The differences between total actua-
tion torques and total bench test torques result from the increase
in nozzle inertia due to addition of the nozzle ablatives, ther-
mal insulation system, and gas flow through the nozzle.

Nozzle movements: Figure 58 shows the nozzle movements recorded
during the combined static firings of the HIPPO all-boost and
HIPPO boost-sustain nozzles. Comparison of these plots to

those obtained during bench testing shows no significant differ-
ence. Miniseal nozzle movement data were not obtained due to
channel cross-talk signals generated within the digital record-
ing equipment during the static test.

Nozzle insulation performance: Figure 59 shows an external view
of the HIPPG conventional seal and the HIPPO miniseal noczzle
assembly prior to firing. A postfire visual inspection showed
that the ablatives and grease retention cloth performed as pre-
dicted for the HIPPO conventional seals (figures 60 and 61) and
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Figure 60. Postfire Aft View of Figure 61, Postfire Front View
Conventional HIPPO of Conventional HIPPO Nozzle
Nozzle Assembly Assembly

for the HIPPO miniseals (figures 62, 63, and 64). In addition,

no measurable grease loss was apparent. No provision was made

in the program for postfire analyses and, therefore, no postfire
ablation char data were recorded. After the first two firings,
the nozzle assembly was disassembled and prepared for the next
use. After the third firing, the nczzle assembly was left intact.

Expanded time plots: Figures 65 and 66 show expanded time plots
of portions of the TVC duty cycles of the HIPPO all-boost and
boost-sustain nozzle deflection angle, axial displacement,
lateral displacement angular velocity, and seal torque during
their respective static firings.

Figure 67 shows similar data for the miniseal nozzle. The firing
of the miniseal seal was nominal. However, the data revealed a
nozzle deflection command reduction during the duty cycle result-
ing a maximum deflection of less than the intended 10°. The
anomaly resulted from a malfunction in the facility command
instrumentation and not within any test hardware. Evidence in
support of this conclusion was verified by the loss of some of
the digital output data and by the command levels monitored by

by the ¢‘quick-look?’ oscillograph.
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Figure 62. Postfire Aft View of Figure 63. Postfire View of HIPPO
HIPPO Miniseal Nozzle Assembly Miniseal Nozzle Assembly

Figure 64, Postfire Front View of
HIPPO Miniseal Nozzle Assembly
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(3) Performance Summary

Table VI summarizes the test results described in the preced-
ing subsections. The test series conducted during phases I and
II show that the state of the art of the TECHROLL seal as adapt-

able to both ICBM and air-launched systems is:

Angle Slew Seal
Deflection, Rate, Pressure,
degree degree/sec psi
ICBM 16 >30 >2,000
Air launch >*10 >140 >6,000
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SECTION III

TECHROLL SEAL NOZZLE SYSTEM ANALYTICAL MODELING

1. INTRODUCTION AND SUMMARY

Data from the bench and static tests described in this section together with
the materials data discussed in section IV were analytically integrated into

a preliminary TECHROLL seal movable nozzle mathematical model through an inter-
ative process of analytical methods refinement. This process produced a func-
tional analytical model accurately depicting system performance characteristics
and is the subject of this section.

Analytical modeling for the TECHROLL seal development program was divided into
three phases with a major activity identified for completion at the end of

each phase. The primary task I activity consisted of conducting analog computer
simulations of the first two static firings of Minuteman and HIPPO (2,000 psi)
nozzles. These simulations contained static and dynamic characteristics of the
TECHROLL seal, movable nozzle, and hydraulic actuation system. The simulations
were useful because they provided confidence in the performance of each system
prior to the static motor firing and provided a firm base for the development of
a generalized mathematical model in task II. The Minuteman and HIPPO simulations
are documented in subsection 2, using bench test and static firing parameters.

Task II activities, which emphasized the development of a generalized movable
nozzle dynamic model, included (1) an explicit definition of geometries, coordinate
systems, and parameters and (2) the derivation of component performance and sys-
tem interaction equations. The analytical model that was formulated should be
useful for future analog, digital, and hybrid computer simulations of movable
nozzle systems. The complete model was checked out using a large capacity analog
computer at NASA Ames Research Center. The details of the model and typical
outputs are presented in subsection 3.

A major activity throughout the program consisted of formulating analytical
expressions for the prediction of important TECHROLL seal parameters related

to structural stiffness and actuation torque. Both theoretical derivation and
empirical correlation techniques were used to obtain these expressions. Addi-
tional data from the C-3 demonstrator and 8«in.,~-diameter demonstrator tests were
used to update the parameter expression. Parameter equations are given in

subsection 4.

Some parameter values used in the simulations of the Minuteman and HIPPO static
motor firings (subsection 2) and the demonstration simulation of the closed-
loop Minuteman nozzle (subsection 3) may not agree exactly with reported test
data and final analytical predictions (subsection 4). This reflects an improve-
ment in data reduction techniques and analytical prediction capabilities between
the time these simulations were made and the end of the program. However,

these inconsistencies were not of sufficient magnitude to warrant rerunning the

simulations.
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STATIC FIRING SIMULATIONS
a. Introduction

As part of the task I analytical modeling activity, both the Minuteman

and the HIPPO TECHROLL seal nozzle systems were simulated in their static
firing configurations. These simulations contain essential characteristics
of the nozzle, seal, and actuation system. As shown in figure 68, the
movable nozzle system is represented by a rigid body with three degrees

of freedom of motion within a single axis. The effects of chamber pres-
sure {(blowoff locads) and gas dynamics are included. The TECHROLL seal also
has three degrees of motion: rotational (8y), axial (Xgp), and lateral (Xgp).
The actuation system (with motion X)) represents an open-loop, solenoid-
controlled, hydraulic cylinder. Local deformation of the actuator support
structure is included. The motor case can accelerate axially (GA) and
laterally (Gp). As a comparison to bench test data, Xy, = Xg4 for nozzles

when BN = (.
b. Discussion

(1) Coordinate Systems

Prior to a discussion of the model itself, it is important to under-
stand the definition of the coordinate systems and sign conventions
used. Referring to figure 68, two sets of coordinate axes can be

i

g
{i HYDRAULIC ACTUATION -
| SINGLE AXIS G
B

/-

Figure 68, Schematic of TECHROLL Seal Movable Nozzle
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considered, one attached to the nozzle and one attached to the motor
case, Each set of axes nominally has its origin at a point determined
by the intersection between the motor case centerline and the plane

of the TECHROLL seal convolutes. One axis of each set (axial) points
aft along the centerline of the related component. Another axis
(lateral) is perpendicular to the respective centerline of each com-
ponent. With this definition of coordinate systems, the motion of
every point on nozzle can be mapped with respect to every point on

the motor case (if necessary).

For each parameter, its derivatives with respect to time, and related
forces or torques, the positive direction is shown according to the
arrows shown on figure 68. For example, a positive command voltage
(Vc) creates a positive actuator force (F,) which tends to extend

the actuator in a positive direction (X,). The positive actuator
force, in turn, creates a positive torque on the nozzle (Tp) which
tends to create positive nozzle acceleration (8y), velocity (en) »

and deflection (eN).

(2) Dynamic Model

A block diagram of the basic movable nozzle dynamic model is shown

in figure 69. The model can be broken into four distinct areas. The
hydraulic actuation components are located at the left and center

of the diagram; the movable nozzle and TECHROLL seal characterizations
are shown at the right of the diagram; rotational characteristics are
shown in the central portion of the diagram, axial characteristics in
the upper portion, and lateral characteristics in the lower portion.

(3) Parameters

Each symbol used on figure 69 is defined in table VII, Also, numerical
values for each parameter are listed as they relate to the Minuteman
and HIPPO nozzles in their static firing configurations. The source

of each numerical value for the constant parameters ig listed in the
right-hand column. Using the block diagram presented in figure 69

and the list of parameter values given in table VIII, an analog com-
puter simulation was constructed for both the Minuteman and HIPPO
nozzles. These simulations were magnitude-scaled to obtain wvariable
parameters within the #10-v range of the computer (EAI TR-48) and
time-scaled to operate at 1/100 of real time.

(4) Minuteman Simulation

Figure 70 shows TECHROLL seal fluld pressure versus seal axial dis-
placement. This represents an idealized characteristic which can

be compared with actual bench test results. Figure 71 represents
rotational spring rate and hysteresis characteristics. This was obtained
at near zero velocity including the effects of gas dynamics in the

nozzle (internal aerodynamic spring rate). The magnitude of the seal
hysteresis torque correlates with that obtained on the bench test.
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TABLE VII

MINUTEMAN AND HIPPO STATIC FIRING SIMULATION PARAMETERS
(Sheet 1 of 2)
Values
Constaats Symbol Minuteman HIPPO Uuit Source*
Nozzle inertia, about pivet polint 1, 156 4.35 L. -lb-sec’ A
Seal fluid inertia IS 16.7 0.3068 in.-lb-sen:2 A
Boot fluid fnarcia 1, 1.5 0.028 1n,-1h-sec? A
Seal fluld damping Bs 177 7.26 in.=lb-sec A
Boot fluid damping BB 19,300 3,243 fn.-lb-sec s
Seal rorational spring rate KS o] 11,450 in.~1b/rad B
Internal asrodynamic spring rate KAI 11,450 0 in.=1lb/rad [
Seal hysteresis torque THT 1,200 750 in.=1lb B
Seal offset rarque TO 200 750 in.-1b B
Thrust misalignment torque 'I'M 4] 250 in.-1b s
Nozzle mass, movable portion Ky ¢.972 0.202 lb-seczfin‘ A&
Seal axial damping BSA 109 78.2 1b-sec/in, E
Seal lateral damping BSL 55.4 28.7 1b-see/in. E
Seal axial stiffness KSA 5,000 15,600 psi/in. B
Seal lateral stiffness KSL 78,300 101,800 1b/in, A
Seal lateral limit stiffness KML 103 103 1b/in, E
Lateral load/rotatienal coefficlent -8,640 -2,040 1b/rad A
Seal lateral displacement limit,
at null X.M 0.3 0.25 in. G
Seal axial hysteresis pressure PHA 200 400 psi B
Seal lateral hysteresis force FHL 3,160 2,610 1b E
Seal ring area AS 61.0 47,4 :ln.2 A
Nozzle blowoff area, effective AN 149 76.3 in.2 A
Nozzle pivot point to center of
gravity distance LG 8.18 0.25 ia. A
Actuator mement arm, at null LA 18.0 2.0 in. G
Actuator axial coefficient,
at null CA 0.629 0.259 --- G
Actuator lateral coefficlent,
at null CL 0.777 0.966 - [+
Gravity units conversion factor Uc 386 386 in./seczfg ---
Structural sciffness actuator 5 5
mounting X 10 10 1b/in. E
Valve displacement gain kV 0.00357 G.00357 in. /v E
Valve flow gain kq 67.8 71.2 10,3 /sec/tn. A
Valve flow-pressure coefficlent kc éx10-5 bx‘IO-S in.afsec,’psi A
Aetuator end stop stiffness kE 7,200 7,200 1b/in. B
Actuater end stop displacement XE 1.80 1.63 in. G
Actuator effective mass, movable 2
portion M, 0.003 0.003 lb-sec /in, A
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TABLE VII

MINUTEMAN AND HIPPO STATIC FIRING SIMULATION PARAMETERS

{Sheet 2 of 2)

Values
Constants Symbol Minureman HIPPQ Unit Source*
Hydraulic fluid effective bulk 5 5
modulus ] 10 10 psi E
Actuator total entrapped fluid 5
volume VT 3.0 3.0 in. G
2
Actuator piston area AA 0.626 0.626 in.” G
Hydraulic supply pressure, net PS 3,000 3,000 psi ---
Actuator static {riction w 20 20 ib E
Valve break frequency Wy 500 500 rad/sec E
Actuator displacement bias XB 0.113 0.042 in. G
Nozezle angle inirial bias BB 0.6063 0.0047 rad G
Variables
Nozzle angular deflection, relative BN U, 1135 0.209 rad an-
to motor (£6.5) (212} (degree)
Nozzle angular velacity, relative By 0.523 1.045 rad/sec -—--
Lo motor (+30) (*60) {degree/sec)
Nozzle angular acceleration, éN +100 +300 rad/secz .-
relative to motor (£5,730) {(£17,200) (degree/sec”)
Nozzle total torque TT +33,B00 415,920 in.-1b -
Actuator force, net FA +1,880 +1,880 1b -
Actuator piston displacement,
relative to cylinder i £2.04 +1.88 in. -
Actuator piston velocity, relative .
to cylinder Ry +9.42 +9.42 in. /sec ---
Actuator piston acceleration, N 2
relative to cylinder XA +1,800 +3,150 in./sec ce=
Valve command veltage VC 128 428 v ---
Valve solenoid displacement XV 0,1 0.1 in. -
Actuator laad flow rate QL +5.85 +5.80 in‘B/sec ---
Actuaror load pressure, differential PL +£1,000 +3,000 psi ---
Actuator load farce, gross FL +1,880 +1,880 1b ---
Motor chamber pressure PC +430 +1,800 psi ===
Chambet pressure rate i’r +20,000 £30,000 psi/sec -
Seal 1lnternal pressure PI 11,050 +2,900 psi .-
Moter axial acceleration, relative
to ground GA 0 +1 g -
Motor lateral acceleration, relative
te ground GI =1 0 g A
Actuator axial force, component FAAA 1,180 +487 ib ---
Aeruator lareral foree, component AL +1,460 +1,820 1h ---
Nozzle axial displacement, relative
to motor X, 0,170 +0.160 in. auw
SA
Nozzle lateral dlsplacement, relative
to moter X 0,012 04,010 in. .-
SL
* A w» Analysis G = Geometry $ = Static firing

B = Bench test E = Estimate
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Figures 72 and 73 represent a partial simulation of the static firing
duty cycle. Nine parameters are plotted versus time: (1) nozzle
angular deflection, (2) nozzle angular velocity, (3) nozzle actuation
torque, (4) TECHROLL seal actuation torque, (3) seal axial displacement,
(6) seal lateral displacement, (7) seal fluid pressure, (8) motor
chamber pressure, and (9) actuator command voltage. The TECHROLL
seal torque (TS) is defined as that torque due only to the TECHROLL
seal; it is expressed as Ig = Ig by + Bg oy + Kg GN Tyt gN + Tp-
Events simulated include motor ignitiom_at time zero, a 09 to 3°
deflection between 0,2 and 0.3 sec, a 3° to 0° deflection between 0.5
and 0.6 sec, a 0° to -3° deflection between 0.8 and 0.9 sec, and a

-3° to 0° deflectici between 1.1 and 1.2 sec. This essentially dupli-
cates the ignition tranmsient and the first two duty cycle events of
the static firing, but on a different time base. Torques, pressures,
and displacements can be compared with the static firing data plots,
taking into account some simplifications and idealizations required

in the model.

