UNCLASSIFIED

AD NUMBER
AD385084
CLASSIFICATION CHANGES
TO: UNCLASSI FI ED
FROM: CONFI DENTI AL

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors; Critical Technol ogy; OCT
1967. Ot her requests shall be referred to Air
Force Rocket Propul sion Lab., Research and
Technol ogy Div., Attn: RPPR-STINFO, Edwards
AFB, CA 93523. This docunent contains export-
control l ed techni cal data.

AUTHORITY

AFRPL |tr dtd 3 Jan 1986 AFRPL |Itr dtd 3 Jan
1986

THISPAGE ISUNCLASSIFIED




GENERAL

DECLASSIFICATION
SCHEDULE

{4 RCCORDANGE WITH
DOD 5200.1-R & EXECOTIVE ORDER 11652

THIS DOCUMENT iS

CLASSIFIED BY.  ~D DC

Sebject to General Declassification Schedule of
Executive Order 1100Z-Auiomatical'y Downgraded at

2 Years Intervals- DECLASSIFIED ON DECEMBER 31, _7.3.
BY

Beferse Documentation Cerier
Befense Supply Azency
Cameron Staiies
Mexandris, VYirginia 22314

o B T P T o,
. TOPURNC I T T o



|
AUTHORITY: )
ﬁf .4

e a1 "_‘ e e e v s i e
o ¥ Ty
b T
Fid Te i
& ol
1y




'd1S REPORT WAS BEEN DELIM!TED
AND CLEARED FOR PUBL{C RELEASE
UNDER DOD DIRECTIVE ©200,20 ANE
NO RESTRICTIONS ARE IMPUSED UPON
1T$ USE AND DiSCLOSURE .

DISTRIBUTION STATEMERY 2

APPROVED FGR PUBLIC RELEASE}
DISTRIBUTION UNLIMITED,



SECURITY
MARKING

The classified or limited status of this repoit applies
to each page, unless otherwise marked.
Separate page printouts MUST be marked accordingly.

THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE NATIONAL DEFENSE OF
THE UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18,
U.S.C., SECTIONS 753 AND 794. THE TRANSMISSION OR THE REVELATION OF

i}g CONTENTS IN ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY

NOTICE: When government or other drawings, specifications or other
data are used for any purpose other than in connection with a defi-
nitely related government procurement operation, the U. S. Government
thereby incurs no responsibility, nor z2ny obligation whatscever; and
the fact that the Government may have formulated, furnished, or in any
way supplied the said drawings, specifications, or cther data is not
to be regarded by implication cr cotherwise as in any manner licensing
the holder or any other person or corporation, or conveying any rights
or permission to manufacture, use or sell any patented invention that
may in any way be related thereto.




CONFiDENTIAL

I7

AFRPL-TR-67-196 TE2-189-10-17
Copy No.

FINAL REPORT
DEVELOPMENT AND DEMONSTRATION OF AN
OMNIAXIAL FLEXIBLE SEAL MOVABLE
NOZZLE FGR THRUST VECTOR CONTROL {U)

TECHNICAL REPORT AFRPL-TR-67-196

é

AD 385084

October 1967

e AR

=

DOWNGRADED AT 3 YEAR INTERVALS
DECLASSIFIED AFTER 12 YEARS
ROD DIR 3200.10

IN ADCITION TO SECURITY REQUIREMENTS WHICH MUST BE MET, THIS COCURMENT Is
SUBRJECT TO SPECIAL EXPORT CONTROLS AND EACH TRANSMITTAL TO FOREIGN GOV-—
ERNMENTS OR FOREIGN NATICONALS MAY BE MADE CONLY WITH PRIOR APPROVAL OF
AFRPL (RPPR/STINFO), EDWARDS, CALIFORNIA 93523,

THIS MATER!AL CONTAINS INFOCRMATION AFFECTING THE MATIONAL OEFENSE OF THE
UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18, U.S5.C.,
SECTIONE 732 ANQ 784, THE TRANSMISSION OR REVELATION OF WHICH IN ANY MANNER
TO AN UNAUTHORIZED PERSON IS5 PROHIBITED BY LA'W,

%

AIR FORCE
ROCKET PRGPULSION LABORATORY
RESEARCH AND TECHNOLOGY DIVISION
AIR FORCE SYSTEMS COMMAND
Edwards, California

CONFIDENTIAL

;mmmmxm?ﬂmmmmmmmmmhmﬂlﬂﬂhl-i‘




SPECIAL NOTICES

Qualilied users may obtain copies of this report from
the Defense Documentation Center,

Do not return this copy. When not needed, Jdcstroy in
accordance with pertinent sceurity regulations.

When U, 8, Government drawings, speeifications, or
other data are used for any purpose other than a defi-
nitely related Government proecurement operation, the
Governmecnt thereby ineurs no responsibility nor any
obligation whatsoever; and thc fact that the Government
may have formulated, furnished, or in anyway supplied
the said drawings, specifications, or other data is not
to be regarded by implication or otherwise, as in any
manner licensing the holder or any other pcregon or
corporation. or conveying any rights or permission

to manufacture, use, or sell any patented invention
that may in anyway be related thereto..

b




CONFIDENTIAL

FINAL REPORT
DEVELOPMENT AND DEMONSTRATION OF AN
OMNIAXIAL FLEXIBLE SEAL MOVABLE
NOZZLE FOR THRUST VECTOR CONTROL {U)

Approved by Approved by

it L2

Thomas Walker
Program Manager

DOWNGRAQED AT 3 YEAR IMTERVALYS
PDECLASSIFIEQ AFTER 12 YEARS
Q00 OlR 5200.10

IN ACDITION TO SECURITY REQUIREMENTS WHICH MUST BE MET, THIS COCUMENT I5
SUBJECT TO SPECIAL EXPCORT CONTROLS ANO EACH TRANSMITTAL TO FOREIGHN GOV~
ERNMENTS OR FOREIGN NATIONALS MAY BE MAOCE ONLY WITH PRIOR APPROVAL OF
AFRPL (RPPR/STINFO;, EDWARCS, CALIFORNIA 93523,

THIS MATERIAL CONTAINS INFORMATION AFFECTING THE NATIONAL OFFENSE OF THE
UNITEO STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18, U.5.C.,
SECTIONS 723 AND 54, THE TRANSMISSION OR REVELATION OF WHICH IN ANY MANNER
TO AN UNAUTHORIZED PERSON 153 PROHIBITEDS BY LAW,

AIR FORCE

b ROCKET PROPULSION LABORATORY
RESEARCH AND TECHNOLOGY DIVISION
* AIR FORCE SYSTFMS COMMAND

Pulifcotions No. 10567 - 15435 Edwards * California

CONFIDENTIAL




FOREWORD

This Final Technical Engineering Report covers the work performed during
July 1966 thru June 1967 under Contract AF 04(611)-11643, "Development and
Demonstration of an Omniaxial Flexible Seal Movable Nozzle for Thrust Vector

Control. "

The program motor, designated by the Air Foree as the 156-9 rocket motor,

was identified as the TU-562 rocket motor for Thiokol internal processing,

TLe contract with Thiokol Chemical Corporation, Wasatch Division, was
performed under the overall direction of SAMSO with technical direction by Captain
John Schmuck (RPMMS), Solid Rocket Division of the Air Force Rocket Propulsion
Y.aboratory, Research and Technology Division, Air Force Systems Coinmand,

Edwards, California.

This manuscript was released for publication as an Air Force Rocket Pro-
pul sion Labhoratory Technical Report in October 1967, This report contains no

classlfied information extracted from other classified documnents.

This Technical Report has been reviewed and is approved.

Charles R. Couke
Chief Solid Rocket Division
AFRPL, Edwards, Calilornia
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ABSTRACT

(U The 156-9 Motur Program, Development and Demonst:-aticn of an Omniaxial

Flexible Seal for Thrust Vector Control, was conducted by Wasatch Division, Thiokol
Chemical Corporation for the Air Force Space and Misgile Systems Organization.
The program was under the technical directior of the Air Force Rocket Propulsion
Laboratory. The primary objective of the program was to develop and successfully
demonstrate an on:niaxial flexible seal movable nozzle on a one million pound thrus.
class, 156 in. diameter motor. This objective was attainzd. The 156-9 motor was
static test fired on 26 May 1967 and successfully demonstrated the flexible seal design
and fabrication concept for movable nozzles. All motor and nozzle components werce
intact and in good condition at the completion of the test. The motor operated longer
and at a lower chamber pressure than predicted, but with no adverse effect on the
overall objective. Post-test inspection of the motor and components disclosed that
the internal insulation, nozzle design, and flexible seal design were satisfactory and
the nozzle performed as predicted. The torque required for thrust vector control
was demonstrated to be reasonable with respect o actuation system power require-
ments,
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SECTION I

INTRODUCTION AND SUMMARY

A, INTRODUCTICN

On 30 June 1966, Thiokol Chemical Corporation received notification from the

Air Force Space Systems Division of the award of Contract AF 04(611)-11643 for the

Development and Demonstration of an Omniaxial Flexible Seal Movable Nozzle., As

detailed in the Statement of Work, Exhibit "A'" to the contract, the program ohjective

was to successfully static test fire a one million pound thrust class, 156 inch diameter,

monolithic solid propellant rocket motor with an omniaxial flexible seal movable

nozzle (OFSMN) thrust vectsr control system,

The scope of work required to accomplish the program objective is described

in the following task breakdown:

1,

2.

Task A,

Task B,

Motor Demonstration--This task encompassed
the effort necessary to (1) design, fabricate,
and siatic test the 156 inch diameter motor,
(2) develop, design, and fabricate a flexible
seal and nozzle, {3) desigr. and fabricate the
TVC actuation system, and (4; refurbish the
GFP motor chamber,

Special Tooling--The contractor was required
by this task to furnish the special handling,
processing, and test tooling necegsary to
accomplish the program, except for those iteins

-

specifically ¢ *#2iled 1n the contract,
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3, Task C, Bystem Support--Included in this task was the
quality assurance effort required to accomplish
the program objectives.

4, Task D. Program Administration and Reporting~-All
effort necessary for technical and administrative
direction of the program, including preparation
of reports and documentation, was specified in
Task D.

The contractual period of performance for technical effort was from 11 July 1966
through 12 June 1967, with the final report rough draft submittal datc being 26 July 1967,
During this period two modifications to the basic contract were received. The first
ot these modifi cations affected the security requirements check list only and did not
change program cost, scupe, or schedule., Modification No. 2 (Supplemental Agree-
ment) directed a nozzle material change, which increased the target cost by $3, 006, 00,
provided a change in the nozzle and seal fabrication and test subtask of the woik
statem ~nt (Exhibit "A" Lo the Contract), and extended the schedule. The scheduled
completion of technical =ffort was changed to 21 July 1967 and the final report rough
draft submittal date was changed to 15 September 1967,

The final report is contained in one volume and includes:

i. A program sumimary;

2, Detailed discussicns on the d<sigi and fabrication
oi all motor components, includiag the flexible seal,
the nozzle, propellant and grain, insulation and
liner, ignition system and TVC actuation system;

3. Flexible seul bench test procedures and resulis;

4, The static test report including test results and
detailed post fire analysis of components; and

5. Conclusions and recommendations,
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nozzle (OFSMN) for thrust vector control,
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B. SUMMARY

r () The 156-9 motor demonstration program performed under this contract

encompassed the design, manufacture and testing of n 156 inch diameter monolithic

) conservative in order that the primary objective of demonstrating the flexible seal
concept for large motors would not be compromised.

1. DESIGN CRITERIA

(C) Design criteria specified in the contract statcment of work included the

The motor will be capable of successful operation after
being subjected to either vertical or horizontal storage

at any thermal environment for a period of time sufficient
to provide a maximum temperature gradient through the
grain,

The nozzle shall be a submerged type, flightweight
(except for the tlexible seal portion and the nozzle support
shell), capable of omniaxial movement, ard shall have a
minimum expansion ratio of 8. 0.

The 1VC sgystem shall attain a vector angle of + 4 deg,

a maximum thrust deflection rate of 20 deg per sec,

. side impulse of 1,1 percent of axial impulse, four

full deflections at 1-1/4 cps, and 2 cycling rate of

1-1/2 cps at a thrust deflection angle of 0.5 degree.

Liner and insulation designs for the motor shall include,
but not be limitedto, proven materials compatible with

the propellant,
3
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The motsr design and fabrication was

steel case solid propellant rocket motor utilizing an omniaxial flexible seal movable
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5. The propellant shall be one of the polybutadiene/AP/Al
family of propellants,
6. A head end PYROGEN icniter shall be used,
7. The motor will have a mass fraction design goal of 0,90,
8. The motor sheuld have a maxilnum action time of
70 seconds.
9. The motor should produce a buxn time average thrust

of 1, 000, 000 pounds,
2. MOTOR DESIGN AND PROCESSILIG

The 156-¢ motor design is shown in Figure 1 and detailed discussions

are contained in following sections.

The miotor chamber used in this program was the previously fired 156-6
motor chamber., Upon receipt at the Wasatch Division, the case was cleaned of
all insulation and char and subjected to dye penetrant inspection in the weld areas.

A Ke-.u)on coating was applied to the interior of the chamber prior to installation

of the insulation.

Mastic insulation, TI-H704B was used throughout for case insulaton and
fiberglass reinforced mastic, TI-H704B, was used for stress relief flap fabrication,
The insulation thickness requirements were based primarily on design data from
previous motor firings using the TI-H704B and thermal and erosion properties.

A nominal 0,050 in, thickness of TL~-H714A liner was applied to the surtace of the
insulation to provide good bonding uetween the insnlation and propellant. Details

of the insulation and liner design effort are contained in Section VI.

The propellant for this motor, designated TP-H1115, was a pelybutadiene
acrylonilrile/AP/Al type propellant ulilizing 87 percent sulids und had a4 Cluss 2
explosive classification. The motor had a slotted CP grain design in order to
maintain a relatively neutral pressure trace, Vacuum casting techniques were
employed during motor loading. Grain design details are in Section 1V and propeilant
design and processing is in Section VII,

4
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A conventional head end PYROGEN ignition system was utilized for motor
ignition. This system employed a Minuteman type safety and arming device, an
initiating PYROGEN igniter and the booster PYROGEN igniter. The booster .
PYROGEN metal case was externally insulated with V-45 rubber. The igniter

cap was designed with ports for the injection of CO, gas for motor quench after

static testing. Igmition System Design and Fabrication details are found in Section VIII.

The nozzle design approach was conservative in that the aerodynamic configu-
ration was identical to the 156-6 nozzle which performed satisfactorily. The design
incorporated a 47 percent submergence, an 8.15 to 1 expansion ratio exit cone and
2 34.5 in. throat diameter. Submergence (a) is defined as the percent of the overall
length of the nozzle (b) which is forward of the theoretical intersection of the inner

surface of the closed vessel with the motor centerline.

The nozzle was capable of + 4 deg omniaxial movement through a flexible

172]

eal inining the fixed and movable sections. The fixed housing and the movable
housing were fabricated from 4130 sieel. The plastic pa.rts were fabricated from
materials previously proven in nozzlee tested on large motors. Section III pre-

sents a description of the detailed design, analyses, and fabrication effort.

7
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L] The flexible seal design, fabricatlon and bench tcsting are discussed in
detail in Sectlon II. The seal consisted of two forged 4140 ste=! cud rings joined
together with 0, 040 In. thick stalnless steel shims separated by ¢. 025 in. thick

laycrs of poly:soprene rubber,

{1 The TVC actuation system consisted of two linear servoactuators mounted
betwe=n tne fixced section and the movable section of the nozzle, The actuators were
mounted 90 deg apart with one actuating pitch motion and the other actuating yaw
motion. Intermediate angles of vectoring were accomplished by simultaneous move-
ment of both actuators. The svstem was operatcd by a fzuility hydraulic power
supply and an extcrnal elcctronic control system, TVC actuation system design and

fabrication are described in detall in Seetion IX,

3. STATIC TEST

(U) The loaded motor was transported to the test area and installed horizontally
in the bay. The motor was aligned in the thrust stand by the use of hydrosets.

{0) The nozzle was transported to the test bay and asrembled on the motor
uging zine chromate putty In the case-to-nozzle insulation joint. A foam plug was
Installed in the nozzle prior to assembly on the motor In order that a leak check
could be performed. The case was pressurized to 50 + 10 psi and Leak-tec was
used to test for gas leakage. The nozzle plug was completely removed from the
nozzle prior to static test firing. The TVC actuation system was Installed and
checked out prior to aitachment of the actuator rods to the nozzle movable section,
A dry run of the complete duty cycle was performed with the actuator rods attached
to the nozzle, The case and nozzle were instrumented and the CO5 quench system
installed,

(m The motor was static fired on 26 May 1967. Motor ignition occurred normally
and no abnormality in motor or component performance was observed during the

firing, A review and aralysis of the test data confirmed the successful operation,

8
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Nozzle actuation torques were slightly higher than predicted but were well within

the capabilities of the system, The motor operated longer and at a lower pressure
than predicted with no adverse effects on the test objective, All motor and component
parts were in excellent eondition at completion of the firing. Afterburning of the
insulation and degradation of the nozzle plastic parts and flexible sesl wers prevented
by the 002 quench system. This enabled post firc analysis of parts which were ina
condition approximating ond of burn time, Motor siatic test operations, test results

and post firc analyses are prasented in Section XII,




SECTION I

FLEXIBLE SEAL DESIGN, FABRICATION AND TEST

A. FLEXIBLE SEAL DESIGN

1, RELATED EXPERIENCE

{U) The flexible scal design for the TU-562 nozzle was based on clastic stability
criteria established by Thiockel Chemical Corpuration during a company funder
deveiopment program. Original justification of this design was incorporated inlo
the first quarterly technical report* with an actinn item to re-evaluate the design
based on bench testing of the 100 in, motor program flexible seals undcr AF Contract
No. AF 04{694)-774. Seal bench test results on the 100 in. motor program were as

expected.

{0 Testing of seal configurations for a Hercules/Thiokol joint effort relaied to
Poseidon resulted in failure pressures substantialiy lower than expected., These
designs were cylindrical configurations and the aralytical study provided a rcason
for their premature failure. Comparison of the test results between the cohical
designs of the 100 in. motor program and the eylindrical designs of the Hercules/
Thiokol joint effort illustrates the superior stability qualitics of the conical shape,

Table Igives an overview of the total flexible seal work cenducted by Thiokol.

* Devclopment aTld Demonstration of an Omniaxial Flexible Seal Movable
Nozzle for Thrust Veetor Control - Quarterly Tecchnical Report
No. 1 TE2-237-11-6, November 1966,

11




e [ U RN,

[Eeen I CaRea pacg

HEEDR PO JTTRE J
s gl B HL

R

vy © e uedTathye) ug

0 U e

dLpa GO IS G U]

3wy ) IR TEueluseny ug

Aee )l U Parsc) MG 0L

Ul o B v
“eRd oy T (A 10U g

BU5e1 poL AL WS pafind )23

Wit 33P0 Ap 05 1B
desd o’ 7

3 rcnd Ju pavey

2.0 1 wled)iE] Vg
Auy €] (el EIRIGE) SUS
w s paalig

LU TS TR TR T T
R pueg

) Ap ©

€ Bisil QUL e pMIES
prAeusUn " P d) JeR

%1931 Juigong

A

el qeu ey

-- -- i ul, (3
o= - ke L uo (R TR U]
anaathes Apg]
= neaty [0 [T R [1-20C Jradpuos!)
RIS L SRTIE JTY
-- -- iu™u S Ll = s CL7ILuws KD
[EEERIUTRTOTRY
aadas LA gl
o o 0T D2F0 " - BU 1] Ardapauy
PETRTVEELY
-- = LY HEGTO - b LE=L98 1D Ape-)
pI43pII| 6]
(30 mpky paway JUDIdos (Aud
= - ESHIN AT Tul 88 08 RETRC I S JI-Lrg Avaspaornt
JaLopuAE
JEILLIGEE Loy
1 00U LS00 IEUN Aurelouv] # i gy - L S-LLE JEINPY
PRl apudTy
[CRINE T YR T TRTRE | Sudadusth|og
ol w - AofuangU] oo 85 10 oo =% T-ALN JTEapIn)
patapuaey
[EILLa--by Pt Ausddudifiug
ik svalk b’ WO Adolrl-wif] FoT S5 Li sfoTo- & A-LLE Jeaspnul)
pAspuI L]
EALID4IG frauad Jupzdoa App
07 ) o wuk w0 et ful 85 =& sk0"0 - L [ RO [[Ys
palepuage)
Hied gow [EILaYdg fraw dog AUcddoFIA[OE
e T 12 w0y i) ALoeloT] FIL 58 90 - ¢ A-LLL JEIADGOD
padapuapkd
z1sd gy [EEITE Ty CRTREY JJaadess tapung
WK 1t gyt wihg ALujis T kO S5 Lh w g - L R-biD ATIAQUDY
[LATH B S TR LY | ey
- == b Ui} Arojulen @] 2610 55 ot 000 - Ak LIS Od
[LEEE U
-- - ETRY Alayelnarl Fof 55 or FEUE, B
2)sd gox
[LTTIANY] ol e idegels dy Tk 55 ol L0670 - Lk
= - 20wl [uoued ks 76§ S8 L1 00°¢ - vl
oo - FAINRD] FungqiuuI] GO8 S8 L L0 w - Ik
v ok
sl RN TH AU 1EatiAgdy 15k 208 55 sal Logy - [k
- == Toec'y sroling S0k K5 izl oo - [k
detul L LR FLAMLDU) - el KOG G - DG
TTC TR == 7080 - RAEZ - WEOINE = FunCp - o
D i Of~ -ur) RS ANy TEAy ug
JRET R By EERIURITHR [y +ROpoLy
AL X Burithy g ETL duayy

HIRIH RO L

[T

SNOLLVHNDIINOD TVHS JdTdIXA'Td

I HTdVL

-

"

L

—

AUy Juasy

L=0J1.

7=204

1-221

1-JHIK

7=2331

-3

=021

k=231

£-001

=001

=+1=-221

AT=JHIY

L=l

MK

€-JdIx

VE-aUIK

«[-0hiK

al syl

SuN R

TP LAY -y

=95t

-ul pal

arul
Jayzem
L4

WEIF0T]

12

-




(G

(V)

(U}

(W

(U)

(U}

CONFIDENTIAL

2. DESIGN CRITERIA

Most of the desigr criteria for the flexible seal was contained in the work
statement. It included a veetor argle of + 4 deg, a maximum thrust vector rate of
20 deg/sec, a minimum side impulsc over action time of 1. ] percent of the tnial
axial impulse, four full deflections at 1-1/4 cps, and a cycle ratc of 1-1/2 cps at a

thrust deflection angle of 0,5 degrec.

The design also considered a high factor of safety for the initizl designs.
Shims were designed in accordance with shear spinning techniques prescntly
available. Pre-calendcred rubber was evaluated, and cnd vings, which may be
casily fabricated from ring rolled forgings with normal machining techniques,, also

were used.

Other design criteria were reasonab.ic costs and cost reduction potential.
To minimize technical risks the flexible seal design was not flightweight. However,

it does have weight reduction potential.
3. CONFIGURATION

The seal design for the 156-9 .vofor utilizes alternate layers of polyisoprene
rubber (U'F-4001) and 304 stainless stee! vulcanized as an assembly with steel end

rings that interface with the nozzle movehle and fixed housings.

The stainless steel shims were shear formed into spherical segiments
from welded conical sections that are 0.040 in. thick, There are a total of 82
metal shims in the composite. The rubber layers between the shums are ¢.025 in.
thick. Figures 2 thru 5 show the assembly and detailed parts of the seal

design.

The pivot center of the seal is located 19, 1 in. aft of the aft end ring and

the average spherical radius is 36.8 iuches. The angle between the molor axis and

13
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the center of the scal (E) is 48 deg 30 minutes. Figure 6 i1s a schematic picture
of the seal with all the important design data summarized. The angle between the
scal load path and the normal to the center .i the center shim, which is referred

to as the shear angle, is 18 deg 5 minutes. The angle is an impertant design param-

cter in the seal eonfiguration.

Table 1l is a summary of the material mechanical properties lTor the
304 stainless steel and polyisopren~ rubber, Stainless steel has heen used as the
reinforcement material in most of the Thickol seal assemblies {zhricated to date
beeause of its formability. A deficiency of this material is its 1w comoressive
vizld strength. Alternate shimy materials, such as 17-7 PH ztainless steel whieh
have increased strength properties, were investigated. The polyisoprene rubber
selected for the 136~in. scal, UF-4001, was uued in all of the other seal programs
at Thiokol becausc of its high tcnsile and shear strength and excellent processing
properties. Othcr polyisoprene compounds, UF-4002 and UF-4005, having lower
values of shear modulus were tested in smaller size seals for performance
evaluation. Direct substitution of the UF-4002 compound :into th=: design wouid
reduce the 156-in. seal sprirg torgue 40 percent and have little effect on the

structural integrity of the design.

4. DESIGN ANALYSIS

a. _Torque--The torque produced by the flexible seal can be established by summing
the increwnental forces nround the periphery of the seal multiplied by the moment

arme oi these forees about the pivot axis.

As illustrated in Figure 7, the force acis in the plane cf the scal at
pcint A and acts normal to the seal‘plane at point B. The deflection in the seal as
well as the length of the moment arm also vary from point A to peint B, It was
necessary to definc these variailes so the summution of the incremental toryues

around the seal could be accompiished,
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Figure 7. Flexible Seal Deflection
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Q) The following paragraphs present the derivation of the seal torque expression.
Since the seal defleets in the same manner in all four guadrants, this derivation

will consider only a single quadrant of the seal,

(U The general expression for seal torque is:
m/2 _
T = Z F, 1
i i
o
where: F = force
T = moment arm

(U) The incremental force in the seal then ean be expressed in terms of seal

deflection, shear modulus of the rubber, and seal geometry.

6i G dA
where: 6i = seal deflection
G = shear modulus
dA = ineremental eross-sectional area
n = rnumber of rubber laminates
t = thiekness per laminate

r

The seal deflection is simply 1_9 where T is the moment 2rm and @ is the nozzle
deficetion angle (Fignre 8). The general expression for the moment arm length
is:

7 =% (SinBSin° @ + Cos> B )1/2

where: a radius of eurvature

B

angle between seal axis and the mean radius
of the seal

(V) The incremental area also is

dA = (aSinBd®) wW.
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{0 The width (W) can now be expressed in terms of 61 and ‘32’ the angles
measured betwcen the scal centerline, and the inside and outside radii of the seal,

respectively, so that
w =1 (8 -8),

52 and ﬁl expressed in radians.

(1 The force in the seal thus becomes
/
F, =—2— a Sinf (Sin° B Sin° @ +Cos* )/ (8, - B) d®
T

The torque for the entire seal can then be determincd from the integral
/2 /2
r‘ -
T =4 _/ 1 F, =4 / ntG at Sin B(Sin2 ﬁSinZ ¢
0 0 r

1

+ Cos2 $) (Bz - Bl)d(P

Performing the integration and converting all angles from rodians to degrees:
3 -
T = _Q___G__4__ 54 Sin (1 +Cos£3) (32 = Bl).
3.24 x 10 nt
r
Since the seal torque is l.near with deflection angle, expression of this component

is more convenient as torque per degree of vector. Hence,

3-4
T GT a Si pA
T- 222 oo, -8 )
3.21x10 nt
r
(T) In Figure 9 the theory is compared with test data. The theory predicts

torque slightly lower than data recorded at the low pressures and slightly higher
than the data from the high pressure testing. The predicted curve was calculated

using the shear modulus quoted for the zero pressure coudition,

(1) It has been determined experimenially that the change in seal torque with
champer pressure is alen a function of the shear angle of the seal. That is, the

larger shear angiv resuils iu « groaiti porrentage change in seal torque as a
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(U}

(U)

(V)

function of pressure. Thc data shown in Figure 9 are for a secal having a shear angle
of 25 degraes. The TU-562 seal has au 18 deg shear angle, which should result in a

somewhat less pronounced torquec reduction due to pressuiization.
The predicted torque values for the unpressurized TU-562 seal are as follows:

Maximum 374,700 in, -Ib/deg
Minimum 341,400 in, -1b/deg

h. Structural--The design of the flexible seal is based upon elastic stability criteria
that was developed by Thiokol during a company-sponsored development program.
The equation for critical pressure was empirically derived from test data from
washer specimens having very thin metal shims and rubber layers. Bench testing
of 11-in. and 24-in. flexible scalsindicated that the predicted values of critical
pressure were wcll within the accuracy expected for a stability equaiion. All of
these test specimcns were conical in shape and had fairly low shear angles. Thiokol
tested 22-in. seals under another contract that had cylindrical shapes and very

high shear angles. Failures occurred at pressures well below the values predicted
based on the stability equation. An extensive analysis of the bench test seal that
failed prematurely and a parametric study of the effect of seal shape on shim and

rubber stresses and axial deflection was conducted.

The study indicated that the stress level in the shims of the cylindrical seals
at the low failure pressures were of the same order of magnitude as the stresses
in the conical seals at failure pressures four to five times higher. Further study

and testing led to the fcllowing conclusions.
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1. Shim hoop compressive stresses and elastomer shear
stresses decrease rapidly as the seal configuration
approaches a conical shape,

2. Axial deflection alsc decreases as the conical shape
is approached, despite an increase in axial load due

to the larger projected area.

Ai! of these results wers investigaled and included in the analysis of the 156-
in. seal before fahrication of the first seal was begun. The results indicated that

the desigr was adequate,

Originally the equation for critical pressure due to mzterial yield strength
was based upon the thick walled cylinder cguation for stresses due to radial pressure.
This equation was changed to incorporste a factor based on the seal contiguaration
as follows:

2y 2

(1]
max=K——,——-— 1+t /t )P
(ROZ_Ri2) rm ¢

where K is a function of shear angle. The 156-in. seal has an 18 deg 5 min shear
angle which increases to 32 deg when the seal is vectored ¢ degrees, Using the
design equation the maximum compressive stress levels predicted for the null and
4 deg position are, respectively, 23,730 psi and 38, 485 psi. Comparison of these
values to available test data from designs havirg the same shim thickness indicated

that the 156-in. design was structurally sound.

The critical pressure for the 156-in. design was calculated as a function of
the buckling constaant and is plotted in Figure 10. Based on this curve the maximum
acceptable value of the buckling constant is 0. 60. Figure 11 shows the curves of
the buckling constant as a function of the radius to thickness ratio that was used to
design thc 166-in, seal, Additional test data indicated that the buckling constant
for the 156-in. design should be less than 0.60 because of the conical shape and low

shear angle.
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Elastic stability congiderations are deminant in the detcrmination of the
initial flexible seal geometry. A detailed stress investigation is necessury (o
predict the overall adequacy of the design. To completely evaluate the flexibie
seal installation, it is nceessary to develop a technique by which the staie-of -=1ress
may be predicted. This capability has been developed by Thiokol through i
application of an existing procedure for the evaluation of an axisymmetric. com-

posite, two-dimensional body y a finite element solution.

The technique involved was programecd for the electronic computer. "¢
input data consisted of a descripticn of the geometry, nuterial propertics, houndary
conditions and loadings. The output consisted of displacements, stresses and stinins
at various points throughout the body, and an optional graphic presentation of the

solutions.

The program availakle is limited to 59 metal and 60 rubber layers. Since
the design of the TU-562 seal incorporated 82 metal shims, 0.0140¢ in. thick .nd 33

rubber shims, 0.025 in. thick, analysis was nct within the progrum capabilily.

Analysis of the seal was therefore performed in the following manney.
1. Analyze the seal in a slightly abbreviated cnvelope
(58 metal, 59 rubber shims) with the correect shim
thicknesses.
2. Analyze the seal with the proper envelope, hut
with slightly increased shim thicknesses (0. 056
metal and 0. 035 rubber) holding the ratio of metal

to rubber constant.

Figure 12 is a graphical presentation of the hoop stress in the metal shimms
along the ID and OD surface of the shims, This is the critical stress in the scal
which induces buckling of the shims above a critical level. Although the critical
stress level may not be accurately predicted on a theoretical basis, expericence in
test hardware indicates that it is at least 45,000 psi for the combination of meial
and rubber used. Figure 12 shows that the maximum predicted stress in the null

posgition i» 18,000 psi compression, These numbers predict a factor of safety of
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2.5, suggesting a very conservative casigr. Howevar, the critical stress level
occurs when th. seal is in a fully vectored position. TFigure 13 indicates how the
maximum stress value for the vectored position was derived. The maximum stress
levet in the vectorced posiiion is 25,000 osi compression, which reduces the factor

of safety to 1. 8.