Simulated and actual test data for nozzle actuation torque are com=
parable. Seal torque, broken out separately for the simulation, is
quite low compared to total torgque. Minuteman nozzle actuation
torques are dominated by the inertia of the nozzle and by a viscous
torque attributed to the grease in the thermal insulation boot.

Simulated and test results for axial and lateral seal motion do not
compare exactly. The reason for the difference may be the lack of

a measured value of lateral stiffness and subtle changes in seal
volume with deflection (not included in the simulation). More inves-
tigation in this area is required.

Simulated chamber and seal pressures compare with test data. However,
following the ignition transient, chamber pressure remains constant
in the simulation due to computer limitations. (Note the slight
ripple on the seal pressure trace when actuation occurred.)

(5) HIPPO Simulation

Simulation of the HIPPO nozzle closely parallels that of the Minuteman.
Figure 74 shows seal pressure versus axial displacement. (Note the
idealization as compared to the bench test plot shown in figure 30.)
Figure 75 represents a low velocity plet of torque versus rotation.
This is essentially a pure seal characteristic as the intevnal aero-
dynamic spring rate for the HIPPO is nearly zero. Thus, it can be
compared with the bench test hysteresis plot (figure 24). Recause

of limitations in computer size, it was not possible to include the
actual nonlinear spring rate characteristic in the simulation.

Figures 76 and 77 represent a simulation of a portion of the static

firing duty cycle. Igcluded are the ignition transient, a deflection
to 107 and then to 12 in the opposite direction.
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Simulated results (figure 76) and test results (figure 45) for nozzle
actuation torques for the all-boost HIPPO nozzle are not comparable

on a one-to-one basis because for large deflections in the static

test; either the seal bottoms out at 10° {(unintentional), or the
actuator bottoms out at 12° (intentional). In either case, torque,
which is computed from actuator differential pressure on the static
firing, is somewhat misleading at large deflections. Simulated dif-
ferential pressure is plotted along with torque on figure 76. There

is a discrepancy at the 12° deflection when the actuator is bottomed
out. The shape of the simulated torque curve should actually be com-
pared with the shape of a static firing torque curve of lower amplitude
(figure 65E). Such investigation indicates that HIPPO actuation
torques are dominated by three effects: seal spring rate, seal hystere-
sig, and grease boot damping. Unlike the Minuteman, nozzle inertia
has a negligible contribution to torque, at least at these low slew
rates.

As on the Minuteman, axial and lateral motions of the HIPPO seal do

not correlate exactly between simulated and test results. The

lateral motion difference can be explained partially by the analytically
predicted lateral stiffness value used in the simulation. A bench

test conducted after the simulation effort indicated a lower lateral
stiffness value than that predicted,

Simulated chamber and seal fluid pressures (figure 77) agree favorably
with static test data. Following the ignition transient (figure 36),
simulated chamber pressure was held constant because of computer
limitations.

Figure 78 shows the simulated end stop characteristics of the hydraulic
actuator. This characteristic, which closely approximates the real
hardware, affects nozzle dynamics and actuation torques when the
actuator bottoms out at large nozzle deflection aggles. An example

of this bottoming phenomenon occurs during the 12 deflection of the
HIPPO motor.

c. Limitations

Every characteristic shown in the block diagram of figure 69 could not

be included in the analog computer simulation because of machine limitations.
Therefore, the following less significant characteristics were omitted from
both the Minuteman and HIPPO simulations: (1) the solenoid valve time delav,
(2) centrifugal force effects on nozzle axial dynamics, (3) seal lateral
hysteresis force, and (4) seal lateral limiting. Also for the HIPPO simula-
tion, a constant seal rotational spring rate was used instead of the non-
linear rotational characteristics evident from the bench tests. In addition,
seal offset and thrust misallignment torques, which are peculiar to each

seal and nozzle fabrication, were omitted from both simulations for clarity.
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d. Conclusions

In general, the results of the Minuteman and HIPPO simulations correlate
well with static firing data. Nozzle angular deflections and velocities
duplicate closely the static firing results. Also, simulated actuation
torques correspond well with static data in both shape and magnitude.
Simulated chamber pressure produces realistic axial and rotational nozzle
dynamics and TECHROLL seal pressures. However, simulated seal lateral
motion is small compared to static firing data. This is probably due to
a higher predicted seal lateral stiffness than that which actually exists,

MOVABLE NOZZLE DYNAMIC MODEL

a, Introduction

In cenjunction with task II modeling activities, a generalized movable

nozzle dynamic model was developed. Features of the model include

(1) single axis, (2) three degrees of freedom, (3) TECHROLL seal, (4) thermal
beot, (5) hydraulic servoactuator, (6) flexible structure, and (7) closed-loop
control system. Details of this model including definitions, equations,
schematices, and diagrams, are presented in this subsection.

This model has been developed as an analytical tool for studying the
dynamic and static characteristics of movable nozzle TVC systems. The
model is useful for verifying component sizing, conducting stability
analyses, and studying system performance. It has been, and will continue
to be, the basis for analog and digital computer simulations of TECHROLL
seal movable nozzle systems. To date, simulations have been performed

for the following static motor firings: (1) Minuteman; (2) HIPPO (boost);
(3) supersonic splitline, subscale (boost and sustain); (4) supersonic
splitline, full-scale (boost and sustain); (5) 8-in.-diameter TECHROLL seal
demonstrator} and (6) C4 third stage. In addition, a simulation of a
Minuteman motor with a hypothetical closed-loop electrohydraulic actuation
system has been conducted to check out the complete model. Results are
included at the end of this subsection.

The model, as presented herein, is configured for a static motor firing
and with some modifications, can simulate bench tests. Given the proper
vehicle interfaces (i.e., chamber pressure, nozzle external aerodynamic
loading, and vehicle axial and lateral accelerations), the model alsc can
simulate flight test environments.

Components that are fundamental to the model include (1) an all-movable
nozzle, (2) the TECHROLL seal, and (3) a single, external, closed-locop
hydraulic actuator. However, the model has been constructed for ease of
modification to alternate components, such as (1) supersonic splitline nozzle,
(2) flexseal, (3) gimbal ring, (4) internal hydraulic actuater, (3) electro-
mechanical actuator, (6} turbopneumatic actuator, (7) servonozzle actuation
{gas or liquid injection), and (8) multiple or redundant actuators.
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The model with a single axis and three degrees of freedom, presented in
this section, will eventually be expanded to two axes and six degrees of
freedom. Also, it is intended to develop a fundamental vehicle dynamic
model to interface with the movable nozzle dynamic model to assess the
effects of vehicle accelerations and aerodynamics on the movable nozzle
system., A hydraulic power supply dynamic model is also envisioned to
determine its interaction with the nozzle actuation system.

Development detalils for the baslc, generalized, single axis model are
discussed in the following subsections.

b. Discussion
(1) Model Composition

The baseline movable nozzle system used to develop the model is shown
schematically in figure 79. Major components consist of (1) the
all-movable nozzle, (2) the TECHROLL seal, (3) the thermal boot,

(4) the hydraulic actuator, (5) the flexible actuator attachment struc-
ture, and (6) the closed loop control system. Model inputs consist

of the command voltage (Vc), motor chamber pressure (Pc), and vehicle
axial and lateral accelerations (G, and Gp). Model outputs include
nozzle angular deflection (9N) and seal axlal and lateral motions
relative to the motor case (XSA and XSL). The model has been developed
to provide a large number of internal variables, such as actuation

o8
-
p t
| P,
BTy
st
MOTOR ey
CASE X, UT
® L
TECHROLL 6
SFAL
Yoo Hi
THERMAL

BOOT

HYDRAULIC
ACTUATOR

MOVABLE
NOZZLE

Figure 79. Schematic of Baseline Movable Nozzle System
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torque (T7) and TECHROLL seal internal fluid pressure (P1). The model
assumes a hydraulic power supply with a comstant supply pressure (PS),
not shown on the schematic.

Point P on figure 79, which is fixed relative to the nozzle, represents
the nominal pivot point of the seal. Point 0, fixed relative to the
motor, is coincident with point P under some set of conditions (normally
no load on the nozzle). Point G represents the center of gravity of

the movable portion of the nozzle., The nozzle centerline passes

through points P and G. The distance Ly is measured between these

two points. Points M and N represent the actuator attach points

to the motor case and movable nozzle, respectively. The actuator center-
line passes through points M and N. The moment arm (LA) is the perpen-
dicular distance between the actuator centerline and point P.

Given this brief overview of the composition of the model (inputs,
outputs, major components, and the interaction of these components as
a system), all technical details are contained in the following
subsections.

(2) Parameters

Table VIII contains a complete list of parameters. Included for each
parameter is a symbol, definition, typical units, and a numerical value
unique to the demonstration system. It is important to note that
parameter values must be put into the model; the model does not gen-
erate its own parameters., These values come from three sources:

(1) analytical/empirical predictions, (2) bench test data, and (3)
static firing results. Normally, parameters are considered to be
constants., However, certain parameters may actually be functions of
one or more variables, or of time. Examples are the geometry param-
eters Lp, C4, and Cy, which are discussed below. For a specific simu~
lation based on this medel, a decision must be made as to those
parameters which cannot be considered constant and to those parameters
which can be omitted as unimportant. Such decisions are usually based
on the following constraints: (1) movable nozzle system characteristics,
(2) solution accuracy requirements, (3) simulation time, (4) simula-
tion budget, (5) computer capacity and capability, and (6) computer
operating cost. Subscripts R, A, and L refer to rotatiomal, axial,

and lateral motions. They are added to describe a multidegree of
freedom model.

(3) Variables

Table IX contains a list of all variables, including symbols, defini-
tions, typical units, and maximum/minimum values unique to the demon-
stration system. It is important to understand the definitions of
the various motilon variables. Figures 79, 80, and 81 may be useful
in locating these variables. Nozzle angular deflection (8y) is the
angle measured between the respective centerlines of the movable
nozzle and motor case. Seal axial and lateral displacements (XSA and
Xg1) are measured between point P fixed to the nozzle and point O
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TABLE VIIT

PARAMETERS
(Sheet 1 of 2)

Definition Value
Nozzle inertia, about pivot point (IN), in.-lb-sec2 156
Seal rotational inertia (ISR), in.-lb-sec2 16.7
Boot rotational inertia (IBR), in.-lb-sec2 1.5
Seal rotational damping (BSR), in.-1lb-sec 177
Boot rotational damping (BBR), in,=lb-sec 10,900
Internal aerodynamic damping (BAI)’ in.=-1lb=sec 241
Seal rotational spring rate (KSR), in.-1b/rad ()
Internal aerodynamic spring rate (KAI), in.-1b-/rad 11,450
Seal rotational hysteresis torque (THT)’ in.-1b 1,200
Nozzle mass, movable portion (MN), lb-seczlin, 0.972
Seal axial damping (BSA), lb-sec/in. ~0
Boot axial damping (BBA), lb-sec/in. 109
Seal lateral damping (BSL), lb-sec/in. ~0
Boot lateral damping (BBL), lb=sec/in. 55.4
Seal axial stiffness (KSA)’ psi/in. 5,000
Seal lateral stiffness (KSL), 1b/1in. 78,900
Rotational/lateral load coefficient (KRL)’ 1b/rad «8,640
Seal lateral limit stiffness (KML), 1b/in. 105
Seal lateral displacement limit, null (XML)’ in. 0.3
Seal axial hysteresis pressure (PHA), psi 200
Seal lateral hysteresis force (FHL), 1b 316
Seal ring area (AS), in.2 61
Nozzle blowoff area, effective (AN), in.2 149
Actuator moment arm, null (LA), in. 18
Nozzle pivot point to center-of-gravity distance(LG), in. 8.18
Actuator axial coefficient, null (CA) 0.629
Actuator lateral coefficlent, null (CL) ) 0.777
Gravity units conversion factor (UG), in./sec” /g 386
Potentiometer feedback gain (KF)’ v/in, 3.18
Amplifier current gain (kI), ma/v 8.84

89



TABLE VIII

PARAMETERS
(Sheet 2 of 2)

Definition

Value

Valve torque motor sensitivity (KTM), in.-oz/ma
Valve feedback spring stiffness (KV), in.~=oz/in.
Valve flow gain (KQ), in.3/sec/in

Valve flow-pressure coefficient (K }, in.3/sec/psi
Valve break frequency (wv), rad/sec

Dynamic pressure feedback gain (KP), in.-oz/psi
DPF break frequency (wP), rad/sec

Hydraulic fluid bulk modulus, effective (B), psi
Actuator leakage coefficient (CT), in.3/seC/psi
Hydraulic fluid entrapped volume, total (VT), in.3
Hydraulic supply pressure (PS), psi

Actuator piston area (AA), in. )
Actuator piston mass, effective (MA)’ lb-sec” /in.
Actuator static frietion (FF), 1b

Actuator end stop stiffness (KE), 1b/1in.

Actuator end stop displacement (XE)’ in.

STR)’ 1b/in.
STA), 1b/in.

STN), 1b/in.

), 1b/in.

Structural stiffness, effective (K
Actuator structural stiffness (K
Nozzle structural stiffness (K
Motor structural stiffness (KSTM
Motor point O to M distance (LM), in.

Nozzle point P to N distance, (LN), in.

80

1.0
1,000
475
4 x 10
660

10

10°
1.0
3,000
0.222
0.003



TABLE IX

VARIABLES
(Sheet 1 of 2)

Definition Value
Nozzle angular deflectionm, (BN), rad 10.105
Nozzle angular velocity, (éN), rad/sec +0.523
Nozzle angular acceleration‘(gN), rad/sec2 +80
Nozzle initial offset angle (90), rad +0.0063
Actuation torque, total (T;), in.-1b +12,000
Nozzle torque, total (TN)’ in.=1b 2,450
Seal torque, total (TS), in.-1b +1,200
Boot torque, total (TB), in.-1b +5,700
External aerodynamic torque (TAE), in.-1b ---
Thrust misalignment torque (TM), in.=-1b -
Seal offset torque (To)’ in.-1b ---
Seal axial displacement, relative to motor (XsA), in. +0.17
Seal axial velocity (XSA)i in./sec , _——-
Seal axial acceleration (XSA)’ in,/sec . ) .-
Nozzle axial acceleration, relative to ground (XNA), in./sec ---
Actuator axial force (FAA)’ ib , 629
Chamber pressure axial force (FCA)’ 1b 64,100
Nozzle axial force, total (FNA)’ 1b ---
Seal axial force, total (FSA), 1b -
Boost axial force, total (FBA), 1b -
Seal internal pressure (PI), psi +1,050
Motor chamber pressure (PC), psi +430
Chamber pressure rate (bC)’ psi/sec +20,000
Motor axial acceleration, relative to ground (GA)’ g +4
Seal lateral displacement, relative to motor (XSL), in. +0.3
Seal lateral velocity (iSL), in./sec ==
Seal lateral acceleration (iSL), in./sec2 cua
Nozzle lateral acceleration, relative to ground (iNL) in./sec2 ---
Actuator lateral force (FAL), 1b +518
Chamber pressure lateral force (FCL), 1b +6,710
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TABLE IX

VARIABLES
(Sheet 2 of 2)

Definition Value
Rotational/lateral load force (FRL), 1b +950
Nozzle lateral force, total (FNL), 1b -
Seal lateral force, total (FSL), 1b ---
Boot lateral force, total (FBL), 1b -——-
Seal lateral limit force <FML)’ 1b ---
Motor lateral acceleration, relative to ground (GL), g 4
Seal normal acceleration, relative to ground (&SN)’ in./sec2 -
Actuator piston displaceme?t, relative to cylinder (XA), in. +1.89
Actuator piston velocity (XA), in./sec 19,42
Actuator piston acceleration (iA), in./sec2 1,400
Actuator displacement bias (XB), in. +0.113
Actuator motion due to nozzle rotation (XR), in. £1.89
Strutural displacement (XSTR)’ in. +0.12
Actuator output force, net (FA), 1b 666
Actuator load force, gross (FL)’ 1b +666
Actuator end stop force (FE), 1b -——
Actuator load pressure, differential (PL), psi +3,000
Load pressure rate (?L), psi/sec =--
DPF network pressure, differential (PP), psi ---
Valve load flow rate (QL), in.Blsec 14,75
Actuator piston flow rate (QA), in.3/sec +4.,75
Torque motor torque (TTM), in.-oz £10
Valve spool feedback torque (TV), in.-oz £10
DPF network feedback torque (TP), in.-oz ---
Valve spool displaceme?t (XV), in. 0,01
Valve spool velocity (XV), in./sec ---
Amplifier current (IA), ma £10
Potentiometer feedback voltage (VF), v +h

6

Command voltage (VC), v
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fixed to the motor. The designation ‘‘axial’® means parallel to the
motor axis (or centerline), while “1ateral” means perpendicular

to the motor centerline. Variables XNA and XNL refer to the axial
and lateral components of the acceleration of point G, on the nozzle,
relative to ground. Seal normal acceleration (XSN) represents the
component of the acceleration of point P, relative to ground, which
is normal to the nozzle centerline. Motor accelerations, G, and Gr,»
represent the axial and lateral components of the acceleration of
point O on the motor relative to ground (i.e., inertial space}.

(4) Derivatives

Table X lists derivatives of variables both in the time domain and

the frequency domain and the Laplace transformation which relates the
two domains. The differential equations of subsections (5) and (6) are
presented in the time domain while the block diagram represents a
Laplace transformation of these equations into the frequency domain.

No attempt has been made to use different symbols for different domains.
For example, 8 in the equations 1mp11es GN(t) in the time domain,
while Oy on the block diagram implies GN(S) in the frequency domain.

(5) Component Equations

Component equations which describe the performance of each signifi-
cant compenent in the movable nozzle system are listed below.

A. Nozzle

T Rotational

Fra = M

3. Lateral
FCL = ANPC sin GN
I

NL T ML
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TABLE X

DERIVATIVES AND LAPLACE TRANSFORMS

First Derivative With Second Derivative With
Respect to Time Respect to Time

Time Domain (Component and System Equations)

2
- _dl] . _ &
[ 1(t) = a0 [ 1(e) 362

do 2

B _ N " - dig

By(e) Todt (e at2
. dXga . d2X5A
Xa®) = a® = 32
. dXgy, v dZXSI
X, (®) = T XL (®) qe2
. ‘ dXp . dZXA
XA(t) - de XA(t) = qe2
. _ ﬂ » ( deNA
Xy(c) T Analt) = 1c2
. dPy, % d2xyr,
Pp(t) = I N1 (E) " 2
' dPg ' deSN
Pc(t) = Xgn(t) - =3

Frequency Domain (Block Diagram)

1) = sl ] [(1s) = 820 ]
éN(S) = sy én(s) = SZBN
).(SA(S) = SXSA XSL(S) = SZXSL
XsL(s) = sXg Kgr(s) = sZxg
ﬁA(s) = sXp kA(S) = SZXA
)‘(v(s) = SXV iNA(S) = SszA
I"L(B) = sPy iNL(S) = SszL
Po(s) = sPg Xgy(s) = slagy

LaPlace Transforms (Time Domain to Frequency Domain)

2
e85} - st fiLL - 20

"L 1) ot = sl 1) =g+ = [ 1B gt
LaPlace variable, s
Time, t
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B.

C.

TECHROLL Seal

1. Rotational
.. ) 6
Tg = Top®y * B * Kor * Tyr [eN,i
2.  Axial
X
_SA
P.=¥_ X +P R
I SATSA HA IXSAI
FSA = BSAXSA + ASPI cos GN
3. Lateral
FRL = KR.L tan SN
Fop = Bor¥gr * Kgr¥gp * Py ‘XSL| +F
0 IXSLI S XML
P, ~ (KML Xe1, ” XNEL) for  Xg = Xy

Thermal Boot

1. Rotational
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3. Lateral

For = Barfs

Servoactuator
1. Amplifier

I, = KI(VC Y

A )

F

2. Servovalve

Ty = Kpula

TTM:=(23?) v + TV + TP

T, = Ky
Pl

Y

Q = K 1 = o e

L Q XV PS

3. Dynamic pressure feedback

1 L3
P=—[P-P]
P wP L P

TP = KPPP
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4. Actuator

v
Q= Q +CrfL Y3 P
Q = A%y
FLo= 4% ,
' ) XA
FL—MAXA+FF b-{Al +FE+I'A
0 for [X,|< X

o
|

g = KE (XA-XE) for XA = XE
KE (XA+XE) for XA SQ—XE

5. Potentiometer
VF = I\FXA
E. Structure
F o=

A KSTR XSTR

KSTR =

These components include (1) the movable portion of the nozzle, (2) the
TECHROLL seal, (3) the thermal protection grease boot, (4) the hydraulic
servoactuator, and (5) the actuator attachment structure. For the noz-
zle, seal, and boot, the equations are divided intoc the three degrees
of freedom: axial, lateral, and rotational. The electrohydraulic
servoactuator is subdivided into its components. The amplifier is

a linear gain current driver with no electronic compensation. The
servovalve is a two- or three-stage flow control valve. Square root
flow~pressure characteristics and static pressure sensitivities are
included. The valve has a built-in dynamic pressure feedback option
with a variable gain and break frequency. The actuator (hydraulic
cylinder) is an externally mounted, balanced area, push-pull tvpe.
Fluid compressibility, friction, end stop, and mass characteristics

are included. The potentiometer (or equivalent, such as LVDT and
demodulator) has a linear gain. The structure includes the actuator
body, the motor case in the vicinity of the actuator cylinder-end
attachment, and the nozzle in the vicinity of the actuator rod-end
attachment.
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(6) System Equations
The system equations listed below interrelate the component equations
of the previous section when those components are assembled into the
basic movable nozzle system.
A. Motion interaction
To Xy = Xt Xgpp " X+ Cy Xy + O X
where; XR = LA eN

B. Load interaction

1. Tp = Ly s = TN + TS + TB (rotational)

2. Fg +F,, =R +F, +F, (axial)
where: FAA = CA FA

3. Fop +Fpp FRL = Fg + FSL + Fop (lateral)
where: FAL = CL FA

C. Acceleration interaction

= (UGGA - XSA) sin BN + (UGGL + XSL) cos eN (normal)

ek
|

- _u i . - . 2
2. &NA =%, - UG, + 1L, éN sin 8 = L, 8" cos 6. (axial)

I 1) 4 2
3. XNL = XSL + UGGL + LG GN cos SN LG BN sin GN (lateral)

The first equation relates actuator linear displacement (Xa) to
equivalent rotatlonal (Xp), axial (CpXgy), and lateral (CpXgp) motionms
of the nozzle-seal-boot assembly. An actuator bias (XB) represents

an adjustment of the rod length external to the cylinder. It is used
to offset the effect of axial motion for a particular chamber pressure.
Normally (CpXgp-Xp) = O at MEOP. The structural deflection (Xgrp)
accounts for local deformation due to actuator loading.

{7) Geometry

As mentioned previously, the geometry parameters L,, Cp, and C; are

not actually constants althcough they are normally treated that way.

The geometry equations listed below define these three parameters as
a function of nozzle rotational, axial, and lateral motions.
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~ 2 2!
Ly = i *+ L
~ 2 2"
LN _\/LNA * Ly
-1 M
o = tan Ci~—9
ML,

L
-1,7NL
B = tan (——)
LNA

-1 LN cos (B-GN - LM sin o + XSA

v = tan - . "
LM cos o LN sin (B GN) + XSL

CA = sin ¥y
CL = CO0S Y
L, = Ly cos (v + GN - B)

Figures 80 and 81 illustrate the geometry symbols for the undeflected
and deflected nozzles. Mechanizing these equations is much easier for
digital than for analog computer simulations.

(8) Block Diagram

The block diagram shown in figure 82 represents the focal point of
the analytical modeling effort. The diagram represents the performance
of a movable nozzle system and the interaction of its components.

All the component and system equations of subsections (5) and (6)
have been transformed into the frequency domain and incorporated on
the diagram. Small angle approximations were made for nozzle angular
deflection fy: sin 8y ~ By, tan 8y = B, and cos 6y = 1. The servo-
actuator characteristics appear on the left and central portions of
the diagram. The nozzle, seal, and boot characteristics appear on
the right-hand portion of the diagram. These characteristics are not
separated by component but are grouped into the three degrees of
freedom: rotational, axial, and lateral.

c. Demonstration

A major task II modeling activity included demonstrating the generalized
movable nozzle dynamic model by conducting an analog simulation for a typical
solid rocket application. Minuteman movable nozzle, TECHROLL seal, and
thermal boot characteristics were selected. However, a hypothetical, optimum
size, closed-loop, hydraulic actuation system was substituted for the test-
weight, open-loop actuator used for the static firing. Because UTC did not
possess adequate analog computing capacity, several outside facilities were
considered. The analog/hybrid computing facility at NASA Ames Research
Center was selected because of its capacity and convenience to UTC.
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(1) Facility

Two UIC engineers conducted the demonstration simulation at the Ames
Research Center facility over a 2-week period. Air Force program
directors witnessed the work in progress during that time. The
following equipment was used for the study: (1) EATI 8800 analog/hybrid
computer (100 v, solid state), (2) EAI variplotter (X-Y), (3) EAI
oscilloscope, and (4) Brush pen recorders (16 channels). NASA provided
the computing equipment, staff support (for machine familiarization),
hardware maintenance, and materials. UTC was responsible for its own
programming, patching, and computer operation,

(2) Program

An analog computer diagram was created based on the model block
diagram (figure 100) and the simulation parameters and variables
(tables VIII and IX). The simulation was magnitude-scaled to utilize
the £100-v operating range of the computer, and time-scaled to oper-
ate at 1/100 of real time (for the sake of the recording equipment
and operators). The computer was programmed and checked out with
relative ease considering a lack of prior familiarity with the
equipment,

(3) Results

Runs were documented according to (1} servovalve characterizationm,

(2) servo-actuator characterization, (3) TECHROLL nozzle system charac-
terization, (4) parametric variations, and (5) motor vibration (fig-
ures 83 through 117).

Only selected runs are included as figures. Servovalve characteristics
were obtained by disconnecting the valve from the actuator. Ideal and
model flow-pressure characteristics differ by the incorporation of
spool legkage effects in the model.

Servoactuator characteristics were obtained by operating the closed=-
loop actuator without the movable nozzle, TECHROLL seal, and thermal

boot.

Step responses were recorded at six different amplitudes (1 v of
command corresponds to one degree of nozzle deflection) for comparison
with the same wvariables after the load was attached.

System characteristics were obtained for a simulated static motor
firing. Note the impact of the presence of the TECHROLL nozzle load
on the displacement, velocity, and pressure responses of the actuator.

Numerous component parameter variations were made to determine the
effect of each on stability, deflection, slew rate, actuation torque,
step response, and motor pressurization. A standard duty cycle (both
for chamber pressure and nozzle commands) was used for each run for ease
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of comparison (see figure 105)., The run with 10X amplifier gain indi-
cates a low margin for stability (11.2X was the 1limit). A 4X servovalve
flow rating increases slew rate, but not proportionally, because of

the dominance of boot grease damping effects. Half the nominal piston
area could vector this system adequately, but at a reduced rate.
Doubling the hysteresis reduces slew rate slightly. An interesting
comparison can be made of the effects of a negative and positive spring
rate of the same magnitude (both twice nominal).