Figure 14 is a prescntation of the loading cxperienced by a typical metal
shim in the central section of the seal, The load center of the axial compressive
load is slightly .n the ID side of the shim center nut clmost perfectly balanced across

the shim, inducing no bending in the shim.

The shear distribution on both sides of the shim also is shown in Figure 14,
The maximum elastomer shear stress of approximaiely 72 psi occurs close to the
end rings, This shear stress is increased when the sec! is vectored plus or minus

4 degrces. This component of the stress is determined as follows:

Cr2 8 max
" nt
r
where: GR = Rubber Shear Modulus, psi
a | = Outer Spherical Radius, in.
8 = Maximum Vector Angle, radians
max
n = Number of Rubber Layers
tr = Rubber Layer Thickness, in.

_ {55.1) (39.48)  4m
~ 83 {0.025) 180

The total shear stress of 145 psi is well below the average shear strength of the
rubber.

The axial deflection of the seal also was determined during this analysis.
The analysis was based on the correct rubber layer thicknessbut with an abbreviated
envelope. The analysis showed an axial deflection of 0,039 in. which was scaled

to v. 055 in. based on the correct number of shims.
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Figure 13.

Shim Hoop Stress vs Shear Angle
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5. RBOOT REDESIGN

The design of the protective boot surrounding the flexible seal was changed
subsequent to the original desigr. The material was changed from silicone rubber
{K1255) to silica filled NBR {V-45) and the thickness increased from 0.3 to 0,55

inch. The change was made in nrder to increase the margin of safety.

No measurements of the erosion or char of either material under identical
conditions were available. Pressure, temperature, and Mach number of the gas
in a cavi'y separated from the chamber by a narrow gap (of varying length in the
vectored position) had not becn measured during actual motor firings. Mach number

had been measured in scveral similar cavities during cold flow tesis.

Tests alsﬁ; have been performed by Thiokol in which the erosion rates of these
two materials were measured in the inlets of the nozzles of small test motors.
Curves of erosion rate as a function of one--dimensinonal Mach number were prepared.
The Mach numhers predicted in the boot cavity by cold flow tesis were then converted

to ercsion rates with the ¢irves prepared froi: these tests.

The environment in the nozzle inlets was more severe than the environment
in thie cavity because of two factors:
1. Direct radiation to the boot in the cavity is
prevenied by the presence of the barrier.
2. The energy of the gas is somewhat atienuated

in passing through the gap.

As discussed above, the exact amount of conservatism in the erosion prediction
based on the inlet firings and the cold flow Mach numbers was unknown. Toinsure
a conservative design, the product of predicted erosion rate and predicted web time
was used to calculate the thickness of the boot. The erosion rate of V-45 was less
at the Mach number predicted from cold flow testing than the K1255 erosion rate.
Therefore, V-45 was selected to minimize the boot thickness, thus minimizirg

the changes necessary in the mating paris.
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B, TLEXIBLE SEAL FABRICATION g

1. COMPONENT BREAKDOWN ¥

H

1

{U) Fabrication of the 156 in. flexible seal was originally 3tarted with a sub- }

contract to Marlin-Rockwell Co (MRC), in Jamestown, New York. This effort was ;

later cancelled and a redesigned seal was fabricated by Thiokol with assistance

from other vendors.

(U) The seal is comprised of five principal parts: end rings, shims, elastomer,

spacers, and boot (Figures 15 thru 18). Materials, components and most of the

et Tl Sk A, AT o

tocling used in the manufacture of this flexikle seal were supplied by subcontractors

asg listed below.

. r

Components and Materials Part No. Subcontractor

Forward and Aft End Rings 7TU40679-01 Supreme Tocl and Engineering
{machined) 7040680-01 Co, Santa Fe Springs, California

= (Supreme)
Shear Spun Shims 7040682-01 Precision Sheet Metal Co
thru -82 1ss Angeles, California (PSM)

Polyisoprene Elastomer TCC Spec Rubber Engineering Co
(calendered) STW4-488 Salt Lake City, Utah

Seal Assembiy Fixture SK40748 Supreme

(U) a. End Rings--Both forward and aft end rings were machined from ring rolled
forgings of 4140 steel. Six forgings were originally procured by MRC from Ajax
Steel and "orge in Detroit, Michigan. They were shipped in the "as rolled' con-

dition to Supreme where they were machined to the specified configuration (Figures

3 and 4). All operations performed by Supreme were straightforward machining

operations. The rings were rough machined on a large vertical mill, heat treated by

an outside source;, and final turntable machined. Ail required holes were drilled, or
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drilled and tapped on a large radial drill. Drill ring teinplates were uszd to assure
precise hole location and to assure oroper fitting of nozzle metal parts. The finished

end rings were delivered to Reinhold.

b. Shims--Precision Sheei Metal procured one coil of 20 gage, Type 304 stainless
steel, 36 in. wide by 0. 041 in. thick by 682 ft long. Shim thickness is extremely
critical since an increase of 0,001 in. could result in a seal 0.082 in. longer than
desired. Steel rolling mill thicknesses vary 0. 005 in. but the thickness variance
within & given coil, from one melt, through one set of roilers, not adjusted during
the run is extromely small (0.001 in.}. To obtain the tight thickness tolerances
desired and to assure uniform shim thickness beiween and within sets, three com-
plete sets of shims (82 per set) were fabricated from the single coil. Three com-
pleie sets were fabricated at one time because the shear spinning mandrel must be
machined smaller and smaller as the varicus dash numbered shims are produced.
The mandrel would be destroyed in the process whether one set or three sets were

produced.

Individual shim fabrication started with the cutting of arc patterns. Three

each of these patterns were welded into a conical preform.

For reasons of economy all shims were made from one standard conical
preform, welded from three standard patterns which were cut from only one stand-
ard template. Thus, all conical preforms were wide enough to form any dash numbered
shim. After welding, the conical preforms were stress relieved and then pressed
onto a mandrel in a large horizontal shear spinning machine. Each preform was
locked on the mandrel by spinning the periphery over a lip on the mandrel. The

preform contacted the mandrel as shown below.
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Each spberical shim was formed by spinning in each direction from the shim
csnter. The canter of the shim got the least amount of cold working and remained
ths thickest part of the shim. Shims tapersd approximately 0. 0005 in. from the
center to the edgss. Aftsr each shim was formed, the ID was marked by touching a
singls point tool to the spinning shim in the same manner as on a lathe. This mark-
ing by ths single point tool was always startsd at an ID iess than desired. The outside
of ths line formed represented the shim ID and was accurately measured with a
caliper. The differencs between this and the print requirement was determined and
ths single point tocl repositionsd the precise amount. The shim was then cut off,
and the ID verified. The OD was then marked and measured in the same manner.
When certain of tool position, the last cut was made freeing the shim from the man-
drel. Each shim was then tied to a wooden cross for handling. All sharp cdges wsre
smoothed by band fiiing and the weld areas dressed by hand sanding.

In their free state, the shims were not round and, therefore, accurate
diameter measurements were impossible. Thus, PSM quality control department
measured and recorded shim ID, OD, and spherical radius while the ghim was on
the mandrei. PSM manufacturing personnei could not part the shim from the man-
drel until directed by PSM quaiity control.

Shim thickness was controlled by measuring tbe thickness of tbe conical
preform prior to installing it on the mandrel. Preforms were intentionally on the
high side of tbeir thickness tolerance. The amount of thinning required was esti-
mated in advance. Thinning was accomplished by belt sanding a predetermined
1sngth of time after the shim had been formed, Ttis method assured that each shim
got the sams amount of cold working (by shear spinning). This, in turn, assured a
uniform strength level between shims. Shim thickness was finally measured and
recorded after the shim was released from the mandrel a. ti-d to a wooden cross.
PSM providod Thiokol with a certified record of ail shim measurements (i, OD,

spberical radlus, and thickness) as well as basic material certifications at the time

of shipment.
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h L)) Testing--With Type 304 stzainless steel, the relationship of compressive
L strength to tensile strength is not accurately predictable from tensile data only,
Compressive testing was accomplished on samples taken from shims that had been

spun (:.ind thus cold worked) but had been rejected fcr ditaensional considerstions.
Additional compressive testing was also performed on samples taken from the "as
received' coil (not cold worked), The data thus obtained was used in the design

Y analysis of the seal discussed in previous chapters. Test specimens were prepared

from the above samples to the following precise configurations.

Length 3,000 + 0.001
Width 0.500 + 0, 001
Thickness 0.035 - 0,036

End Parallelism 0. 0005 TIR
Squareness 0.001 TIR

) These specimens were deburred by hand lapping on a surface plate
to maintain sharp edges.

)] All specimens, except those cut from the stainless coil, were flattened
mechanically and suhjected to 700 + 10°F for one hour while compressed in a fixture,
The compressive yield specimens required two flattening and two thermal operations.
(Temperature of 725°F is used for stress relief of type 304 stainless steel springs

without loss of mechanical prope.tie:.)

)] The tension tests were conducted on standard 2 in. gage length
specimens, machined and hand finished on 1he edges in accordance with MIL-STD-151,
Yield strength was determined by 0. 2 percent offset method from a stress-strain

dizgram.

(0 Microhardness tests were conducte:! on metallographically prepared

sections cut from the 1 in. by 0. 036 in. dimension of annealed, longitudinally spun,
and transversely spun sections. These were converted to the Rockwell Hardness, B
scale us were the hardness tests conducted on the 1 in. by 3 in. surfaces of the com-

pression specimens,
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(0 Compressive yield sectlons, after having been fiattened and thermally
treated as described previously (wiihin 0.004 TIR), were wet ground to the flnal
thickness. '

(U Compresslve yicld speclmens were testes] in a guided fixture such

that no buckling occurred prior to vield. An extensometer measu==d the strain,
which was recorded on a standard stress-straln recorder. The yield strength was

determined hy the 0. 2 percent offset methcd.
(0 Test results are shown in Tahle III.

(U) e¢. Elastomer--The elastomer used was a polyisoprene formulated hy Thiokol from
basic Goodyear 357- 11 stock., This polyisoprene rubher was mixed to Thiokol formu-
lation by Rubber Engineering Co and the actual weights of each ingredient were
certifled. The rubber was then calendsred to 0.029 in. (0,004 in. thicker than the
final deslred thickness). The extra thickness was to preclude voids or air gaps
between shims of the finished seal. The calendered rubber was delivered to Thickol
in rolls 36 in. wide.

(m Physical property tests were conducted on the calendered rubber by Rubber
Engineering Co prior to shipping it to Thiokol. Additional tests at Thiokol weze

conducted by the materials laboratory on samples taken from the ""as received' rolls.

(U; d. Boot--The protective boots were fabricated hy Thiokol personnel at Wasatch
Division. V-45 ruhber was laid up hy hand over a male mandrei, The hoot was
then shipped to HITCO where it was vacuum bagged and cured at 300°F and 300 psi
in an autoclave. It was then returned to Wasatch Division and mschined using a
single point tool while the hoot was sﬂll on the mandrel. The ends of the boot {to he
retained by nozzle plastic parts and fieihle seal metal parts) were molded net (no
machining required) by use of sectioned OD rings holted to the mandrel.
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TABLE Il

SHIM COMPRESSIVE YIELD STRENGTH, TENSION,
AND EARDNESS DATA

(U) 1. COMPRESSIVE YIELD STRENGTH:

Width Thickness Area Yield Vield
Specimen {in.) (in.) (sq in.) {1h) (psi)
Anpealed
1L 0.93%9 0.035 0. 0350 1, 550 44, 285
LL 0.999 0.035 0.0350 1,620 46, 285
aTt 0,999 0.035 0. 0350 1, 720 49, 142
4T 0.999 0.035 0. 0350 1,695 48, 428
Longitudinal
5 0.99% 0.036 0. 0360 2,680 74, 444
6 0.999 0.036 0, 0360 2,730 75,833
7 1. 000 0.036 0.0360 2,590 71,944
8 1.000 0. 036 0. 0360 2,665 74, 027
9 0.999 0.036 0. 0360 2,500 69, 444
10 0. 998 0.036 0. 0360 2,660 73, 888
Trangverse
11 0.99%9 0.035 0. 0350 2, 650 75, 714
12 0.999 0.036 0.0360 2,660 73,888
13 1. 000 0.036 0, 0360 2,665 74,027
14 0.999 0.036 0.0360 2,670 74, 166
15 0.999 0.036 0.0350 2,680 74, 444
16 0,999 0. 035 0. 0350 2,610 74, 571

(U) 2. TENSION DATA:

Ultimate
Yield Strength Tensile Strength Elongation
Specimen No. {psi) {psi) {(percent)
1L 73,750 97, 450 40
2L 74, 150 899, 200 41
3L 73, 450 9%, 200 41.5
4T 74, 250 190, 300 41.5
5T 75,800 100, 300 41.5
6T 73,900 98, 050 44
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{(U) 3. HARDNESS DATA:

Specimen No.
! 1A
2A
3A
l 4L
5L
6L
7T
8T
9T

A - Annealed
L - Longitudinal

T - Transverse

o ey
.

TABLE III (Cont)

|
L' e SHIM COMPRESSIVE YIELD STRENGTH, TENSION,
AND HARDNESS DATA

Knoop Hardness

(K500)

193
200
196
249
247
258
258
255
250
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Rockwell Hardness, B

88
90
8¢
100
99
102
102
101
100
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(U} e. Assembly Fixture--The asscmbly fixture was fabricated by Supreme using con-

ventional machine sbop practices. Detalls were welded and rough machined. The
fixture was then bolted together for final machine cuts. After inspection at Supreme.
the assembiy fixture was shipped directly to Reinhoid.

2. AF SEAL NO. 1 FABRICATION

} () Thia flexible seal was assembied by Thiokoi and Reinhoid personnel working
together as a team. Thiokol had cognizance over ail oper=tions ard was responsible
for the delivered article. Reinhold provided facilities, equipment, material, manu-
facturing and inspection personnel, and engineering consultant services on an 'as

required" basis under subcontract to Thiokol.

(U) During previous programs Thiokol had developed a fiexible seai manufacturing
technology, but did not have faciiities or equipment large enough to apply the same
techniques to a 156 in. motor nozzle size seal. Reinhold was selected to assist in
the fabrication because their facilities were ideally suited to the work and were in

close proximity to other vendors.

Uy A sketch of the flexible seal is shown in Figurc 15 and the flexible seal

assembly fixture is shown in Figure 16.

(V) " The end rings, shims, and flexible seal assembly fixture were shipped directly
to Reinhold by Supreme and PSM, Tbe polyisoprene rubber was delivered to Thiokol
and transported by Thiokol personnel to Reinhold. The required cleaning soivent
(MEK) and metal primer/adhesive (Chemlok 203 and 220) were also delivered to
Reinhold by Thiockol.

() A functional flow diagram outlining the major manufacturing steps is shown
in Figure 17. The following paragraphs expand this diagram and explain each

process.
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a. Rubber Preparation--The flrst operation was the cutting of rubbsr patterns.

Patterns wsre cut from metal template= in arc sectlons, six sections per sbim.

Four tsmplates were made, one eacb representlng the -20, -40, -60, and -82 shims,
vespectively. The templatss were made by applying masking tape over a 60 deg arc

of the proper shims, trlmming th.: tape to the shim width, placing it on a flat alumlnum
sheet, and sawing the aluminum shect along ths tape edges. Using the patterns thus
formed, all polyisoprene rubber recuired for the seal was cut and stored in & 40°F
refrigerator.

b. Shim Preparation--Shim delivery was in groups. The first delivery consisted

of shims Serial Mo. 1and 2, Part no. -01 thru -50 respectively. The second and
third deliveries were Seriai no. 1, Part no.- 51thru-¢.: and Se.ai no. 2, Part
no. =51 thru -50, respectively. The next delivsry included Serial no. 1, Part
no. -61 tbru -82 and the final delivery includsd Serial no, 2, Part no. -61thru
-82 as well as all Serial no. 3 shims.

Shims, as received from PSM, were grit blasted on both surfaces at Reinhold.
Shims were identified by a part numbsr and serial number rubber stamped on tbe
metal, Since grit blasting would have destroyed tbis marking each shim was identi-
fied witb a Thiokoi provided brass tag wired to the individual shim prior to grit
blasting.

After grit blasting, the sbims were transferred to a clean room and stacked
in numerical order. After the tag was removed eacb shim was wiped clean with a
lintfree rag soak:d in MEK, and visuallyinspectedfor cleanliness, process damage or
other imperfectiors. One brush coat of Chemlok 203 gray primer was applied to
each surface and allowed to dry for at least 15 mlnutes. Following application of
ths primsr a brush coat of Chemlok 220 black adhesive was applied and allowed to

dry. Thsn the shim was placed ln its numsrlcal slot on a rack for future use.

While the shims wcre being prepared as abovs, non-grit blasted shims were
stacked on the assembly fixture uslng thin strips of rubber. This shim pack thus
duplicatsd what the seal shim pack would be. Tbe shims were debulked at ths
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-20, -40, and -60 intervals, thus checklng out the assembly flxture and lts debulking
rings as well as the shim/rubber stackup.

After the fixture checkout, the forward end ring was placed on the assembly
fixture and centered by shimming between the fixture and the ID of the ring. The
bonding surface was wiped clean with MEK and Chemlok applled to it.

Prevlously cut patterns were placed on the surface by removing cne side of
the polyethylene protecting the rubber. When six rubber sections had been Installed
and trimmed to make clean butt joints, the upper layer of protective polyethylene
was removed. Rubber was placed on the -01 shim in the same manner. After the
rubber was trimnmed, the skim was placed on the assembly fixture and the upper
polyethylene film removed. This process was repeated through the -20 shim, At
this point the fixture was transferred to a press and debulked. No rubber was
extruded during this operation, The shlm/rubber pack was squeezed to a dimension
of 1.40 inches, The protective film was left on the rubber installed on shim No. 20.
It should be noted that the shim/rubber pack In the debulked position did not contact

the six fixture post ramps.

After debulking, the flxture was returned to the clean room and an additional
20 shims laid up and installed. At -40, the assembly was again debulked to a dimen-
slon of 2. 80 inches., The next 20 shims were laid uwp in the same manner. After
debulklng the -60 shim to 4.20 in., the aft end ring was Installed and centered on the
fixture. It rested on six lands provided on the fixture posts and was easily movakble
in a radial dlrectlon. Thon the top cover of the assembly fixture was llfted ard
allgned wlth two cowels indexing the cover to the posts at two posiiions 180 deg apart.
While lowering the cover after these index pins were started, the aft end ring was
moved radially until its index pin mated the index pin in the cover ring. Thus the
top flxture cover was indexed to the lower fixture cover and the aft end ring indexed
to the top [ixlire cover. In this position, scribe marks were placed on the aft end ring

at the six fixture post edges. Thls procedure was necessary slnce the aft end ring
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cannot he moved radially while resting on the rubber. After removing the top cover
and end ring, the remaining 22 shims were laid up and installed in the same manner
as before. Chemlok was applied to the bonding surface of the aft end ring and the
ring was installed over the fixture in alignment with the previously mads scribe
marks and with its upper surface one inch above the fixture post tops. The fixture
cover was placed over the end ring and properly indexed. In this position, the
fixture was ready to he pressed to its closed position. The entire fixture seal
assembly then was placed in a 170°F furnace and heated for five hours. When
heated, the entire assembly was forklifted to a press and slowly compressed until
the top cover rested on the six fixture posts. Rubber extruded during this process
in a very uniform manner. The shims, however, did not shift or self align them-
selves on the ramp to the degree anticipated. When in the compressed position.
nuts were placed on the 12 tie bolts of the assembly fixture and torqued to 600 inch-
pounds. The bottom cover to top cover distance was measured in an attempt to
verify seal length. This was not accomplished, however, since the bottom cover
deflected over the supporting "I'' beams, thus distorting any readings. Positive
seating of the cover against the posts was assured, however, by the rapid rise in
press ram pressure. The fixture and seal then were removed from the press and

placed in a 315°F furnace for siz hours to cure the rubber.

Prior to fabricating AF Seal nho. 1, Thioko!l fabricated an IR & D funded
seal. During the fabrication of this scal, fabrication techniques 'vere developed
and acceptance criteria established. Also during this process five events of signifi~
cance were noted whick influenced the fabrication of A¥ Seal no. 1 as discussed
below.
1. Shims -01 thru -10 ov the IR & D seal distorted some-
what during the grit blasting. This was caused by the
relieving of stresses within the shim from shot peening.
Since these shims could be restrained in their proper
shape, it was felt they would have no adverse effect on

quality and they were used in the IR & D seal.
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Extreme care was taken in the handling of shims for
AF Seal ro. 1 during grit blasting and in maintaining
a uniform grit blasting pressure and distance of gun

to shim. The shims did not distort.

Upca removal of the fixture and the IR & D seal from
the curing oven the fixture was chilled with cold water
to avoid overcuring the rubber. This sudden chil-
ling caused the tie bolts and nuts to fail. The heads
on two of the tie bolts were broken in the weld and

on others the nut threads were stripped. This, how-
ever, did not affect the condition of the sezl as rubber
cure had been effected. The assembly was allowed to
cool, the seal removed from the fixture and shipped
to the Wasatch Division, The fixture was refurhished
by cleaning with steel wool and MEK. The tie bolts
were repaired by replacing the nuts and by chasing
the holt threads which were not damaged (bolt
strength of 180,000 psi versus nut strength of 140,000
psi resulted in only the nuts being damaged). The

two bolts with broken heads were rewelded.

Upon bringing the fixiure and AF Seal no. 1 out of
the furnace, it was ncled that five of the tie belts or
nuts had failed and the top cover had lifted somewhat
on one side. The two tie bolts, which had been weld
repaired earlier, each failed at the head. The other
three failures in the same area were nuts with
stripped threads. It is assumed that the weld repairs
were poor and the failure of these two tie bolts trans-
fer=2d loads to the other tie bolts sufficient to strip

the nuts. The seal was cooled at room temperature.
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after renioval from the fixture, the parallelism
between end rings was measured and was found to
be discrepant by 0.072 inch. It is interesting to
note that this lack of parallelism ehnwed up in later

seal tests as an offset torque.

Thiokol inspection of the IR & D seal after cooldown
revealed that the seal had shrunk from a total length
of 10,938 in. while in the fixture prior to cure to a
free length of 10.860 in., thusindicating considerable
shrinkage in the rubber.

To compensate for rubber shrinkage in AF Seal no. 1,
a £.060 in. shim was placed on top of each post of the
assembly fixture, thus separating the end rings an
additional 0.060 in, during cure. Since the average
height of the nonparallel seal was within blveprint
gpecifications, it appeared that the shims compensated
for rubber shrinkage. An accurate evaluation was
impossible due to the tie bolt failure during cure.
Separating the end rings created leee compaction in
the shim/rubber pack and was the basis for choosing

this particular seal for tests to destruction.

During debulking of the IR & D seal the chims did not
shift in the rubber and self center over the six tapered
posts of the assembly fixture, The clamping force
between rubber/ehim laminate was greater than any
gelf centering force that could be created against the
thin (0. 040 in, thick) shims. it wae concluded. there-
fore, that the concentricity of the shims was a function

of the accuracy with which they were placed during

assembly. A number of tapered wedres were built to
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adjust the post ramp angle to that defined by the
rubber/shim pack in the as-laid-up-and-debulked
configuration, i,e., rubber thickness of approxi-
mately 0,030 in. (Figure 18)., Tbese wedges were
used during assembly of AT Seal no. 1 with a marked

improvement in shim concentricity.

5. The curing time femperature requirements used on
AF Seal no. 1 were established during fabrication of
the IR & D seal. Thermoccuples were placed in the
center of the rubber between shims -40 and -41 and
between -41 and -42. Data obtained from these
thermocouples during IR & D sesl cure provided the

necessary time/temperature information.
3. AF SEAL NO. 1 VERIFICATION TESTING

Qualification of the seal design for the 156-9 rozle was achieved through
a series of tests on the AF Seal no. 1 assembly. Axial deflection at 400 psi
(P = 1,148,000 Ib) »-as 0.083 in. which was greater than the predicted value but
acceptable to tbe nozzle design. Thbe seal assembly was subjected to a twang test,
i.e., the seal was deflected 4 deg and then instantly released to return to null. The
tests indicated a damping ratio of 0.2 and a natural frequency of 7 to 7. 5 cps. The
damping appeared to be a viscous type damping with little or no coulomb friction
apparent. Tbe nature of the oscillations indicated that the viscous damping was
somewhat nonlinear. However, the scope of the test did not allow a detailed analysis
of the damping. The inertia of the complete movable nozzle section was not simu-
lated on the seal tests. Consequently, the results given apply to the seal only.

The torque and stiuctural stability test was done in two steps. The torque
evaluation test was completed with the thrust pin removed from the test rig in order

to eliminate any friction components. For tbis test tbe maximu:n pressure was

56




=

——

~shot ool eI MPORUSPNTRIIND-

-
e 4

]

B s ¥

[

{
i
i

(0

(0)

(V)

(U

(0

400 psi, which is equivalent to an axial load of 1, 148, 000 pounds. The slow response
of ths industrial actuator negated use of a sinusco’dal wave furm and also contributed
a continuous drift in actuator prsssurs which made it difficult te interprst the force
data accurately. Table IV shows the average torque values for this test along with

the values from the structural test, which was run with the thrust pin installed.

Visual inspection of the seal at 400 psi in the vectored and unvectored position

did not reveal any deviations or shim wrinkles.

4, AF SEAL NO. 2 FABRICATION

Assembly of AF Sealno. 2 was started after the previously described verifi-
cation testing of AF Seal no. 1 had been completed. Because of high confidence in
the end rings and the economy of fabricating three sets of shims on one mandrel,
these items were on dock at iieinhold prior to starting assembly of AF Seal no. 2.
The twelve tie bolts on the assembly fixture had been replaced with studs using

longer 160,000 psi nuts at each end.

Materiai property tests conducted on rubber calendered with that used in
AF Seal no. 1 revealed a modulus on the high side of the specifications. New
rubber of lower modulus was ordered and delivered to Reinhold. The change of

rubber resulted in lower seal torques for seal no. 2 as opposed to seal no. 1.

An engineering change to increase the length of the ~ft end ring by 0.060 in,
was accomplished during seal no. 1 tests. This allowed the same rubber/shim

compaction and also hedged the seal length against rubber shrinkage.

Following incorporation of changes and Air Force approval, the seal no, 2
was agsemblsd without incident in the same manner as seal no, 1. The seal was
shipped to Wasatch Division in the assembly fixture. This was done to spsed up
seal qualification testing and subsequent delivery to the nozzle vendor.
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COMPARISON OF BENCH TEST TORQUE VALUES

Event

* 4 deg pitch plane*
+ 4 deg pitch plane*
*+ 4 deg pitch plane
+4 deg pitch plane
+ 4 deg pitch plane
+4 deg piteh plane
+ 4 deg pitch plane

4 deg yaw plane*
+ 4 deg yaw plane*
+4 deg yaw plane*
4 deg yaw plane*
+4 deg yaw plane
+ 4 deg yaw plane
+ 4 deg yaw plane
34 deg yaw plane

+4 deg yaw plane

TABLE 1V

Pressure
(psi)
200
340
200
340
500
700
830

50
200
340
400
200
340
500
700
830

Average Total Torqgue

*These events were without the thrust pin installed,
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(in. 1b)

AF Seal No. 1 AF Seal No, 2
1,682, 700 -~
1,572, 000 -
1,802, 000 1, 634, 700
1,857, 400 --

1, 895, 700 -
1,951, 100 1, 709, 000
2,062, 500 1, 796, 450
1,797, 800 1, 539, 700
1,742, 400 --
1,682, 700 1, 439,850
1,614, 600 -
1,900, GOO 1, 652,800
1,883, 000 --
1,917, 000 --
2,040, 600 1, 780, 150
1,959, 600 1, 765, 350
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Receiving Inspection was performed at Thickol and, in spite of the measures

taken to allow for rubber shrinkage, the overall seal length was short of blueprint

tolerances. Appropriate engineering changes were processed on the affected, but
yet to be machined, nozzle parts and the seal was accepted for use as fabrlcated.

5. AF SEAL NO. 2 QUALIFICATION TESTING

AF Seal no. 2 assembly was subjected to a serles of qualification tests prlor
to shipment to the nozzle vendor. Thls incladed axlal deflection, a llmited torque
study without the boot, structural verlficatlon, and torgue studies with the boot using

the program tape yaw plane duty cycle,

Vlsual Inspection of the seal prior to testing revealed slx areas on tke ID
surface where the shims were dlstorted. This condltion shown in Flgure 1S was
caused by interference wilth the internal components of the assembly fixture.

Figure 20 is an overall picture of the seal assembly prior to testing.

The axizal deflection at maximum axial load (P = 1, 148, 000 1b) was 0.0%7 in.,
which was almost 8 percent less than the deflection of the AF Seal no. 1. Because
of the lower shear modulus rubber in this seal, an increase in axial deflection was
expected. However, the rubber/shim laminate In scal no. 2 had better compaction

which contributed to the axial deflection decrease.

The torque values during the unbooted torque and structural integrity test
ware 8 to 14 percent lower than for the AF Seal no. 1. This was expected because
of the lower shear modulus. Table IV shows a comparlscn of the torque values tor

the two seal assemblles for slmilar events with the industrial actuator.

The first ingulation boot fabricated was defective because of voids. Temporary
repairs were made and the boot was installed on the seal assembly for torque evalu-
atio» A second hoot was fabricated while initlal torque testlng was In process to
replace the defective boot. Thls second boot was lnstalled on the seal assembly
(Figure 21) and the testing was completed. The last test subjected the seal assembly
to the yaw plane duty cycle at 830 psi. Table V is a summary of torgue values for

certain events in the duty cycle.
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/ TABLE V
h AF SEAL NO, 2 YAW PLANE DUTY CYCLE DATA *.
|
! i Pressure Average Torque
o Event —{pst) (in. ~1b)
| + 3.3 deg triangular* 50 1,373,450
1 + 3.3 deg triangular* 240 1, 345,670
} +3.7 deg sinusoidal* 50 1,544,220 §
+ 3.7 dog sinusoidal* 340 1, 430,800
+ 3.7 deg sinusoidal 700 1,803,300
1+ 3.7 deg sinusoidal 830 1,947,000

*These events were run without the thrust pin installed. :
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Visual observation of the seal during and after each test did not ieveal any

anomalies in the laminate structure.

Figure 22 is the torouc vs position loop for Event 7 of the duty cycle showing
the difference between the torques in the pinned and unpinned condition. The shaded
area represents the torque contribution of the test rig when the axial load relieving

pin is installed,

6. TEST SUMMARY

Testing of the lirst flexible seal (AF Seal no. 1) for the 156-9 motor pro-
graya was nompicied in two steps. The first series of tests were completed
27 March and includ:d an sxial deflectior test, torque and structural verification
test, and a twang t2st, The results were First renorted to the project office at AFRPL
on 30 March when approval to fabricate the second seal assembly was requested.

These results also are presented in this report.

Upon completion of acceptance testing of the second flexible seal (AF Seal
no. 2) and shipment to the nozzle vendor, the first seal assembly was installed in
the test fixture and a serics of tests completed. Two major areas of performance
were investigated.

1. Behavior of the seal under duty cycle vector require-
ments at 0 and 340 psi, and

2, Structural response to chamber pressure greater than
MEOP.

The seal was subjected to the yaw plane duty cyclz (Table VI) at 0 and
340 psig. Figure 23 shows the torque iraces for the two pressure levels. Because
of dimensional deviations in the flight actuator, the seal could only be vectored
plus or minus 3.7 deg with the flight actuator. In general, the torque levels
at 0 psig were higher than those at 340 psig. A small amount of offset torque
v'as measured during both tests. This can be attributed to a small amount of angu-

lation that existed between the two end rings. The value of the offset torque was
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TABLE VI

AF SEAL NO. 1 YAW PLANE DUTY CYCLE DATA

Event Duratlon
No. (eec) Functlon
1 0.2 Ramp
1.0 Hold
0.2 Ramp
1.2 Hold
0.4 Ramp
2 1.6 Triangular
3 4.0 Slne
4 2.0 Triangular
5 4,0 Square
6 4.0 Sine
7 4.0 Sine
8 0.4 Ramp
1,2 Hold
0,2 Ramp
10 Hold
0.2 Ramp
9 4.0 Sine

Yaw
Angle

{deg)

3 deg, 4° min
(max aagle
ol:tainable)

12

3 deg, 42 min
(max angle
cotainable)

Rate

(deg/ Bec)

5.0

5.0

5.0

{1.25 Hz)

(0.5 Hx)

(1.5 Hz)

(0.5 Hz)

(0.5 Hz)

(0.5 Hz)

(0.5 Hz2)

Position

Ramp from O to + 1
+1

Ramp from +1to +2
+2

Ramp from +2to 0

Ramp from 0 tc + 2
+2
Ramp from + 2 to +1
+1
Ramp from +1to 0
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Remarks

Plus direction first;
2 cycles

Plus directlon first;
2 eycles

Plus direction first;
3 cycles

Plus direction first;
2 cycles

Plus direction first;
2 cycles

Plus direction [irst;
2 cycles

Plus directicn first;
2 cycles
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greater for the higher pressure indicating a tendency for the seal to rotate in the
direction of angulation under pressurization.