A study of motor vibration effects was convenient because the computer
used has a bullt-in random noise generator. Four levels of vibration
are included. The creep in axial displacement at the higher levels
was caused by the nozzle g loads overcoming the axial hysteresis of
the seal. Hysteresis, a characteristic which the TECHROLL exhibits

in all six degrees of freedom, acts like nonlinear damping.

The lateral displacements shown in all the illustrations in this
section are incorrect (too large); however, this should have a minimal
effect on other recorded data because of the magnitudes involved.
Because of the demonstration activity, this problem was traced to an
omlssion of a second-order term (involving sin 0) in one of the com-
ponent equations. The equations and block diagram of this report
include that term.
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d. Conclusions

The model described has been the basis for both analog and digital computer
simulations of real movable nozzle systems. Analog (or analog/hybrid)
computer patching diagrams are derived directly from the model block diagram
(or variations thereof), Parameters and variables are magnitude-scaled

to stay within the machine’s voltage range. Solutions are normally time-
scaled for the readout equipment. Multichannel pen recordings, X-Y plots,
oscilloscope photographs, and DVM readouts are available as documentation.
The demonstration simulation underscores the usefulness of analog/hybrid
computers for solving complex dynamic system problems. Programming
flexibility, hands-on access, and operating costs are the greatest assets
of this approach; however, analog facilities are not always available and
their purchase can represent a significant investment.

Digital simulations are based directly on the model’s component and system
equations (or variations). No magnitude scaling is required. Solutions
are iterated in machine time, which has no relationship to real time. Com=-
puter printouts and plots are available as documentation. Digital com-
puters of sufficient capacity are readily available to most engineers;
however, operating costs can be prchibitive if a simulation becomes too
complex. Digital simulations permit the inclusion of more nonlinear and
multivariable interaction effects.

TECHROLL PARAMETER EQUATIONS
a. Introduction

A major portion of task III analytical modeling activities included
formulation of prediction equations for each TECHRCLL seal parameter:

(1) rotational inertia, (2) rotational damping, (3) rotational spring

rate, (4) rotational hysteresls, (5) rotational offset, (6) axial stiffness,
(7) lateral stiffness, and (8) torsional stiffness. These expressions

were to result from a combination of theoretical derivation and empirical
data correlation techniques. A goal of this activity was to be able to
predict these parameters within a +207 accuracy. The following six static
motor firings were used both as a data base and as a comparison for pre-
dicted parameters: (1) Minuteman, (2) HIPPO boost, (3) HIPPO boost-sustain,
(4) HIPPO high pressure, (5) 8-in.-diameter demonstrator motor, and

(6) Poseidon C-3. The 8-in.-dlameter and Poseidon C-3 motor firings were
not directly covered by this program, but were included to expand the data
base to a wider range of seal sizes. Also, bench test data from an alternate
HIPPO high pressure seal design were included although the design was never
fired.

b. Discussion

A discussion of the useful output of this activity is presented in the
following paragraphs. Included are definitions of seal dimensions and
material properties, a listing of the analytically and empirically derived
TECHROLL parameter equations, and a comparison of predictions versus test
data.
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(1) Definitions

A cross section of a generalized straight-sided TECHROLL seal is
shown in figure 118. Table XI defines all the dimensions shown on
the figure, plus additional derived dimensions. Table XII defines
related seal material properties, with some typical wvalues.

(2) Equations

The parameter equations listed below were either originated or
updated during this program.

Rotational inertia (theoretical)

=

| S —
~1 for small Oy

|
) o
T o

Figure 118, TECHROLL Seal Dimensions



TABLE XI

TECHROLL GEOMETRY DIMENSIONS

Geometry Dimension

Relationship

Seal mean radius (Rg), in.

Convolute center radius, outer (Rg), in.
Convolute center radius, imner (Ry), in.
Long sidewall length, outer (2o), in.
Long sidewall length, inner (21), in.
Short sidewall length, outer (Sp), in.
Short sidwall length, inner (S1), in.
Convolute diameter, outer (dg), in.
Convolute diameter, inner (dy), in.
Convolute thickness, outer (to), in.
Convolute thickness, inner (t1), in.
Fabric thickness, outer (trg), in.
Fabric thickness, inner (try), in.

Main cavity height (h), in.

Main cavity width (w), in.

Convolute centers width (w¢), in.

Total sidewall length, outer (L), in.
Total sidewall length, inner (L), in.
Seal ring area (Ag), in.2

Seal fluid volume (Vg), in.

Elastomer volume (Vg), in.3

Gas volume (Vg), in.3 2
Nozzle blowoff area, effective (AN), in.

TABLE XII

TECHROLL MATERIAL PROPERTIES

%(RQ+RI)

Ro - Rr

%0 + So + (ﬂ/Z)do
a1 + 87 + (n/2)d
% é)I

m(Rg% - RT

Ro + %dg = to = RT + %d

Material Property

Typical Value

Fluid bulk modulus (BF), psi
Fluid viscosity (u}, 1b-sec/in.2
Fluid density (p), lb-seczlin.4
Fabric elastic modulus (EF), psi
Fabric shear modulus (GF)’ psi
Elastomer bulk modulus (BE), psi
Structure bulk moduls (Bs), psi
Combined bulk modulus (BC), psi
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Rotational damping {theoretical)

For w > h
= 12 ( 5
= g

BSR 1Il].L€——3'h)RS

3/2 '

~ (1+ -[1) for small Oy
w
¢ = 1-0.4( + 0.645(1)? - 0.06(§)3 (figure 119)
For h > w

2
Bgr = IZHHE(EE...) RSS

w3h
1/2
2 1/2
)T s
h h {RgON\* l_wz -1
RSON\2 —;7—) -
)

\.

-
~ (1 ‘f“';%) for small Oy

€ = 1—0.4({'11) + 0.645(%)2 - 0.06(-;1’1-)3 (figure 119)

Rotational spring rate (empirical)

KSR = €5 (doRo> + dRI3)PI

Spring coefficient, Cg = 10-3/deg-in.
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Rotational hysteresis (empirical)

3
THR = CH (——R;’W + —»—IRjt (850 + 0.55 P)
o] I

Hysteresis coefficient, Cy = f(tf)(see figure 120)

=c F°R M
Tor = C,\ 3o i &

Offset coefficient, Co =0.06 in.

Rotational offset (empirical)
(iOOO + PI)

Axial stiffness (theoretical)

%@wwﬂ«%<>w@@iﬁ

1,1, (
Be Br BS BE (1.4)Pp 4)PI

Lateral stiffness (theoretical)

wou - (55| - _3R0+RI] .
~@9(D( 1Y o () e

Torsional stiffness (theoretical)

KST = 2% GF ("LO) RoD + (t_FL)Rf"
Lo L1
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(3) Comparisons

Using the equations previously discussed, analytical predictions

were made for eight different seal parameters for each of seven
different TECHROLL configurations. These predictions are compared
with avallable statlc firing and bench test data in table XIII at seal
pressures observed during the firings. It is obvious that some param-
eter predictions correlate well with test data, while others do not.

c. Limitations and Conclusions

A limited data bank (especially for rotational inertia and damping, and
for lateral and torsional stiffnesses) and a limited theoretical under-
standing of rotational hysteresis and spring rate have resulted in a
restricted but useful set of TECHROLL parameter prediction equations.
These equations should be adequate for preliminary design studies or com-
puter simulations using the generalized model. When hardware is built,
bench test and static firing test data would naturally be substituted for
the predicted parameters.

The following restrictions apply to the prediction equations:

A. Motor sizes can vary from small tactical to medium ICBM; however,
extrapolation to large boosters must be verified

B. Seal configurations can include any straight-sided cylindrical
sidewall) designs (see figure 118); however, application to
spherical (spherical sidewall) or canted (conical sidewall)
designs could degrade theilr accuracy.
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SECTION 1V
EXPLORATORY MATERIALS DEVELOPMENT

INTRODUCTION
The materials information produced during the UTC in-house development pro-
gram wag used as a foundation for the materials development task performed
during phase I, The materials development activity was oriented primarily
toward support of the demonstration testing of a tactical air-launched type
TECHROLI® seal system that was demonstrated in both phase I and phase II of
this program, The Minuteman TECHROLL seal used basic materials technology
which were a result of the UTC prototype program,
1, OBJECTIVES

The primary objectives of the materials development task were:

A, To develop techniques necessary to quantitatively evaluate the
acceptability of various seal composite materials,

B. To derive a seal material capable of satisfying the following
requirements at 75°F:

(1) Linear tensile strength of 1,500 1b/in, (minimum)
(2) Burst strength of 4,100 psi (minimum)

(3) 1,000-cycle roll flexibility compatible with 0,5-in, seal
convolute

(4) Maximum thickness of 0,14 in,
(5) Axial elongation of 15% to 25%

(6) 1,000-hr minimum compatibility with associate seal composite
materials

Secondary objectives of the materials development task include:

A, Derivation of a composite seal material capable of satisfying the
following requirements of a TECHROLL seal for a 3,000-psi chamber
pressure tactical motor over a temperature range of -65° to +165°F:
(1) TLinear tensile strength of 2,500 1b/in, (minimum)

(2) Burst strength of 5,500 psi (minimum)

(3) 1,000-cycle roll flexibility compatible with 0.5-in, seal
convolute
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(4) Maximum thickness of 0.14 in.
(5) Axial elongation of 15% to 25%

(6) 1,000-hr minimum compatibility with associate seal composite
materials

B, bDevelopment of basic materials input data that can be used in an
analytical model for system design and performance predictions.

An additional design goal was to develop a single seal composite material
for use on all program air-launch motor tests (chamber pressures of 2,000
and 3,000 psi).

2. ACCOMPLISHMENT SUMMARY

Primary material development objectives were satisfied, and a two-layer nylon-
neoprene coated composite material capable of satisfying 2,000-psi motor
requirements was developed and demonstrated.

Simplified material evaluation techniques were developed to permit ranking

of candidates and a first order approximation of composite material capability
in a8 TECHROLL seal configuration, Correlation between specimen test results
and seal performance was achieved to the extent that a relative comparison

of specimen to seal performance was predictable,

Secondary objectives were satisfied partially., A three-layer nylon-neoprene
coated composite material meeting ambient temperature operating requirements
for a 3,000-psi motor chamber pressure was developed and tested, However,
this materlal was not tested at the required -65°F seal operation temperature
because of the -40°F glass transition temperature of the neoprene elastomer.

The goal of a single combination of materials capable of satisfying TECHROLL
seal requirements for both 2,000- and 3,000-psi chamber pressutre nozzles was
met partially, The materials and methods of construction used in both seals
are essentially the same, and the composite is identical except for the
number of fabric plies used,

a, Selection Criteria

To select a composite capable of meeting TECHROLL seal requirements,
candidate materials in (1) reinforcement fabrics, (2) elastomer coatings,
seal internal fluids, and (3) thermal protective greases were reviewed
and evaluated. The spatial interrelationship among these components is
shown schematically in the typical seal cross section presented in

figure 121,

Candidate materials in each of the four categories were selected on the
basis of requirements determined from analyzing seal construction and
preliminary designs of tactical TECHROLL seal movable nozzles to be
tested in both phase T and II, Maximum use was made of material informa-
tion generated during the UTC in-house prototype development program,
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Past experience and properties data gathered during a literature survey
were used in compiling initial lists of candidates. Availability, cost,
and producibility factors were applied in reducing the ipitial list to
the prime candidates for each category shown in table XIV.

Final selection of elastomers was accomplished by evaluating each can-
didate in a simple composite with the standard nylon (J. P. Stevens
style 34102) fabric, Specimens were subjected to the following tests:

Test Success Criteria

Tensile strength (width), 1b/in. 750 (minimum)

Elongation, % 25 (maximum)

Burst strength in 0,5-in, 2,000 (minimum) after
convolute, psi 1,000 cycles

Grease and fluid compatibility retention of 75% original burst

strength and 107, maximum weight
and volume change,

The same type of specimen (see figure 122) was used to evaluate fabrics
as that used for elastomers, with each candidate fabric molded into a
standard neoprene elastomer (Burke Rubber Co. 5026), Fabrics were
subjected to the following quantitative tests:

Test Success Criteria

Tensile strength (width), 1b/in, 1,500 (minimum)

Elongation, % 25 (maximum)
Burst strength in 0,5-in, 4,100 (minimum after
convolute, psi 1,000 cycles), 5,500 psi as

design goal

Seal fluids and greases were selected on the basis of compatibility
with the elastomers.

b. Candidate Materials

Based on considerations discussed in subsection &, the materials

listed in table XIV were tested. Material suppliers® data and certifica-
tion sheets were used as supportive factors in the material selection.

A butyl elastomer compound was included in early testing, but was
eliminated after burst tests produced a result of less than 1,000-psi
burst strength., The first silicone rubber material procured, Burke

2107, could not be calendered uniformly. Because silicone rubber was

a prime candidate for low-temperature applications, an acceptable,
uniform-calendered sheet was obtained from General Electric Co, for

use in the test program.

138



1821 sS4 "dxop 3uruioy moq dUODTTTs0I0NT]
WOH-0d *dion Sutuaon moq QUODTTIS

WSS-9d *dion Sutuio)y moq DUODTTIS 9sBaIy
LY11-4S *0) OTIIVITD TBIIUIY SUODTI[IS PITITPOW
G9z1 sd *dion Sutuion Mmo( auooTfIsoIonTq

$3132 06¢ ‘96 A4S ‘0D DTIIOSTH TEBIBUIY QUOITTIS PINTA
(111F) 8z x (daem) %9
§SaUYOTY3 #80°0
€00-.106-4d *oul ‘oosapoig oAEIM 39MSBQq T X T
(1113) 85 x (dxem) 917
SS2UWYITYI "UTI-%B80°0
Z200-/10S-4 *ouy ‘oosapoig 9AEAM 193SBQ T X T
(1113) 2€ x (daen) %9
$SaWITY3 °UT-190°0
100-£4T10S-4 ‘ouy ‘oosapoig 2aBAM 39)SBq 7 X T
(1113) 0°1% x (daem) g°z%
SSaWYITY} "Ur-/20°0

€0IHE *ouy ‘*opH ® sul4331g ‘g °r 9ABOM 19MSBq 7 X uoTAN
1028 XS ‘0D I9qqny 8jing dUOOTITSO0IONT]
919S *our ‘yefoatup Wadda
LOTC *0D I8qqny Iang QUODTTIS
1 °*oN ‘09 OTIID9TY [BAUIYH QUODTITIS

920¢ ‘09 aaqqny ajang auaxdoay Jawo3selq

uo13eu8Isag 19aIN30BINUBK adLg1, 1eTaL3en
jonpoag

STVIYALYW JLVAIANVD

ATX dT9VL

139



uswis>adg do1aged JusmadIOJUTIIY/Aswolse[d g7l

‘N109

2In38r g

s

‘N1 0°¢

140



During the selection of fabric reinforcements to be tested, it became
evident that weave construction of a fabric had a much greater effect on
its load-carrying capability than the chemistry of its fiber. Therefore,
the reinforcement fabric test was directed toward a comparison of different
weaves and fabric thickness using nylon as the candidate material. No
comparison between different generic materials was made.

¢. Material Testing

Material tests and results are discussed in detail in the following
paragraphs.

(1) Elastomer Testing

Tensile properties of a nylon/elastomer composite obtained during a
test series is shown in table XV. The objective of these tests

was to measure the effect of temperature on the candidate elastomers,
It was predicted that the fabric reinforcement would carry the

major tensile load with the elastomer contributing relatively

little. However, the results appeared to indicate that the elastomer
had a significant effect on the load-carrying capability of the com-
posite, The room temperature properties correlated with predicted
values of tensile strength for the elastomer generic types.

Two additional test series were then conducted. Table XVI which
shows results of the first tests, lists test data from two sources,
the original manufacturer, and UTC laboratories. The manufacturer
had tested and reported values for untreated fabric without elastomer,
UTC repeated these tests for the standard J. P. Stevens 34103 nylen
and for the Prodesco fabrics, In addition, a series of composite
specimens in which the standard neoprene elastomer was combined
with the J. P. Stevens fabric and processed was carefully con-
structed through: (1) a normal cure cycle of 1 hr at 310°F and

(2) an abnormal cure cycle of 16 hr at 310°F, After cure, the
elastomer was removed from the specimens, The specimens were then
tested in identical fashion to the uncoated fabries.

Two conclusions were drawn from the test results shown in table XVI.
First, the UTC tensile tests consistently produced results which
were significantly lower than those of two outside test sources.
Second, cure cycle temperatures, even when applied for excessive
periods of time, do not significantly reduce the tensile strength
of the reinforcing fabric,

Table XVII shows the results of a series of burst strength and
cycling tests of composite samples of each elastomer with J. P.
Stevens 34103 nylon, These tests were performed in a 0,5-in, con-
volute test fixture (figure 123) and a flex-cycling fixture

(figure 124) which were developed by UTC to simulate the pressure
application mode of a seal assembly for materials screening purposes.
Table XVII shows the burst strengths achieved by the candidate
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TABLE XV

EFFECT OF TEMPERATURE ON TENSILE STRENGTH AND ELONGATION

General
Burke Burke Electric Uniroyal Burke
Neoprene Silicone Silicone EPDM  Fluorosilicone

Room Temperature

Tensile strength, 1b/in. 597 462 334 528 403

Elongation, % 29.7 21.8 14.4 21.3 15.2
-65°F

Tensile strength, 1b/in. 766 473 486 905 637

Elongation, % 40.5 29.5 24.5 23.3 20.5
+165°F

Tensile strength, 1b/in. 244 323 292 275 398

Elongation, % 27.7 22.6 21.3 20.8 23.0

NOTE: Test specimens were 2 by 6 by 0.100 in., sandwich construction with
single ply of J. P, Stevens 34103 nylon, covered on both sides with
candidate elastomer. FEach value represents an average of five test
specimens.

elastomers at room temperature, -650F, and 165°F. Generally, these
values agreed with the predicted values for seals containing a
single ply of reinforcement. From these data, it can be concluded
that the burst strength test was more relevant and more consistent
than the tensile strength evaluations, Tensile testing of a
composite does not appear to represent the apparent material
strength, Its usefulness is as a factor in relating the relative
strengths of various composites.

Having established relevancy of the composite burst strength tests,
the next series of tests were conducted to evaluate the compati-
bility of the candidate elastomers with the appropriate internal
seal fluids and external thermal protection greases. The test
criteria were based upon physical changes and degradation of burst
strengths with increasing time exposure to these media, The test
results are summarized in tables XVIII through XXII. The same
test series was used to accomplish the desired accelerated aging
tests required by the program, since specimens were exposed con-
tinuously to candidate fluids and greases at 165°F for 10, 100,
and 1,000 hr,
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TABLE XVII

EFFECT OF TEMPERATURE ON BURST STRENGTH

Burst Strength, psi

General
Burke Burke Electric  Uniroyal Burke
Neoprene Silicone Silicone EPDM Fluorosilicone

Room Temperature

No eycles 2,500 2,200 2,000 2,600 2,400

1,000 cycles 2,400 2,200 1,800 2,800 2,200
-65°F

No cycles 4,600 4,000 4,800 3,600 2,900

1,000 cycles (-30°F)* 2,200 3,200 (-36F)* 3,000
+165°F

No cycles 1,000 1,000 1,500 1,200 1,000

1,000 cycles 1,000 1,800 1,400 1,200 1,000

* Would not cycle below this temperature

Note: Specimens were 2 by 6 by 0,100 in. sandwich construction with single
ply of J. P. Stevens 34103 nylon covered on both sides with candidate
elastomer. Each value represents an average of three specimens,.

After completion of elastomer testing, the various candidates were
ranked as shown in table XXIII, '

On the basis of this ranking, any of the elastomers tested would
satisfy most of the TECHROLL seal system requirements, Because

of its low cost, availability, processability, and previous experience,
neoprene was selected as the prime material tor use in seal con-
struction,

(2) Reinforcement Fabric Testing

It was apparent that the HIPPO seal required a reinforcement of
greater strength than the standard fabric (J. P. Stevens 34103
nylon) used in the UTC development program, Therefore, it was
decided to try the simplified approach of achieving the increased
strength by use of multiple layers of the 34103 nylon, This
approach proved successful, both in terms of laboratory specimen
testing and in fabrication of actual seals,
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Concurrently with the testing of multiple plies of conventional
fabric, the Prodesco Co, was contracted to produce specially woven
fabrics of higher strengths, greater uniformity between warp and
fill strengths, void-free construction, and the capability to be
woven into seamless cones or cylinders in the event that joints in
seal walls proved unacceptable for high-pressure applications.
Figure 125 summarizes the comparison of these various reinforcement
approaches in terms of convolute burst strength, All specimens
were 2 by & in., with the thickness dependent upon the reinforcement
The curve illustrates that a linear relationship exists between
fabric thickness and composite burst strength, Figures 126 through
129 illustrate the different weave characteristics of the Prodesco
fabrics compared to the J, P, Stevens 34103 nylon.

At the beginning of the program, nylon had been selected as a sat-
isfactory fabric reinforcement for the high-pressure TECHROLL seals.
As a result of the materials evaluation tests, multiple layers of

J. P, Stevens 34103 nylon were considered acceptable for use in
fabrication of the test seals,

(3) Candidate Fluids and Greases

Comparison of seal fluilds and thermal protection greases was conducted
in terms of their effect on the properties of the seal elastomer,
Candidates had been selected with the required physical properties

to function adequately in the seal system, in terms of viscosity,
compressibility, and density. The data presented in tables XIX
through XXII demonstrate quantitatively the effects of long-term
exposure of fluids and greases on elastomer performance under
stringent conditions.

(4) Accelerated Aging

A prime factor in the function of an operational TECHROLL seal is
its capability to withstand long term storage without degradation of
performance. A series of accelerated aging tests was conducted to
assess this capability., The most likely failure mode in long term
storage is the progressive chemical degradation of the protective
elastomer film caused by the fluid and/or grease. An extremely
aggressive test environment was created in which composite specimens
of the candidate elastomers with a single internal ply of nylon
fabric were immersed in the appropriate fluids or greases and main-
tined at the highest required service temperature of 165°F. The
specimens were then evaluated for changes in weight, volume, hardness,
or burst strength after 10, 100, and 1,000 hr of exposure,

These results are shown in tables XIX through XXIT as part of the
elastomer evaluation. The results confirm prior predictions that
the candidate elastomers have good age resistance in the anticipated
environments.
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Figure 126. Sample of J. P. Stevens Fabric

Figure 127. Sample of Prodesco Item No, 1 Fabric
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Figure 128, Sample of Prodesco Item No, 2 Fabric

Figure 129, Sample of Prodesco Item No. 3 Fabric
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d. Composite Selection and Testing

Based on the materials evaluation program previously described, the materials
recommended for use in tactical seal system are as follows:

A, Elastomer: WNeoprene, Burke Rubber No, 5026

B. Reinforcement: Nylon fabric, J. P. Stevens, Style 34103,
2 x 2 square weave, in multiple layers

C. Fluid: General Electric Silicone 0il, SF 96
D. Grease: Dow Corning Silicone Grease, DC 40,

This combination of materials was used in fabrication of seals for
characterization, bench testing, and demonstration firings in both pro-
gram configurations.

e, Testing AFRPL-Furnished Specimens

A series of composite samples consisting of multiple layers of fabric and
elastomer were furnished by AFRPL for parallel testing, using the same
laboratory techniques as those used for the candidate materials described
earlier, Specimens were 2 by 6 in. of various thicknesses and differed
from UTC specimens in that the fabric layers were either impregnated
heavily or interspersed with multiple layers of elastomer. The samples
were tested for burst strength in a 0,5-in, convolute and the results are
shown in table XXIII. Some difficulty was experienced in cycling the
thicker specimens at lower temperatures, but this probably could have
been accomplished with a more powerful flexing fixture.

For direct comparison of these specimens with the multiple-ply UTC speci-
mens which most closely resemble them, figure 130 shows the same linear
thickness relating to burst strength as that shown in figure 128 resulting
from the UTC specimen tests, TFigure 131 through 134 show the burst
strength specimens after test.

3, SEAL DEVELOPMENT
a, Design
(1) Minuteman Seal

The goal of delivering the Minuteman TECHROLL seal nozzle assembly
to AFRPL approximately 5 months after contract go-ahead necessitated
the direct use of seal materials, processes, and design techniques
developed on the UTC prototype program. The Minuteman seal was
fabricated from flat-sheet J, P, Stevens 34103 nylon fabric and
coated with Burke 5026 neoprene elastomer with two seam joints,

180° apart, The seal assembly was designed to withstand tensile
loads imposed by a 1,000-psi chamber pressure for eventual use on
the AFRPL C-3 demonstrator program,
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Figure 131. Burst Specimen, Set I

Figure 132, Burst Specimen, Set IT
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Figure 134, Burst Specimen, Set IV
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(2) HIPPD Seal

As a result of the materials evaluation effort, a dual layer of flat-
sheet J. P, Stevens 34103 nylon fabric/Burke 5026 neoprene elastomer
composite with four seam joints, 90° apart, proved adequate to meet
the tensile loads imposed by the 2,000-psi chamber pressure firing,
The immediate advantage of the use of the flat stock was the ease of
procurement, design flexibility, and avoidance of setup costs and
leadtime associated with the procurement of special fabric weaves,
UTC still considers the seamless reinforcement to be preferable for
omniaxis deflections because seams in the fabric reinforcement
necessitate materisa. overlay that increases seal thickness locally
and can result in nonlinear torque characteristics.

b, Fabrication

The techniques used for the prototype seal were used for fabrication of
both the Minuteman and HIPPQO seals, No process development studies were
conducted during seal fabrication. Initial calendered elastomer thick-
ness, fabric hold-down tension, and molding cure temperature were varied
until fabrication of an acceptable part was achieved, The fabrication
steps are outlined briefly as follows:

[

The fabric pattern is laid out on a 450 bias using flat patterns
shown in figure 135. The bias layup is required to allow for
pantographing of the seal walls as they roll.

The fabric is cut, and the inner and outer wire beads are
prepared as shown in figure 136, For the HIPPO seal, metal
rings are required on the flat portion of the seal that is
bolted to the seal housing to prevent tearout at high pressures.
The addition of the rings are shown in figure 137,

The breakaway matched-die mold shown in figure 138 is cleaned and
inspected for irregularities in the Teflon coating.

A preform of the reinforcement fabric is laid up on the male
portion of the mold shown in figure 139, The wire beads are
stitched in place. For the HIPPO seal, the tearout rings are
bonded on the outer fabric surface and between fabric lavers
as shown in figure 140,

While the preform is off the mold, a layer of elastomer is
taid up on the inner side of the preform. The preform is
replaced on the mold, and the inner and outer bead retention
rings are put in place as shown in figure 141, 1If the fabric
is cut and laid up properly, the proper tension in the part
should be attained when the retention rings are bottomed out,

A bleeder cloth and vacuum bag is placed over the mold and a
vacuum drawn to tighten up the entire part as shown in
figure 142,
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Figure 135. Pattern on 45° Bias Flat Stock Fabric

Figure 136. Cut Fabric and Bead Wires
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Figure 137. Cut Fabric, Bead Wires, and Metal Reinforcement
Rings for HIPPO Motor

Figure 138, Matched-Die Mold
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Figure 139, Fabric Reinforcement Preform

Figure 140, Fabric Preform with Reinforcement Ring
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Figure 141. Layup on Mold with Bead Holddown Rings in Place

Figure 142, Layup Under Vacuum
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7. The outer layer of elastomer is placed on the part as shown
in figure 143.

8. The male and female portions of the mold are placed in a
heated platen hydraulic press as shown in figure 144, The
mold segments are preheated and then closed at a predetermined
pressure as shown in figure 145.

9, The part is heat and pressure cured in the matched-die mold to
allow the elastomer to reach its cure state and then is
removed, The finished part still on the male mold is shown
in figure 14C.