Torque vs position plots are presented in Figures 24 and 25 for Events
no, 3 and no. 7, respectively. A standard loop analysis was utilized to evaiuate
the torque components. The seal spring rates determined for these events are pre-

sented below.

Pressure Spring Rate

Event (psig) {in, -1b/deg)
3 0 470,000
340 465, 000
7 0 430, 000
340 400, 000

These spring rates were evaluated at the maximum vector angle, which is
1.75 deg for Event 3 and 3. 7 deg for Event 7. This results in considerable difference
in the spring rates measured for the two events and can be attributed to a noniinear
spring torque. The fact that the shear stress-strain relationship is nonlinear pro-
duces a varying shear modulus which accounts for the nonlinearity in the spring
torque. In Figure 26, the spring rate as a function of vector angle has been plotted
based on Events 3 and 7. The rate is constant up to two degrees and then starts to
drop. The envelopes of predicted spring rate based on the shear modulus at 100 per-
cent strain (§ = 3. 45 deg) and at 50 percent strain (§= 1. 72 deg) are shown on the
grapb for comparison. Below 50 percent strain the shear modulus is constant and
no change in spring rate is predicted. The curve indicates that the use of the elas-
tomer shear modulus at 100 percent strain is acceptable when predicting maximum
torque values, i.e., torque at maximum vector angle. In order to accurately pre-
dict torque values for small vector angles, the effect of varying shear modulus will
have to be incorporated.

Also apparent in the '"loop'" plots is the existence of coulomb friction torque
as evidenced by the difference in recorded torguz while extending and retracting
the actuator. Thie friction component is most likely produced in the actuator attach-

ments and is approximately 3 percent of the total torque for.a 3.7 deg vector angle,
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For the structural stability teat, the thrust relieving pin was installed in the
test rig and the industrial actuator used . :r moving the seal assembly. At each
presgure the seal was cycied pius or minus 4 deg for five cycles. The seal was
visually inspected following the vecioring at each pressure level up to 1, 200 psi.
Above that level the pressure was reduced to 1, 200 for the inspection, Shim
wrinkling was first noticed following tbe cycling of the seal at the 1, 500 psig level.
The hhuckled area occurred in the plane of actusiion opposite the Aactuator ]ocation,
Tte buckling was {ypical of those in siher flexible seals tested by Thiokol under the
100-inich program (AFBSD) and the Hercules-Thiokol JVJ program. Testing was
continued at 1, 600 psig but 3 failure in the pressurization line, after 1 cycle, caused
a loss of pressure, Before a repair could be made an extraneocus signal caused a
hardover niovement of the actuator and the seal assembly separated into two rings.
Figures 27 and 28 show the seal assembly prior to testing and Figures 29 and
30 show the: seal assembly ufter failure still in the rig. Figure 30 shows the
area where wrinkling first occurred. The surfice condition «i the shim and rubber
al the failure plane indicates that an adhesive failure of the elastomer caused the

separation.

Torque was measured during the stability test. The higb friction component
due to the thrust pin and use of tbe industrial actuator made analysis of the results
difficult.

Other test results, on flexible seals that contained shims of similar material
and thickness as the 156-inch flexible seal, indicated that the critical stress level
for shim wrinkling was between -47,000 and -53,000 psi. Figure 31 is a plot of
the predicted shim hoop stress for the 156-inch seal as a function of shear angle,
which appeared in the design report. The extrapolated stress level for the plus
4 deg position at MEQOP (830 psi) was -28, 000 psi. This curve has been scaled to
1,590 psi, where shim wrinkling tovk place. It indicates that the stress ievel in
the 4 deg vector position was -50,000 psi. This is an excellent correlation with
the otber test work and indicates that critical shim stress is unaffected by flexible

seal size.
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Seal No. 1 Actuator Location Area after Faiiure

AF

Figure 29.
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AF Seal No. 1 focation of Shim Wrinkling after Failure

Figure 30.
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K a lower shear modulus elastomer were substituted in the design the pre-
dicted stress level would increase. For a shear modulus of 30 psi the stress level
would increase about 20 percent, reducing the critical pressure to approximately
1,200 psi. Thig would still be structurally acceptable for the 156-inch program.
The seal spring rate would be reduced 40 percent due to the lower shear modulus,

substantially reducing the total nozzle torque.
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SECTION III

NOZZLE DESIGN AND FABRICATION

A. NOZZLE DESIGN

Detailed design analyses were conducted on the nozzle for the 156-9 demon-
stration motor. Design criteria included maximum utilization of 156-6 nozzle tooling,
providing an envelope for the flexible seal installation, and insuring structural and

thermal reliability.

Maximum use was madc of recent developments in analytical techniques and
test results from recent firings, especially the 156-6 motor nozzle. The results of
these design analvses are presented here and show that program design objectives

could be achieved and that the 156-9 nozzle design would periorm succcssfully.

1. COMPONENT CONFIGURATION AND MATERIALS SELECTION

a. Component Configuration--The nozzle concept design for the 156-9 rocket motor
was a submerged omniaxis movable flexible seal. The concept appeared particularly
attractive in reducing the weight of nozzles capable of producing omniaxial movement.
The philosophy behind the design of the 156-9 nozzle was to providz a minimum risk
test vehicle for the flexible seal at 2 minimum cost, ¥or this reason the 156~9
nozzle design was based primarily on the successfully tested 156-6 rnozzle design.
The aerodynamic configuratior from thc nosctip to thc cxit planc was identical to

the 156~6 nozzle, and permitted the reuse of existing tooling, Modifications were
made to the 156-6 nozzle design where necessary to incorporate the flexible seal

and to provide for the resulting different flow conditions,

79

i i i A P e ok i S

R



E

U

)

)]

&)

)

e A AR ot A e T i L \ e

The 156-9 nozzle final design is shown in Figure 32. The submerged
movable nozzle was capable of a plus or minus.4 deg omniaxial vectoring moticn
through the flexible seal joining the fixed and movable sections of the nozzle. The
nozzle was actuated by two linear servoactuators mounted between the nozzle fixed
housing and exit housing 90 deg apart; one actuated pitch motion and the other yaw
motion. Intermediate angles of vector were accompﬁshéd by simultanecus combination

motions.

The throat and exit diameters of the nozzle were 34.54 in. and 98.64 in. ,
respectively, corresponding to an initial expansion ratio of 8.15, The cverall
length of the nozzle assembly was 116. 1 inches. Forty-seven percent of the nozzle
was submerged. The aerodynamic design of the internal nozzle surface from the
nosetip to the exit plane was identical to the 156-6 nozzle. The nosetip was defined
by a radius of 1.62 inches. An 8.00 in. radius joined the tip radius to & 15.00 in,
radius into the throat. The throat and the 17.5 deg exit cbne were joined by a radius

of 13.859 inches.

Structural integrity and maintenance of the aerodynamic contour were provided
by a mechanical design consisting of steel structural components, reinforced plastic
erosion liners, and thermal insulators. Nozzle structural and insulation subassemplies

were fabricated independently and bolted or bonded to form the complete nozzle assembly.

The nozzle fixed housing assembly consisted of a steel structure protected by
silica cloth phenolic insulation. The steel consisted of two forged flanges welded to
a conical section of roll and weld construction. The silica at the small end of the
housing had an outer surface which, in the pressurized condition, became spherical
about the flcxible seal pivot point. This surface formed the fixed part of the secondary
barrier gap which protucted the flexible seal from direct radiant heating and sharply
reduced convective flow., Ply orientation of the silica tape was parallel to the nozzle

centerline to provide a direct vent path between plies.

The two actuator support brackets were bolted to clips on the fixed housing,
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The movable part of the secondary barrier consisted of a silica cloth
phenolic ring which remained separate until nozzle assembly. The ring was a

tape layup (rosette) with ply orientation parallel to the centerline,

The nose assembly consisted of an eatrance housing, two carbon cloth
phenolic liners, a graphite cloth crossover ring, and two silica cloth phenolic
insulators, The steel entrance housing was of roll and weld construction. The
nose liner (backside or chamber side of the nose) was carbon cloth phenolic tape
wrapped parallel to the centerline. Vent holes drilled in the nose liner were
helpful in the 156-7 and Thiokol TU-455.02 and TU-465 motor nozzle cesigns.
The liner ply layers in these three nozzles were at a small angle to the surface
{0 to 12 deg). In the 156-9 nozzle, the angle of the ply layers was much higher (32 deg)
providing the gas a more direct {shorter) escape path hetween the layers. To
evaluate the need for additional vent paths (holes) at the higher (32 deg) angle,
two quadrants of the surface were drilled with a hole pattern and the other two

were left without holes.

The entrance liner was carbon cloth phenolic with ply orientation parallel
to the centerline. The crossover ring was graphite cloth rosette with ply orientation
90 deg to the centerline. The silica cloth insulator behind the nose liner was a rosette
layup with ply orientation parallel to the aft surface. The insulator behind the
entrance liner was a rosette layup with two different ply orientations to facilitate

the use ot existing tooling.

The exit assembly consisted of a steel shell, three liners, and two insulators.
The forward ring of the shell was a ring forging; the remainder was of roll and weld
fabrication. A reinforcing I-bcam type structure girdled the aft exit cone to limit
distortion during vectoring and distribute the actuator loads. The throat liner was
a single piece carbon cloth tape wrap with ply orientation 70 deg to the centerline.
This is similar to the throats successfully tested on the 156-5, 156-7 and Thiokol
TU-455.02 as well as the 260 in. diametfcr motor nozzles. An overwrap of silica

phenolic tape was provided as an insulator behind the throat liner.
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The upper exit cone liner was carbon cloth phenolic tape wrapped parallel
to centerline. This extended to an expansion ratio of 2.44 as in the 156-6 nozzle
design. From this point to the exit the liner was silica phenolic tape, also wrapped
parallel to centerline. Both liners were overwrapped with glass phenolic tape prior
to final cure of the three components as an assembly., A row of retaining pins
through the shell into the insulation was provided at an expansion ratioof 2.5as a

backup against bond failure.

b, Materials Configuration--The aerodynamic configuration of the 156-6 nozzle

was selected for the 156-9 nozzle to provide a configuration proven reliable by test in
an almost identical environment. Materials to provide the acrodynamic contour.
however, were not matched since a large number of materials have been qualified

in large booster firings and similar environments. Therefore, selection was made

from among all materials considered qualified in previous large booster firings.

Every material selected for use in the 156-9 nozzle had been qualified by
previou ; successful static test in nozzles for motors having diameters of 120 in.
or larger. Each material had been successfully tested with similar exhaust gas
environment. Table VII lists thc materials selected for each nozzle component

and the previous applicable experience.

All steel components were 413¢ steel. This material was selected for its
high strength, machinability, excellent welding properties, and heat treatment

response.

Silica cloth phenolic was selected as the liner material for the fixed housing,
the surfaces of the gap in the barrier, and the projecting radiation barrier because
silica provides acdcquate crosion resistance in regions of moderate thermal severity
and excellent insulation properties at a relatively low cost, Orientation parallel
to centerline was selected for the silica on both sides of the barrier gap to provide
a large angle between the plies and the respective surfaces providing a natural out-
gassing path to reduce blistering and delamination of the surface to a minimum.
The orientation of the silica on the remainder of the fixed housing was also tape wrapped

parallel to centerline.
84
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Huboer insulators and mastic insulators were analy: “d for this latter
application, but were found unsatisfactory due to lagh erosion rate predictions.
Flow conditions in this region are more severe in the 156-9 nozzle design than the
156-6 because of the differing gzo.netry which controls the flow patterns. The

details of this tradeoff are contained in the aerodynamic analysis pcrtion of Section II.

Fiberite Corporation MX-2648 silica cloth phenolic was selected for the
fixed housing and barrier plastic components. This material was extensively te :ted
in the Titan IIIC Program (Table VII) and it has performed suncessfully in ail

applicaticns for which it was specified in the 156-9 motor nozzle.

The relatively severe flow conditions on the chamber side of the nozzle
dictated the use of carbon cloth phenoliz as the liner between the barrier and the
tip of the nose. The thickness ir.creased toward the nosetip where the flow velocities
and resulting heat iransfer increased. Carbon cloth provides excellent erosion

resistance at moderate cost. Ply orientation was parallel to the centerline.

The entrance liner was of similar construction: carbon cloth phenolic

oriented parallel to the centerline.

Fiberite MXC-175 was selected for the nose lincr: U.S, Polymeric FM-5055
was selected for the upper exit cone liner. Both have substantial successful firing

histories 1s given by Table VII.

The crossover ring which joiLs the entrance liner to the throat is graphite
cloth pheuolic, U, S, Polymeric FM~-5014, fabricated in a rosette Inyup. This
orientation, successfully tested in the 156-5, 156-6, 156-7, and the Thiokoi TU-455
and TU-465 motor nozzles, provides desirable edge-orientation of plies to the gas

stream along the entire erposed surface.

A rosetie layup of carbon cloth phenclic was evalusted for use in the cross-
over ring. Graphite cloth phenolie was seleciec, howaver, because of the relatively
poor performance of the carbon cloth rosette rings in the 156-5 and 156-6 motor
programs. Graphite cloth rosette rings, by comparison, have performed well on

the 156-1, 156-T7, Thickol TU-465 and TU~455 motor firiugs,
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Fiberite MX-2646, a silica cloth phenolic material combining excellent

insulation properties with exceptionally high strength, was selected for the insulators

behind the nose and throat liners.

A single piece tape wrapped throat was selected for the 156-9 nozzle after
evaluating & throat consisting of a series of rosette rings. The selected design
was tested on the 156-5, 156-7, and the Thinkol TU-455,01. The rosette ring
design was used on the 156-6 and the Thiokol T'J-455. 02 and TU-465. The TU-465
throat performance was excellent and exhibited uniform, smooth, relatively low
erosion. The ofner two rosette throats, however, exhibited gouging; high non-
uniform erosion, and delamination. In contrast all three tape wrapped throats
performed as well or better than the TU-465 rosetfe throat. The tape wrapped
throat was, therefore, determined to be a more reliable design. The 70 deg to
centerline angle used in the three listed firings was again selected. MXC-175
carbon (loth phenolic was selected for the throat based upon demonstrated
successiul perfcrmance in previous 156 Inch programs, MX-2646 silica cloth

phenolic was selected as the insulator behind the throat.

The exit cone was identical to the 156-6 except for the increased thickness
of liner adjacent to the throat, This increase, and the increase in thickness at the
throat, resulted from higher erosion rates observed in the throat and upper exit
cone of movahle nozzles as compared to fixed nozzles. The transition from carbon
cloth liner to silica cloth liner, both parallel to centerline, occurred at the same
expansion ratio, 2.44. Glass cloth phenolic was also used as the insulator for the

exit cone and was parallel to centerline.

The materials selected for each component were U. S. Polymeric FM-5055
for the carben cloth liner, Fiberite MX-2646 for the silica cloth liner, and Fiberite
MX-4600 for the glass cloth insulator. Table VII indicates the qualification of each

b

material,
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2. FLEX'BLE SEAL LOCATION

The location of the flexible seal within the nozzle was significant. A thorough
study of the optimum axial and rrdial location was conductzd by Thiokol as part of
the design studies for Project 3246 (100 in, diameter :notor) under Contract AF 04(694)-334,
Various seal locations were investigated for a nozzle submerged 59 percent. The

tradeoff study was among seal weight, seal torque, and fixed housing weight.

As the seal was moved closer to the throat, the seal torque and weight
reduced and the fixed housing weight increased. Results of the 100 in. motor study

for three locations are:

*Seal Torque *Total Nozzle Weight
Seal Location (Perceni) (Percent)
Throat 100 100
Midway (flange to throat) 454 115
Case Flange 1,255 195

(*Seal torquc and nozzle weight are given as percents of the value at the throat

location.)

These comparisons and a study of the equations governing seal design and

torque indicated that minimization of the seal diameter was desirable.

The study indicated that the seal should be located immediately outside
the nozzle throat at a point compatible with throat insulation and structural require-
ments and nozzle vectoring motions. The seal should be as far upstream as is
possible without increasing the size of the nose beyond that requir-d for aero-

dynamic considerations.

Selcetion of lile pivot location was the next step in design selection. The
dynamics of a flexible seal require that an angle of 45 to 55 deg exist between the
nozzle axis and the center of the seal cross section. In order to keep seal torque at
a minimum, the angle between the nozzle axis and the center of the seal cross section

should be maximum. However, test experience at Thiokol was limited to angles
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within a range of 45 to 55 degrees. This requirement forces the pivot to be either
forward or aft of the throat on the nozzle axis. The choice must be made for each
individual applicatior. based on vector angle requirements, depth of submergence, and
case polar opening. Pivoting of the movable portion of the 156-9 nozzle was selected
to be a point on the nozzle axis 25.50 in, aft of the throat. Location of the pivot in the
exit cone aft of the throat presented the following advantages with a deeply submerged
nozzle over the alternate location forward of the throat.
1. A smaller case polar opening was required for the
same vector angle.
2. The aerodynamic forces always oppose the seal torque forces.
(In the 156-9 design, elimination of aercdynamic torque re-
duced the maximum total torque by 500, 000 in. 1b)
3. The radiation barrier gap (Figure 33) was located ina
less severe environment.
4. A higher system steering angle was obtained from a given
nozzle vector angle, since the moment arm about the
system center-of-gravity was greater with an aft pivot.
5. A highly rcliable radiation barrier was obtained with a
smaller maximum nose ocutside diameter.

6. Cross-talk between the pitch and yaw actuators was minimized.
3. AERODYNAMIC ANALYSIS

An aerodynamic study was ccaducted on the 156-9 motor to determine the
nozzle and aft motor case wall heating environment and the eroded configuration of
insulation materials. The aerodynamic nozzle geometry from the tip of the nose to
the exit plane was i-entical to the 156-6 design. The aft part of the insulated case
differed from the 156-6 configuration only in the thickness of the case internal insuvla-
tion whicli alters the flow geometry only slightly. The backside of the nozzle nose,
however, was modified to accommodate the flexible seal, The larger diameter of t.e
nozzle backside changed flow conditions and thus affects the nozzle nose and aft case

erosion.
89
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A detailed flow analysis was conducted using a potential flow analogy

programed on the IBM 7040 computer. This program calculated flow streamlines,
Mach numbers, static temperatures, a .d static pressures in an axisymmetric,

subsonic, compressible, potential flow field.

The potential flow properties were used to determinie the boundary layer
and the associated convective heat transfer coefficient on the entry. The heat
transfer coefficient variation was then used to determine the erosion rate variation

along the eatry.

The erosion of graphite and graphite reinforced plastics in a solid propellant
rocket motor primarily results from a diffusion limited chemical reaction occurring
at the surface.* This erosion can be expressed as a function of the reacting species
in the propellant combusiion products (HZO' 002 , 02, O and OH), the convective

heat transfer coefficient, and the density of the carbonaceous material in the following

manner:
Erosion Rate (T8, - 8H/Cp) ;) . 405
sec o]
where 8 = blowing rate determined from the species in the §
propellant combustion products {dimensionless).
H/Cp = Convective heat transfer coefficient . 1lbm )
p= (Cp) gas ‘sq ft - sec
p = density of carbonaceous material (lbm/sq ft)

Measured erosion data are used to correlate with the theoretical parameter.

The analysis of silica base or asbestos base materials assumes they erode
by melting. This heat of fusion is supplied by conveciion nnd radiaiion. Since the

materials are not pure and the binder materials oufgas and form a char layer,

Fariipes

e W

*Lrosion of GfaTghite in Solid Propellant Combustion Gases and Effects on Heat
Transfer, A. M. McDonald, P. O. Hedman; AIAA Journal, Vol. 3, No, 7,
July 1965,
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the calculation is not exact and test data are used to relate erosion rate to total heat

flux. The heat flux equation is:

R

where
Q
h
Taw
Tw
K

T

il

h (Taw - Tw) + K¢ (’I‘4 = Tw4)

total heat flux, Btu/sq ft sec

convective heat transfer coefficient, Btu/sq ft sec °R
adiabatic wall temperature, °=2

wall temperature, °R

Boltzmann's constant

emissivity

iree straam static temperature, °R

The parameters h, Taw, and T are calculated assuming no erosicn and outgassing,

the wall temperature is near the melt temperature of the primary material, the

emissivity of each material rzpresents the best ccrrelation of erosion in motor

headend stagnant flow (all radiation), subsonic flow, and supersonic flow (nearly

all convective}). All materials in the design have been tested in similar application

and the erosion data correlated to predicted heat flux.

a. Nose--The fina! eroded nose configuration was determined using the above

described techniques in the following manner.

1. The flow properties and heat transfer coefficient

variations through the initial uneroded configuration

were determined.

2. The erosion rates at the various locations on the

nozzle entry were determined for the uneroded nozzle

heating conditions and extrapolated over 15 sec

motor burning time to determine this intermediate

configuration.

3. ‘The flow properties and heat transfer coefficient

for the 15 sec configuration were calculated and

compared with the initial calculations to determire
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the error in extrapolation of the initially determined

erosion rates. Because no large erosion rate changes

occurred during the first 15 sec of burning time,

the stepwise procedure was assumed adequate and no

smaller increments of burning time were evaluated.
4. The process described in (3) was then repeated going

to 38 sec, then 64, 3 sec (web time),

The results of this erosion prediction are shown in Figure 34. The erosion
along the nose is fairly uniform, about 0.60 inch. The heat transfer coefficient

for the thermal analysis is shown in Figure 35.

b. Aft Cage --The flow in the aft case area was divided into two flow regicns.

For the first 30 percent of the web timc a potential flcw analysis was used, assuming
the gas did not separate from the wall, After 30 perccnt of web time it was assumed
the gas flow separates from the case wall at an axial station near the nose tip of the
rnozzle and leaves a separated area in the aft case. Analytical and cold flow studies
verified this assumptinon. * The separated type of flow was not amenable to analytical
techniques which describe the flow properties, heating rates and matesrial erosion
rates in a potential flow region. Therefore, prediction of these parameters depends

on a different technique.

Prediction of the erosion rates which will occur in the aft casc area was
achieved by equating the drag force driving the secondary flow and the wall drag
length as shown in Figure 36. This ralationship defines the velocities which occur
on the backside of the nozzle nose and in the aft case. Using the velocities calculated

in this manner, the boundary layer and heat transfer coefficients were determined.

*Investigation of Flow in the Aft Cage of Motors with Submerged Nozzles, Thiokol
Chemical Corporation, Wasatch Division, TWR-1380; 22 Sep 1965.

Determination of Flow Properties in the Aft Chamber Region of the Poseidon C-3
First Siage Motor, Thioko! Chemical Corporation, Wasatch Division, TWR-1705;
24 Feb 1966.
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Figure 34. 156-9 Nozzle Nose Mach No. va Axial Distance from Throat
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Figure 35.

156-9 Nozzle Nose Copvective Heat Traw fer Coefficient
vs Axial Distance from Throat
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Figure 36. Description of Viscous and Skin Friction Drag Parameters
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{v) Existing correlations between heat transfer coefficicnts and material loss

rates were used 1o determine the erosion profiles.

L5)] Aft case analysis diifered somewhat from analysis of the nozzle backside

because the propellant cover prevented erosion during this time.

() Nozzle backside analysis assumed a potential flow moving forward along
the surface as follows,

1. The same flow net for the 0 sec ncse analysis defines
the flow properties on the backside of the nozzle. The
boundary layer was calculated from the nozzle case joint
forward to the nozzle splitline, then reinitiated
{started with a smaller momentum thickness) and '
continued to the nose tip.

2. The erosion ratcs for the nozzle backside were
determined from the boundary layer results and the
erosion predicted at 12, 86 seconds.

3. The flow analysis was repeated at 12.86 sec and the
heat transfer coefficients and heat fluxes were averaged
between 0 sec and 12. 86 sec to predict 19.3 sec
erosjon.

4. The flow net was used to determine the “low conditions
along thc assumed separated boundavy in Figure 37.
These flow Mach numbers define the viscous mixing
drag forces and the flow conditions along the backside
of the nozzle and aft case. This flow condition was
analyzed at the 32 sec configuration and thc erosion from
19. 3 to 64, 3 sec calrulated on the nozzle backside and
erosion rate calculated for the af’ case. The exaet
erosion in the aft case is a function of the exposure

time.

1
L
b
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The final design of the nozzle backside is shown in Figure 38. The leat
transfer coefficient is given along the carbon cloth and heat flux is given along

the silica cloth because these parameters control erosion of the materials.,

Other candidate materials, flow conditions and prcdicted erosion depths arc

shown in Figures 39 and 40.

¢. Seal Region--The ser. egion of any movahle nozzle must be desigred to produce
minimal gas velocities with resulting minimal eonvective heating for maximum
reliability. The amount of radiant heating on the seal protective boot was minimized
in the 156~9 nozzle by covering the boot with a projecting insulation harrier, which
prevented direct radiation to the boot. Nozzle movement was allowed by providing

a gap between the fixed and movable portions of the nozzle. An unprotected rubber

boot would erode at a rapid rate due to radiation.

A rubber boot directly exposed to chamber environn:2nt would be subject
to direct convective heating, and would regufre prohibitive boot thickness to insurc

seal survivability. *

Convective heating as well as radiation was adequately red: .;ed, however, -
by using a projecting barrier and gap design concept. With this design concept,

the following mode of flow in the boot region occurs.

At motor ignition, the flow from the ..”. surfaces is forward along the back-
side of the nozzle nose. When the nozzle is unvecicred, the flow along the backside
of the nozzle diffuses near th. seal gap, separates across the gap, and recattaches
on the forward side. This phenymenonoccurs symmetrically producing equal pressure

in the gap around the periphe+y of the nozzle,

*Lockheed Propulsion Company: Deveclopment of an Elastomeric Seal for Omnicxial
Movable Nozzles {Lockseal), Progress Report No. 3, Technical Report No.
AFRPL-TR-65-~243, November 1965.
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Lh)] When the nozzle is vectored, the 2quality of pressure about the periphery
of the seal eap is still maintained. Fqual pressures are produced becuause the distance
from flow separation to reattachment and the angle of reattachment are maintalred
at a neariy constant value about the nozzle periphery by the spherical ball surface
(Figure 41). Therefore, with this 11ow mode no driving potential is produced to

cause peripherazl flow and large heating rates nrar the seal.

1)) Ac burning time progresses, however, the basic mode of flow in the aft
case near the backside of the nozzle is modified. Cold flow studies and static test
firings of motors with submerged nozzles have indicated the flow pattern shown in
Figure 36. With this type of flow the gas separates from the aft case wail just aft
of the propellant surface. A separated flow is formed in the aft case region. The
flow moves along with the separatcd boundary and reattaches to the nozzle near the
tip of the nozzle entrance section. At the reattachment point, the flow divides with

a portion of the flow moving aft along the backside of nozzle.

(U) The flow meving aft along the backside of the nozzle nose thus approactcs
the seal region in a direction opposite to that which occurs at motor ignition. With
this basic fiow mode and the nozzle unvectored, the flow in the seal region occurs as
shown in Figure 42. The flow separates from the nozzle wall, flows across above
the seal gap, and reattaches to the downstream wall. Again in this ~ase, the flow
separation and reattachment occur symmetrically about the nozzle periphery. No
driving force for circumferential flow under the separuted boundary about the
periphery of the seal exists, and seal survivability is assured. Nozzle vectoring
docs not change the symmetrical separation and reatfachment because of the spherical

downstream surface.

(U) A series of cold flow tests in which the flow velocitics were measured in the
cavity near 2 flexible seal indicated that the flow Mach numbers near the boot
protecting the flexible seal were less than 0. 03 for both « null und a 5 deg vector
position. The seal region will then be cxposed to nearly stagnant flow and convective

heating of the boot will be constant throughout motor operation.
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{U) The gap between spherical surfaces was made as small as possible without
risk of contact between the surfaces. After thcrough consideration of the possible
adverse tolerancc buildup and of the relative deflection of the parts. a gap dimension

of 0.200 in, was specified in thc final design.
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4, THERMAL ANALYSIS

(U) A thermal analysis was conducted to insure that adequate material had been
provided to allow for the anticipated losses {erosion-corrosion) ard {o adequately

insulate the structural parts during firing.

() The computer program determined the transient temperature response and

surface-recession rates of a slab characterizad by two receding surfaces.

The transient temperature response of the insulation and nozzle parts is
a function of the thermal properties of the material ~nd the internal environment to
which the parts are subjected. The thermal properties are usually published values
obtained from vendors and lab tests (Table VIII).

(0) The internal thermal environment of the motor is dependent on the compo-
sition of the propellant and the pressure at which combustion occurs. With these
two parameters fixed, the combustion temoerature, the enthalpy, the equilibrium
composition of the combustion products, and the motor performance were calcu-
lated using an IBM 7040 computer. The computer program used simulated the
isotropic gas expansion through the nozzle and calculated the static enthalpy of the
gas at prescribed locations in the nozzle. From this information and a suitable
recovery factor {a function of the Prandtl number), the recovery enthaipy is deter-

mincd from the following relationship.

I

Npg (it - ig) + ig

iy = recovery enthalpy (Btu/Ib)

Nrf = recovery factor {dimensionless, the cube root

of the Prandt]l number)
iT = total (stagnation) enthalpy (Btu/lb)
ig = static enthalpy (Btu/1b)
{U) The recovery enthalpy represents the potential heat available for transmission

across the boundary layer to the wall.
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400

e i e

1,200
1,500
2,500
4, 000

6, 000
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TABLE VI

MATERIAL THERMAL PROPERTIES

Carbon Cloth Phenolic

Thermal
Density Conductivity
(Ib/cu ft) (Btu/ft-hr-°F)
81 0. 50
74 0.50
73 0.58
73 1.6
73 3.3
73 5.9

Silica Cloth Phenolic

Thermal
Density Conductivity
(Ib/cu ft) (Btu/ft-hr-°F)

110 0.18
102 0.28

96 0.50

96 1,27

96 2,25

108

Specific Heat

(Btu/lb-° F)
0. 30
0. 47
0.48
0. 48
0.5

0.5

Specific Heat

(Btu/1b-°F)

0.24
0.24
0. 28
J.28

0. 28

e

[
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{(U) To determine the amount of heat actually transmitted across the boundary i

layer by convection, the enthalpy on the wall side of the boundary layer must also

be known, This was obtained by a second computer prograin which was used to

calculate gas equilibrium composition and enthalpy as a function of temperature and
pressure. From these data and the recovery enthalpy, the difference across the
boundary layer at any instantaneous set of conditions can be determined by the com-
puter. This information, as well as the convective heat transfer coefficient, was

] needed to evaluate convective heat flux.

{U) The simplified Bartz equation was used to calculate the convective heat trans-

fer coefficients.

Cu = 002.026 0.9 :: == " = N v
(Dp) ~~ (A/A¥%) (Pp) " 0 \C* 0 \re
where:
Cy = heat transfer coefficient based on enthalpy
difference (Ib/sq ft/sec)
0,026 = acorrelation con étant derived by Bartz from !
turhulent boundary layer analyses
D, = nozzle throat diameter (ft)
fA/A*) = expansion ratio at the nozzle location under
; consideration
5 m = viscosity at stagnation conditions (1b/ft-sec)
Pr = Prandtl number (cp/k) (dimensionless)
Pa = chamber pressure (psia) _
g = acceleration due to gravity (ft/sec2) 3
C* = characteristic gas velocity (ft/sec) §
re = throat radius of curvature (ft)
} ] = dimensionless factor accounting for variation of
p (gas density) and 4 (gas viscosity) across the
P : boundary layer
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Transport properties appearing in the Bartz equation were calculated witha
computer program based on the kinetic theorv of gases. The latest thermochemical
data were used in this program and its predictions compared well with available

experimental] data.

Heat transfer coefficients were determined as a function of wall temperature

and nozzle expansion ratio.

Having obtained the foregoing information, the convective heat flux wag

calculated according to the following equation.