10, A typical HIPPO seal after removal from the mold and before
the flashing is removed is shown in figure 147 and 148,

11, The finished, ready-to-use 17-in. Minuteman and 12-in, HIPPO
seals are shown in figure 149,

Each completed seal was visually inspected for flaws and surface irregular-
ities. If the seal passed the visual inspection, it was assembled into

the seal housing, filled with fluid and pressure checked to a predetermined
pressure, and all assembly bolts were torqued. If the seal held pressure
during this operation, it was considered acceptable to be used for the

next phase of testing. This NDT process is described in the next section,

c, Nondestructive Testing

During the Minuteman TECHROLL seal fabrication phase, the finished seal
was evaluated initially by visual and radiographic inspection, The
material composite wall section of the seal was radiographically inspected
using a low kilo veoltage range (60 to 150 kv) and slow-speed, high-
contrast film, The goal of this NDT process was to reveal the separations,
buckling of the reinforcement fabric, nonuniform coverage of the fabric
material, and discontinuities in overlap and seam areas.

The radiographic appraoch proved to be useful in identifying flaws
associated with the fabric reinforcement system; however, in almost

every instance these flaws also could be discerned by careful visual
scrutiny. In no case was a discrepancy of sufficient magnitude to cause
rejection of the seal discovered solely by X-ray techniques, Additionally,
failures of early seals were experienced during proof test where both
visual and radiographic inspection did not uncover an anomaly,

The major failure modes that went undetected until pressure test were
"pinhole'" leak paths through one or both layers of elastomer, A pinhole
leak on the pressure surface permits seal oil to penetrate to the fabric,
and seal leakage may then occur through nonopposed pinhole leaks in the
nonpressure surface of the seal.
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Figure 143, Completed Layup Ready for Molding

Figure 144. Mold Loaded in Heated Hydraulic Press
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Figure 145, Molding the Seal

Figure 146, TFinished Seal Attached to Male Part of Mold
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Figure 147, Finished Seal with Flashing on Outer Surface

Figure 148, TFinished Seal with Flashing on Inner Surface
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Radiographic inspection appears to be a potentially useful production
screening technique and is considered to be valuable during evaluation
of fabrication techniques of new seal configurations. Further investi-
gation of radiography is now under consideration.

Primary NDT techniques used with all demonstration test seals were
critical visual inspection using magnifying devices followed by proof
pressure and axial hysteresis tests.

Comparison of axial deflection characteristics of a seal before, during,

and after exposure to proof pressure appears to be a reliable means
of screening out seals including production defects.
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SECTION V

COMMERCIAL SOURCE OF SUPPLY

1. INTRODUCTION

Companies having capabilities for manufacturing fabric-reinforced elastomeric
seals were surveyed for interest in developing assembly line fabrication tech-
niques. A company was then selected to fabricate the conventional air-launched
TECHROLL seal configuration and to provide manufacturing plans, techniques,

and cost for both the air launch and Minuteman seal configurations.

2. VENDOR SELECTION

Proposals were solicited from 17 companies whose products and approach to
manufacturing were primarily commercial rather than aerospace oriented. Only
two companies, B, F, Goodrich Co.,, and Uniroyal Inc,, bid by the 30 June 1971
closing date,

Based primarily on cost and a better understanding of technical accomplish-
ments, B. F. Goodrich was selected as the commercial source, and a contract

was let in August 1971,
3. FABRICATION AND TEST RESULTS

From the requirements established by the envelope drawings for the two seals
(figures 150 and 151), B. F. Gooodrich submitted a program and fabrication

plan in September 1971, Later that month, the B, ¥, Goodrich program manager
met with UTC personnel to discuss the plan, Also, he delivered samples of the
proposed elastomer/fabric composite. UTC burst-test these samples and the
results were poor, The B, F, Goodrich tire-cord approach resulted in a too
widely spaced reinforcement fabric and the cord separated under load, UTC
recommended that the polyester tire-cord approach be modified to reduce the
spacing between strands and possibly to cover the strands with a thin layer

of fabric to keep the strands from separating under load.

The operating requirements shown in figure 151 resulted in a seal proof pressure
of 5,500£50 psi for the air-launched configuration. The samples which were
tested burst at pressures less than 1,000 psi.

In October 1971, B. F. Goodrich sent UTIC a second set of sample specimens.
These specimens consisted of two plies of tire cord and one ply of a fabric
covering. This time the specimens burst at slightly below 2,000 psi,

In November 1971, B. F. Goodrich changed the elastomer from neoprene to silicone
SE-7565 to meet the -65° to +165°F temperature required for an air-launched system,
Four 2 in. by 6 in. specimens using the silicone elastomer were transmitted to

UTC for testing. The results were as follows:
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Maximum Wall

Burst Pressure, Thickness,

Sample psi in.
Two=ply tire-cord, one~ply tricot fabric 2,425 0.169
Two=ply tire-cord, one-ply plain weave
fabric 2,300 0.180
Two=ply tire-cord, one-plvy plain weave
fabric, 600 1b/in. tensile strength 2,800 0.180
Four-ply tricot fabric, no cord 2,900 0.108

In January 1972, B. F. Goodrich in an effort to meet the burst test require-
ments, built a burst fixture similar to the UIC burst fixture and tested samples
with the following results:

~ Sample Thickness, in.* Burst Pressure, psi

Nylon 34103

two ply 0.108 3,200

three ply 0,154 4,900

four ply 0.200 5,400

Nylon 3 x 4 basket weave

two ply 0.125 3,500

three ply 0.185 5,000 (No burst,
slipped in
fixture)

Nylon tricot
four ply 0.128 1,000 (No burst,
slipped
in fixture)

% Envelope drawing requires wall thickness to be 0.135 to 0,145 in.

During a technical status review of the program held with the Air Force program
office and UTC personnel at UTC on 13 and 14 January 1972, it became apparent
that attempts to establish a commercial source for TECHROLL seals would not be
successful within the constraints of this project. Subsequently, a TWX was
received from the AFRPL contracting officer to terminate this effort.

To close out the contract, B. F. Goodrich agreed to deliver three HIPPO seals
as originally intended but not to the stated regquirements. In April, after
discussions concerning the format and the method, UTC advised B. F. Goodrich
to build three seals on a best effort basis.
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The first two seals, using three-ply square woven 1,000 1lb/in. nylon and
silicone elastomer, were oversized in the bead areas. These seals did not fit
the test hardware and could not be tested.

A third seal was fabricated in May 1972 using nylon tricot and silicone rubber.
Both the bead areas and wall thickness were over tolerance. This part was
rejected.

Another seal was made with the silicone replaced by neoprene rubber. This
seal was also out of tolerance in the bead area. No further testing was
performed.

4. QUANTITY MANUFACTURING COSTS

The following production costs were quoted by B. F. Goodrich for the air launch
and Minuteman seals assuming that they were successful in meeting the technical
requirements.

Air ‘Launch Seal

Quantity Cost per Seal, dollars Tooling, dollars
3 3,189 8,655 (soft)

10 1,112 11,462 (production, 10 per month)
100 770 8,300 (production, 25 per month}
500 664

1,000 643

Minuteman Seal

10 2,200 9,167 (soft)
100 879 11,766 (production, 10 per month)
500 764 8,700 (production, 25 per month)
1,000 731

5.  FABRICATION METHOD
The seal composite was layed up on a preform tool covered with a bleeder cloth

and a vacuum bag. The assembly underwent a curing cycle in an autoclave
and then a hot air postcure cycle in the unconstralned position.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

The TECHROLI seal development program conducted under this contract has
resulted in the successful demonstration of this advanced, low torque, movable
nozzle bearing in both high pressure tactical and ballistic motor configurationms,

Adequate knowledge was obtained during this program to permit design of TECHROLL
seal movable nozzle systems for a variety of potential applications.

The complete success of the multifiring demonstration program, and the empirical
and analytical data base which it produced, indicates that the TECHROLL seal
movable nozzle is ready for engineering development for ballistic systems
applications.

The performance of the TECHROLL seal concept for use in high pressure tactical
air-launched systems was determined; however, all work was conducted in the
ambient temperature range since all seals were fabricated from nylon-neoprene
composite materials, The TECHROLL seal was not evaluated in the air-launched
missile vibration environment.

Development work to date on the TECHROLL seal also has indicated some highly
attractive actuation techniques, alternate seal geometries, and fabrication
approaches that could result in further improvements in movable nozzle system

performance,

TECHROLL seal storage and aging characteristics have been demonstrated based
largely on material samples tests and proven long term compatibility of com-
ponents. Long term real time aging/performance studies have not been conducted.

Additional work is recommended in the following areas:

A, Demonstrate a ballistic motor TECHROLL seal movable nozzle using
high pressure (miniseal) technology and an integrated actuation
system. This would represent the TECHROLL seal state of development

on completion of this program

B. Develop and evaluate elastomer-fabric composite seals capable of
operation from -65° to +165°F

C. Evaluate a tactical configuration TECHROLL seal movable nozzle
system in the air-launched missile vibration environment

D. Develop and evaluate seamless weave fabric preforms for TECHROLL
seals to improve seal integrity and uniformity of operating char-
acteristics in all axes

E. Evaluate the effects of long term storage and aging on the per-
formance of a TECHROLL seal configured for tactical system application
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F, Develop, evaluate and test fire an advanced state-of-the-art
movable nozzle tactical motor TVC system using an optimized TECHROLL
seal,

177



178



APPENDIX I

DATA COLLECTION AND REDUCTION

A discussion follows of the bench and static testing techniques used for this
program.

1. BENCH AND ACCEPTANCE TEST DATA

During the early phase of bench testing, data were recorded on an oscillograph
recorder. These data were transferred to digital data by use of a Gerber
digital data reduction system. The digital data along with transducer cali-
bration data were then transferred to a digital engineering units tape.

Subsequent bench/acceptance test data were recorded on FM tape, and then
digitized with the UTC digitizer. The digital tape along with transducer cali-
bration information was then transferred to a digital engineering units tape.
This was the input to computer program TRS/Angle, which calculates the nozzle
movement and torque data. Listings and plots of these data were then trans-
mitted to the cognizant engineers for analysis. Figures 152 and 153 show the
data reduction flow charts for these processes.

2. STATIC TEST DATA

Data from the static tests were provided by AFRPL on a digital engineering
units tape. After conversion to a Burroughs compatible format, these tapes
were input to computer program TRS/Angle. The resultant nozzle movement and
torque data were then transmitted to the cognizant engineers for analysis.
Figure 154 shows the data reduction flow chart for this process.

3. VISCOUS FLUIDS TEST DATA

The data from the fluid pumping tests were initially handled in the same manner
as the acceptance test data. The data were recorded on FM tape, and the digital

conversion of this M data was then converted to engineering units. The resul-
tant data were then calculated using computer program MA27ZDZ.

The data were digitized at both 100 and 500 samples/sec. The 100 sample/sec
data did not provide enough data points during the dynamic portion of the duty
cycles. The resolution of the 500 samples/sec data was such that meaningful
acceleration and velocity data could not be obtained.

The data were then digitized at 1,600 samples/sec using a frequency multiplier
to retain some of the resolution of the original data. At the same time, a high
speed oscillograph was made of the data. The resolution of the digital data

was still not good enough to provide automatic data reduction. The data were
then sent to the engineer in the form of 30- by 40-in. plots. Using these

plots and the high speed oscillograph, the desired data were obtained.
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OUTPUT FROM TRANSDUCERS

!

OSCILLOGRAPH

GERBER

GDDRS-3B

DATA CARDS

A

e
PROGRAM BURROUGHS | ERANSDUCER
M B-5500 ALIBRATION
A11Z2Z2 DATA
ENGINEERING ENGINEERING
DATA LiSTING FDT UNITS TAPE
RECQRDED
Va
PROGRAM BURRQUGHS CONFIGURATION
TRS/ANGLE B-5500 CONSTANTS
CALCULATED \ RECORDED +
DATA LISTING CALCULATED
DATA
PLOT
PROGRAMS BURROUGHS |
MA27ZAZ B-5500 v
MA27ZCZ
DATA PLOTS

Figure 152,

Early Bench Test Data Reduction Technique
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OUTPUT FROM TRANSDUCERS

Q

DIGITIZER
DIGITAL
TAPE
L
PROGRAM - TRANSDUCER|
MA22ZAZ B-5500 CALIBRATION
DATA
ENGINEERING ENGINEERING
DATA LISTING UNITS TAPE
RECORDED
—
PROGRAM 5.5500  l—] CONFIGURATION
TRS/ANGLE - CONSTANTS
y
CALCULATED RECORDED +
LISTINGS CALCULATED
DATA
PLOT
PROGRAMS )
MA27ZAZ B-5500
MA272CZ

DATA PLOTS

Figure 153,

Later Bench Test Data Reduction Technique
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E U TAPE SUPPLIED
TAPE BY TEST AGENCY
PROGRAM /
MA262Z2 \ B-5500
DATA B-5500 COMPATIBLE
LISTING FDT ENGINEERING UNITS
TAPE RECORDED
r
PROGRAM B_5500 CONFIGURATION
TRS/ANGLE CONSTANTS
RECORDED &
CALCULATED
FDT | CALCULATED
DATA LISTING DATA
PLOT
PROGRAMS
MA27ZAZ B-5500
MA272CZ
DATA PLOTS

Figure 154. Static Test Data Reduction Technique
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DATA REDUCTION SYSTEM AND COMPUTER PROGRAMS

A. Gerber digital data reduction system (GDDRS-3B)
B. Computer program MA11ZZZ

C. Digitizer

D. Computer program MA227ZAZ

E. Computer program MA26ZZZ

F. Computer program TRS/Angle

G. Computer programs MAZ2Y7ZAZ and MA27ZCZ

H. Computer program MA27ZDZ

a. Gerber Digital Data Reduction System

The Gerber digital data reduction system contains three basic pieces of
equipment: The Gerber digital reader, the IBM typewriter, and an IBM
026 keypunch.