Qeonv = Cp (ir - iy)

where:
CH = convective heat transfer coefficient (lb/ftz-sec)
i = recovery enthalpy of the combustion gases (Btu/Ib)
ly = static enthalpy of the gases on the wall side of

the boundary layer (Btu/1b)

Conventional techniques were used to determine the net radiant heat flux to

the wall. The net radiant heat flux may be expressed as:

Qrag = “3 o [‘g Tg4 - g Tw4]
where:
€y = effective wall emissivity
€g = gas emissivity
ag = gas absorptivity
Tg = temperatura nf the gas (°K)
Ty = temperature of the wall (°K)
o = Boltzlmann's constant
The emissivity (absorptivity of a particle laden gas at any particular temper-
ature) may be expressed as:
. = 1 -{e) -NAL
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where:

I

particle number density (number/cu c¢m)

condensed particle cross-sectional area {cu cm)

mean radiation beam length (cm)

The computerized thermal analysis requires an input erosion rate as a
function of time. The predicted erosion rates for the nozzle exit cone were obtained
using an erapiric?l procedure which was developed as a result of anzlyzing static
test data. This procedure consists of correlating nozzle exit cone erosion rates
with convective heat transfer coefficients. Erosicn data obtained in numerouz
firings with propellant formulation very similar to that proposed for the 156-9

motor have shown good correlation with convective heat transfer coefficients,

The relationships between the exit cone erosion rate and convective heat
transfer coefficient are shown in Figures 43 and 44 for carbon cloth phenolic
and silica cloth phenolic, These data are for the conditions of the iest, i.e,, the
chamber pressure, rozzle configuration, and the exhaust gases predicted for the

156-9 motor.

The assumption implicit in the use of the correlation is thal erosion is
primarily a reaction of certain chemical species in the combustion gases with the
nozzle material. Furthermore, it is assumed that the material is at a sufficiently
high temperature so that the reaction rate of the reacting species and the wall
material ig infinite and that the overalil rate of erosion (corrosion) is determined
by boundary conditions which control the transport rate of reactants and the reaction
products. These controlling boundary conditions were satisfactorily cefined by the

convective heat transfer coefficient.

It is recog .iized that this approach was somew . specious with silica cloth
gince physical changes (melting, vaporization) controlled by environmenisl temper-
ature play a more prominent role here than do chemical reactions. The correlation
has, however, been found to yield dependable design data in applications and under

conditions similar to those under which the reference test data were obtained.
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Figure 43. Convective Heat Transfer Coefficient vs

Frosion Rate, Carbon Cloth
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Figure 44.

Convective Heat Transfer Coefficient vs
Erosion Rate, Silica Cloth
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This empirical technique somewhat circumvents uncertainties in the heat
transfer coefficient calculation. The same method for cocmputing this coefficient is
used both to set up the correlation and to read values out of it. Uncertainty in the

heat transfer coefficient is thus cancelled out.

It has been shown that the erosion of a graphite containing mater-ial is pri-
marily the result of a chemical reaction occurring at the material surface.* The
magnitude of this effect is dependent upon the quantity of oxygen containiny species
in the propeliant combustion gas and is defined by a parameter called the hlowing
coefficient (). Since different propellant formulations have different blowing
coefficients, the resulting erosion of a carbon containing material will depend on

the propellant formulation selected.

This hlowing coefficient analysis is not applicahle to plastic materiais with
siliceous reinforcement pecause corrosion is not the primary cause of mnaterial
loss in this case. The char formed with this material is Jost primarily by
vaporization.

Separate correlations were used for the nose region and the nozzle exit
because the convective hecat transfer coefficients are calculated by different methods

in the two cases.

The predicted erosion rates for the nozzle entrance or nose section were not
as easily obtained as those for the exit cone. The nozzle inlet configuration may
cause nonuniform acceleration of the gases into the throat resulting in high local
velocities in the supersonic range. Suhsequent deceleration to subsonic velocities
will set up a shock pattern making a reliahle estimate of convective heat transfer
coefficients impossible. Hence, to predict erosion rates for the inlet section where
the flow is supersonic, predicted convective heat transfer coefficients were extrap-

olated between the points of known flow conditions.

*McDonald, A. J., and Hedman, P. O., "The Determination of the Mechanism of

Erosion of Graphite in Solid Propellant Combustion Gases and Resulting Effects
on Heat Transfer Phenomena, ' January 1964.
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The convective heat transfer cooificients were obtained by determining the
Mach number profile around the inlet section of the nozzle up to the point of sonic

flow. Output from this computer program included predicted material erosion rates

which are dependent upon flow conditions and the composition of the combuation gases.

The Mach numbers were converted to effective area ratios using one-dimensional
flow assumptions. The resulting area ratios and corresponding gas dynamic proper-
ties of the combustion products were used as input to the Bartz equation to calculate

the convective heat transfer coefficient.

The erosion rates at various locations throughout the noczle as determined
by the methods previcusly discussed were used as input to the thermal program.
The computer program handles the erosion as a function of the convective heat
transfer coefficient with the nodal thickness being reduced with time. The predicted
nozzle erosion and char profiles are presented later in this section under Predicted
Performance. The predicted temperature profiles for the locationa indicated are

presented in Figures 45 thru 49.
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Figure 45. 156-9 Nozzle Entrance Temperature Profile,
A/A* = 3,88 (Back Side)
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Figure 46.

156-9 Nozzle Enirance Temperature Profile,

A/A* = 2.52 (Back Side) Carbon Cloth
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Figure 47. 156-9 Nozzle Entrance Temperature Profile,
A/A* = 1.17 Carbon Cloth
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Figure 49. 156-9 Nozzle Exit Cone Temperature Profile,
A/A* =816
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5. STRUCTURAL ANALYSIS

|
1
I
b

g (U) An analysis was conducted to verify the structural integrity of the fixed housing
b
_i - and nozzle at a maximum expected operating pressure (MEOP) of 830 psig, and to
: analyze the nozzle actuator brackets to determine structural integrity at an actuator
| stall load of 70, 097 pounds.
{ ‘o (U) The minimum ultimate tensiie strength of the materials for the various

components is shown in Figure 50. Ultimate bolt strengths were selected to

insure a 0.25 minimum margin of safety.

(U The structural analysis was conducted at a case MEOP of 830 psig. The
stresses that result from MEOP case pressure, or the stresses in the various
components which result from acinal predicted applied loads, are defined as limit

stresses (0).

(U) The margins of safety presented here exist between limit stresses and

ultimate strength capability or between limit stresses and critical buckling capability.

(U) Basic design criteria for the various components indicated that a margin of
safety of 0.25 be maintained in all areas during the most severe loading condition
to be encounter:d during static firing. Howevcer znalysis of the aft dome area of the
GFP case showed a 0. 185 margin of safety (Table IX). Since propellant loading
could be controlled accurately to eliminate the possibility of any over-pressure

condition, this margin of safety was considered adequat2.
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W T

Number

W =1 ¢ WL e W b

p{=3

10
i1
12
13

TABLE IX

v e

SUMMARY OF MINIMUM MARGINS OF SAFETY

Component
Case
Belt (Case to fixed housing)
Fixed Housing
Bolt (Fixed housing to flex seal)
Flax Seal, Forward end ring
Bolt (Flex seal to entrance housing)
Bolt (Entrance housing to exit cone)
Exit Cone
Nozzle Ring
Bolt (Nozzle ring to clevis)
Clevis
Actuator Bracket
Bolis (Actuator bracket to fixed housing lugs)
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0. 185
0.
1.
0.
10.
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28
10
54
45

.32
.18
.04
.31
.31
.58
.47
.46
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(U)

(U)

(U)

(U

(U)

(U)

The area with the next lowest margin of safety was the bolts which attach the
fixed housing to the case. The margin of safety for the bolt tension was 0. 28 whicb
wasg above the minimum requirements. Margins of safety for various areas are

listed 1n Table IX.

Computer runs used in the analysis are included in Section V. The free
body sketches of the geometrical shapes shown on the computer rune reflect the

positive direction for the moment, shear, and axial loads.

The four basic components of the 156-9 nozzle considered bere were the
fixed bousing, nozzle body, actuator mounting bracket, and nozzle ring and actuator
attach bracket.

a. Fixed Housing--The fixed housing was a heavyweight design, 1.55 in. thick,
which is considerably thicker than required to withstand the internel case pressure,
Thbe extra thickness was included to facilitate fabrication of the unit. The maximum
stress is located at a radius of approximately 45 in. from the centerline of the part.
This area is adjacent to the housing-to-case attachment ring and has a stress level

of 78,599 psi and a margin of safety of 1.1.

b. Nozzle Body-~The nozzle body analysis included the flexible seal end rings,

the entrance housing ring, and the nozzle exit cone attacbment ring. This analysis
assumed that the flexible seal would transfer axial loads only and would not add
significantly to the rigidity of the end rings or induce appreciable moments or shear
into the rings. The maximum stress induced in the flexible seal end rings occurred

inthe forward ring and is only 14, 403 psi with a margin of safety of 10. 45,

c. Actuator Mounting Bracket~~The actuator mounting bracket, trunnion, and

mounting bracket to fixed housing lugs, were designed to sustain an actuator axial
stall load of 70, 097 pounds. The maximum stress in these three components occurs
in the actuator mounting bracket and is 84, 517 psi and results in a margin of safety
of 0. 47. This area is approximately midway down the bracket arm and is in the

area directly over the mounting lugs closest to the actuator.
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d. Nozzle Ring and Actuator Attach Clevis--The nozzle ring is used to distribute

the actuation loads into the nozzle exit cone and reduce the deflection and stresses
in the cone as a result of the point actuation loads. The ring was assumed to bhc
loaded radially at two locations, 0 and 90 degrees. One load is applied toward the
center of the ring and the other cutward from the center of the ring. This load
pattern is used to simulate the most severe anticipated actuation condition. The
maximum deflection was 0.96 in. ocutward from the centerline. The maximum
shear load was 25, 338 1b at the 90 deg station and the maximum tensile siress was
32, B46 psi at the 90 deg station. The minimum margin of safety was 1. 31 at the
90 deg station. This analysis assumed that the total actuator loads are reacted

by the ring only and does not include the rigidity or stiffness of the exit cone which
in actual application complements the ring structure. The load distributivn

summary is shown in Figure 31,

6. TORQUE ANALYSIS

To move the nozzle mechanically in accordance with the specified dyua:nic
requirements, thc loads resisting nozzle deflection must be accurately defined.
For convenience, these loads are normally expressed in terms of the torque
produced about the pivot axis. The application of the results of the torque analysis
and their effect on other motor components is shown in the discussion of the particular

component.

Total torque is 2 summation of all contributing factors and is a direct function
of the mechanics of the design and internal and external acrodynamics. For the
156-9 nozzle, the following major torque components were considered.

1. Dynamic spring torque.
(1* Flexible seal spring torque,
(2) Internal aerodynamic torque.
2. Frictional torque.

Offset torque,

4]

L

Inertial torque.

o

Gravitational torque.
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External aerodynamic torque is essentially nonexistent in static test applications.
Coriolis torque (effect of earth's rotation on nozzle motion) also is of a very small

magnitude and was not considered in this analysis.

Flexible seal torque and aerodynamic torque vary almost linearly with
nozzle position and is expressed ae a spring rate in units of in, -1b/degrees. These

components are otherwise unrelated and are analyzed individually.

Gravity torque is maximum for a static firing condition when the motor is

in the horizontal position.

The inertial torque is maximum during flight where the argular and lateral
acceleration contribute uppreciably to this component. However, missile acceler-
ations produce inertial loads that arc in the opposite directiontothe spring torque,
thus reducing the total torque. Static firing conditions will, therefore, produce
a larger total torque than flight conditions. Hence, in the torque analysis static
test conditions were assumed for each torque component, and the torque prediction

is, therefore, conservative for flight conditions.

Individual analysis of each torque component provides a convenient method
for establishing the design leve! torque. Definition of each component also is

necessary to evaluate the performance characteristics of the TVC system.

The spring torque in the nozzle afiects the response of the act..tion system.
An increase in spring torque produces a decrease in the damping ratio and, for
large vector angles, results in a reduction in the system response. The steady

state error as measured in vector angle will increase with increased spring rate.

The damping or viscous friction torque in the nozzle tends to stabilize the
system, If the amount of damping is increased, the system becomes leas vscillatory
and if increased sufficiently the system will become overdamped, hence exhibiting

zero overshoot.
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The effect of increased inertia in the nozzle causes the system to become
more oscillatory. This requires increased damping to stabilize the system. Offset
and gravity torque will not affect the system stability but will contribute to the steady

state error.

The following paragraphs prescnt a brief discussion of the methods used in

defining the torque charact~ristics of the 156-9 nozzle,

a. Fiexible Seal Spring--The torque produced by the flexible seai can be eatablished
by summing the increrentai forces around the periphery of the seal multiplied by

the moment arms of these forces about the pivot axis.

As illustrated in Figure 52, the force acts in the plane of the seil at point A
and acts normal to the plane of the seal at poirnt 5. The deflection in the seal as weli
as the length of the moment arm varies from point A to point B. It was, therefore,
necessary to define these variables s> the sw..mation of the incremental torques

arourd the seal could be accompiished.

The following paragraphs present the derivation of the seal torgue expression,
Since the seal deflects in the same manrer in all fcur quadrants, this derivation will

consider only a single quadrant of the seal.

The general exprassion for seai torque is:

ﬂ{_:a
T = Z F, 1
o
where: F = force,
1 = momontarm,

The incremental force in the seal then can be expressed in terms of seal deflection,
shear modulus of the rulber, and seai geometry.

Gi GdA

F = ————

i nt
T
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where: Gi = seal deflection, J
G = shear modulus,
dA = innremental cross-sectional ares,
n = nrumber of rubber laminates,
tr = thickness per laminate

The seal deflection is simply 1 § where 1 is the moment arm and#® is the nozzle

deflection angle (Figure 53). The general expression for the moment arm 'eiogth

is:
1 = ?(Sinzs Sin? ® + Coe? 8) L2
where: T = radius of curvature,
8 = angle between seal axis and the mean radius of the seal.
The incremental area algo is:
dA = (rSin87d9)w.
() The width (w) can now be expressed in terms of 8 1 and 8 o' the angles

measured between the seal centerline, and the inside and outside radii of the seal,
respectively, so that
w = T( Bz - 81).

32 and 8 L expressed in radians.

() The force in the seal thus becomes
v, = S Sging (Sinzﬂ sin? & +Cm-:&2t3)1/2 8, -8 )d‘b
i ntr 2 1
The torque for the entire seal can then be determined from the ictegral
T/2 m/2
- 4
T =4 f 1F =4 f : r Sin8 (Sin° 8 SinZ &
o ! Qo n r
2 de
+ Cos @) (.32 ~8)

Performing the integration and converting all zngles from radians to degrees:

— i (] - *y i
T = goax10'nt T SmA(1+Coe”H B, -8 |
r Y
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Since ths seal torque is linear with deflsction angle, expression of this component
is more convenient as torque per degree of vector. Hence,
3-4
GT r Sin

T 2
5 = 3.24x10tmt (1%Cos 8YB,-R).
r

In Figure 54, the theory is compared with Lockheed test data.* The theory
predicts torque slightly lower than data rscorded at zero chamber pressure and
slightly higher than the data from 600 psi testing. The predicted curve was calculated
using t]:e shear modulus quoted for the zsro pressure condition. There is less than
10 percent error in the data and the error appears to be linear with position. The
shear modulus appears as a linear function in the torque equation, leading to the

conclusion that the shear modulus was in error.

*Lockhesd _P_ropulsion Co, Devslopment of an Elastomsric Seal for Omniaxial

Movable Nozzlss (Lockseal), Progress Rsport No. 2, Tschrical Report No.
AFRPL-TR-65-173. August 2965.
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L. Internal Aerodynamic Spring--The internal aerodynamic torque acting on a

submerged movable no:zle is the result of unsymmetrical flow in the vectored
nouzle, thus producing a pressure differential in the actuation plane. Aerodynamic

torque is normally linear with deflection angle and reacts as spring torque.

The aerodynamic torque can be calculated by summing the components of
force produced by pressure acting on the nozzle wall multiplied by the perpendicular
distance from the force to the nozzle pivot. The general equation describing the

aerodysamic torque may be written as;

x2 on 9
T = -/ P ginh (rX+r tan@)df dx
a
Xl 0

where: § = azimuthal angle (radians),

Ta = total aerodynamic torque sbout the pivot axis
{in. =1b),

r = nozzle radius at point of force application,

X = axial distance from pivot to point of calculation
in the nozzle (in.),

p = siatic pressure,

& = nozzle wall slope.

This equation requires knowledge of the wall static pressure and the pressure
differentials which exist in the nozzle. Two procedures are available for developiug
internal wall pressure in a vectored nozzle. They are air flow simulation tests

(cold flow) and a twe dimensiconal method of characteristics solution.

The axial location (x) may be expressed as a function of the throat radius
and the aerodynamic torque may be expressed as a function of chamber pressure
and the cube of the throat diameter. This relationship may be used for scaling

of geometrically similar nozzles.

The effect of nose design and propellant configuraticn on submerged movable
nozzle torque was determined by cold flow testing. These data were used to predict

the serodynamic torque. The grain configuration has a major influence on aerodynamic
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torque. In the 0 sec web time configuration, the gas has a relatively high velocity
at the aft end of the grain and turning of the gas through the nozzle results in a
nozzle wall pressure differential in the plane of actuation. However, as the propellant
burns out a large plenum of low velocity gas is created. Therefore, vectoring the
nozzle does not significantly alter the noszle pressure distribution late in the firing.
For this rezasor the aerodynamic torque for submerged nozzles decreases significantly
with firing time.

Since the pivot location may vary considerably on submerged nozzles, it
was necessary to investigate this effect of varying the pivot location. This was
accomyp!ished by aralytically varying the pivot in the preceding equation. This
technique assumes that pressure distribution in the nozzle is not altered when the
pivot location is moved relative to the nozzle throat, Figure 55 presents the
aerodynamic spring rate divided by chamber pressure and the cube of the throat
dianeter versus pivot location. Curves are shown for the 0 sec grain and burned

out grain configuration.

Ag -roicated in Figure 55 the present configuration produces nonrestoring
aerodynamic torque whichopposes the torque of thz seal, thus reducing the total

torque duri.iz the early portion of tie firing.

Placing the pivot forward of the throat wonld produce a restoring torque
which increases total torque. A forward pivel increases the moment arm through
which the asymmetric forces act, thus the magnitude of the torque increases.
Placing the pivot of the 156-9 nozzle an eq-ial distance forward of the throat would
increase the maximum total torque prediction by 500, 000 inch pounds. The results

of the aerotorque predicticn are given in Table X.

Aerodynamic torque, however, becomes less significant as the firing

progresses. Although total torque is reduced early in tiring by the aerotorque,

i

it was assumed to be zero throughout firing since it approaches zero late in the

firing. This imparts further conservatism to the actuation system design since the
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TABLE X

156-9 NOZZLE TORQUE PREDICTION
4 DEG EVENT
SINE ACTUATION

i Predicted
Spring Constant Predicted Torque
j {in. -1b/deg) {in. -1bj
' Maximum
_- Torque Component Nominal Maximum Nominal (Worst-on-Worst)
' Dynamic Spring -- - 872,000 1,560, 000
Seal Component 356, 500 388, 800 - -
i Aerodynamic Component =128, 500 0 - -
. Seal Viscous - -- 12, 500 25, 000
i
Offset - - 144, 000 171, 000
B Gravitational -- § - 221, 000 221, 000
* Inertia — -- . _-117,300 -117, 300
: $ 1,132, 200 1, 858,700
E.
t
e
!
| i
-
!
;
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maximum vector angle on a flight ~ .rsion of the 156-3 moter will probably be required
early in the firing when the aerotorque is diminishing the total predicted torque

value.

c. Frictional--Frictional torque in conventional movable nozzles is the result of
sliding surfaces such as bearings, O-rings, etc. Since there are no sliding surfaces
in the flexible seal nozzle, the ccuiomb friction torque normally associated with

movable nozzles does not exist.

Elimination of friction torque is one of the outstanding advantages of the
flexible seal. Friction torque has two major disadvantages.
1. Friction torque is notoriously variable and
therefore unpredictable with the desired accuracy.
2. Friction torque is the major source of steady

state error in the servocontrol system.

Friction torque varies widely since it depends on surface conditions,
lubricant condition, gap width, and applied load. There is also a variation from

static friction to sliding friction which produces a "breakaway' peak in torque.

On Stage I MINUTEMAN motors, friction torque variations of 100 perceat
among the four nozzles on the same motor have been observed, and as high as
400 percent variations from motor to motor., Friction torque on these nozzles
tends to increase with motor age. An avcrage friction torque increase of 50 percent
occurs in a three year storage period, probably resulting from lubricant and O-ring

aging.

Elimination of the unpredictable friction torque thus reduces actuation system

weight by reducing the statistical upper design limit.

Reducing steady state error simplifies the contrel system and improves the
accuracy of the guidance. By reducing flight time spent off the flight path (by improv-
ing accuracy), the range is increased. Thus, eliminating friction torque improves

the range and accuracy of a missile system while reducing cost.
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The viscoelastic properties of the rubber produce a torque which is a function
of the wozzle actuation rate. This torque is defined as viscous friction torque, which

can be expressed as:

v -4
1V ¢ dt
where:
C = damping coefficient of the seal

1t is apparent that for the normal sinusoidal action this component does not
contribute to the maximum total torque since this term is a maximum when the
nozzle is at zero position and zero when the nozzle is fully vectorzd. This com-
ponent, however, contributes to the stability of the TVC system and, therefore,
must be thoroughly analyzed.

Amplitude decay tests were performed on a spherical shim bearing to
determine the damping characteristics of the proposed seal. This seal has 2 radius
of curvature of 7.6 in., 81 shims and a total rubber thickness of 0,567 inch. T1he
shear modulus of the rubber was determined to be approximately 120 psi. Figure 56
shows a typical transient response cur-/¢c obtained from this test program. This
system appears to have a damping ratio of approximately 9.2. This value was used
to determine the nominal viscous torque for the 156-9 nozzle seal. Viscous torque

values are presented in Table X,

Viscous damping is also an important consideration in determining
stability characteristics of the TVC sysiem. An analog simulation study wa.
performed and the damping requirement of the 156-9 TVC svstem was determined
from this study.

d. Offget--Offset torque is considered to be the zero position aerodynamic torque
resulting from asymmetrical flow in the unvectored nozzle. Therefore, it can be

scaled in the same manner as aerodynamic torque.

Comparisons were made of cold flow data and hot firing data from four

Thiokol submerged no~zle firings. It was determined that for all firings, scaling
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of the cold flow data recsulted in overprediction of the offset torque. Therefore, to

T T e ey TR
e .
et e —

insure a conservative maximum offset torque prediction, the cold flow data werz

scaled directly. Offset torquc is presented in dimnensionlczs form ag a function

¥

of pivot location in Figure 57. The predicted offs=t torque for the design con-

ftguration is presented in Table X.

=

{U} e. Inertial--The incrtial torque impossd on the nozzle during siatic fir/ng i=
simpnly that torque resulting from accelerations produced by the acinator. Assuming
a ginusoidai actuation, the maximum acceleration and the maximum inertial torque

can be determined as:

8 =8 xomt
LA
Tincrtial 180 5iMax
. i wherce:
'-; § J = max moment of inertial (in. lb-secz)
(. § Max = maximur. angular acceleration (deg/ se<.=2).

Table 3-1V shows the predicted maximum inertial torque.

! (U} f. Gravitational-- Tne moment produced by gravity is simply the nozzle weight

. ] . multiplied by the distance from pivot to the center of gravity. The maximur gravity
tcrque that will be expericnced by the nozzle will occur when the nozzle is in the
horizontal position. This distance will vary slightly with nozzle deflection. However,

i the maximum torque will occur with the nozzle in the zero position. Therefore a

o

zero position nozzle was assumed for this prediction.

[ (U) Missile attitude also affzcts the magnitude of the gravity torque component.
: For design purposes the missile was agsumed to be 1n the horizontal position,
{ Tais results i a conservative prediction since the mirimum angle hetween the

missile centerline and the horizontal axig is approximately 20 deg for normal

flight conditions.
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(U) g. Total--Total torque can be expressed with the following general expression.

L - T, = J8+CO+KO+T +T

I

e

G

e

where:
= mass moment of inertia,

= damping coefficient,

= combined seal plus aerodynamic spring rate,
= offset torque,

G gravity torque,

= nozzle vector angle for sinusoidal motion,

=8 Sin2® ft,
max

A e i S e AR T Aot T A

ey

= 21{t8 Cos 27 ft,
max

- (27 1%0 Sin 27 ft.
max

D DD D g g RO
I

Since

1 . -1 8
t ——__zﬂ'f {(Sin 7/ ),

- the following expression is readily obtained. )
8
2 2 2.1/2 ——
Tt = =J (@2 8 +C2TNH B max -8 /8 / +K9+T0+TG

{U) For the sine wave actuation at the maximum required rate, the total torque

has been calculated as a function of nozzle position using the equation above.

(U) The predicted total torque as well as the varicus components are presented
in Table 3-IV.

(U) This number represents the maximum expected total torque for a sinusoidal
actuation, To determinethe worst condition value, the conservative upper limit
predicted values for cach component occur simultaneously in the same direction. t
This is a hypothetical condition since the maximum spring torgue, inertial torque,

and viscous torque cannot occur physically simultaneously in the same direction.
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7. WEIGHT ANALYSIS

Total weight of the 156-9 nozzle assembly is 18, 247 1b of which 11,849 1b is

contained in the movable portion, 4, 432 Ib in the flxed portion, and 1,966 1b in the
fiexible seal.

In the weight analysis (Table XI) the nozzle is divided into movable, fixed,
and bearlng or seal portions. Each component is ldentified by drawing and item
number. A format of titleindentationsis followed in the subtotals, The weights of
items whose titles are indented are summed in the weight column for the title preced-
ing the indentation. This format is continued up through the subassemblies to the

complete nozzle assembly.

The plastic components of the nozzle are flightweight., The structural shells,
however, were not required to be flightweight so relatively low cost fabrication
methods were used in noncritical areas. These shells were not machined to flight-
weight thicknessesinorder to reduce fabricationtime and expense. As a result, the
nozzle weight is approximately 5, 000 1b heavier than it would be had the structural

shells been made flightweight.

156-9 nozzle weight (1b) 18, 247
Excess in structural shells (1b) 5, 000

Approximate weight of a similar
flightweight nozzle (1b) 13, 247

8. FINAL DESIGN

The fina! design of the 156-9 nozzle is shown in Figusre 32,

One significant change was made to the original design of the nozzle. The
barrier gap area was redeslgned to accomimodate a larger boot. A contour cut was
taken on the small end of the fixed silica insulator (7U40519-02) which formed tne
convex surface of the gap. Thls cut provided a better anchor for the aft end of the

thicker redcsigned Loot as well as providlng space for boot movement during vector.
144
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The housing (7U40526), on the movable part of the barrier, was modified per
drawing 7U41347 and made part of the flexible bearing assembly (7TU40678) where it
serves the function of anchoring the forward end of the boot. The two silica parts
of the barrier (7U40523 and 7U40518-02) were modified and combined into one
assembly (TU41353).

The net effect of these changes was to reduce the gap between surfaces from
0,320 to 0.200 in. and allow the use of a thicker boot thereby sharply increasing the

reliability of the only area of the nozzle not proven in previous large motor firings.

9. PREDICTED PERFORMANCE

a. Erosion and Char--The predicted postfire nozzle erosion and char profiles are

depicted in Figure 58,

b. Flexible Seal Torque=--The 156=9 flexible seal was bench tested in a test

fixture which loaded the seal to the maximum load predicted during the static
firing. While so lvaded, the seal was actuated through the entire yaw plane duty
cycle using the same yaw plane actuator that would be used during the static test.
The actuator was controlled by the same control tape that would be used for control
during the static firing, The torque trace from the bench test ig presented in
Figure 59.

The seal torque comprises roughly 90 percent of the total torque, thus
the firing torgue in the yaw plane is predicted to follow Figure 59 very closely.
However, small deviations fiom this figure are predicted. These deviations will be

produced by separate causes as follows.

(1) Aerodynamic Torque--The asymmetrical gas flow produced when the
nozzle is vectored will result in an aerodynamic torque. In the 156-9 nozzic design,
the pivot point of the nozzle is aft of the throat so the resulting aerodynamic torque
will oppose the bearing torque and reduce total torque by as much as 100, 000 in. -lb

at 4 deg vector. As the grain burns the aerodynamic torque is reduced in magnitude
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(U)

reaching zero about midway in the firing. The aerodynamic torque, in summary, is
thus predicted to reduce the torque valuer of Figure 59 during the first part of the
firing and to have no effect during the last part of the firing.

(2) Offset Torque--Offset torque results from asymmetrical gas flow in the
null position, from asymmetry in the nozzle, and from misalignment of the nozzle
and chamber. The direction of the offset torque is, therefore, unpredictable, but
extrapolating from past firings, the magnitude is expected to be in the range of
140, 000 to 170, 000 in.-1b.
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B. NOZZLE FABRICATION

1. VENDOR SELECTION

The optimized nozzle design had a 34.5 in. throat, a 98.6 in. exit diameter
and an overall length of 116 inches, The largest subasscmbly slightly over 110 in.
long was the movable housing containing the throat and exit plane. The selection
0i candidate vendors, was therefore limited to those firms having hydroclave
capacity to handle the large movable housing assembly. The only companies known
to have adequate capacify and previous experience in fabricating solid rocket motor
nozzles were HITCO, Rohr and TRW, Inc. All three companies had the technical

capability and experience and cach had previously built satisfactory large nozzles

of the general type desired. Therefore, all three firms were invited to bid the 156-9

nozzle.

Nozzle fabrication schedules were paced by Thiokol's ability to design,
fabricate, test, and deliver a major nozzie component, the flexible seal. All three

candidate vendors were rated cqual in ability to meet the delivery schedule,

TRW, Inc, declined to bid leaving only HITCO and Rohr competing. After
lengthy negotiations with each firm, the final selection was made on the basis of
sealed bid costs only. Each candidate knew these terms prior to making a sealed

bid. The contract was awarded to HITCO.

2. COMPONENT FABRICATION

The 156-9 nozzle was fabricated in five major component assemblies as
follows:
1. Flexible seal assembly
2. Nose assembly

3. Barrier assembly

151
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4. Fixed housing assembly
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5. Movable housing assembly

L () The flexible seal fabrication has been discussed in Section II. The fabrication
of the actuator support brackets, trunnions, and clevises is straight forward as
given or: Figure 32 andneed not be discussed further.

L)) The fabrication of the remaining four major components was accomplisghed

as ehown in Figure 60,
4. FINAL ASSEMBLY OF NOZZLE !

{(U) The final assembly of the nozzle was accomplished as follows.

1. The movable 2ssembly was placed upright resting
ou the steel exit cone.

2. The actuator bracket and trunnion assemblies were
bolted to the fixed housing assembly.

3. The fixed housing assembly was lifted and lowered
past the exit cone flange to rest on the exit cone
shell {Figure 61).

4, 'The flexible bearing assembly was bolted to the
nose agsembly.

5. The barrier assembly was dryfit and then bonded
to the assembly consisting of the nose and bearing
aseemblies. Two views of this new aggsembly are
shown in Figure 62.

6. The assembly resulting from Step 5 was lowered
over the movable assembly, drytit, und then bonded
to the movable assembly. Bolts were installed

i between the flange of the moveble assembly and the

entrance housing and torqued to the prescribed

L value using a specially designed tornue wrench.
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Figure 61, Lowering the Fixed Housing Assembly to Rest on the Exit Shell
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Figure 62. Seal, Nose, and Barrier Assembly
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7. The fixed housing assembly was then raised and dryfit

’1; to the aft end of the bearing assembly. Adhesive was
' applied to the end of the boot and the surfaces mating

!s.-:-‘-u- =
H

with the end. The fixed housing was again raised into

place and the bolts inserted between the small flange

.l of the fixed housing and the aft end ring of the bearing
i (Figure 63).
‘g

|+ L. 8. TFour shipping jacks (shown in Figure 64) were

next installed between the reinforcing ring of the
exit shell and the large flange of the fixed housing.

These jacks were expanded to remove tha weight

Ll
AT A B

of the fixed housing from the bearing and to hold
the bearing in compression during shipping and

- handling. The jacks were removed prior to

Bt

. moving the nozzle at the test site.

(U} The completed nozzle assembly ready for installation in the shipping container

R AR

e B A

is shown in Figure 64.

4. DEVIATIONS FROM DESIGN

vt
-4

f

(U) Fifteen design deviations were submitted by the nozzle vendor for disposition.

P

One of these was considered a major deviation, the others were minor. Only the

ey

major deviation and four of the minor deviations required rework.

(L8} The major deviation was a machining error of 0. 46 in. in the length of the

e L]

barrier liner and tte location of the spherical surface machined into the aft end of

this part. Use of the erronecusly fabricated part would have pr - duced the following

e |
»

.

unacceptable conditions:

P

1. The gap between the fixcd and movable spherical

s e f e B

surfaces would have doubled' to 0. 40 inch.

e T, )
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Figurc 64, Completed Nozzle Ascembly
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The centera of the fixed and movable spherical
surfaces would have been separated by 0.46 in.
which would have caused the gap to vary around
the periphery while vectored producing a driving

poteatial for circumferential flow,

Repair of the part as opposed to fabrication of a new part was considered.

A Tepair of the part was designed which enabled attainment of the desired geometry
without sacrifice of reliability.

A further cut was taken in the part to provide a surface for laying up a

repair part consisting ol rosette plies of MX-2646 silica cloth phenolic. The entire

part was then bagged and the repair area was autoclaved to cure and bord it to

the basic part.

The repair details are shown in Figure 65.

The repair design had the following notabie features.

i.

The added material was mechanically locked to the
bagic part to hold it in place in the event of bond
failure and tecause of the rosette construction,

every ply was mechanically locked to the basic

part.

Along the sphcrical surface the minimum thickness

of tha repair material was 0.50 in. which gave the
repaired ares structural integrity of its own.

Cnly superficial ct.ar was expected along the spherical
surface, but should the part char deep enough for the
cnarred rosettc plies to expand into the gap, the narrowing
of the gap would further restrict the flow moderating
the environment. In order to clore the gap and
produce sliding friction, the rosette part would have
to expand by 40 percent, which ig highly Improbable,

le2
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! (0 The reworked barrier assembly was, tharefore, expected to perform as

well as the originally designed part.

(U} The disposition of the remaining deviations are summarized in Table XiI.
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SECTION IV

GRAIN DESIGN

A, BALLISTICS DESIGN

The 156-9 motor grain design was based on the use of existing motor hard-
ware and tooling while achieving contractually required motor performance.
Major design considerations were maximum expected operating pressure (MEOP},
aft grain limitations imposed by the configuration of the submerrcd nozzle, and

chamber pressure vs time neutrality.

The motor contained a slotted, cylindrically perforated grain having a 64
percent web fraction. The grain was in the monolithic case in two sections
separated by a 6.5 in. slot located near the ncse of the nozzle {Figure 66). The
core diameter was 54.2 in, in the forward end and 77.25 in. in the vicinity of the

submearged nozzle {motor aft end).

1. PREDICTED PERFORMANCE

The predicted performance (Table XIII)} satisfies the work statement
requirements. The prediction was based on actual propellant batch data. Thesc
values were modified siightly fror. the original design when the batch data became

available.

2, PRESSURE AND THRUST VS TIME

The predicted chamber pressure and thrust vas time at 80°F are shown in

Figure 67. These traces show the neutrality achieved with the 15A-9 grain design.
167
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TABLE X1 |

156-9 ROCKET MOTOR PREDICTED PERFORMANCE
AT 80 AND 100° F

Web Time Parameters

Burning Time (sec)

Average Pressure (psia)

Maximum Pressure (psia)

MEOP (psia)

Total Impulse Utah Conditions (Ibf-sec)
Average Thrust Utah Conditions (lbf)
Maximum Thrust Utah Conditions (Ibf)
Propellant Burning Rate at P, (in. /sec)
TU-131 Burning Rate at 700 psia (in. /sec)
Burning Rate Scale Factor

Propellant Weight Expended {lbm)
Maximum to Average Pressure Ratio

Action Time Parameters

Action Time (sec)

Average Pressure (psia)

Total Impulse Utah Conditions (Ibf-sec)
Average Thrust Utah Conditions (ibf)

Specific Tmpulse Utah Conditions (Ibf-see/1hm)

Thrust Coefficient (¥ = 1.18, A =0.977)
Motor Coefficient, Cyy

Reference Specific Irnpulse1 (Ibf-sec/1bm)
Propellant Weight Expended (Ibm)

66,389,800
969,600
1,049.900
0.724

0. 698

1. 067
273,874
1.06

70,51

641
67,023,200
950,550
242.0

1. 5334

0, 989

249, 4
©“76,921
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66,570,550
984,480
1,082,000
0.733

0. 710

1. 067
273,874
1.06

69. 64

660
67,189,340
964,810
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3. GAS FLOW CHARACTERISTICS

The 156-9 motor was designed Lo use the same hasic core to form the interaal
Zrall eontiguration as was used in the 156-6 motor., Usc of a .uomerged nozzle on
the 156-9 motor neccssitated a change in the nozzle cutout grain geometry. An
aerodyramic analysis was conducted. The mcthods used are discussed in Section III,
The mass flow per unit area at several sections have been compared to show that
the 156-9 motor grain design results in more conservative gas velocitie: in the
moter aft plenum chamber than vas predicted for the s.iccessfully testec L06-6

motor.

A sketch of the aft motor configurations of the 156-6 and 156-9 motors is
shown in Figure 62. The flow analysis of the 156-9 motor was made with the
nozzle in the vectored position (4 deg) resulting in ndditional conservatism in the
analysis. The aft slot location and contiguration in both motors are similar, with
the design siot width being approximately 6.5 inches. The nozzle in the 156-6 motor

extended farther over the aft slot than in the 156-9 motor.

A comparison of pertinent perameters of thc two motors at the various
locations in the aft plenum identified in Figure 68 is presentedin Table XIV. A
comparison at Stations 3, 4, and 5 reveals that the one dimensional Mach numbers

in the 156-9 motor are less than in the 156-6 motor.

The Lockheed final program repori* revealed that after cure shrinkage and
grain slumpage, the slot width at the slot exit was approximately 8. 77 inches.
Other grain dimensions around the nozzle remained essentially the same. This
increase in slot width reduced the theoretical Mach number ai Station 4 (Figure 68)
in the 156-6 motor to 0. 05, with a velocity of 173 ft/sec. Grain shrinkage alsu
tends to increase the slot width and reduce the gas velocity at the slot exit below

the 511 ft/sec indicated.

* Technical Report No. AFRPL-TR-66-109 156-Inch Diameter Motor Liquid Injection
TVC Program, Volume 1, Book 1. Lockheed Propulsion Company, July 1966.
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L/ THIOKOL MOTOR
156-9

LOCKHEED MOTOR
156-6

13094-18

Figure 68. Flow Comparison Points inthe 1568 and 156-9¢ Plenums
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TABLE XIV

AFT PLENUM INITIAL FLOW CHARACTERISTIC COMPARISON

156~6* 156-9
Surface Area Aft of Station No.
(sq in.)
Station 1 - 3,765
Station 2 == 5,782
Station 3 8,314 7,240
Station 4 22,660 20,526
Station 5 30,974 27,766
Local Flow Areas (sq in.)
Station 1 - 1,003
Station & == 1,004
Station 3 1,663 1,471
Station 4 1,465 1,615
Station 5 1,663 2,113
Local AS/At Ratio
Station 1 - 3.8
Station 2 - 5.8
Station 3 5.0 4.9
Station 4 15.5 12.7
Station 5 18.6 13.1
Local Mach No.
Station 1 - 0,026
Station 2 -~ 0. 041
Station 3 0.04 0.035
Station 4 0.11 0, 090
Station 5 0. 13 0.094
Local Velocity (ft/sec)
Station 1 - 90
Station 2 -— 142
Station 3 138 124
Staufion 4 380 311
Station 5 449 325

* Technical Report No. AFRPL-TR-65-212 156 Inch Diameter Motor Liquid Injection
TVC Program, Lockheed Propulsion Company, October 1965.

175




i )

(U)

(0

i |

,.‘
ez s A

It was concluded that the grain configuration in the aft plenum chamber of
the 156-9 motor was satisfactory and that the backside of the nozzle would not be
subject to velocities significantly greater than already experienced in the 156-6
motor. The predicted one dimensional Mach number at the end of the grain of the
156-9 motor was 0, 137 (velocity = 473 ft/sec). Propellant erosive burning would,

therefore, not be significant in predicting motor performance.

B. STRUCTURAL DESIGN

A comprehensive stress analysis of the propellant grain of the 156-9 motor
was conducted. 'The analysis was based on an axisymmetric elastic stiffness matrix
method that was developed at Redstone Arsenal Research Division of Rohm and
Haas Company. The stress and strain patterns for conditions of cure and thermal
shrinkage and pressurization have been calculated and compared to the failure
criteria. The failure criferia used was the Smith failure boundary derived from
uniaxial tests of the propellant. The analysis showed satisfactory margins between

the calculated imposed loads and the failure boundary in all cases.

1. GRAIN CONFIGURATION

The 156-9 rocket motor is a 156 in. diameter steel case motor with a slotted
cylindrically perforated propellant grain (Figure 66). Although the grcin consisted
of two separnte sections, the stress study considered them as one body. The main
grain web fraction was 64.0 percent, and the length to diameter ratio waa 1. 68,

The most significant characteristies are given in Table XV, The loading
conditions considered were cure and thermal shrinkage to 460°F and ignition

transient pressurization of 682 psia.

176
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TABLE XV
GRAIN DESIGN PARAMETERS

Grain Outside Diameter (in.) 154. 5
Grain Inside Diameter (in.) 55. 39
Cross--sectional Loading Density (percent) 0.87
Port Area {sq in.) 1 2,437
Initial Port/Throat Area Ratio { i ) 2.6
Web Thickness (in.) 49, 57
Web Fraction (percent) 0.64
Slot Width at Bore (in.) 6. 65
Slot Angle to Motor @, (deg) 90

2. STRUCTURAL ANALYSIS

The stress analysis of the 156-9 rockct motor grain was performed using a
computer program developed at the Redstone Arsenal Research Division of Rohm

and Haas Company. *

The input data of the program included description of geomefry, material
properties, and boundary conditions (both displacement and tractions). The pro~
gram output consisted of displacement of the element corners, and stress and
strain over the elements. In addition, an auxliary program permits the plotting
of stress and strain contours, in addition to displacement grids. For long time
associated phenomena, the propellant equilibrium modulus as a function of temperature
was used. For short time occurrences, the stress relaxation modulus for the

appropriate time of the event was used.

a. Input Parameters--Accurate material properties are essential in conducting use-

ful or dependable stress analyses. The time history of the various loading conditions
also must be known. TP-H1115 propeilant was not characterized; however, under
cognizance of the Poseidon and Large Booster Programs, TP-H1096, TP-H1114,

and TP-H8163 propellants have been characterized and their actual properties are
considered in this report as experimental data for TP-H1115 progellant. A compari-

son of the formulation and basic physical properties is shown on Table XVI.

* Becker, E. B, and Brisbane, J, J. Special Report No. S-76, Application of the
Finite Element Method of Stress Analysis of Solid Propellant Rocket Grains,
Rohm and Haas Company, Redstone Arsenal Research Division, Huntsville,
Alabama, November 1965.
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The significant material propertics are stress rclaxation modulus (ER) asa
function of temperature, thermal cocfficient of lincar expansion {TCLE) as a function
of temperature, coefficiant of curc shrinkage (© R) and Poisson's ratio. The timeto

soak and the pressure vs time history data were derived from theoretical calculations.

The propellant stress relaxation curve vs time and temperature that was
utilized is shown in Figure 69 . This curve was obtained from broad spectrum
data reduction techniques. The long time or eguilibrium modulus approaches

200 psi.

The thermal coefficient of linear expansion (TCLE) was taken from propellant
experimental data. The TCLE ve temperature has an inflection point at approximately
. . . = . -5,
0°F. Above and below this point, the vaiue is 6.26 x 10 6 ané 6.67 x 107" in. /in. /°F,

For censervatism, the average of these was used in the analysis.

Stress inducing cure shrinkage may rangc as high as 0.8 percent in very
small motors and as low as 0.1 percent in very largc motors. A conscrvative
value of 0, 4 percent was used in this study., Thc computer program cannot calculate
the cure shrinkage factor directly, so this factor is translated to an incremcent of

temperature as a function of the TCLE. An incrementof21°Fwasused In the analysis.

All computer runs were based on a Poisson's ratio input of 0.5, For cure
and thermal shrinkage conditions (i.c., very low strain rate), as Poisson's rati»
decreases from 0. 5, the bore strains decrease. Therefore, if the exact value is
less than 0.5, this approach is conservative. For pressurization conditions, the
elastic relationships between bulk modulus, Young's modulus, and Poisson's ratio
perhaps should be used; but for a lightly loadad motor like the 156-9, no significant
difference is apparent. Hence, a Poisson's ratio of 0.5 was considered best for

end result accuracy.

Fxperience suggested the sclcction of 1,000 ps: as an effective modulus tor
the pressure runs. Figure 69 indicates that for a time of 0.6 sec and a temperature
range of 60 to 100°F, the lowest modulus would exceed 1,000 psi by at least 33
percent, Since the prcviously selected number would result in a higher induced

bore strain, the original compuier runs were not changed.
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b. Failure Criteria--Many different strain and stress indueing conditions are in-

volved in the 156~-9 siudy and no single lailure criterion is adequate for all loads.
Also, a wide diversity of opinions are extant within the solid propellant industry
about which failure eriteria are the most realistic. Thiokol has heen using stress-
strain boundary failure criteria ns shown in Figure 70.  The boundary used is
determined by whether the failure is dilatatioral or distortional. For dilatational
failure, the boundary used is the sum of the prineipal stresses vs the maximum
principal strain. For distortional failure, the boundary is the maximum deviatorie

stress vs the maximum prineipal strain,

A Castor IT motor was suceesstilly fired for wkich the sum of tihe inner bore
hoop strain due to shrinkage and pressurc signifieantly execeded the propellant
capability in ar unpressurized state. U the unpressurized failure boundary is
used, it must he concluded that the motor is safe. To date. a satisfaetory nieans
of determining a margin of safety has not been developed for the stress-strain
boundary. The interpretation of safecty for the stress-strain boundary is merely
the stipulation that the end point of the eondition under eonsideration be insidc tae
boundary, and in such a position, that stress decay will not result in the trace
crossing the boundary. If statistieal limits for bateh to bateh variability and age
are used to reduce the boundaries, then determination of a margin should be

unnecessary.

¢. Stress Analysis and Failure Critcria Results--In general. the 156-9 stress

analysis studies have defined for the stress indueing loads considered:
1. Grain deformations,
2. Stress-strain coatours throughout the grain,
3. Worst grain stress-strain conditions compared

to propellant capability limits,

The first two limits may be illustrated by plots obtained from the original
computer output. The grain deformations due to cure and thermal shrinkage to
+60°F and ignition transient pressure to 682 psi are presented in Figures 71
and 72, respectively.
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The diiatational and distortional failure boundaries, including the maximum

induced grain stress-strain points, are shown in Figures 73 and 74. Figure 74 :
is the accumulation of cure and thermal shrinkage and pressure effects. These §
figures indicate that the induced stresses and strains never approach the respective -
boundaries. Table XVII further illustrates the inhercnt structural integrity of the

156-9 grain. The worst stress-strain points, the propellant capability, and the

resulting margins of safety are shown, Margin of safety is defined as propellant

capability divided by induced load, less 1,0. The hases for determining safety

& margins may be stated 1s follows.

1. The path to the failure boundary will follow a
constant stress line (hence, a maximum principal
strain limit).

i 2. The oath to the failure boundary will follow a

constant strain line (hence, a maximum principal

]
-a

stress limit).

P
v

The failure limit lies at a point on the boundary

[ —]
]
[

where a constant percentage increase of hoth

stress and strain has been used,

A
* b
il SN

{U) The latter statement attempts to establish a unified margin of safety for the

bty

stregs-strain failure criteria. Since it results in generally lower margins than the
other two, a limited condition is assu.aed. Prior io calculating the margin of safety
(Toble XVH ) the stress-strain capabilities were reduced by 21. 8 percent and 17.6
percent, rcspectively., Statistically these have been determined to be the three sigma
lirits on the idividual parameter batch to batch variations., Insufficient data
precludes preparation of the three sigma limits on the failure boundary., The limited
data examined to date indicate that on a unified basis the stress~strain boundary

deviations will be smaller than cither of those used. P

(th d. Conclusions~--From the foregoing, the 156-9 motor obviously has no grain
structural behavior problems. With a least margin of safety as shown in Table XVTi
the grain is predicted to be extremely reliable.
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SECTION V
CASE ]

A, ACCEPTANCE INSPECTION

{U) The GFP casc arrived at the Wasatch Division of Thiokol Chemical Corporation

on 11 Nov 1966 where it was inspected for shipping damage.

(U) After the residual insulztior was removed from the inside of the case, the

paint was removed from welds and di¢ penetrant inspection was performed. The
die penetrant inspection revealed a defect 0.050 in. long at 90 deg in the aft gore
weld (Figure 75). The area was radiographically inspected but the defect could
not be detected using cohalt source. Further visual examination reveaied the
defect was not a crack, but two very small inclusions. The thickness of material
was measured in the area around the defect ultrasonically and with micrometer |
calipers. These measurements are presented in the grid in Figure 75. The

) ultrasonic measurements are indicated by an asterisk. The defect was polished

out leaving the minimum case wall thickness 0. 342 inch.

¢ {U) The basic mem'brane stress in the area of the crack was calculated as

| 195. 19 ksi, this was based on a wall thickness of 0. 342 in., and results in a Margin :
of S8afety of 6.23 (M. S, =£—t;l ~1). The area was adjacent to a weld area where t

l some mismitch was observed, but no atteinpt was made to adjust the stress calcu~

lations to compensate for this discontinuity.

{0 Visual inspection of the welds in the aft dome revealed numerous discontinui-
F l ties. The discontinuities were generally departures from the contour of the case
* straight sections at the edge of the formed gores ’esulting from either a sucking in
' !

or out due to heat differential during welding. These arcas caused unknown localized
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*Ulirasonic Meagurements

15435-301

Figure 75.

Aft Dome Thickness Measurements in Area of Defect
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concentrations of high stress in the yield range during pressurization cycles and may

eventually limit the number of pressure cycles the case can withstand.

The drill jig fabricated for drilling the mating bolt circle of the nozzle was
obtained and dryfitted to the case. The first attempt was made on the empty case
in the horizontal position with only the GFP handling rings installed. This
attempt was not successful due to an out of round condition, however, a later
attempt in the vertical position, with the Thiokol harness installed, was successful.

It should be noted that no problem was encountered in achieving nozzle fit.

B. CASE REFURBISHMENT

When rcceived at the Wasatch Division, the motor case contained
insulation and char from the previous firing. The major part of this material was
removed at the Case Preparation Facility using air hammers with chisel attach-
ments. Complete removal was accomplished by grit blasting the case interior with
zirconium grit. At the same time the external weld areas were grit blasted to

permit dye penetrant inspection of these areas.

Following grit blasting operations, the case interior was hand degreased
with trichloroethylene. Koropon was then sprayed on the case interior to protect
against rusting. Two coats of Koropon were applied; each 0. 002-9, 003 in. thick.
The first coat was cured at ambient temperature for 18 hours and the scecond for

168 hours, also at ambient temperature.
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SECTION VI

INSULATION AND LINER DESIGNE

A, INSULATION DESIGN

1. DESIGN CRITERIA

The internal case insulation must insure that the original structural integrity
of the pressure vessel is not degraded by thermal effects throughout the duration of
the motor operation. A conservative insulation design performs its function by pro-
viding thermal protection to the casc so that the case material is not heated above

amiient temperature during motor operation,

2, INSULATION DESIGN, FORMULATION, AND PREDICTED PERFORMANCE

The purpese of the 156-9 motor was to test the flexible seal movable nozzle;
therefore, the insulation was designed to minimize risk to the test vehicle. No
attempt was made to optimize material thickness and conservative safety factors
were applied. The insulation selection was based on proven materizls and manu-

facturing techniques.

The internal case insulation was TI-I1704B (asbestcs filled HC polymer),

The insulation materials composition is shown on Table XVIII.

The insulation design included stress relief flaps at each end of the large
forward portion of the propellant grain. The stress relief flaps were fiberglass
fabric reinforced TI-H7(4B insulation, By using TI-H704D flaps, compatibility
between insulation and flap material was assured. This concept has been proven

during the programs listed in Table XIX.
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TABLE XVill

TI-H704B INSULATICN

Composition {percent)

HC Binder and Curing Agents

XL-434 Polymeric (HC)
HX-760
HX-740

Asbestos
Carbon Black

Dibasic Ammonium Phosphate

Physical Propertics

Density (lb/cu £t}

Ultimate Strcss Minimum Allowsble (psi)
Ultimate Strzin (in. /in.)

Hardness (Shore A)

Tensile Adhesion to Steel Case (psi)

Thermal Properties

Specific Heat (cal/g:n-°C)
Thermal Conductivity (cal/cm-sec-°C)

Thermal Diffusivity (sq cm/sec)

Processing rProperties

Poi Life at 135°F (hn)

Cure at 135°F (day)
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30
15
10

75
175
150

70

80

0.325
9,15 x 1074

2,35 x 10-2
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The insulation configuration is shown on Figure 76 (Insulated Case Drawing).
The predicted material loss and the insulation design criteria are shown in Figure 77.
The predicted material loss rate was based primarily on results reported for the
156-6 motor. ‘~nen the 156-6 case was received at Thiokol, the insulation
was removed. Additional thickness measurements were taken and the results com-
pared to those previously reported. As a result ol correlating the Lockheed erosion
and ges flow studies¥ tne 156-9 insulation design thickness was increased to insure
therme! protection to ali areas of the case. The total thickness including this

increase is given in Figure 77. No thermal protection to the case is attributed to
the liner.

3. PREVIUUS EXPERIENCE

Past usage of TI-H704B insuletion is shown in Tabie XIX. Results
from the tect mcturs shown on this table and insulation performance from the 156-7

motor were uzed in predicting insulation performance for the 156-9,

4, WEIGHT ANALYSI3

The insulation weight is caicuiated to be 4, 817 pounds of which 161 pounds

are stress relief flaps.

B. LINER DESIGN

1. LINER DESIGN CRITE.ilA '

The iiner for the 156-9 had to provide the bond belween the TI-H704B insu-
lation and the TP-H1115 propellant. It had to be compatible with long duration high
temperature during heat soak and casting (200 hours).

*Technical Report No, AFRPL-TR-66-109 156~Inch Diameter Motor Liquid Injection
TVC Program, Volume 1, Book 1. Lockheed Propulsion Company, July 1966.
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Figure 77. Insulation Design Information
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1 2. LINER DESIGN AND FORMULATION

b {0 The liner selected was TL-HT14. It3 formulation is given in Table XX.
TL-H714 liner utilizes the same basic binder system as does the insulation. The
binder system consists of HC polymer, HX-760 and HX-740 curing agents with

carbon black filler. The liner does not contain ashestos floats.

} {U) The design thickness of TL-H714 liner was 0. 050 in. to give full coverage.

} This system resulted in a propellant to insulation bond having a 180 deg peel strength
of 7 to 12 pli and a tensile adhesion of 98 to 115 psi.

3. PREVIOUS EXPERIENCE

(U) TL-H714 liner was developed by Thickol's Space Booster Division for use
in the 260 inch diameter motor program. Since its development, it has been used
extensively in development motors listed in Table XIX.

4. WEIGHT ANALYSIS

(W) The weight of TL-H714A liner applied to the motor case was 310 pounds.

C. VERIFICATION TESTING

E | 1. TYPES OF TESTS

-

i {U) The compatibility of the TI-H704B insulation, TL-H714A liner and TP-H1115

I propellant system was tested to insure that a satisfactory bond between the propellant

l grain, liner, insulation, and case would exist. The testing verified compatibility of

[ formulations, raw material lots, and processing. The raw material lots and processes
planned for use in the motor were used in preparing the test specimens. The tests

were divided into four phases as follows.
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TABLE XX

TL-H714A LINER

Composition (percent)

HC Binder and Curing Agents

XL~-434 Polymeric (HC)
HX-760
HX-740

Carbon Black

Physical Properties

Density (lb/cu ft)

Ultimate Stress Minimum Allowable (psi)
Ultimate Strain (in. /in.)

Hardness (Shore A)

Tensile Adhesion to Insulation (psi)

I'ensile Adhesion to Propellant (psi)

Thermal Properties

Specific Heat (cal/gm-°C)
Thermal Conductivity (cal/cm-sec-°C)

Thermal Diffusivity (sq cm/sec)

Processing Properties

Cure Time at 135°F (day)

200

70

30

69
175
200

40

80

80

0.375
6.28 x 10~4
1,52 x 10-3
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(U)

(U)

(W)

1. Phase I was to verify the bond strength of TI-H704B
insulation to steel and Koropon coated steel,

2. Phase II was to verify the bond strength of insulation
to liner to prr.pellant.

3. Phasc IlI was to verify the effect of liner cure on
liner to propellant bond strength.

4. Phase IV was to verify the compatibility of insulation
to liner to propellant bond strength as affected by lirer

cure conditions.

Phase IVA was conducted just prior to casting propellant into the mnoto:
when it was learned that casting time would possioly be longer than expected. The
purpose nf Phase IVA testing was to verify that the liner surface could be satisfac-

torily activated with fresh liner if propellant casting time became extensive.

Four types of standard physical tests were used in insulation te liner to pro-
pellant compatibility verification. They were:
1. Peel, 180 deg;
Tensile adhesion, tenshear;

Adhesion cup;

R

Lap shear.

a. 180 Degree Peel Test--This test is used to determine the comparative peel or

stripping characteristics of adhesives. Results are expressed in average load per
unit width of bond required to separate one material from the adhered surface at a
separation angle of approximately 180 degrees. Units are pounds per linear inch.
The test specimen consists of a piece of flexible material which is bonded to a steel
plate or to a slab of insulation or propellant by the formulation under test. Testing
is completed in a power driven machine which can apply tension at a uniform rate
and can record the applicd load. The apparatus and test is detailed in Federal Test
Standard No. 175 (Figures 78 and 79).
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Figure 79. 180 Degree Peel Test Specimen and Arrangement
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(U) b. Tensile Adhesion, Tenshear--In this test, two steel plates (2 by 4 in.) are

(W)

(V)

L)

)

(U)

bonded together with a fixed area and fixed liner, propellant, glueline thickness

(Figures 80 and 81). Testing is completed using an Instron tensile tester and the

force required to separate the plates is recorded.

¢. Adhesion Cup--This specimen consists ofa 2 by 2 in. steel plate to which liner,

insulation, or other substrate materlals are applied. A Teflon spacer is placed on

the plate to circumscribe a definite area of adhesion. A 2 in. diameter steel tubc

is placed on the Teflon spacer and filled with propellant or other adherent (Figure 82).

Force is applied by an Instron tensile tester and the amount required to separate the

tube from the plate is recorded.

d. Lap Shear--This test specimen consists of two 1 by 4 in. steel plates overlapping

each other at 180 degrees. The adherent is placed on the last inch of the overlapping

plates. The double lap shear consists of a third 1 by 4 in. plate placed above and

parallel to the bottom plate (Figuce 83). Force is applied by an Instron tensile

tester and the amount required to separate the plates is recorded.

2, TEST PROCEDURE

General specimen process requirements were to eimulate predicted processing

of the 156-9 motor except where specified otherwise. All samples v coated with
Koropon, Lot No. 9505-0008,

The adhesion cups, shear, and tenshear samples were pulled at 0.5 in./min

and the 180 deg peel samples at 12. 0 in./min on an Instron tester.

a. Phase I Tests--The purpose of the Phase I testing was to verify the bond strength

of TI-H704B insulation at the steel interface under motor conditions. Two sets of

saumples were prepared and tested as follows:

1.

Adhesion plates and lepshear plates were sandblasted and
hand degreased with Trichlorethylene, One set was sprayed
with Koropon, and air dried 5 hours at 80 + 20°F. A second

coat of Koropon was appiied and cured 303 hours at 80 + 20°F.
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INSULATION TI-H704R

PROPELLANT TP-RK1115

/ LINER TL-H714A

TEFLON SPACER

13694-20

Figure 81. Tenshear Test Apparatus
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Figure 83. Lap Shear Adhesion Test Specim .n
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TI-H704B insulation 0. 15 in. thick was used to ussemble

the lapshear samples and to {ill the ndhesion cups on the

plates.

3. The samples were cured 148 hours at 80 + 20°F plus

228 hours at 135 + 5°F to simulate motor conditions.

4, The samples werc pulled on an Instron tester at the rates

listed above.

() The following is a matrix showing the specimen composite and the results

therefrom.

Sample Test Set

No. ) No. 2
Primer Koropon None
Insulation TI-H704B TI-H704B
Conditions Prime steel plate with Apply 0.15 in. thick layer
Koropon; apply 0. 15 in. of TI-H704B insulation
thick layer of TI-H704B and cure.
insulation and cure.
Number Adhesion Cups 5 5
Average value (psi) 377 382
Range (psi) 23 28
Number Lap Shear Tests 5 5
Average value (psi) 287 294
Range (psi) 5 12
(U) Therc was no difference in the shear strength of TI-H704B insulation to steel

(set No. 2} und TI-H704B insulation to Koropon coated steel (set No. 1). There was

a small amount of bond failuce on the plain steel samples (Figure 84).

(U b,

Phase II Tests--The purpose of the Phase II testing was to deicvmine the bond

strength between insulation, liner, and propellant. The spccimens were prepared

as follows:

1. Adhesion plates and tenshear plates were clcaned

and coated with Koropon as in Phase I, Step 1,
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TI-H704B insulation was applied 0. 15 in. thick to the
plates and cured 146 hours at 80 + 20°F,

TL-H714A liner was applied 35 mils (nominal) thick
to the plates prepared in Step 1 and 2. A piece of
broadeloth was added for 180 deg pee) samples. The
liner was cured 34 hours at 135 + 5°F plus 50 hours
at 135 + 5°F at 1 + 0.2 in. Hg absolute pressurc.
Between the 6th and 16th hour the pressure varied
between 1.0 and 2.4 in, Hg because of a leak in the
vacuum line.

TP-H1115 propellant was cast on the samples within
1 hour after the liner cure and the propellant was
cured 143 kours at 135 + 5°F.

The samples were pulled on an Instron tester.

(U The following matrir shows the Phase II specimen composite and the results

therefrom:

Insulation TI-H704B
Condition Cured
Liner TL-H714A
Condition Cured
Propellant TP-H1115
180 deg Peel Tests 4

Average value (pli) 11.8

Range (pli) 0.3
Tenshear Tests 4

Average value (psi! 105

Range (psi) 11
Adhesion Cup 5

Average value (psi) 105

Range (psi) 7
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{U) TP-H1115 propellant adhesion to TL-H714A lined TI-H704B insulation
resulted in acesptable bond strength with the desirable failure occurring in the
propelizat {(Figure 85).

{U) c. Phase I Tests--The nurpose of the Phase II testing was to determine the

effects of liner cure upon liner bond strength. Five sets of specimens were pre-

pared in the following manner.

1.

5.

Tenshear plates were cleaned and coated with
Koropon as in Phase I, Step 1.

TI-H704B insulation was applied 0. 15 in. thick to
the tenshear plates and breoadcloth added for the
180 deg peel samples. The samples were cured
146 hours at 80 + 20°F.

TL-H714A liner was applied 35 mils (nominal)
thick to the TI-1i704B insulation. The samples
were cured for 48, 72, 120, 144, and 200 hours

at 135 + 5°F.

TP-H1115 propellant was cast on the samples
within 1 hour after the liner had cured on ths 48,
72, 120, and 144 hour samples and within 12 hours
after the liner had cured on the 200 hour samples.
The propellant was then cured 144 hours at 135+5°F.

The samples were pulled on an Instron fester.

(U) The following matrix shows the specimen composite, their processing and

the results therefrom:

Sample Test Set
No. 1 No. 2 No. 3 No. 4 No. 6

Insulation -——————— TI-HT04E ————————=
Condition - Cured -
Liner —————— TL-HT14A ————»
Cure condition at 135°F 48 72 120 144 200

prior to casting (hr)
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Sample Test Set
No, 1 No. 2 No. 3 No. 4 No. 5

Propellant -—————— TP-H1115 —  »

180 deg Peel Tests 4 4 4 4 4
Average value (pli) 11. 8 9.9 9.0 9.1 7.4
Range (pli) 0.5 0.5 0.9 0.6 0.6

Tenshear Tests 5 5 5 5 5
Average value (psi) 107 110 107 . 103 98
Range (psi) 13 7 6 4 4

The Phage III tests indicated there would be a slight decrease in the bond
strength of TP-H1115 propellant to TL-H714A lined TI-4704B insulation as the

liner cure increases prior to casting propellant. Aiter 48 hours of cure at 135°F,

adhesion was 107 psi versus 98 psi st 200 hour cure. Peel strength decreased with

increased liner cure (11.8 lb/in. at 48 hour cure to 7.4 lb/in. at 200 hour cure).