Figure 155 shows the Gerber digital reader. The positions of the movable
hairlines are displayed on the Nixle tubes. This position data can be

Figure 155. Gerber Digital Reader
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output to the typewriter and the keypunch. The oscillograph is read by
adjusting the hairlines until they cross at the desired point. The output
control is then activated. Prior to running a test sequencer, calibration
data for each measurement channel are recorded on the oscillograph.

b. Computer Program MA11ZZZ

This computer program uses the output data cards from the Gerber digital
data reduction system along with the calibration information recorded
prior to each test. The input is of the following form:

DATA:

CHANNEL 1 CHANNEL 2 CHANNEL n
TIME, COUNTS , COUNTS, e, COUNTS

CALTBRATIONS:

VALUE VALUE

STEP 1, STEP 2
Two cards for each
parameter.

COUNTS COUNTS

STEP 1, STEP 2

The engineering units data are then calculated in the following manner:

VALUE2 - VALUE1 ‘>
EU; = (COUNTS, - COUNTS )\ Gounts, - COUNTS,
where: EUi = Engineering unit value
COUNTSi = Data count (read from Gerber output)
COUNTS1 = Counts for calibration step 1
COUNTS2 = Counts for calibration step 2
VALUE1 = Value of calibration step 1
VALUE2 = Value of calibration step 2

The engineering unit values are then written on an output data tape.

c. Digitizer

The digitizer reads the FM recorded tape and writes an output digital tape.
The digital values written on this tape are directly proportional to the
voltage output of the transducers. The UTC digitizer is an integration
digitizer (i.e., the input frequency is summed for the entire sample time).
Prior to each test sequence, calibration data for each measurement are
recorded on the tape.
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d. Computer Program MA22ZAZ

This computer program is similar to MA11ZZZ. The major difference is
that the input data are on magnetic tape instead of computer cards.

e. Computer Program MA26ZZZ

This program converts the data tape from the IBM 7044 36-bit, floating

point word mode

into Burroughs=5500 48-bit, floating point word mode,

and writes the data on a UTC standard floating data tape.

f.  Computer Program TRS/Angle

This program reads the engineering unit floating data tape and calculates
the nozzle position, angle, and actuation torque.

The equations used in this program are as follows:

Nozzle Displacements

Axjial: X = K,V

where K3

Vq

3°3

potentiometer gain, in./v

linear potentiometer 3 displacement from
null position

Lateral: Y = V, + V2 - (KZ) (V1 - VZ)/K1 /2 - Yo

where V1 =

Y =
o

Deflection

1

linear potentiometer 1 displacement from
null position

Linear potentiometer 2 displacement from
null position

R1 + R2

distance from (null) theoretical nozzle intercept
point to potentiometer 1

distance from (null) theoretical nozzle intercept
point to potentiometer 2

Value of Y at t = 1 sec
Angle (Radians)

8 = arc tan (V1 - V2/K1)
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Actuation Torque

T =L (P1P1 - P2A2)

where L = moment arm (actuator to nozzle theoretical intercept
point)
P1 = hydraulic inlet pressure
A1 = small area of hydraulic piston
P2 = hydraulic outlet pressure
A2 = large area of hydraulic piston.

g, Computer Programs MAZ7ZAZ and MA27ZCZ

These computer programs read a floating data tape and write an output tape
compatible with the CalComp plotter.

h. Computer Program MA27ZDZ

This computer program is a multipurpose calculation program modified for
the equations provided by engineering. Angular velocity and accelerations
are obtained by differentiating the calculated angle data using the three

point second order Lagrange derivation method.

The following equations were used to reduce the data.

6 15.58 (U1 - u,)

2
: de
KT
2
b = d 8
dt
T = 9.0 (.626 Pr - 1.227 Pc) .
A 6
. TA - (IN + IFT) (6/57.3)-(US(8)'TH(?E;)'TO
F (8/57.3)
0
L oA Pmer57.3)-Ys(e) - Tn (1é1; o " Iy
F (8/57.3)
where 8§ = angular deflection, degree
6 = angular velocity, degree/sec
8 = angular acceleration, degree/sec2
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Pc

actuation torque, in.-1b
fluid damping, in.-lb-sec
fluid inertia, in.-lb-sec2
nozzle inertia

seal spring rate

seal hysteresis

seal offset

= potentiometer 1 output

potentiometer 2 output
actuator pressure rod (psig)

actuator pressure cylinder (psig)

i. Data Format for the HIPPO Miniseal Static Firing Tape from AFRPL

Contents and Sequence of Data on Tape:

Physical Logical
Record No. Record No. Parameter Name on Tape
1 1 NUMA, NUMB, NUMC
1 2 ITEMA1 through ITEMA150
1 and 2 3 THEADA1 through THEAD60O
2 4 ISEQAt1 through ISEQA150
2 and 3 5 ICALA1 through ICALAT50
3 6 DATA1 through DATA150
3 7 Repeat logical record 6 format
for all data values
. . End of tape mark.

Tape Specifications:

A. Seven track

B. Binary tape

C. 556 BPI

D. 150 parameters/logical record

E. CDC floating point for data values.
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APPENDIX II

EQUATION DERIVATIONS

This appendix contains the derivations of equations (section II) which describe
some of the key TECHROLL seal performance parameters.

1. SEAL FLUID INERTIA AND DAMPING EQUATIONS

Derivation of TECHROLL seal! fluid torques was performed in several stages. The
number of variables and compliexity of the result increased with each successive
stage. Only the initial derivation is presented in detail; followup efforts
are briefly summarized.

a. Derivation

A cross=~sectional sketch of the TECHROLL seal (figure 156) shows it is
divided into three rectangular fluid cavities. Fluid in the convolute
cavities was assumed to move only axially while in the main cavity the
fluid was assumed to move only tangentially around the seal circumference.
Fluid flowing between the cavities was neglected. The basic equations
were derived at zero deflection and for a seal whose cross-sectional width
is much greater than its height. The other assumptions listed below are
followed by the result of this first derivation. The equations are derived
in detail on pages 188 through 193,

=
MAIN CAVITY #-VISCOCITY
¢ ©-DENSITY

|
— A
| t\]
| : CONVOLUTE CAVIH}lES
-

NG ai

BTT

1
h
T

Ll

Figure 156. Diagram of TECHROLL Seal Fluid Torque
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Assumptions
Fluld - massive, viscous, incompressible

Convolute cavities — damping and inertia torques due to axial fluid
motion

Main cavity - damping and inertia torques due to tangential fluid
motion

Dimensions — R >> W >> h >> t

Angle ~ small 6; sin 6 = O

2 .
-~ inar —PWRZ_ iy
Flow — laminar T (Wh) 8 < 1,000, quasi one~dimensional
Results
5 . : 5 31
T, = [TT EWR + Trp!LtR3] 8 + [1211 HWR + 27 HER 6
T h 3 t
h
Derivation

(1) Velocity Torque: 6 >0, 8 =0, W>>h, 0 ~0

~ Rcos ¢
v dF
Rd ¢ dA
d¢ dA
¢
m ; Qra 9
R P +dP p
<|? idF,V | ELEMENT
o) _

rA h
i
FLOW VELOCCITY IN MAIN CAVITY
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Fluid conservation in element
Q+ dQ = Q + vdA
dQ = vdaA
v =R cos ¢ 8
dA = WRdo
dQ = WRZ0 cos ¢ d¢
Integrate to get flow as function of angle (¢)

Q = WR? sin ¢6 + Q,

BC - Q = 0 when ¢ = 0 due to symmetry; therefore QO =0

It

Q = WRZ sin ¢0

Pressure distribution due to flow velocity in main cavity

Pressure difference required for laminar flow of a viscous ()
fluid through a rectangular cross«sectional passage of length (L),
width (W), and small height (h)

AP = 12 ML 0 general expression
Wh3

, HRdY Q + (Q + dQ)

Wh3 2

P - (P + dP) = 1

Product of differentials (&¢-§9) neglected
3,
-ap = 12 22 4 sin ¢ do
h3

Integrate to get pressure as function of angle (9)

3 .
p.= 12 220 cos 0 8+ B,
3

BC — when 8 = 0 (regardless of ¢), P = Ps where PS is the
static pressure caused by thrust on the seal; therefore,
P, =P

0 S

3
R »
Py = 12~E§~ cos $0 + P

h
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Torque due to flow velocity in main cavity

dT = R cos ¢ dF
dF = PdA
dA = WRd¢

5,
dT=1z%ec052¢d¢+m<2pscos¢d¢
h

Integrate from ¢ =0 to ¢ = 27 to get total torque

5
T = 127 HWR

M h3

Two cavities combined to form one at radius R

C Rcos ¢

dF = u-{- dA shear expression

Rd ¢
do .
5 v = R cos ¢0
> R 2 / dA = 24Rd¢
dF,v
__T— dT = R cos ¢ dF
o dA 2¢ 3,
) | dT=2%’“R—ecos2¢d¢

1,0
—th—

Figure 157. Torque Due to Fluid
Shear in Convolute Cavities

Integrate from ¢ = 0 to ¢ = 27 to get total torque

TVC 2m T 0
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(2) Acceleration Torque g >0, §=0

a, dr
Q +dQ 0
ELEMENT

FLOW ACCELERATION IN MAIN CAVITY

Differentiate the velocity expression with respect to time

dd = adA
a = R cos ¢é
dA = WRd ¢
dQ = WRZ 6 cos ¢ d¢

Integrate to get flow acceleration as function of angle (¢)
Q = WRZ sin ¢§ + Qo
BC - Q = 0 when ¢ = 0 due to symmetry; therefore, Qo = 0

& = WR? sin ¢6
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Pressure distribution due to flow acceleration in main cavity
Pressure difference required for acceleration of a massive (p)

fluid in a rectangular cross-sectional passage of length (L),
width (W), and height (h); from F = ma

AP = %hli Q general expression

Product of differentials (dtbg—Q) neglected

3.
-dP=£}RT-8 sin ¢ dé

.t

Integrate and apply boundary conditions P = Py when 6 = O,
same as velocity expression.

3
_ pR +r
P = T cos ¢90 + PS

Torque due to flow acceleration in main cavity

Use same area and moment arms as velocity expression

5 ..
dT=£LE-6 cos? ¢ d¢ + WRZ P, cos ¢ d¢

Integrate from ¢ = 0 to ¢ = 27

5.

Tam h
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Two cavities combined form one at radius R

dF = adm Newton’s law

dm = p2itRd¢
a-= l-R cos ¢é
2
dT = R cos ¢ dF
dT = thR3é cos? o do

Figure 158. Torque Due to Fluid
Acceleration in Convolute Cavities

Il

Integrate from ¢ = 0 to ¢ 21 to get total torque

1]

T ﬂpRtR3§

AC

When numerical values for several seals were substituted into the basic
equations, the convolute expressions proved to be insignificant compared

to the main cavity expressions. For simplicity, the convolute expressions
were dropped at this point,

The basic derivation presented on pages 188 through 193 is restricted to
small deflection angles and a limited number of seal geometries. The
derivation was then improved to cover more applications.

The cross sectional shape of the main cavity can vary greatly for differ-
ent seal gecmetries. The derivation was modified to include seals with
various height-to-width ratios. This affects only the velocity expression
not the acceleration expression. The effect resulted in the coefficient
of figure 159.
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i
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Figure 159, Shape Coefficient for Fluid Pumping Torque

As the deflection angle (9) varies, so does the main cavity height
(h). A variable height (h-R6 cos ¢) was substituted in the pressure
expressions before integrating (with respect to ¢). The resulting
equations indicate a significant magnification of both velocity and
acceleration torques at large deflections (figures 160 and 161).

The shape factor obtained should be included as a variable in the
deflection expression. An analysis was made by including a linearized
shape factor as a variable before the integrations. The results from
two cases (h/w = 1/2 and h/w = 2) agreed favorably with the results
from using a constant shape factor. For simplicity, the variable
shape factor analysis was not pursued further.
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Because all seals do not have sidewalls parallel to the centerline,
a cone angle factor was included (figure 162). This effect produces
a different length along an element (Rsinid¢) and element area
(WRsinyd¢). The moment arms remain the same (Rcos¢). Increasing
the cone angle reduces the torque slightly but may cause complica-
tions (i.e., seal stretch under deflection). This cone angle effect
resulted in the coefficient shown in figure 163.

b. Resulting Expressions for Determining Seal Fluid Inertia
and Damping Coefficients

Generalized expressions for analytically determining seal fluid inertia
and damping are presented below. Numerical values are determined by first
establishing seal geometry parameters and then obtaining amplification
coefficients (figures 157, 160, 161, and 163).

The fluid used to fill the TECHROLL seal cavity imposes torques during
angular acceleration and angular velocity motions of the nozzle due to den~
sity and viscosity. The equation used to determine the torque coefficient
during angular acceleration is:

IS B ﬂKCKa Eggi
where:
KC = seal cone angle coefficient, 1+0 (figure 5)
Ka‘= acceleration deflection coefficient, 12 (figure 6)
p = fluid density, lb-seczlin.4

W = seal cavity width, in.
R = seal cavity height, in.
h = seal cavity, height, in.

The equation used to determine the torque coefficient during angular
velocity is:

For W 2 h
5
= R
BS 12HKCKShKv uw3
h
For h 2 W
URS
BS - 12ﬂKcKshKv Wh
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Figure 162. Seal Cone Angle Factor
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Figure 163. Cone Angle Coefficient for Fluid Pumping Torque

where:

Ksh = seal shape coefficient, 122,35 (figure 157)

K, = velocity deflection coefficient, 1+~ (figure 160)

The density and viscosity of silicone o0il, the baseline TECHROLL seal
fluid, are given below for ambient temperature conditions:

90}:10-6 lb-secz/in.4

©
l

50x10-6 lb-sec/in.2

=
[l

The above equations were derived prior to the initiation of this pregram.
Further refinements were made during the program. The most recent equa-
tions are presented in section III, subsection 4 of this report.
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TABLE XXTIV

NOMENCLATURE

Symbol Definition Unit
R seal radius in.

W seal main cavity width in.

h seal main cavity height, 6=0 in.

£ seal convolute cavity height, 0=0 in.

t seal conveolute cavity width in.

o fluid density lb-seczlin.4
U fluid viscosity 1b-sec/in.2
8 angular acceleration rad/sec

] angular velocity rad/sec

9 angular deflection rad

Y] cone angle degree

0 circle angle, ¢=0 | to pivot axis rad

o) fluid flow acceleration at ¢ in.3/sec?
éo fluid flow acceleration, integration constant in.3/sec
Q fluid flow velocity at ¢ in.3/sec
Qo fluid flow veleocity, integration constant in.3/sec
PI fluid pressure at ¢ psi

P0 fluid pressure, integration constant psi

PS fluid static pressure, 06=06=0 psi

F seal force at ¢ 1b

TT seal torque, total in.-1b
TA seal acceleration torque, 6=0 in.=1lb
TV seal velocity torque, 0=0 in.=~1b

a boundary acceleration at ¢ in./sec
v boundary velocity at ¢ in. /sec
TVM torque due to fluid velocity in main cavity in.=1b
TVC torque due to fluid velocity in convolutes in.-1b
TAM torque due to fluid acceleration in main cavity in.=-1b
TAC torgue due to fluid acceleration in convolutes in.-1b
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2. SUBSONIC SPLITLINE TECHROLL SEAL INTERNAL PRESSURE EQUATIONS

To determine an expression for the pressure in a TECHROLL seal during a test
firing, it is necessary to know the entrance cap pressure force and exit cone
pressure force.

a. Derivation

(1) Entrance Cap Pressure Force

WITH GAS D,

From the sketch above
‘ Wth
The force due to th = CF opt . Pc 4 (H
ZFX = 0, Thrust F] = CF opt PC % Dt + (Pt Pa) 4 Dt (2)
WITHOUT GAS D,

From the sketch above

T .2
EFX = (0, Thrust F1 = (PC Pa)-Z-Dt
+ entrance cap pressure force (3
From equations 2 and 3
m_ 2 ™ 2 m_ 2
C + P — P - —_— D 7 = - P ) —
F opt c 4 Dt ( t Pa) 4 7t (Pc a) 4 Dt
+ entrance cap pressure force (4)
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il
Oor entrance cap pressure force = PC-Z-Dt

(2) Exit Cone Pressure Force

From the sketch above 9
WDt

The force due to mVe = nF opte PC 4

(6)

where . is the efficiency due to the nozzle divergence loss

2
mD 5

2 c 4

t m
= = ] + - —_—
EFX 0, thrust F P ne CF Opte (Pe Pa) 3 De (7

e

D e

=t

From the sketch above

™ 2 T 2
= = — + —_—
ZFX 0, thrust F2 Pc 3 Dt CF opt, Pt A Dt
m 4 .
" Pa-Z-De + exit cone pressure force (8)
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D 2

. t il
F » - —_—
rom equations 7 and 8; Pc 7 e CF op + (Pe Pa) i D

L 2 m
=P D Cp opt, +tP D

m_2
- Py 7D, t exit cone pressure force (9

il 2
i £ = s

Therefore, exit cone pressure force PC 4 Dt n, CF opt,_ - CF optt]

LU 2 T 2

+ Pe 7D, Pt 7 Dt (10)
(3) TECHROLL Seal Pressure
- ¢
Dy

From the sketch above, a free body diagram for the seal and nozzle
can be constructed which eliminates seal tensile forces in the
X-direction,
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NOZZLE WEIGHT - GRAVITY

Gé _
T T T T o
ENTRANCE PRESSURE ~~.__
CAP 7
PRES SURE

From the sketch above and from equations 5 and 10,

i
EFX =0, Pc 4 Dt [ne CF opt, cF optt] * Pc 4 De t

Nozzle Thrust

Blowof%vioads

i 2 2
_fD ‘. - .
+P, [ . (D1 H1) } + Noz * W _(g)

reducing equation 11

(12)
or P P
2 2 a 2 2 e 2
p (DZ + H) 1% opr D T [eDt (D1 H1) ] = €D,
p. = e e | c
I D. + H Z - (D, - H 2
(o +8)" - (o) - ¥)
De (13)
where € = o
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APPENDIX III

TEST METHODS

The following test methods were used to perform the bench and static tests
discussed in section II.

1.

BENCH TESTS
a. Hysteresis/Seal Deflection Test

This test was performed using the configurations shown in figures 164
and 165. After pressurizing the hydrotest fixture, the seal was
slowly deflected by a turnbuckle and cable until maximum deflection
was attained. The load was measured with the load cell. Deflection
angle, radial displacement, and axial displacement were derived from
the feedback of potentiometers 1, 2, and 3., The HIPPO miniseal and
HIPPO three-layer conventional seals were gested by commanding a
closed loop actuation system through a #10° triangular wave command
of frequency of 0.01 Hz. The actuation torque was obtained from the
differential pressures in the equal area actuator.

///——— HYDROTESY FIXTURE

PIVOT POINT

NOZZLE

LATERAL

f—— AXIAL

LOAD CELL

TURNBUCKLE
TEST BAY WALL

/ 74

Figure 164. Test Schematic for Determining Minuteman Nozzle
Hysteresis/Seal Deflection Torque
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/f7_447 HYDROTEST FIXTURE

r“ T H
[ / 0ZZiE

/ /' N

XPl\/OT POINT -
L e L AxiAL

l,_;f TURNBUCKLE

L / TEST BAY WALL

Figure 165. Test Schematic for Determining HIPPO Nozzle
Hysteresis/Seal Deflection Torque

JACK SCREW

b. Axial Spring Rate Test

This test was performed by pressurizing the hydrotest fixture using
a GNy bottle and hand valve to create a load on the seal. The inter-
nal seal pressure from this load was measured. The nozzle axial
movement was monitored with potentiometer 3 (figure 166) during pres-
surization and depressurization to develop a spring rate relation-
ship between internal pressure and axial movement and to determine
the axial hysteresis of the seal.

c. Ignitien Shock Test

This test was performed using a precharged accumulator with a
solenoid valve vented to the hydrotest fixture. At the beginning of
the test, the solenoid valve was actuated to produce a shock load
simulating motor ignition. The same instrumentation was used as in
the axial spring rate test, and the same parameters were monitored.

d. Safety Margin Test
This test was performed in the same manner as the axial spring rate
test, but the seal internal pressure was increased until the seal

failed or, in the case of the high pressure seals, an upper limit on
hardware deformation was reached.
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e. Simulated Duty Cycle Test

This test was performed using a configuration consisting of the
instrumentation and hardware shown in figures 166, 167, and 168. Pro-
grammed operation of the solenoid valves for the open-loop test and
closed~loop operation using a flow control servovalve provided
repeatable nozzle actuation. Deflection angle, axial and radial
displacement, and seal internal pressure were monitored as in the
previous tests. Hydraulic actuation loads were derived from the
differential pressures and area of the actuator piston,

£. Lateral and [ursiomal Spring Rate

During bench testing of the conventional HIPPC TECHROLL seal in
preparation for static firing at AFRPL, testing was conducted to
determine the lateral and torsional spring rates of the thick-walled,
0.5-in.-diameter convolute seal. Testing was performed using the
setup shown in figures 169 and 170, To determine the nozzle radial
stiffness, it was necessary to deflect the nozzle in a purely trans-
lative motion. As shown in figure 169, two hydraulic actuators were
used to create this motion. Hydraulic actuator loads were derived
from the inlet and outlet pressures of the two actuators and the
motion from the position potentiometer voltages. To determine the
rotational stiffness of the seal about the nozzle major axis, it

was necessary to restrain the nozzle from angular deflection with

a ball bushing (figure 170). Load was applied with a hydraulic
actuator, and deflection was measured with a potentiometer at the
end of a beam.

g Viscous Fluids Special Test

Tests were conducted on a HIPPO TECHROLL seal to determine experiment-
ally the viscous fluid velocity and acceleration related torque param-
eters and to compare the results with previously derived analytical
equations. HIPPQO test equipment is shown in figure 171. An existing,
unequal area, open loop, hydraulic actuator was used to vector the
nozzle in a prescribed duty cycla. Two distinct data acquisition
techniques were planned to obtain experimental damping and inertia
parameters.

(1). Primary Data: (a) instrument nozzle angle and three seal
pressures, (b) compute angular velocities and accelerations,
(c) calculate seal pressure/velocity and pressure/acceleration
coefficients, (d) compare with theoretical data.

(2). Secondary Data: (a) instrument nozzle angle and two actu-
ator pressures, (b) compute torques, velocities, and accelerations,
(¢) calculate damping and inertia parameters, (d) compare with
theoretical data.
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Figure 171. HIPPO Fluid Pumping Test Setup

Midway through the test effort, it became evident that seal pressure
measurements were not responding dynamically (probably due to the
small size of the passages connecting the transducers to the seal
cavity). Therefore, the primary data reduction method was abandoned
in favor of the secondary method involving torque measurements.

2. STATIC TESTS

The Minuteman TECHROLL seal movable nozzle system was installed on the
Wing 1 stage 2 Minuteman motor in the horizontal test bay at AFRPL. The
plane of nozzle actuation was vertical with the actuator at top dead
center (figure 172), HIPPO TECHROLL seal movable nozzle systems were
installed on the HIPPO motor in the vertical test bay at AFRPL. The plane
of nozzle actuation was horizontal (figure 173) and the instrumentation
and actuation systems for the conventional HIPPO seals were connected
identically to the Minuteman system schematic (figure 174). Table XXV
presents the instrumentation specification sheet for the Minuteman and
the conventional HIPPO seal tests. The instrumentation and the actuation
system for the HIPPO miniseal were connected according to figure 175.
Table XXVI presents the instrumentation specification sheet.

As shown schematically in figures 174 and 175, two potentiometers were
mounted on different radii from the nozzle pivot point to measure the
nozzle deflection angle and pivot point radial movement. A third poten-
tiometer measured the axial movement of the nozzle. The actuation torques
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ACTUATOR WING I, STAGE 2
TECHROLL SEAL / MINUTEMAN MOTOR

MOVABLE NOZZLE
SYSTEM

.
/___ HORIZONTAL
TEST STAND

Figure 172. Minuteman Motor Static Firing Configuration

ACTUATOR — TECHROLL  SEAL
/o " MOVABLE NOZZLE
| |
/f — HIPPO MOTOR

. \——VERTICAL
I i V' TEST STAND

i B
—— e e

Figure 173. HIPPO Motor Static Firing Configuration
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TABLE XXV

INSTRUMENTATION LIST-
OPEN-LOOP ACTUATION

Parameter Range Hz Symbol Remarks

Digital Tape

Seal internal pressure 5,000 psi 2,000 PI ---

Pressure, hydraulic No. 1 5,000 psi ‘ P1 ---

Pressure, hydraulic No. 2 5,000 psi p2 ---

Voltage (position), poten= 0 to 5 vdc X1 -

tiometer No. 1

Voltage (position), poten- O to 5 vde X2 ---

tiometer No. 2

Voltage (position), axial O to 5 wvdc X3 -——

Voltage, solenoid command 0 to 30 vdc CMD1 ---

No. 1

Voltage, solenoid command 0 te 30 wvde CMD2 -=-

No. 2

Pressure, motor chamber 1,000 or 5,000 psi PC ---

Exeitation voltage, poten- 0 to 5 vdc EX1 -

tiometer No. 1

Excitation voltage, poten- O to 5 wvdc EX2 ---

tiometer No. 2 v

Excitation voltage, poten- O to 5 vdc 2,000 EX3 ---

tiometer No. 3

Oscillograph

Seal intermal pressure 5,000 psi 50 PI0 ---

Pressure, hydraulic No. 1 5,000 psi ‘\ PiC ---

Pressure, hydraulic Ne. 2 5,000 psi P20 ---

Voltage, position, angular -5 to +5 vdc ANGO 0.5 vde = 1°
Null = 0 vdc

Voltage, position, radial 0 to 2 vdc ZRADO 0.5 vde = 1 in.
Null = 1 vdc

Voltage, position, axial 0 to 5 vdc X30 0.5 vde = 1 1in.
Null = 1 vde

Voltage, solenoid, command 0 to 30 vdc CMD10 -

No. 1

Voltage, solenold, command O to 30 vdc CMD20 ---

No. 2 '

Pressure, motor chamber 0 to 5,000 psi 50 PCO -=-
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TABLE XXVI

INSTRUMENTATION LIST-
CLOSED-LOOP ACTUATION

Response
Samples/

Parameters Range sec Symbol Remarks
Digital Tape
Seal internal pressure 6,000 psig 290 PI ---
Pressure, differential 5,000 psid 290 APP1 ---
Voltage (position),
potentiometer~-1 0->5 vde 290 X1 ---
Voltage (position),
potentiometer-2 0-5 wvdc 290 X2 ---
Voltage (position),
axial 0+5 vde 290 X3 ---
Pressure, motor chamber TBS 290 PC -—-
Excitation voltage,
potentiometer=-1 0-+5 wvdc 290 EX1 -
Excitation voltage,
potentiometer=2 0>5 wvdc 290 EX2 ==
Excitation voltage,
potentiometer-3 05 vdc 290 EX3 ---
Osciliograph
Seal internal pressure 6,000 psig 50 Hz Pi0 -
Pressure, differential 5,000 psid 50 Hz DP 1 psid ~5.17 in.=1b
Voltage (position), =55 wvde 50 Hz ANGO 0.5 vdc = 1°
angular Null = O
Voltage (position), 0+2 vdc 50 Hz XRADO 0.5 vde = 1 in.
radial Null = 1 vdc
Voltage (position), 05 vde 50 Hz X30 1 v null
axial 0.5 vde = 1 in.
Pressure, motcor chamber TBS 50 Hz PCO ---
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were determined by measuring the hydraulic pressures on both sides of the
actuator piston. These pressures were multiplied by the piston areas

and the actuator moment arm to determine actuation torque. To assure a
large safety margin of actuation torque, the hydraulic supply pressure
was set at 3,000 psi. For the open-loop system duty cycle, the length

of time each soclenoid valve remained open was controlled precisely by

a special sequencer and pulse generator.

A postshipment integrity check was performed prior to each motor firing
by pressurizing the seal to approximately 30 psi with a hand pump and
monitoring the pressure on the oscillograph.

The output data were converted into nozzle lateral displacement, nozzle

axial displacement, nozzle deflection angle, and actuation torques using
the relationships and data reduction techniques shown in appendix T.
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