The amount of propellant on the peel samples also decreased as the liner cure

increased.

d. Phase IV Tests--The purpose of the Phase IV testing was tc verify the compati-

bility of liner cure conditions, Three sets of samples were prepared as follows:

1.

Adhesion plates were c¢leaned and cnated with Koropon

as in Phase I, Step 1.

TI-A704B insulation was applied 0. 15 in. thick to the
plates and broadcloth added for the 180 deg peel! samples.
The samples were cured 146 hours at 80 +20°F,
TL-H714A liner was applied 25 mils (nominai) thick to the
TI-H704B insulation and cured 34 hours at 145 +5°F. The
samples in test set No, 1 werc cured for an additional 5
hours. The samples in test sets No. 2 and 3 were cured
for an additional 50 hours at 135 +5°F at 1 +0.2 in. Hg
absolute pressure. Between the 6th and 16th hour the

pressure varied betwcen 1.0 and 2. 4 in. Hg because of
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a leak in the vacuum line. Sample test set No. 2
was cured an additional 72 hours at 135 + 5°F
{no vacuum).

4. TP-H1115 propeliant was cast on the samples within
1.5 hours after the liner cure. The propellant was
cured 144 + 1 hour at 135 + 5°F.

5. The samples were pulled on an Instron tester.

The following matrix shows the specimen composite, processing cycle used,

and the results of the tests.

_ Sample Test Set

Substrate - Steel -
Primer -——— Koropon —————a=»
Insulation «—— TI-H704B ————— ==
Liner ————— TL~HT714A —————

«=—— 34 hr at 135 + 5°F ———=

5 hr at 50 hr at 50 hr at
Cure Conditions 1lin, Hg lin, Hg 1in. Hg
- = 72 hr at
L 135 +5°F
Propellant -— TP-H1115 —-———=
Cure Conditions 144 hr at 135°F
Number 180 deg Peel Tests 4 4 4
Average value (pli) 12.8 11.6 10.5
Range (pli) 0.4 1.2 0.8
Number Adhesion Cup Tests 5 5 5
Average value (psi) 104 106 99
Range (psi) 1.1 0.8 1.0

TP-H1115 propellant adhesion to TL-H714A liner that was subjected to

the additional 5 and 50 hour cure at 1inch Hg vacuum exhibited equal bond

strengths (104 vs 106 psi). Peel strength tests (180 deg) under the same con-
ditions decreased slightly (12.8 vs 11.6 lb/in.) Subjecting the 50 hour, 1 inch Hg
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samples to an additional 72 hour cure decreased their achesion to 99 psi and their

180 deg peel strength to 10.5 lb/in. Ali samples failed with 100 percent heavy
propellant fiim.

(U) e. PhaseIVA Tests--The purpose of the Phase IVA testing was to assess the effect

of applying fresh liner to old liner if propellant casting time became excessive.
The samples were prepared as follows:
1. Adhesion plates and broadcloth were coated ‘with
' TL-H714A liner and cured 8 days at 135 + 5°F.
2. Fresh TL-H714A liner was used to brush coat one set
of samples prepared in Step 1. An additional set was
prepared on plates and broadcloth using fresh liner only.
3. The samples were all cured one day at 135 +5°F
and TP-H1115 propellant (from the motor casting)
was cast on all samples and cured 6 days at 135 + 5°F.
4. The 180 deg peel samples were pulled at 12.0 in. /min
and adhesion samples at 0.5 in, /min on an Instron

tester.

(U) The following matrix shows the specimen composite, processing cycle used,
and the results of the tests:

Sample Test Set

No. i No. 2 No. 3
Substrate Steel Steel Steel
Liner TL-H714A TL-H714A --
Original Cure (Days) 8 8 --
Recoated - TL-H714A  TL-H7M4A
Final Liner Cure {Days) -- 1 1
Propellant Cast -+—— . —TP-H1115 ———
Propellant Cure (Days) 6 8 6
180 dcg Peel Tests 2 3 3
Average value (pli) 5.7 15.9 15.5
F‘ Range (pli) 0.1 2.1 1.4
216
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Sample Test Set

No. 1 No. 2 No. 3
Adhesion Plates 6 6 6
Average value (pli) 107 110 1C3
Range (pli) 13 5 18

The tensile adhesion shows no difference in bond strength of the 8-day cured

liner compared to the one-day cured liner - 107 versus 103 psi. Failures did show

a difierence. There were samples in the 8-day group that showed interface failures.

Peel strength was greatly affected by the liner age. The 8-day cured liner

had a propellant to liner peel strength of 5.7 1b/in. compared to 15.5 and 15,9 1b/in.

for the one-day cured liner.

D. INSULATION AND LINER INSTALLATION

1. INSULATION APPLICATION

The application of the TI-H704B insulation was performed in the Case
Preparation Facility. The material was mixed in 80-quart capacity Readco and
Hobart mixers, deaerated and extruded into logs three inches in diameter.

Because uncured insulatica is extremely viscous and glutinous, the mix bowls were
modified by adding an outlet to the bottom of the bowl to allow direct transfer of the
mixed insulation to the vacuum deaeration chamber {(Figure 86). After deaeration,
the material was extruded (Figure 87) for ease in handling and installed manually
in the case. Once in position in the case the material was worked to required thick-

ness by hand and pneumatic hammers.

a. Propellant Slot Former Fabrication--Using a template which mounted on the

nozzle boss and pivoted about the case centerline, the plaster slot former mold was
swept into the case. After a 48 hour cure at ambient temperature, excess plaster

was removed from the slot former support area between the two mold halves.
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Figure 86, DModified TI-H7048 Mixing Bowl Mounted on Vacuum Deaeralion Chamber
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The Koropon film wis slightly damaged during plaster removal and was subsequently
repaired by brushing fresh Koropon on th: damaged areas and cur .ug for 133 hours.

The mold surfaces were subsequently covered with Teflon tape.

TI-H704B insulation was then prepared, as described above, applied to the
area between the mold halves, compacted using pneumatic hammers, covered with
polyethylene and worked with hand rollers until level and flush with the top surface

of the plaster mold. Seven mixes were required to fill the mold.

The Insulation was cured for 61 hours at ambient temy2rature, after which

the plaster mold was chipped away leaving the finished slot former support ring

(Figure 83).

The main motor chamber was insulated using 63 mixes of TI-H704B insu-
lation applied by the same process as previously described (Figure .89). After
cure at ambient temperature for 96 hours, the igniter and nozzle boss mold rings
wzre installed, E£ix mixes were required to build the insulation configuration at the

ports (Figure 90). The mold rings were removed after 48 hours of cure.

b. Propellant Relief Flap Fabrication--The propellant relief flaps at the head end

and at the slot former support were fabricated of reinforced TI-H704B insulation,
Layers of insulation, fiberglass, polyethylene, and broadcloth were installed as
required to form the specified configuration. The flaps were fabricated in place,

on the motor, and cured for 48 hours at ambient temperature. Thirteen mixes were

required.

The aft relief flap was cecured by placing strips of vacuum putty between the
flap and the case insulation and by securing the broadcloth, molded into the end of
the flap, to the slot former support ring. The forward flap was not secured at this
time. Upoa completion of these operations the case was shipped to the casting pit

complex for lining.
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2. LINER APPLICATICN

The case was installed vertically in Pit M-49 and the forward relief flap
was trimmed to the core diameter and packed with vacuum putty. A Model "A"
sling liner, with 2 six slotted, nine inch diameter disc, was positicned over the
case (Figure 91). Three mixes of TI-H714A liner were prepared and applied to
the case through the sling liner. Upon completion of the sling lining operation, the
aft 12 in. of the aft dome was brush lined with a 10 pound batch of liner. A total of
346 pounds of liner was mixed and 303 pounds applied to the case resulting in a

liner with a nominal thickness of 0.050 inch,

The liner was cured for 8 hours at ambient temperature and 24 hours at
135°F. Inspection of the liner after cure revealed no defects. Cured liner, which
had bridged between the forward flap and the insulation, was trimmed to assure

that the flap would function after propellant cure and cooldown.
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SECTION VII

PROPELLANT DESIGN AND PROCESSING

A, PROPELLANT DESIGN

1. PROPELLANT DESIGN CRITERIA

The propellant designcriteria were infiuenced by the case, nozzle, and
casting tooling. A study of these influencing factors dictated a propellant which
would produce a maximum action time of 70 secandan MEOP no greater than 885 psi.
The propellant was required to be of the polybutadiene /AP/Al family of propellants ,
exhibit an acceptable degree of reproducibility of both physical and ballistic properties,

and have a class 2 cxplosive characteristic.

2., FORMULATION AND PROPERTIES

The propellant for the 156-9 was designated TP-H1115. ft contained (poly-
butadiene, acrylic acid, acrylonitrile) terpolymer binder, ammonium perchlorate
oxidizer, and aluminum metal additive., The propellant formulation is given in
Table XXI, physical properties are given in Table XXilI, and *allistic propertics
are given in lable XXIII,

227

CONFIDENTIAL

(THIS PACY IS UNCLASSIFIED)




CONFIDENTIAL

TABLE XXI

PROPELLANT CHARACTERISTICS

TP-H1115
Formulation Percent
HB/ECA Binder and Curing Agent 13
Aluminum Fuel 18
Ammonium Perchiorate Oxidizer 68
Iron Oxide Burning Rate Catalyst 1
TABLE XXII

FHYSICAL PROPERTIES OF TP-H1115 PROPELLANT

Percent
Modulus 450
Maximum Stress 100
Strain at Maximum Stress (in. /in.) 0.21
Strzin at Cracking (in. /in,) 0. 37
Density (Ib/in. 3) 0. 065
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TABLE XXIlI

TP-111115 PROPELLANT BALLISTIC PROPERTIES

Charaeteristic Velocity {ft/sec) 5,161

Ratio of Specific Heats i.18

Flame Temperature {(chamber, °F) 5,944

Flame Temperature (throat, °¥F) H,hH81 .
Flame Temperature (exit, °F) 3,707

3. PREVIOUS EXPERIENCE

TP-H1115 propellant was developed specifically for use in the 156-9 moior.
It was, however, formulated using the same binder system as the Minuteman
propellant. Ferric oxide was added to the formulation to increase burning rate
as has been done in past motors. Bccause of the much higher burning rate require-
ments (0. 717 in. /sec at 700 psia) in a TU-131 motor, a special fine oxidizer (5 micron)
fraction was included with an unground fractioun. Special iinc oxidizer had not

previously becn ground or handled in large scale at Wasatch Division.

B. PROPELLANT STANDARDIZATION AND VERIFICATION

Ballistic and physieal property requirements for TP-H1115 propellant are

as follows:
TU-131 B, "nTTemsmmo-o-e- 0. 717 in. /sec at 700 pgia
E  rrecmcereermem e 450 psi
The ballistic and physical properties vbtained from all mixes manufactured

arce sumamarized in Table XXIV,
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TABLE XXIV

SDMMAHY OF BALLISTIC AND PHYSICAL PROPERTIES
TP-H1115 PROPFLLANT
EVALIATION 514

S TI-131 T1-131
special Th il " 26 26
Mix Fine AP 1R (1,500 psin)  {Kn 04.6)  (Tonpsia)  Bm 'R “m- 2.6 Pensity
Number {9 ( _Gin/seq)  (inoSeedd fing/sed)  (psl) () (L) fpsit  (lh/in
sarmiunh 2ol ion
S1RHN01 0 Na, it 1, 66 0,848 0.815 170 45 28 774 0,653
AlEahn? 10 88,1 i1, HR6G 0, 564 0,629 160 3t kL] T34 1, 62
Slaaoug 145 87,5 0,878 0,657 0, ks 119 10 N 498 0,0652
5185004 51) BT.0 1. 061 0,781 0, 765 T 2 34 382 0,065
185005 40 RT.0 0. 859 0.7 0.640 98 4 a6 K6 1, 0654
Verificalion
SIRG0A1 47 AT, T 0.979 0. 649 0. 873 118 3K 32 475 0.0651
5186002 47 87.7 1,021 0. 70% 0,715 130 3 0 567 0, 0652
H186003 47 R7.7 0.995 0. 708 0.719 114 a2 32 457 1.0851
Produciion
190001 18 7,7 1,044 0.731 n, 722 91 16 10 338 0, 0651
SR0006 17 81.7 1,029 0.7IN 0,717 on 34 29 421 0,.0631
A8 0D 48 a7.7 1153 = - 1. = = — o0
5180035 47 R7.7 1.038 = oo H9 36 a2 350w 0652
1SR 1 R7.7 1. 007 - = o0 36 a2 M0 W06
N00 47 87.7 1.026 - = B 44 14 30 0,062
S1R00N 4 46 87.7 1. 020 o o A8 43 3 az4 0 0652
5101 4 47 87.7 1.036 - - 02 48 a6 332 00652
R180G:D 16 87.7 1017 0. 677 0. 690 106 2 16 374 0,061
5180041 44 87.7 0.994 = = 104 46 34 388 0,065
5180005 46 B7.Y 1. 006 0.672 0,688 107 %0 an 430 0.065]
S1A00432 4 87.7 1.005 = e 93 4 M 350 0, 0651
518143 48 87,7 1.041 - - 96 42 4 364 00632
5180004 16 A7.7 1,040 = = 105 22 10 420 0 0632
JIR0044 46 87,7 1,05, 0,726 0.71% 115 36 41 464 0, 0651
5180045 46 87,5 1,026 0, 685 0.694 98 44 K| 388 0.0652
S1n0007 46 87.7 1,018 == = 86 46 a6 315 0, 0631
360046 46 R7.7 1,002 = == 102 40 34 384 00632
5180047 45 87.7 0,986 = o 7% 55 19 252 0,0650
S18001% 45 87.7 1. 001 - o 110 56 a3 416 0.0651
510049 45 87,7 0,987 -- - 94 46 5 348 00632
5160050 45 87,7 1.002 0. 665 0.683 37 46 RH] 363 0.0652
51K0008 45 7.7 0,077 = oo 86 a8 a5 307 0. 065}
5140051 45 87.7 0.999 0. 6R2 0.693 95 42 a3 36 0,0632
5180009 45 87.7 0,959 - = 80 46 14 HBE 0.ORS
3180052 15 A7.7 0.987 - - 96 44 24 3R_O 0GRS
5180053 4 A7.7 0,943 = = 103 12 a2 415 0,061
5180010 45 87.7 1.012 0, 574 0. 687 83 12 34 422 6, 0A31
5180011 46 a7.7 1.0Mm o = ay 15 . SEL B T
5180054 46 87.7 1.011 - - 104 a2 a6 408 0. (451
5180055 46 87,7 1,007 0. 683 0.633 102 46 6 584 00631
5180056 46 87.7 1.018 - -- 114 5 3 496 0, 53]
5180012 46 87.7 0,951 - = 102 44 36 85 0.0661
51RG057 46 87.7 1.016 - = 114 a6 a0 470 N, 065s
5180013 44 87,7 1.010 .- - 95 2 34 B 0 N6RT
5180008 16 B7.7 1.010 - - 92 16 3 dd2 0, 062
’
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Mix
Number

5180059
5180014
3150015
5180061
5180062
5180016
/140060
5180063
5180017
3180064
5180065
5180018
5180066
5180067
5100019
3100068
5.00069
5100020
5100070
5100021
5100071
5100072
5100022
3100073
5100023
5100074
5100075
5100076
5100024
5100025
5100026
5100027
5110028

CODE;
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TAB1.E XXTV(Cont)

SUMMARY OF BALLISTIC AND PHYSICAL PROPERTIES
TP-111115 PROPELLANT

Special

Fine AP 1B

@ @
46 BT.7
46 8.7
46 87. 7
46 7.7
16 87.7
46 87.7
46 HiLT
46 87.7

. 6 87.7
46 87.7
48 87.7
46 87.7
435 87.7
46 87.7
46 87.7
46 87.7
46 87.7
46 87.7
46 87.7
16 87.7
46 87.7
45 87.7
46 87.7
46 B7.7
445 B87. 7
46 87.7
46 87.7
46 B7.7
46 87.7
46 B7.7
46 87.7
46 87.7
16 87.7
Mix Number

5185001 thru 5185005
5186001

5186002 thru 5186003
5180001 thru 5180028
5180036 thru 51800746

EVALUATION 518

S rand TU-131 TU-131
b i T 2.6
(1.500 psia) (K, 93.6) (700 pslay  6m 'R

{in. / sec) {in. /sec) (in./see)  (psl) {'k}

1,020 - == 111 a6
0. 999 - -- 21 40
1.019 0,71 0.715 n7 12
1. 000 =-- -- 104 IR
1.020 0,709 0. 699 105 42
1. 008 - - 112 34
1.0HO - -- 17 42
1. 036 - -= 111 40
1,004 -— - 105 il
1.018 - -- 109 4%
1. 024 0., K6 0. 685 1 41
1.013 =-— -- 111 40
1.009 == -= 134 40
1. 006 - == 98 HH
1. 000 - - 114 kIH
1. (H4 -- - 04 il
1. 004 - -- 114 el
0,995 0,876 0. 693 114 36
1,02% 0,692 0. G9Y 115 34
1. 009 =-- - a7 16
1. 006 - - 80 a6
1.017 -- - 85 50
1.003 -- - 106 33
0.994 - - 91 44
1.003 -— - LB 42
1. 001 - - e 43
0,987 0. 666 0.683 a0 48
1.012 -= -- B2 46
1,002 - - - -
0,995 0.709 0. 703 1H 30
1,016 - -- 104 3
1,012 - - 8{) Al
1.025 - -- 108 $2
Mixer Type
5 gal, vertical
430 gal, vertical
3 gal. vertical
430 gal, vertical
200 gal. borizontal
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m- h..’. [

(%) (psi)
¥4 450
34 a58
34 a6
32 07
33 412
30 ELiN]
1 442
a0 466
32 415
32 ERE]
3 HUR
11 411
33 40
KY| HiE
a2 R
36 319
32 47
32 A0
30 196
36 313
36 a2
37 302
20 430
36 340
35 J14
35 anG
36 326
36 342
27 471
31 4062
3 sy
el 416

Denrity
(b/in. %

0.
U
L0651
MGG
L AMOH
LU
LTSI
L0651
L0650
L 351
R
U
R ITH
L EHIGw
L0631
Y|
L0631
L0650
LO6GT
L0651
L0651
L0651
L0651
L0631
LGET
L0651
LT

DG

G651

L06L]
L0651
L0651
L0651
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1. STANDARDIZATION

Five standairdizstion mixes were prepared in the 5 gal. vertical mixer

according to the following formulation matrix:

50 X X
Percent Spec Fine AP 45 X
40 X X

87.0 87.5 88,0
Percent HB (Liquids)

The ballistic and physical property data obtained from these mixes are
presented in Figures 92 and 92. Analysis of these data indicated that a special
fine /unground oxidizer ratio of 47/53 and an HB/ECA ratio of 87. 7/12.'3 would
produce a propellant with the required ballistic and physical properties.

2, VERIFICATION

Three verification mixes were prepared with the above formulation, One
mix was processed in the 430 gal, vertical mixer. The five gal. vertical mixer
was used for the other two verification mixes. * Ballistic and physical property
data from these verification mixes are presented in Figures 92 and 95, Figure 94
presentsthe curve developed from a pressure exponent (Kn) study conducted in con-

junction with the 430 gal. verification mix.

Analysis of these Jdata inudicated a significant burn rate and scaleup factor
between the five gal. and 430 gal. vertical mixers. Raw material availability,

however, prohibited manufacture of a second 430 gal. mix to verify this scale factor.

In order t¢ ‘nerease mixing capacity during motor production, the 300 gal.
horizontal mixers were to be used to supplement the 430 gal, vertical mixer. Past

expericnce with these type mixers and a common propellant for.ualation was Yimited

*The first of these five gal. mixes was prepared to evaluate a second lot of unground
oxidizer assigned to the program, while the second was to evaluate an unexpected
low burn rate in the 430 gal. mix,
232
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to TP-H1011 propeliant uscd in the T 212 motor program. Data from this program
indicated a TU-131 motor burn rate scale factor of approximately 0,018 in. /scc

with the higher burn 1aic being characteristic of the horizontal mixers. A scalc

factor for TP-H1115 propellant containiny a higher percentage of special fine (5 micron)

oxidizer was, however, unpredictable.

The formulation recommended for use in production is tabulate” below by

mixer type:
Special Fine (5 micron)/
Mixer Type Unground AP HB/ECA
430 gal, vertical 48/52 87.7/12.3
300 gal. horizontal 47/53 87.7/12.3

These data represent adjustments in the special fine oxidizer content to
compensate for anticipated mixer scaleup between the five gal, vertical, 430 gal.

vertical, and 300 gal. horizontal mixers.

Axn uncured strand burn rate target was determined from TU-131 motors
and strand burn rate data obtained in the standardization and verification mixcs.
These data were assumed to be independent o mixer type. A strand target of

1. 005 in. /sec at 1,500 psia and 100°F was selected.

3. PRODUCTION

Strand burn rate and modulus data obtained from production mixes arc
presented in Figures 95 and 96, respectively. Because of the uncertainties in
the estimates of mixer scale factors and a variation in the oxidizer grinding process,*
adjustments were made in the special fine oxidizer content based on strand burn

rate data as the casting progressed. The following data show the adjustments made
during casting.

* Special fine oxidizer used in the standardization and verification mixes was
ground at a rate of 200 lb/hr. It was found, however, that this rate could
not he sustained over a long period of time and was therefore reduced to
800 1b/hr.
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Vertical Mixer Horizontal Mixer
Percent Special Percent Speciel
Mix Number Fine AP Mix Number Fine AP
5180001 thru 2 43 5180036 thru 39 47
5180003 thru 7 46 5180040 thru 46 46
5180008 thru 10 45 5180047 thru 53 45
5180011 and subsequent 49 5180054 and subsecquent 46

4, DISCUSSION

TU-131 moto1 5 werc cast and tested from 17 random production mixcs.

For purposcs of the following analysis, these mixes were assumed to be representative.

a. DMixer Scale Factor--A comparison of the TU-131 motor burn rate of mixes

prepared in the 430 gal. vertical mixer and the 300 gai. horizontal mi‘ier with 46

percent special fine oxidizer content is shown as follows,

Vertical Mixer Horizontal Mixer
TU-131 1, at TU-131 1y, at
Mix No. 700 psia {in. /sec) Mix No, 700 psia (in. /sec)
5180005 0.688 5180040 0.690
5180015 0.715 5180044 0.719
5180020 0.6£3 5180045 0.694
Avyg 0.6987 5180055 0.693
5180062 0.699
5180065 0.695
5180070 0.699
5180075 0,683
Avg 0. 6965

It is concluded from this data that a burn rate scale factor between the
300 gal. horizontal and 430 gal. vertical mixers with TP-H1115 propellart is

insignificant. This is presumably due to the fact that the increase in oxidizer
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surface area due to mixer attrition is very small in comparison to the initial surface

arca because of the special fine fraction.

b. Optimwn special Fine Oxidizer Content--TU-131 motor burn ratc data obtaincd

from the producton mixes are prescnted in Figure 97. Analysic of the standardization,

verification, aud production data results in the following relativiship:

TU-131 motor e at 700 psia 0.05659 + 0.01402 (pcreent special fine AP)
r2 = 0,76
This equation indicates that in order to obtain a TU-131 motor burn rate of 0, 717
in, /sec at 700 psia, a spceial fine oxidizer content of 47, 08 percent woul: be

required,.

¢. Uncurad Strand Target--Uncured strand burn data obtaiued from the 17 reprc-

sentative production mixes arc presented also in Figure 97. Analysis of the
stardardization, ver ficaiion, and the above representative production mixes results

in the following relationship:

Strand r, at 1,500 psia
R 2
r

0,2344 + 0,0168 (percent special fine AP)
0,79

i

This equation indicates that use of the optimum special fine oxidizer content
(47. 08 percent) would produce a nominal strand burn rate of 1,025 in. /sec, based

n the present level of experience with TP-H1115 propellant tested in Minuteman

strands.

1t should be noted, however, that range of strand burnirg rates within each
batch vonsistently decrease as mixing sequences progressed, This was evident at
the 1,500 psi iest condition for hatches mixed in both the vertical and horizontal
mixer, and for batches grouped and not grouped for a uniform percent special

fine oxidizer.

The strand burning rule range was approximately 0. 030 in. /sec during
the fivsi ten bntches, it decreased to 0.018 in. /sec by the 30th watch, and to 0. 014
in. /sec by the 50th batch,
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The above analyscs indicate tihat the decrcase in variation with sequence of
batches was real, howaver, this changc in variation did not indicate a change in
nominal value other than duc to grind ratio change. For example, the highest and
lowest strand burning rates observed for batches having 46 percent special fine and

cast into the 156-9 were within five batches in sequential order.

A bias did cxist between nominal value of strand burnirg rate for 156-9
batches and the respective standardization batches and is represented graphically
in Figurc 98. The bias is equivalent to a change of two percent of speeial fine
oxidizer and three times as large as the length of the vertical line representing
the standard deviation among batches cast in thc 156-9 (Figure 98). Had this
bias been recognizcd the percent fine oxidizer would have not been reduced during
production. In retrospect it is unwisc to use strands as control unless sufficient
experience has been gained with the particular propellant being used. The strains
and techniques being used were developed for Minuteman (TP-H1011) propellant
possessingaburnrate of approximately onc-haif of that of the 156-9 (TP-H1115)
propellant. Also, different propellant for mulations respond differently in strands
relative to motor firings. Without this experience, the propellant process becomes
more dependable than the control, except for infrequent gross errors in weighup .
cte. For this reason, duringthe loading of the 156-9, acceptance was changed to be

based on total solids content.

d. Optimum HB/ECA Ratio--Modulus data obtained from the 17 representative

production mixes are presented in Figure 39. Analysis of the standardization.
verification, and representative production mix data results in the following
relationship:
Modulus 38,500. 50 - 434. 17 (percent HB)
2

r = 0,69

This equation indicates that an HB/ECA ratio of 87.64/12. 36 would oroduce a

nominal propecllant modulus of 150 psi.
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5. SUMMARY

Post analysis of available data indicates that the optimum propellant formulation

to producc target ballistic and physical properties is as follows:
Special Fine {5 micron)/Unground AP 47.08/52.92
HB/ECA 87.64/12. 36

This formulation would be applicable to the 430 gal. vertical and 300 gal.
horizontal mixers. An uncured strand burning rate target of 1, 025 in. /sec at

1,500 psia would be compatible with the above formulation.

C. PROPELLANT PROCESSING

1. MIXING PROCEDURE

The ground oxidizer fraction was prcpared in a fluid energy mill from
special coarse feed stock. A feed rate of 900 +25 lb/hr was originally specified,
but could not be maintained even with frequent stops to clean the mill. Consequently.
the feed rate was reduced to 800 + 50 b/hr and grinding proceeded with normal

cleanup frequency.

Laboratory tests have established the relationship between mill feed rates
and propellant burn rates. The data obtained from these tests have been selected as
the best and most reproducible basis for controlling the oxidizer grinding. The burn

rate difference resulting from a change from 900 to 800 Ib/hr is negligible.
For informational purposes only, particle size is analyzed on each mill run.

The original operating procedure also required the attainment of 210 + 10°F
prior to the start of a grinding sequence, s requirement was subsequently
changed to 200 + 10°F to reduce cycle time when it was observed that 190°F could
be obtained in 2-3 minutes, whercas approximately 15 minutes were required to

obtain 200°F.
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A total of 97,900 Ib of material was ground during a 13 day period prior to
and during the casting of the main grain. Thc mill output reached a maximum of
10,000 Ib per day during the grinding operations. The ground oxidizer was stored
in desiccated oxidizer tote bins prior to being combined with the unground fraction

for addition to the mixers.

The special fine oxidizcr for this program was stored in sealed containers
with moisture-free air. Fresh molecular sieve desiccant in quantities sufficient to
maintain the required dryness was placed in each confainer prior to scaling. Storage
was for a period of less than 30 days. Cycling of ambient temperature in the storage

area was recstricted to a maximum of 20°F in 24 hrs.
No unusual problems were experienced during the storage period.

Oxidizer fecding problems were cncountercd in both the vertical and
horizontal mixcrs. In the vertical mixer, oxidizer bridging was experienced in
the feed system on two mixes. Bridging problems were anticipated in the horizontal
mixers since the screen mesh size is half that of the vertical mixer screen. There-
forc, the oxidizer feed rate was cut back to the minimum prior to attemptirg any
propellant processing in thesc mixers. Nevertheless, bridging problems werc
experienced on the majority of horizontal mixes. Oxidizer feeding in these mixers
required one hour nominally versus 20 minutes in the vertical mixer. Feeding
problems were more severe if the oxidizer was held in the tote bin and hopper with
the bin discharge door open and not fed immediately int{o the mixer. All oxidizer
feeding problems were attributed to moisture absorption by the special finc oxidizer

fraction.

Seven tail-end lots of aluminum powder were assigned to the program.
These lots were apportioned into each Econ-0-Bin to provide for an even distribution

of each lot into the motor.

Premixes, containing aluminum. HB polymer, and iron oxide. were piepared
in a vertical change can type mixer for all propellant batches manufactured in the
horizontal mixers. Premixes for the vertical mixer were prepared in its mixer
bowl. Prior tomixing, the materials were stirred sufficiently to wet the solids.

The epoxy curing agent was included in the prcmixes for the vertical mixer.
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The propellant was mixed in both horizontal and vertical mixers. Original
planning requirec the use of only the vertieal mixer to providec a minimum ecasting
rate of 4 in, /hr. When the special fine oxidizer density was found to be much lower
than expected, it was necessary to process the oxidizer in two tote bins per mix.
This additional handling extended the mix cycle to the point where the vertical mixer
eould support a casting rate of only 2.6 in. /hr. The use of three horizontal mixers

increased the theoretical casting rate to 4.9 in. /hr.

Twenty-four vertieal and forty-onc horizontal mixes were prepared for the
main grain and four vertical mixcs for the aft grain. One vertieal mix was rejected
due to indieation of high burn rate based on strand burning rate and a2 second vertical
mix was disearded at the end of the main grain casting. Several burning rate adjust-
ments were accomplished during the mixing sequence by changing thc ground oxidizer

ratio.

The initial mixes gave indication of a high burn rate based on strand limits of

1.005 +0,022. The strand burn rates for these mixes are as follows.

First 1, 044 (from vertical mixer)
Second 1.029 {(from horizontal mixer)
Third 1,053 {irom vertical mixer)
Fourth 1.038 {fron1 hcrizoatal mixer)

The third mix was scrapped. This decision was partially due to the high

burn rate and partially due to expiration of process life.

The avbcve mixes were based on a 48 percent special fine grind for the vertical
mixer and o 47 percert spccial fine grind for the horizontal mixer. As a result of
the above high strand burn rates, thc formulation was changed to include only 46 per-
eent speeial fine for both the vertical and horizontal mixers. This change was
effeeted on the fifth mix for the vertical mixer and the ninth mix for the horizontal
mixer. From this point on, mixes were within {olerance limits until the 14th and
15th mixes which resulted in 1. 040 and 1.055 in. /see respeective strand burn rate.

In order to offset these and the previously indicated high burn rate mixes, the

special fine grind ammeonium perchlorate was reduced to 45 pereent for the 19th
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through 28th mixes and then adjusted hack to 46 percent for the remainder of the

motor. The specification also was changed to accept mixes on total solids.

2. CASTING AND CURING PROCEDURE

The motor was cast in the vertical position with the forward end down. The
vacuum casting was accomplished in two phases, with the cast and cure of the main
grain completed prior to casting of the aft end grain. In preparation for casting the
main grain, all casting fixtures were dry fitted to insure that the components would
fit and function as intended. No major problems were encountered during the dry

fit operation.

The core was preheated in a 150°F environment for 44 hours, then moved to
casting pit M-49 aud installed in the case. The casting fixtures were installed and
tbe case, core, and fixtures preheated in a 135°F environment for approximately

94 hours, at which time tbe main grain casting was started.

The initial casting arrangement required that propellant arriving from the
mixers be dumped, from the veriizal mix bowl or propellant transfer hoppers,
into a lavge (14, 000 1h capacity), hot water jacketed hopper. The propellant flowed
from this hopper, through a deaeration assembly and into the motor (Figure 100).
To eliminate the posgibility of propellant huildup on the dispersion cone hetween
mixes, which would result in having to tear down the casting arrangemecnt, it was
decided to maintain a continual flow of propellant into the motor., This was accom-
plisbed by initially restricting the propellant flow and tberehy allowing the propellant
to huild up in the hopper.

After casiing approximately 16 mixcs, a propellant buildup was observed on
the sides of the hopper. Mixing operations were suspended in an attempt to allow
the bopper to cmpty. However, the buildup rate exceeded the casting rate and
finally cut off propeliant flow into the motor with approximately &, 600 1b of pro-
pellant still in tbe hopper. The bopper arrangement wae removed from the casting

bouse and tho propellant discarded.
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Figure 100. Initial 156-9 Motor Propellant Casting and Deaeration Arrangement
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Since the propellant in tbe hopper had set up and could not ho immediately
removed, the casting arcvangement was changed to that currently employed on the
Minuteman program. This »rrangement required that the propellant be shipped to
tbe casting site in transfer hoppers \;ahich are attached directly to the flexible tuhe
and valve assemhly ahove the deaeration assembly {(Figure 101). Use of this
arrangement resulted in an interrupted propellant flow since each hopper is emptied
and removed before the next propellant batch is received, hut tbe anticipated dis-

persion conc buildup prohlem did not materialize.

Casting in this manner required no change in the processing cycle at the
horizontal mixers, since propellant from these mixers was shipped to the casting
site in transfer hoppers under the initial casting arrangement, Propellant from the
vertical mixer, bowever, had previously been shipped in the mixer bowl. There-
fore, it was necessary to set up a dumping station in Building M-16 to transfer the
propellant from the mixer bowl to transfer hoppers. Since the batch size of the
vertical mixes exceeded the capacity of the transfer hopper, it was necessary to

split eacb mix hetween two hoppers.

The change over to the transfer hopper system was accomplished and casting
resumed in approximately seven hours. Vacuum was released during thc down time.
Casting of the main grain continued with no major problems; bowever, the propellant
flow rate was not as higb as desired. Therefore, after casting the 13th mix, vacu-
um was again released and a 3/16 in. slit plate was installed in the deaeration
assembly in place of the 1/8 in, plate. This change resulted in a down time of
only 11/4 hours.

At the same time, it was concluded that the flow rate of propellant from the
second transfer hopper of each vertical mix was significantly lower than the first
hopper and the hoppers from the horizontal mixers. This problem was eliminated
by reducing the size of the vertical mixes to that of the horizontal mixes effective
on the 35th mix (13th mix from the vertical mixer). This change alsc aided mixer

scheduling operations,
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Figure 101. DMinuteman Program Fropellant Casting and Deaeration Arrangement

251




)

(o)

(U)

&)

{8

Thereaftexz, casting of the main grain proceeded without problems. The
propellant was cast to the level of the zlot former support. Vacuum was reduced
from 0.5 to 3.0 in. of mercury and the propeallant was observed to scttle approxi-
mately 0.5 inch. Casting was resumed, at 3.¢ in. of mercury, and the propellant
level raised to 0.5 ir, aliove the lower edge of the slot former support, Vacuum

was completely released and the propellant scttled an additioi:a! 0.5 inch,

The casting pit was maintained at 135°F during casting operations. The
propellant was cured at 135°F for 95 hours. After propeilant cure, the dispersion
cone and dispersion cone extension were removed and the broadcloth securing the
aft relief flap was cut and removed (Figure 102 ). A sheet of 0.006 in. thick

polyethylene was placed on the propellant surfzce.

Sixteen slot former segments were installed, sealed with vacuum putty,
and covered with a sheet of polyethylane. The core cap, dispersion cone, casting

dam, and vacuum dome were installed and the motor preheated at 135°F for 31hours.

The aft grain was cast using the vertical mixer and the originzl (14, 000 1b
propellant hopper) casting arrangcinent. This time, however, the temperature in
the water jacket or the hopper was reduced from 150 to 140°F and no attempt was
made 0 maintain propellant flow. The hopper was emptied between each mix.
Four mixes were required to complete the casting of the aft grain. No casting

problems were encountered and no mixes were rejected.

After ~asting approximately thrce inches up onto the casting dam, casting
was terminated and the dumping arrangement and vacuum dome were removed.
The casting dam was scated remotely with a hydraulically actuated seating assembly.
Sealing involved lowering tbe dam until it contacted the core cap., Teflon dividers
were placed in the excess propellant between the dam and the dispersion cone and
core cap so that, when cured, the propellant could be removed in blocks. }scs,
with ropes attached, were embedded in this propellant to provide a means of

lifting the cured propellant blocks from the motor (Figure 103;.
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The casting pit temperature was ag:ut naintained at 135°F during casting,

The propellant was curcd ai 135°F for 144 hours and then cooled for § hours,

3. FINISHING

After propellant cooidown, the ‘Feilon dividers were reinoved (Figure To4),
Attempts to remove the propellant blocks werc unsuccesslul because the ropes on
the propellant slings bruke, Therefore, the casting dan was unseated to releasc
one side of the blocks (Figure 105). A foree ol 20,000 lb was required to pop the
dam. Rcmoval ol ‘he propellant blocks was then accomplished with no further

problems (Figure 106).

The dispersion cone and core cap were removed. A force of 36,000 Ib
was required to pop the core cap. Removal ol this teoling exposed the slot formers.

To aid slot former removal, the motor was allowed to cool down for an additional

12 hours.

Slot formers at the Wasatch Division have tradition..ily been tape wound
with removal accomplished by fragmentation, The 156-9 motor design presented
a favorable relationship between slot ID and OD, permitting consideracion of
removal without [ragmentation. Each slot former segment, therefore, incorporated

a metal superstructure and was designed to be removed in ae piece (Figurc 107),

As conceived, the slot former removal process required the use of a cable.
a Hydraset, and an overhead hoist to pull the segments {rom between the main and
aft propellant grains. In practice, however, the segmcnts, once started, moved
so easily th:.l removal was accomplished by hand in almost every case. After

removal of the scgments, the polyethylene shects were removed,




Figure 104. Removing Teflon Dividers
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J Figure 105. Unseating the Casting Dam
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Removing Curc:d Propellant Blocks

Figure 106.
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Core removal was initiated immediately after slot former removal and
approximately 37 hours after termination of the cure of the aft grain. The core
popped after the application of 86 tons of force for 10 minutes. The force required
to move the core decreased rapidly to 14.5 tons after poppii.g. The core was then

removed with a gantry crane.

After installation of the igniter assembly, thc loaded motor was removed
from the casting pit (Figure 108) and broken cver to the horizontal position (Fig-
ure 109). The wmotor was loaded on a 200-ton transporter (Figure 110), the
igniter was instalied, and the motor was shipped to the tesi bay (Figure 111)

for nozzle and instrumentation installation and static test.
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* \ Figure 108, Removing the Loaded Motor from the Casting Pit
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Figure 109. Breaking the Loaded Motor Over to the Horizonta) Position
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Figure 110, Loading the 156-9 Motor on the Transporter
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SECTION VIII

IGNITION SYSTEM DESIGN AND FABRICATION

A, IGNITiON SYSTEM DESIGN

(U) The ignition system for the 156-9 motor was designed as a head end ignition
system (Figure 112} in accordance with the contract work statement. The design
criteria were: (1) the igniter mate with the GFP case, (2) existing hardware and
tooling be used to the greatest extent possible, (3) the design of the loaded case
assembly be such that one design could be used for the 156-8 motor ignition as well
2% the 156-9 motor ignition and, therefore, use common verification testing, com-

mon iooling, and (4) be a proven design requiring no development.

(U) The system was composed of the following four main subassemblies.
1. Safety and arming device.
2, Initiating systen.
3. Booster PYROGEN igniter.
4. Adapters, booster igniter to motor and

ignition system to motor.

1. SAFETY AND ARMING (S & A) DEVICE

{U) The 8 & A device selected for the 156-9 ignition system is currently being
used on the Stage I, II, and III Minuteman motors, Thickol develuped this device
forthe Stage T motor ignition system and later it was standerdized for all three
stages. The § & A has been qualified to the iatest Air Force requirements and
over 2,500 have been produced for various development, qualification, fligh: test,

and production programs.
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Upon initiatioin, *wo ES5-003 elcctrical squibs start the ignition train for the
motor ignition sequence. In the safe position, the squibs are electrically shorted
and mechanically isolated from thc ignition train, The $ & A device has a visual
indicator, mechanical lockpin, separate connectors for the control and firing cir-
cuits, hermetic seals, and other safety features which minimize the possibility of
inadvertent firing. A lockwirc sccures the lockpin in place to insure assembly of
the 8 & A device to the PYROGEN igniter in the unarmed (safe) condition. The
lockwire and lockpin must be removed manually before the device can be armed
electrically. This feature satisfies the requirement that the S & A device cannot

be installed in the motor while in the armed condition.

2. INITIATING S5YSTEM

The initiating system consists of an adapter, pyrotechnic booster assembly,

and an initiating PYROGEN igniter.

a. Adapter--rhe adapter, made from low carbon steel, adapts the PYROGEN
igniter, pyrotcchnic booster, and the 8 & A device into one integral assembly.
This assembly is installed in the motor adapter and held in place with a beveled

retaining ring.

b. Pyrotechnic Booster--The pyrotechnic booster is the link in the ignition train

between the S & A device and the initiating PYROGEN igniter, It contains 30 gm of
2A boron-potassium nitrate pellets, and the container is identical to thc design

used on the Stage I Minuteman.

¢. PYROGEN Igniter--The initiating PYROGEN igniter, loaded with TP-H1016

propellant (Stage I Minuteman igniter propeliant), ignites the booster PYROGEN
igniter. It produces a mass discharge rate for booster PYROGEN ignition

of 3.5 Ib/sec for approximately 0.3 second. A multiple port nozzle diffuses the
flame for a fast smooth ignition of the booster PYROGEN igniter. The case and
grain designs have been demonstrated in the 156-1 motor static test and the Mace

program for which this design was originally developed.
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3. BOOSTER PYROGEN

The booster PYROGEN ignitcr assembly consisted of a mild steel case,
NBR external and internal insulation, UF-2121 liner, and TP-H1016 propellant.
The grain was the same 12 point star configuration used in the booster PYROGEN
for the 156-1 motor. The igniter will operate at an average pressure of 840 psia,
have a maximum pressure of 1,005 psia, and provide a mass disck rge rate of
170 1b/sec for approximately 0.6 second. Pressure and mass flow then drop. The

total burning time is approximately 1.1 seconds {Figure 113).

At 1,005 psi the booster PYROGEN igniter case has a design structura!l
safety factor of 1.7. The low carbon steel igniter case is 30 in. long and 15.5 in.
in diameter. A 6.3 in. 1D steel ring is welded in the aft end to serve as the nozzle
throat. The selection of a steel case for the 156-9 igniter was based upon economic

considerations rather than weighi performance.

The steel case was insulated internally and externally to px"event melting
during the motor firing. Thermodynamic calculations indicated that 0, 03 in. ot
insulation would prevent melting from the inside: however, to protect the bond of
the external case insulation to the steel case, additional internal insulation was
necessary. The final design used 0.20 in. of NBR layup, vulcanized in place,
and 0.10 in. of UF-2121 liner. The thickncss of the imernal insulation controlled
thc propellant web thickness and provided more than vnough insulation on the

internal surfaces to prevent bond failure of the extcrnal insulation.
4, ADAPTERS

a. Booster Igniter to Motor--The hooster igniter adapter facilitates installation

of the igniter loaded case assembly to the motor igniter adapter. Made from low

carbon steel, this adapter permits installation of the booster igniter from the aft
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end of motor, down the propellant port, and through the motor poiar boss where it
interfaces with the mctor adapter. The booster igniter adapter has ports that mate
with the motor adapter and are used to monitor igril¢r pressurc, motor pressure,

and provide passage for the carbon dioxide quench system.

b. Ignition System to Motor--The adapter connecting the ignition system to the

motor is made from 4130 steel in the annealed condition., Thc booster assembly
is attached to this motor adapter. The initiating system is attached to the motor

adapter with a beveled retaining ring.

B, IGNITEF. BALLISTIC DESIGN AND
MOTOR IGNITION TRANSIENT

The empirical PYROGEN igniter coefficient is the primary parameter uscd
for determining the required :ize of a boosier PYROGEN igniter. When the 1ratio
of igniter mass flow rate (lb/sec) to the motor throat area {sq in.) is in thc range
of 0.15 to 0.25, satisfactory ignition will result. Thus, an approximate PYROGEN
igniter motor mass flow rate can be established for a motor having specified nozzle
dimensions. Usually, the values selected for the PYROGEN igniter coefficient have

been in the range of 0.17 to 0.20. The igniter has a mass fiow rate o’ .70 1b/sec,

which results in a coefficient of 0,182,

Motor ignition occurs sequentially tbrough the acticn of a pyrucechnic charge
and two PYROGEN igniters. The S & A device is electrically armcd and two elec-
trical squibs are initiated; the flame and pressure created by the squibs ruptures
two diaphragms and ignites tbe pyrotechnic booster charge; the flame from the
booster charge ignites the initiating PY ROGEN igniter; and the initiating PYROGEN
igniter exhaust gases ignite the booster PY ROGEN igniter,
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The ignition transient for the motor is made un of four relatively distinct
time periods identified as follows.
1. Igniter response time.
2. Time to achieve motor pressure-igniter cutput
equilibrium prior to motor propellant ignition.
3. Lag time or time between equilibrium pressure
achievement and first ignition of motor propellant.
4. Flame spreading time orv time from cnd of lag time
until all surfaces of the motor grain have been

ignited.

Thiokol predicted the ignition transients expected for the 156-9 motor, The
predietion included an =quilibrium calculation which begins at thc end of lag time and
ends upon achievement of motor equilibrium pressurc. The prediction was based
on the ballistic and physical characteristics of the 156-9 motor grain, the ignition
data of the beach test igniter, estimated time of first ignition, and flame spreading
rates over all propellant surfaces in the motor. Moter pressure, thrust, mass

flow rate, and surface area ignitzd, plus igniter pressure and mass flow rate were

computed as functions of time.

The predicted chamber pressure transients for the 156-9 motor and igniter

are illustrated in Figure 1i4.

C. IGNITER INCT'LATION DESIGN

1. CASE INTERNAL INSULATION

The case internal insulation provides thermal protection and controls the
web thickness of the propellant grain. The internal insulation consisted of two
0.1 in. thick plies of asbestos filled NBR laid up and vulcanizcd in place. The

insulation was sealed with Koropon prior to the application of a 0.1 in. coating
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of UF-2121 liner. The UF-2121 liner provided a high strength bcud to the TP-I11016
propellant. This insulation-liner-propellant bond system has historicaily resulted

in propellant bonds of 120 psi tensile adhesion and 6. 8 pli for the 180 deg peel test.
2. CASE EXTERNAL INSULATION

The igniter case external insulation prevents the steel casc from melting
during the motor firing, precluding the ejection of igniter casc fragments. The
extcrnal insulation consisted of 1.9 in. of asbestos filled NBR laid up and vulcanized
in place. The insulation thickness was calculated for the 156-8 motor which has an
action time of 122 sec, compared to 70.51 sec for the 156-9 motor. To facilitate
use of the same design without excessive engineering and manufacturing changes,
the same cxternal igniter insulation thickness was used for the 156-9 as for the
156-8, The insulation thickness was calculated for the 156-8 based on a char rate
of 5.5 mil/scc with a 1.5 safety factor. By comparison, th: external insulation

thickness for the 156-. igniter is more than adequate.
3. IGNITFR CAP INSULATION

The insulation applied to the adapter (Figure 112) was TI-H704B (the same
as the 156-9 motor case insulation). The insulztion was a mastic material con-
taining primarily HC binder, asbestos, and carbon black (see Sectinn VIA2 for
nhysical and thermal properties). It is most effective in areas of low gas velocity,
and was selected as the PYROGEN igniter insulation becizuse of its relatively low
cost, ease of application to any configuration, and ability to cure at ambient

tcmperature.
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IGNITER WEIGHT ANALYSIS

The component weights for the PYROGEN igniter are listed below.

Loaded Case Booster PYROGEN Igniter

Case

External Insulation

Internal Insulation

UF-2121 Liner

TP-H1016 Propellant
Initiating PYRCGEN Igniter

Case

TP-H1916 Propellant

Nozzle
Booster Assembly
S & A Device
Adapter (7U40511)
Adapter (7U40512)

Insulated Adapter (7U40514)

Miscellaneous

TOTAL

276

Weight (lb)

260.8
87.6
13.306

4.1

131.9

.9
.2
.6
.481
.800
51.425
6,687

B O O W

113.153
11.23
691.176
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IGNITION SYSTEM PROPELLANT

b“ ) The propellant selected for use in the ignition system is designated TP-H1016,
The composition, ballistic and physical properties of this propellant are shown in the
following tabuiations.

(C) TP-H1016 Prepellant Composition
Constituent Composition by Weight (Percent)
Ammonium Perchlorate 77
Aluminum Powder 2
HB and ERL* 18
Ferric Oxide 3
(C) Ballistic Properties
Characteristic Velocity, C* (ft/sec) 4,945
Density (Ib/in. %) 0.0605
Exponent Burn Rate, n 0. 35
Burn Rate at 1, 000 psi (in. /sec) 0.84
Filamc Temperature (°F) 4,770
Ratio of Specific Heats (y) 1.23
() Physical Properties
Minimum Maximum
Density (Ib/in. %) 0. 0599 0.0611
Maximum Strain (psi) 140 227
Strain at Maximum Stress (in./in.) 0.20 0.33
Modulus of Elasticity (psi) €00 1,200

*The ratioc of HB to ERL is determined from raw material standardization to
achieve the desired physical properties,
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F. IGNITION SYSTEM STRUCTURAL ANALYSIS

The ignition system booster igniter case, the adapters that integrate ignition
system and adapt the igniter to the motor, the motor case polar boss, -and the for-
ward portion of the motor case were analyzed to determine structural integrity and
compatibility. The following conditions were investigated to determine the most

severe loading.

1. Booster igniter case pressurized to an ignition
pressure of 1, 160 psi (1. 35 times average
pressure) with motor unpressurized.

2. 156-9 motor pressurized to MEQP (8&5) psi

with booster igniter case at equiiibri--m pressure.

The analytical results are summarized in Figures 115and 116. Margins of
safety shown were calculated from the greatest stresses existing at the eritical
points of the structure and ultimate material strengths. A negative margin of safety

is shown in condition 2 at the center of the adapter ring.

The stress is almost entirely due to bending moment, The computer pro-
gram used was not programed to use an applicable 1.5 bending factor. Hand calcu-
lating a 1.5 bending factor, the following margin of safety exists.

101,101

1- (1.5) (90, 000)

= 0.25

G. IGNITER FABRICATION, ASSEMBLY AND INSTALLATION

The igniter case was fabricated from a TU-121 motor case. The lifting lugs,
PYROGEN igniter boss and head end skirt were removed, the PYROGEN igniter hole
was opened to 7 in. and a nozzle ring welded in place. The weld area was stress

relieved and the nozzle ring finish machined. Each igniter case was hydrotested
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to 1,100 psig. Four cases were fabricated; two for the 156-8 program and two for
the 156-2 program. One of the 156-8 cases was used as the bench test igniter for
both the 156-8 and 156-9 programs.

After machining, the interior and exterior surfaces wcre grit Lblasted and
vapor degreased. V-44 NBR insulation was applied to both the interior and exterior
surfaces of the case, using a Chemlck 203 and 220 bonding system, and vulcanized
in an autoclave at 100 psig and 250°F for 3 hours, 310°F for 3 hours, then cooled

for 6 hours. The external surface and nozzle area insulation were then final machined.

The internal insulation was abraded, and cleaned with MEK. Koropon was
applied to the internal insulation and cured for 5 hours at ambient temperature.
UF-2121 liner was then applied and cured for 3 hours at ambient temperature and

40 hours at 135°F.

Casting fixtures were assembled in the case and the igniter was vacuum cast
with TP-H1016 propellant. After a propellant cure of 96 hours at 135°F and a 24 hour
cooldown at ambient, the core was removed and the propellant cut back to print

configuration.

Final assembly of the igniter was accomplished by bolting the insulated
adapter to the igniter and filling over the bolts, which were countersunk in the
NBR, with UF-1155 insulation. The UF-1155 insulation was cured for 2 hours at

ambient temperature,

The initiator assembly, a modiiied TU-P140 (MACE) PYROGEN igniter, was
also cast with TP-H1016 propellant after degreasing and lining with UF-2109 liner.
The liner was cured for 18 hours and the propellant for 96 hours at 135°F. After
propellant cure and casting fixture removal, the nozzle and adapter were iastalled
on the loadedinitiator case usipg UF-3131 sealant. The booster was installed and the

assembly painted.
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The igniter was installed in the motor by lowerinug it through the nozzle port
with the motor in the vertical position. Attachment to the motor case was accom-
plished by means of a metal adapter through which bolts attached to both the igniter

and the case boss. After installation, all bolts were lock wired.

The initiator was manually installed after the motor was positioned horizon-
tally. Vacuum tape was applied to the initiator to seal between it and the igniter's

insulated adapter. A snap ring was used to secure the initiator in the igniter adapter.

H. IGNITION SYSTEM FUNCTIONAL VERIFICATION (BENCH TEST)

The ignition system consisted of components previously demonstrated in the
AF 156-1 motor test. The only modification to the AF 156-1 igniter is that the
booster PYROGEN igniter is somewhat shorter. Consequently, only minimal bench
testing was required to verify components and performance. This testing included
the static firing of one complete igniter assembly with a rebuilt 8 & A device and
without external insulation. This test was conducted under the AF 156-8 program
since 156-8 and 156-9 ignition systems are identical except for adapting to their
respective motors. The primary ohjective of this test was to evaluate performance
parameters such as igniter response time, igniter ignition delay, and booster
PYROGEN lag time, and pressures. Instrumentation consisted of pressure gages

on the booster PYROGEN igniter,

The 156-9 ignition system was successfully tested during the week ending
13 Jan 1987 in the TU-121 delta test stand (Figure 117 beforc test and Figure 118
after test) and fired when the igniter grain temperaiure was at 74°F. The igniter
had been temperature conditioned for a minimum of 12 hr at a temperature of 85
+56°F. The igniter ballistic characteristics (Tzble XXV) and the pressure time trace
(Figure 113) verified that satisfactory ignition of the 156-9 motor would occur,

resulting in a smooth transient throwugh ignition without an excessive pressure spike.
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Figure 117. 156-9 Igniter in Test Stand (Betore Firing)
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TABLE XXV

BALLISTIC CHARACTERISTICS - 156-9 {TU-562) IGNITER

Characteristics

Mass flow rate, first level 0. 56 sec (Ib/sec)

Burning time, 10 percent Py,. » to 10 percent
Pmax {sec)

Maximum operating pressure {psia)
Average operating pressure, first level {nsia)
Average operating pressure, second level (psia)

Ignition delay T to 10 percent P ., for booster
PYROGEN igniter (sec)

Ignition interval booster PYROGEN igniter
T, to 90 percent P, (seC)

156-9 ignition delay time T to 75 percent
Pmax (sec)

156-9 maximum motor pressure at ignition (psia)

156-9 igniter coefficient (1b/sec/in. 2)

Total Impulse {lb-sec)

Specific Impulse {Ib-sec/1b)

Predicted

158

1.1

850

520

350

0. 050

0.076

24, 208

184.5

Bench Test

170

0.95

1,005

840

529

0. 040*

0. 069*

0. 39**

T17**

0, 182%*

*Based on first pressure indication being T,. The time Ty as recorded at

time of tcst appears to be erroneous.
**Based on bench test data.
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SECTION IX

ACTUATION SYSTEM

A. ACTUATION SYSTEM DESIGN

The thrust vector control system used on the 156-9 motor eonsisted of two
actuators, 2aech eontrolled by a servovalve. The servovalves in turn were controlled
by on external electronic system and a program magnetie tape. Hydraulic power
wns supplied to the system from a ground hydrauiie power source located near the

test bay. An aceumulator was installed in the system just ahead of the servovalves.,

1. ACTUATOR DESIGN

The actuator eylinder (Figure 119) was a standard industrial unit manuviaetured
by Parker-Hamnifin as their model KD-2HLST13. This basic double acting eylinder

had a 6 in. bore, a Tin. stroke and a 2-1/2 in. rod diameter. It was rated at

3,000 psig operating pressure,

The basic eylinder was modificd slightly to better tailor it to this particular
application. The principal changes are outlined below.

1. A lirear variable differential transformer
{LVDT) type position feedback transducer
was mounted inside one rod. The LVDT was
used to assu e compaltibility with a similar
unit which ig standard equipment on the servo-
valve seleeted. Internal mounting gives maximum

proteetion,
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2. Intcrnal threads in the other rod were changed
to accept a spherical rod end bearing selected
for its high strength.

3. Tapped holes were provided in onc of the
cylinder head blocks to mount the servovalve
and manifold assembly as well as the position
feedback transducer housing.

4. Straight through porting to match that in the
manifold was also provided on onc head block,
Two threaded port holes were provided on the
other head block to receive two hydraulic lines
direct from thc manifold. These changes were
made to increase the cylinder porting capacity and

thus enable them to handle the higher flow requirements.

The actuators were mounted in a universal trunnion assembly to allow for
actuation in the opposite plane. Trunnions were located on the actuator head block
to minimize structural design requirements in the actuator mounting brackets as

well as to eliminate the tendcncy toward bucklirg when the rod is extended.

2. SERVOVALVE DESIGN

The servovalves shown in Figure 120 are three stage units marketcd
commercially as Model C-100 by the Denison Division of Abex Company. They
employ Atchley Model 410 servovalves as the first two (pilot) stag:s, Pilot valve
flow controls a third stage spool which is equipped ~ith a I.VDT position feedback.
(It was this LVDT feature that prompted Thiokol to use a LVDT feedbuack on actuator
position.) The servovalves are capable of operating throughout a -65 to +275°F
temperature range with a null shift per 100°F of less than 2 percent. The rate of
flow at 1,000 psi drop is 100 gpm with a null leakage at 3,000 psi of less than 3 gpin,
Flow linearity from 0 to 100 gpm is at least 5 percent.
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(U) A manifold is mounted between the servovalve and the actuator to direct the

hydraulic oil flow.

(U) The above defined actuator, servovalve and manifold together with the

associated rod end bearing, fittings and hydraulic lines make up the servoactuator

assembly P/N 7U40505-01. This unit is shown in Figure 121.

3. TORQUE ANALYSIS

(U) Complete torc,ue analyses are presented in Section IIl of this

report. Actuation design torque is established by considering all torque factors
and adding those the actuator must overcome. Preliininary ‘orque values used in the

actuation system design were:

Dynamic spring 1,356,000 in.-1b
Viscous seal 250,000 in. -1b
Offset 171,000 in. -1b
Gravitational _ 186,000 in. -1b

1,962,000 in. -1b

(U) Early in the firing the aerodynamic torque is opposite in direction to spring
torque due to tne location of the nozzle pivot point. It later goes to zero. Inertial
torque is always opposite in direction to spring torque when deflections are large

enough to make total torque an important design consideration. Therefore, these

two torques have been reglected in arriving at a total actuation design torque of

1,963,000 in. -l1b,
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B. ACTUATOR SIZE AND FORCE OUTPUT

1. ACTUATOR SIZE

Using design criteria established by the work statement and/or nezzle and

flexible seal designs, the actuator size was determined as follows.

The actuator must maintain a vector velocity of 20 deg/sec under the maxi-
mum possible torque 1,963,000 in. -1b. Using a minimum lever arm of 48. 2 in.,
the minimum required actuator effective piston area Ay becomes

A _ 1,963, 000 in.-:lb
“E  (48.2 in.) (2, 000 psi)

= 20.3 sq in.
An industrial cylinder was available with a 6 in. bore, a 2.5 in. rod, and

having an effective area of 23. 4 so inch.

With this piston area and the geometric relationship of 0.86 in. of stroke

per degree of travel, a flow rate of 105 gpm was recuired to achieve a vector

velocity of 20 deg/sec. At this flow rate, the pressure drop across the selected

servovalve would be 1,100 psi, leaving 1,900 >si load pressure. Torque capabilities

are:
Actuator Dynamic Torque = (23. 4) (1, 900) (48. 2) = 2, 140, 000 in.-1b
Actuator Stall Torque = (23.4) (3,000 (48. 2) = 3, 380, 000 in.-1b
(O) The above actuator provides a dynamic torque safety factor of 1.09 over the

maximum expected torque of 1,963, 000 in. -1b, and a safety factor of 1. 60 over the

nominal expected torque of 1, 338, 100 in. -lb.

2. ACTUATION GEOMETRY

(U) Due to the degree of nozzle submergence, it was impossible to employ a com-
pletely linear actuation system. However, the nonlinearity is relatively minor as

evidenced by the following table.
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Angular Position Lever Arm Stroke
0 deg 49.2 in. ==

4 deg Extend 49,5 in, 3. 446
4 deg Retract 48,2 1n, 3.407

These values are apjlicable to the pressurized condition. Compression
of the bearing under pressure results in a 0. 07 deg change in alignment. This
was compensated for by offsetting the nczzle 0.07 deg ecold so that it came

into alignment with motor ccn.erline when pressurized,

It requires 6.853 in. of usable stroke lo obtain a total travel of 8 degrees.
The actuators were originally designed with a total stroke of 7. 00 in, | l2aving
+0.073 in. for the combined requircments of overtravel, compliance and mechanical

stop.

Later this was considered too marginal and an Engineering Change Order
(ECO)} changing the actuator stroke from 7.00 to 7.56 in. was processed. Unfortunatcly,
the first tier vendor who built and tested the actuator assembiy misinterpreted the
Change Order and procured cylinders having a 7 in. stroke (Figurc 121). The fact
that cylinder stroke had not been increased was discovered by Thiokol during
actuator assembly acceptance tests. At this point there was insufficzient time to
procure additional cylinders without serious schedule impact and the decizion to
use the marginal 7 in. stroke cylinders was made. Layouts at the time indicated
that ever with a maximum lever arm of 49.5 in. the vector angle on the motor would

reach 4 deg if nozzle/actuator system compliance was low.

It should be ruted that a vector angle of only 3.75 deg was reached during
flexible seal tests. This, however, was due to the fact that the test fixture had a

lever arm of 51. 4 inches,

Interaction of pitch and yaw actuation, commonly referred to as crosstalk,
was minimized because of the relatively small difference in longitudinal station from
the nozzle pivot to the fixed actuator pivol. A full four deg deflection in one plane
rasulted in only 0,05 deg deflection in the other plane. This was not considored

large enough to warrant correction in the duty cycle program tape.
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C. WEIGHT ANALYSIS

No attempt was made to optimize actuation system weight and all componznts
were heavyweight. The dry weight of one complete servoactuator assemblv, for
example, is 288 pounds. It is felt that this weight could be reduced by as much as

30 percent if a flightweight system were cmployed.

D, HYDRAULIC SYSTEM

Hydraulic power is supplied by two electric motor driven variable displace-
ment pumps operating in parallel. These same pumps provided hydraulic power for
the 156-1 motor. Each pump is capabic of delivering 95 gpm at 3,500 psi.

The actual cutput is limited, however, to 60 gpm each in order to preclude any possi-
bility of overloaiding the clectrical circnits. Either pump alone could support the

fii:ing at a reduced vectoring rate,

A prepressurized piston type accumulator is mounted on the motor to dampen
line surges and to provide the necessary flow during the pericd of time required for
the pumps to respond to a step demand. Since the peak flow of 105 gpm rcmains
constant for 1.6 seconds, no attempt was made to provide a significant portion of

peak flow from the accumulator,

Line losses at maximum flow were calculated to be approximately 150 psi.
The major portion of this loss was contributed by the existing facility supply line.
A pressure transducer records system pressure at the motor mounted manifold.
¥f this transducer should show a greater than allowable line loss, no-flow system
pressure will be increased. Since the entir: system has been proof tested to

4,500 psi, the supply pressure could safely be raised to at least 3, 300 psi if required.

A hydraulic system schematic is shown in Figure 122.
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E. ELECTRICAL SYSTEM

A block diagrar of the actuation electrical control system is shown in
Figure 123. The servocontrol unit, procured for the 156-7 motor firing, provided
all electronic components of the system to include LVDT excitation demoedulators
aad servoamplifiers. It was modified for use in a double feedback system required
by the three stage servovalve. Modificutions include bypassing the phase splitters,
tying two demodulator outputs to one servoamplifier input, and changing feedback
gain resistors. The unit was rack moumed and all adjustment potentiometers brought

to the front panel.

The operating characteristics of tl.e servovalve transducer were verified
using a 5 Kc square wave transducer with the servocontrol unit electronics.

Operation was entirely satisfactory and the scale factor under these couditions was

determined.

The nominal open loop gain settings are 150 and 50 sec™! for the valve loop
and the total loop respectively. Analog performance analysis showed this to provide
a stable system which was later verified by actual test data run under these settings

{Figures 124 and 125). The entire system has heen successfully demonstrated on the

flexible seal tests.

F., 156-9 DUTY CYCLE

The actuation duty cycle for the 156-9 nozzle (Figure 126 and Table XXVI)
meets the requirements of the program work statement. The ridc irapulse produced
by nozzle deflection is predicted to be 1.37 percent of the axial irnpulse as compared
to the requirement of 1. 10 percent, The nozzle will be in motion or at a position
other than null for 33.6 seconds of motor operation. The duty cycle requires a ful’

deflection of 4 degrees during two events: two triangular cycles at 1.25 eps and two

305




——

WsisAg 010D uorjenioy jo wridey] ¥oolg

"GZI sandig

BF-5%G0ET

« LOATT _—T

LIND TOHLNODOAHAS

[
YITaowW3Ia

=
o
[

o
1 T f
| __ LaA
]
1] 100ds | FATVA)
" LOTIJ
I
HOLVNLOV AATVAOAUAS
B i e i " T

d

A

r——
o
sy
S
[« W
=
-
=
=
0=
ad
t

T
HOLYTNOowaaqa

— o o —— —— —— e ——— —

LdN1
(INYIRWOO

306




1 N/S Jolenjoy asuodsay Asxuanbaig -yzlaindiyg

.r..lau...— o1

IS « 1 6= 2 Yy ¢ i ¥ I3 P68 L 9 ¢
T ¥ T T T
- - - - - + —+- e N1 111§ B
| - e qu1-

. . -
I = 1
.“l....

T - A N
4 5
I - 4:-
p——t——— o

[ ‘ T N/S T

20S0FNL N/d
- HOLVILOY 6977 . + +— -t " ]

ASNOSAY 1ONINDIYA
d001 a3sond

H-

P 1L VH HAD LI TdIKY

307




¢ N/S 1031BNnjoy asuodsay Aduanbasjg

‘¢zl aandryg

Lol

T NS

cOSo¥NL N/d
HOLVALDV 6-951
ASNGASIY ADNITDHIUA
dO01 Ads01D

001

I 2N T ASVHd

3

g~

(6P) OLL¥Y AANLITdWY

308




L eemamin! e ot

CONFIDENTIAL

(A HAH1Id (D38 TNIL GV AL

! ! ) 3 T ] |
I ! ! l ' I ¥
- - | ] 'g i L] L .
‘ l
- ] % ' I 1 z =
o X 2 ‘ E
—;- i o
— © ; 2§y
£ | £ ¥ 4
L)
- Ik
' . ! T Ex
y fl . =k
| — by
| -
| £

VIEW LOUKING Fr RWARD
INTYEXIT CUNE

1107

309

CONFIDENTIAL

156 3 Motor Duty Cvele

Figurce 1214,



CONFIDENTIAL

TABLE X¥W1

156-9 NO7ZLE ACTUATION DUTY CYCLE

Time Duration Amplitude Rite Positlon
Fuizm {sec) (a=c) Funetion {deg) {deg/see) Bio {dey;
1 0-3.0 3.0 Hold -- - - i)
2 3.0-3.2 0.2 Ramps = 5,0 Yaw Ramp from 0 to
*1
3 3. 2-4.2 1.0 old - -- Yaw +1 Yaw
4 4.2-4.4 0.2 Ramp - 5.0 Yaw Ramp from 41
| [y +2
1
5 4.4-5.6 1.2 Nold -- - Yaw 42 Y.y
6 5.6-6.0 0.4 Ramp -- 5.0 Yaw Ramp ..om -2
to 0
b 6.0.9.0 3.0 Hold -- -- - 3}
[ 8.0-13.0 4.0 Sine 42 (0.5 eps) Plitch --
! % 13.0-16. 0 2.0 Hold -— -- - 0
i 10 16.0-17. 6 .6 Triangular +H 1. 25 eps) Yaw -—-
il 17.8-21 0 34 llold - - - 4]
12 21.0-2.. 0 1.0 Sine 27 (0. 7 cps) Yaw --
and
Pitch
13 25.0-23. ¢ 3.0 1old -- -- -- 0
i4 28,0-30.0 2.0 Trisnguw."r .5 {1.5 cps) Yaw --
15 30.0-33.0 3.0 Hold -- .= - 0
15 33, 0-37.0 4. 0 Bquare 41 {0. 5 eps) Yaw -
17 37.0-39.0 2.0 Hold -- - - o
18 39, 0-43.0 1.0 Sine 42 (0.5 eps) Yaw =
and
Pitch
1% 43,0-45.0 2.0 Huld - -- -- 0
20 45.0-19. 0 4.0 Slne H {0. 5 cps} Yaw -
" 49.0-51.0 2.0 Hold -- - - n
22 51.0-51. 4 n. 4 Ramp -- 5.0 Yaw Ramp {rom 0 to
+2
v 24 51,4-32.6 1,2 1old -- -- Yaw +2
E
24 52, 6-52 9 0.2 Ramp .- 5.0 Yaw Riamp from +2
to +1
25 52.8-53. 8 1.0 Hold = - Yaw 41
20 53.8-54.0 0.2 famp -- 5.0 Yaw Ramp from +1
t tc 0
27 54.0-57.0 3.0 Hold -- -- -- 0
2y 57.0-61.0 4.0 Sine 22 {0. 5 eps) Yaw -
3 2% €1.0-70.0 9.0 Held - -- -- 0
310
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sinusoidal cyrles at 0.5 cps. During the former event the maximum required slew
rate of 2C deg per second is achieved. The maximum required cyclic rate of
1.5 ¢ps is achieved during an event that consists of three triangular cycles to

0.5 degrees vector angle,

A variety of functions has been included in the duty cycle to enable the
characterization of the behavior of a flexible seal nozzle in response to these <ig-
nals, Sinusoidal events, ramps, triangular events, square waves, and holds at

vector have all been included.

The events are concentrated in the yaw plane as shown in Figure 126. Since

the firing will be horizontal, events in the pitch plane will be affected by gravity.

Two events are included in the oblique planes--one at +45 deg, and one at
-45 degreces. Both are sinusoidal to 2 deg in each the yaw and pitch planes

resulting in 2.828 deg in the 45 deg plane.
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G, TVC ACTUATION SYSTEM FABRICATION

Two servoactuator assemblies were fabricated by LTV Electrosystems Inc,
in Garland, Texas, under subcontract to Thiokol. The remainder of the actuation
systews was assembled by Thiokol from purchased components, i.e., fittings, tubing,

accumulator hoses, ete. Hydraulic power was supplied by an existing pump facility.

The servoactuator assemblies were designed by Thiokol. LTV Electrosystems
was contracted to fabricate the valve manifold, transducer housings and the test mani-
fold, and to assemblc and test the actuator pssemblies, The cylinders, servovalves,

and common hardware were purchased by LTV.

1. BENCH TEST

Bench testing or "acceptance testing” was performed by LTV Electrosystems
to Thiokol specifications. Basically these specifications controlled acccptance testing
in the following areas:

Proof pressure test,
Dynamic response tests,

Internal feakage.

¥ L 3

Operational checkout.

S/N 1 actuator was bench tested on 21 Feb 1967. Internal leakage of 2.7 gpm
exceeded the 1 gpm specified by Thiokol and the phase lag at 8 cps of 56 degrees
exceeded the specified 45 degrees. In all other respects. the actuator performed

satisfactorily.

S/N Z actuator was bench tested vn 28 Feb 1967. Inlernul leakage ol 2.3 gpm
and phase lag at 8 cps of 58 degrees exceeded Thiokol specifications. In all other

respects the actuator performed satisfactorily.
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With regard to the above discrepancies, the following comments are in order.

Thiokol's original drawing of the servovalve 7U100137 (Figure 120) allowad
internal leakage up to 3 gpm. This was reduced to 1 gpm in our procurement require-
ment based on claims of various servovalve suppliers. Actual leakage was nearer
the 3 gpm allowed on the original drawing and our requirement was revised to reflect

this fact. Internal leakage of 3 gpm of the overall actuation system is acceptable.

The specified phase lag of 45 degrees at 8 ¢cps was based on the use of pilot
stage valves of 5 gpm capacity, Unfortunately, thesc were not availabie and the
servovalves were equipped with 1 gpm pilot stage valves. This 4 gpm difference in
capacity caused the excessive phase lag. Since the actualion system would perform
satisfactorily with 1 gpm pilot stage valves and the corresponding increase in phase

lag, the procurement requirement was revised to accept performance with 1 gpm

pilot stage valves.

Thiokol specifications also controlled certain procedures and settings to be
used during bench tests. These were adhered to by LTV Electrosystems with but
three exceptions,

1. Servoamplifier gain settings were increased above
that specified in order to raise the overall loop
gain to the specified 50 sec~1. This was due to the
use of a 1 gpm rather than the 5 gpm pilot stage
valve.

2, The piston rod amplitude used for frequency
response tests was reduced to + 0. 10 in. rather
than the specified 10 and 50 percent of full stroke
because the LTV Electrosystems hydraulic power
supply eapacity was limited to 55 gpm. which is not

sufficient to achieve 10 and 50 percent of full stroke.
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3. Thiokcl specificatlons erroneously required internal
leakage plotted as a function of valve Input signal
which normally controls spool positlon. In this

particular three stage system spool position Is not

controlled by valve Input slgnal. LTV Electrosystems
plotted internal leakage as a functlon of spool position

output voltage which ls proper.

Visual examlnation, proof pressure testing and operational checkout was
accompllshed without incident. All testing was done with a Thlokol design engineer

present,

2, COMPATIBILITY TESTS

The complete actuation system was assembled and checked out prior to
installation on the motor. This work was accompllshed in conjunction with {".e flexi-
ble seal tests. On these tests, the TU40505 actuators were assembled on a test
fixture. They were connected to the existing facllity hydraullc power source through
the same piping and hoses that were later used during motor firing. This included
the same accumulator, portlng blocks and all fittings. The entire system was con-
trolled through the same electrenic circuitry to be used during motor firing. During
one phase of the testing, the program tape, cu’ for motor firing, was used to command
the system in the yaw plane. Yaw was selected as it was the more severe duty cycle.
Once the system was adjusted and balanced, the flexible seal followed the programed

duty cycle with almost perfect response.

314




(U)

SECTION X

MASS PROPERTIES

The mass properties data shown ir Table XXVII viere caleulated based on
available motor "as-built" dimensions and theoretical densitics. A detail dain
breakdown of the nozzle assembly. igniter assembly ., and motor internal insulation
data may be found in their respeetive design seetions. The center of gravity reference
system is sbown in Figure 127. Moment of inertia data is taken about an axis

through the partor assembly eenter of gravity and is in slug feet squared.
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Figure 127. 156-9 Motor Center of Gravity Reference Sketch
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SECTION Xl

TOOLING

A. PROCESS TOOLING

Existing tooling was used where possible to keep tooling cost at a minimum.
The majority of the new and modified tooling was required for propellant casting.
Minor modifications to the handling equipment consisted mainly of drilling and
tapping holes in existing tooling and relocating brackeis to accommodate a different
case length, The vacuum casting fixtures arrangement (Figurc 128 ) shows the nro-
pellant casting tooling assembled for casting. The major modifications or new

tools are describcd below,

1. PROCESS HANDLING HARNESS

The decision to load and test the 156-9 motor prior to the static test of the
156-8 motor madc it necessary to usc joint harness rings on the 156-9 motor rather
than skirt harness rings as originally planned. The joint harness rings were re-
worked to make them compatible with the skirt harness brackets and the static test

arrangement,

2. SLOT FORMER

The slot former war fabricated of urethane foam with a metal structure

inside. It was sectioned in pie shaped wedges allowing force to be selectively
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applied on the inuner metal structure to remove the wedges after the propellant was
cured, Molds were designed and fabricated to form the segments during foaming

operations,

3. DISPERSION CONE EXTENSION

The dispersion cone extension attached to the core and directed the pro-
pellant flow from the dispersion cone to the motor chamber, [t was utilized during
the casting of the matn grain and was configured to provide maximum flow area and

visibility between itself and thc vacuum dome adapter.

4. CORE CAP

The core cap bolted to the aft end cover of the moditied core and extended
the core up to the aft end of the case., It molded the major portion of the large

diameter propellant bore.

5. CASTING DAM SEATING AND REMOVAL TOOL

Remote operation of the casting ~Aam seating and removal tool was required
because of the potential hazards involved. The tool consistad of a framework and
hydraulic raxn. When uctuated in the down direction. it forced the castirg dam
downv'ard in the aft propellant and seated the dain against the core cap. A reverse
actuation, alter propellant cure, served to p.op the casting dam free of the propellant

grain. The tool was also used to pop the core cap.

CASTING NOPPER ADAPTER BASE

Original olans were te use only horizontal 300 gal. mixers for propellant

casting. With the installation of a 430 gal. vertical miter, however, a savings in
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propellant mixing and casting operations was possible. To use the 430 gal. vertical
mixer on this program, an adaoter to the 430 gal. casting hopper was designed and
fabricated. This adapter mated to the 300 gal. hopper stand on the vacuum dome and

to the stand supporting the 430 gal. casting hopper.

7. HOPPER FUNNEL ADAPTER

The hopper funnel adapter mated the 430 gal. casting hopper to the Minute-
man deaeration assembly. The design incorporated a slip joint to compensate for

tolerance buildup in the casting arrangement and to aid in installation.

8. PLASTER SWEEP TEMPLATE

The plaster sweep template was designed to form the plaster mold used to
install the slot former support on the case wall. The tool attached to the case noz-
zle boss, and by roiating about the case centerline, assured the concentricity of the

slot former support.

9. VACUUM DOME ADAPTEX

To utilize existing vacuum casting equipment, whi~h included the vacuum
dome used on the Minuteman casting bells, an adapter was dcsigned to mate the
nozzle port flange to the vacuum casting bell dome. This adapter also served as a
nozzle port insulation mold during insulation installation and as a guide for the

casting dam,

324




e o
sy
kit

2

Y

.

T 10, CASTING DAM

{U) A casting dam was designed to net mold the propellant graii and eliminate
machining of thc propellant in the aft nozzlc port. During propellant casting the
dam was in a raised position allowing propellant to flow betwveen the core cap and
the casting dam. After the motor was filled with propellant, the casting dam was

remotely scated forming the final contour of the aft grain,

11. DISPERSION CONE

(U) The dispersion cone was installed on the dispersion cone extension or core
cap and served to initially direct the propellant flow around the core and into the
motor chamber, Threc arms welded to the top of the conc contacted the vacuum

dome adapter and thereby served to center the aft end of the core.

12, CORE MODIFICATION

(U) To adapt the GFP core, for casting propellant in the 156-9 motor, an
aft end cover, aring, and a conc section were welded to the aft end. These
items formed a portion of the concd section of the progellant grain and provided
a means of positioning the slot formers. A locator ring and neoprene pad were
placed on the forward end of the core to provide a vacuum seal against the insu-
lation. The forward cnd was also drilled and tapped to acecept a forward end

core alignment stud.
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B. TEST TOOLING

The majority of the tooling required for static testing was in existence,
Minimuin modification of the test stand was required. Holes for brackets were

relocated and the side thrust load train adapte.ss were adjusted.

Two major pieces of equipment were required in support of the static test

and are described below.

1. FLEXIBLE SFAL TEST FIXTURE

The fixture used to test all flexible seals associated with this program was
designed by Thiokol and fabricated by Lasker Boiler and Engineering Corp. , Chicago,
Illinois. Basically, it is a large pressure vessel (2, 500 psi) using the flexible seal
as one ID ring (Figure 129). The kettle like fixture is opened by removing 96
large through bolts and then lifting off the cover. In use, a flexible sea] is first
holted to the cover, the seal and cover are then lnwered into place on the column
assembly and thc pivoted column assembly installed. This assembly is then lowered

onto the fixture body and the 96 cover bolts installed and torqued.

A unique feature of this fixture was the column assembly which acted as a
reaction piston {not shown) that pinned to a clevis below the seal. This reaction
piston provided a fixed point for the bearing to pivot around and a means of reacting
out some of the nozzle compression and blowout load on the flexible seal. Thus the
walls of the seal could be exposed to MEOP (830 psi) and the seal compressive load
would be the same as the nozzle blowout load expected during static firing. Leaving
the piston unpinned and operating at a Jower pressure (400 psi) dupiicated the nozzle

blowout load and allowed the pivot point to be established by the seal being tested.

The fixture worked well and all planned seal testing was completed without

incident.
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FLEXIBLE SEAL TEST FIXTURE, SEAL INSTALLED (ARROW)

Figure 129. Flexible Seal Test Fixture
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2. NOZZLE HANDLING ARRANGEMENT

Kew equipment for handling the nozzle was kept to a minimum by adapting
existing lifting beams, trunnions, breakover stands, and other hardware where
possible. The only three new items required for this handling arrangement were
(1) trunnion brackets, (2) extension bracket, and (3) a 3 point lifting beam. Tbe
trunnion brackets were required to adjust the cg of thc nozzle and attached directly
to the circumferential stiffening ring as shown in Figure 130, The function of the

nozzle handling tooling and sequence of operations is also shown in Figure 130,

C. FLEXIBLE SEAL AND PROTECTIVE BOOT
FABRICATION TOOLING

1. FLEXIBLF SEAL TOOLING

The flexible seal assembly fixture is shown in Figure 131. The tool is
essentially an open mold with all seal dimensions controlled from the inside. The
six dasb 102 Support Assemblies control the precise distance between the base and
cover plates and thus control flexible sezl length. Radial indexing of the forward
and aft end rings was accomplished by use of suitable dowel pins and holes in two of
the six support assemblies and the base and cover plates. The concentric location

of shinis was also controlled by the ramps on each of the support assemblies,

The dash 108, 107, and 106 rams were used to debulk at 20, 40, and 50
shims, respectively. For debulking at 20 shim3s, all three rams were bolted to
the upper platen of the debulk press. Debulking at 40 shims was accomplished by
removing the dash 108 ram. The dash 108 and 107 rams were removed for de-
bulking at 60 shims, Final debulking and pressing to net at 32 shims was accom-

plished by use of the aft end ring.
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) In general, the tool worked satisfactorily. The tie bolt failure associated

with the cure of AF seria! number 1 seal (Section IT) was due to faulty repair of tie

o
[
B )

- bolts broken when the fixture containing an IR & D flexible seal was water cooled. !
4 The fixture has been redesigned to eliminate welding of any sort on the tie bolts. 4
(U) Another undesirable feature, discovered by use of the tool, was that the

éupport assembly ramps did not push an improperly placed shim into a concentric

‘ i position during debulking. Ratber, the shim curled or buckled locally under the
- seating pressure. It was concluded that the support assembly ramps should be
i useq .» guide shims during placement and should be moved inv.ard to avoid con-

tacting shims during debulk. A single design change to provide movable ramps on

b

tbe support assemblies would improve the tool by allowing the support assembly

ramps to guide the shims during placement.

2. BOOT TOCLING

(U) The protective boot was made by hand laying strips of V-45 rubber over a

forming fixture. This fixture is essentially a male mold with sectioned OD rings at

e O L T

eacb end. The rings form a closed mold for each end (interface area) of the boot in

order to hold the tighter tolerances requi.ed. The forming fixture was also used as

a holding fixture for machining the OD of the boot between ends. No difficulties were

encountered in the use of the fixture,

TR

e bty

—
ar = e
b S et |

L

i |
2]

335 ]

T P
| o=y




SECTION XII

STATIC TEST RESULTS

A, INTRODUCTION

(U) The 156-8 rocket motor was successfully static tested on 26 May 1967 at the
Wasatch Division of Thiokol Chemical Corp under Contract AF 04(611)-11643. The
scope of this program included the design and development of an omniaxial flexible

seal movable nozzle (OFSMN). The effort is described in four tasks as follows:

Task A. Moter Demonstration. The design and fabri-

cation of all motor components and assemblies.

Task B. Special Tooling., The design, procurement,

fabrication and/or modification, checkout, and
maintenance of sp=cial tooling required for the
program.

Task C. System Support. Implementation of a Quality

Assurance plan that would assurc successful
accomplishment of tasks A and B.

Task D. Program Administration and Reporting. The
effort required for management, control, and
direction of the program and also includes all

reporting and docurnentation effort,
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1.

2.

- LR

TEST OBJECTIVES

The primary objectives of the 156-9 motor static test demonstration were:

1.

4.

To demonstrate the performance and functional capa-~
bilitiee of the submerged omniaxial flexible seal
movable nozzle.

To obtain data that can be used for future nozzle
designg including nozzle actuation torque.

Yvaluate the performance of the barrier seal pro-
tective gap, cavity, and projecting insulation.
Evaluate the nozzle and plastic materials perform-
ance during static firing conditions.

Evaluate performance of the nozzle actuation

system.

The secondary test objectives were:

1.
2.

A
o

Demonstrate motor performance.
Evaluate and verify design of case insulation.
Demonstrate large motor handling and assembly

procedures.

TEST ARTICLE DESCRIPTION

The 156-9 rocket motor shown in Figure 1 was a 156-in. diameter

solid propellant rocket motor of the one-million pound thrust class. It was designed
and fabricated to demonstrate an omniaxial flexible seal movable nozzle. The motor

included a case, a nozzle incorporating the OFSMN, an actuation system, and a head

end ignition system. The case was insulated internally with a mastic compound and

loaded with an 87 percent solids polybutadiene acrylonitriie propellart (Figure 1).
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+ 4 degree omnlaxlal vectoring capabllity provided by a flexlble seal that jolned the

k ﬁ (U} a. Nozzle--The 156-9 nozzle (Figure 32 ) was a submerged movable nozzle with
ﬁ fixed and movable sections of the nozzle. Tbe throat and exlt dlameters of the nozzie

were 34.54 and 98.64 in., respectively, corresponding to an initial expanslon ratlo
T of 8.15, The overall length of the nozzle assembly was 116.1 in., 47 percent of
E i ! which was submerged. The aerodynamlc deslgn of the Internal nozzle surface from
the nose tip to the exit plane was ldentlcal to the 156-6 nozzle. The nose tlp was
deflned by a radlus of 1. 62 inches. An 8. 00 In, radius joined the tip radius toa
¥ 15, 00 in, radius into the threoat. The throat and the 17.5 deg exit cone were
joined at a radius of 13. 859 inches.

1: Uy Structural integrity and maintenance of the aerodynamic contour was provided
- - by a mechanlcal deslgn consisting of steel structural components, relnforced plastic
{5 erosion liners and therma! insulators. Nozzle structural and insulation subassem-
r blles were fabricated independently, and bolted or bonded to form the complete

nozzle assembly.

{U) The nozzle fixed housing assembly conslsted of a steel structure protected

i e IR o-

by sillca cloth phenolic insulation. The steel structure conslsted of two forged

TER
o ——
L >

flange s welded to a conical section fabricated by the roll and weld construction

]

metbod. The small end of the sllica had an outer surface spherlcal about the flexible
seal pivot polnt. This surface formed the fixed part of the barrier gap wblch pro-
tected the flexible seal from direct radiant heating and sharply reduced convective

flow. Pily orientation of the sillca tape was parallel to the nozzle centerllne in order

to provide a more direct vent path between plles.

\# L4
? '[1 Uy Two actuator support brackets were bolted to clips on the fixed houslng.
| S {U) The movable part of the secondary barrier consisted of two bonded sillca

m

cloth pbenolic Insulating rings. Both of the sllica components were tape wrapped

p—
L

parallel to the centerllne.

—
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The nose asserably conslsted of an entrance housing, two carbon cloth phenollc
liners, a grapblte cloth crossover ring, and two sllica cloth phenolic insulators. The
steel entrance housing was of roll and weld construction, The nose liner {(back-side
cr chamher side of the nose) was carbon cloth phenollic tape wrapped parallel to the
centerline. The crossover ring was graphite cloth rosette with ply orientation 90 deg
to the centerl‘ne. The silica cloth insulator hehind the nose liner was a rosette layup
with ply orientation parallel to the aft surface. The insulator behind the entrance

liner was also a rosette layup.

The exit assemhly consisted of a steel shell, three liners, and two insulators.
The forward ring of the shell was a ring forging; the remainder was of roll and weld
fabrication. A reinforcing I-heam type structure girdled the aft exit cone to limit
disiortion during vectoring and distrihute the actuator loads. The throat liner was
a single piece graphite cloth tape wrap with ply orientation 70 deg to the centcrline.
This is similar to the throats successfully tested on the 156-5, 156-7 and Thiskol
TU-455.02 as well as the 260-in. diameter motor nozzles. An overwrap of silica

phenolic *.r. 2 insulated hehind the throat liner.

The upper exit cone liner was carbon cloth phenolic tape wrapped parallel to
centerline. This extended to an expansion ratio of 2. 44 as in the 156-6 design.
From this point to the exit the liner was sillca phenolic tape, also wrapped paraliel
to centerline, Both liners were overwrapped with glass phenolic tape prior to final
cure of the three components as an assemhly. A row of retaining pins through the
shell Into the insulation was provided at an expansion ratio of 2.5 as a hackup against
bond failure.

The nozzle was actuated hy two linear servoactuators, 90 deg apart, mounted
between the nozzle fixed housing and the exit housing. One servoactuator controlled
pitch motion, and the other controlled yaw motion. Intermediate angles of vectur

were accomplished by simultaneous combination motions,

The two specially adapted linear electrohydraullc servoactuators were oper-
ated hy a ground hydraulic power supply in a closed loop control system.
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The actuators were standard heavy-duty Industrial type, modifled to permit mounting

of the servovalve and nosition feedback device.

The servovalves were ihree-stage industrial units which employ linear vari-
able dlsplacement transducer {(LVDT) feedback on the tkird stage spool. A manifold
provided straight-through portlng to one slde of the cyllnder and two external lines
to the other side,

A standard LVDT position transducer was mounted inside the piston rod to

Insure minlmum exposure hazard and to minimize the length of the unit.

The actuators were trunnion mounted at the head end of the unit. The rod
ends included self-aligning bearings to accommodate misalignment caused by

obllque vectoring.

The actuators had a 6-in. bore, 2 1/2 in. rod, and 7-in. stroke. At the
3, 000 psi operating pressure, this results in a stall torque capabillty of 3. 32 million
in, -1b and a dynamic torque capability of 2. 12 mlllior in. -1b at the maximum vectoring

rate of 20 deg per second.

b. Flexibie Seal--The flexible seal consisted of alternate spherical laminations

of thin rubber and thin metal reinforcements vulcanized inte a composite structure.
The seal had a mean spherical radius of 36. 757 In., a radial thickness of 5. 355 in.,
and a mean width of 6. 34 inches. The mean radius about the nozzle axis is

27.47 Inches. The radial thickness of 5.355 in. was comprised of 83 layers of
polyisoprene rubber, each 0. 025 in. thlck; 82 layers of stainless steel shim rein-
forcements, each 0.040 in. thick. Total rubber thickness was 2, 075 in., and total

metal thickness was 3.28 inches.

¢. Case--The government furnished case for the 156-9 motor was the same 250 ksi
grade, 18 percent nickel, maraging steel with an ultimate unlaxial tensile strength

of 240, 000 psi and a yield strength of 230, 000 psl that was used for the 156-6 motor,

d. Insulation and Liner--The case was Insulated using Thiokol TI-H704B insulation,

an asbestos fllled carboxyl terminated pclybutadlene polymer. The aft dome insu-
lation tapered from 1.19 In. minlmum at the aft polar opening to 0.05 in. minimum

in the cylindrical section. The forward dome insulatlon thickness taperad from

341




2 e

(L)

()

()

0.60 in, minimum at the forward polar opening to 0.05 In. minimum in ths cylindri-
cal section. Prior to ineulation {nstallation the interior of ths case was covered with
a 0.005 in. minimum laysr of Koropon (epoxy) primsr,

Unbondad rslief flaps wsre provided in the forward and aft domes. The entirc
inner eurfacs of the cass insulation that was in contact with propellant was coated
witha 0.025 in. thickness of TL-H714.. liner to provide for propellant honding and
caee insulation aiz tailoff.

e. Propellant--The propsilant used in ths 156-3 motor wae desig 1tad TP-H1115,
and was a member of the polyhutadiene AP/Al famiiy of propellants. This propellant
contained 87 percent solide and incorporated extra fine ammonium perchlorate and
iron oxdde to produce the requlred hurn rate. The composition of the propellant is
ehown in Table XXI. The propellant was cast into a cylindricall} perforated grain
having a 6 in. slot near the nose of the nozzle. The core diameter was 54.2 in.

increasing to 77.25 in. in the aft end to provide for nozzle clearance.

f. Ignition Systam--The ignition system was compossd of four main subassemhlies:
(1) Safety and Arming (S & A) Device; (2) Initiating System; {3) Booster PYROGEN
Device; (4) Adapters, hooster igniter to motor and ignition systsm to motor. A des-
cription of each main subasssmhly is as follows:
1. The S & A device containsd two ES-003 electrical
equihe, which, upon initiation, start the ignition
train for the motor ignition sequsnce. In the safe
position, the squihs were slsctrically shorted end
mechanically isolated from the ignition train. Ths
dsvics also had a visual indicator, a mechanical lock-
pin, ssparats connactors for the control and firing
circuite, hsrmetic seals, and othsr eafsty fsatures
that minimize the poseibility of inadvsrtsnt firing.
2. The initiating eystem consieted of an adapter, pyro-
tschnic hooeter asssmhly, and an initiating PYROGEN
ignitsr. The initiating system adapter, mads of low
carbon steel, adapted the initiating PYROGEN igniter,
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pyrotechnic booster, and the S & A device inio one
integral assembly. This assembly was installed in
the me’ .r adapter and held in place with a beveled
retaining ring. The pyrotechnic booster provided

the ignition train between the S & A device and the
initiating PYROGEN igniter. It contained 30 gm of
2A boron-potassium nitrate peilets, and the container
was identical to the design used on the Stage I
Minuteman and AF 156-1 motors. The initiating
PYROGEN igniter ignited the booster PYROGEN
igniter. It was loaded with TP-H1016 propellant and
produced a mass discharge rate for booster igniter
ignition cf 3.5 lb/sec for approximately 0.3 second.
The case length was 11.5 inches.

The booster PYROGEN igniter assembly consisted of
a mild steel case, NBR external and internal insu-
lation, UF-2121 liner, and TP-H1016 propellant.

The grain was cast {n a 12 point star configuration.
The igniter was designed to operate at a pressure of
820 psia and provide a mass discharge rate of 156 lb/
sec for approximately 0.6 sec after which pressure and
mass flow drop off for a total burning time of approxi-
mately 1.1 seconds.

A booster igniter adapter facilitates installation of the

igniter loaded case assembly to the motor igniter adapter.

This adapter permits installation of the booster igniter
from the aft end of motor, down the propellant port, and
through the motor polar boss where it interfaces with the
motor ignition system adapter. ThLe booster igniter
adepter had ports that mate with the motor adapter and
were used to monitor igniter pressure and motor pres-

sure and for the carbon dioxide quench system.
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B. MOTOR HANDLING AND ASSEMBLY

1. MOTOR INSTALLATION IN TEST BAY

Motor installation in test bay T-24 followed the standard Thiokel procedure
briefly outlined below (Figure 132).

The moter centerline distance of 118 in, above the bay floor was established
from motor and test fixture drawings. A hole was drilled and tapped in the center
of the test block 118 in. above the floor. To this lone connection the thrust measur-
ing load cell was affixed and optically aligned perpendicular te the thrust block
face. Using the gantry crane, the thrust adapter was then attached tc the load
cell and optically aligned perpendicular to thrust block face. Suitable jacks were
placed under the thrust adapter to hold it in position and frec the gantry crane.

In order to minimize the time that the motor was exposed to ambient

temperature conditions, the above work was accomplished prior to motor arrival.

At a predetermined time the motor transporter arrived at the test bay
and was positioned under the gantry crane. The environmental control house was
moved back out of the way. Suitable lifting beams and cables wert » .arranged
to provide a 4 point lift with Liydrasets in each of the 4 legs., Thet . asets provided
a means of weighing the motor and harness as well as providing pitcl. and roll control
for alignment. With this lifting arrangement the motor was lifted off the transporter,
leveled to within 0, 100 in. in both lateral and longitudinal planes and hydraset load
readings taken. While hanging from the gantry crane 4 jack pads were installed
on the harness rings. Using suitable alignment pins and bushings the motor was
carefully attached to the thrust adapter. Care was taken not to disturb the thrust
adapter alignment. While being held in this totally aligned position, four jacks were
placed under the jack pads and adjusted to take the motor weight but not disturb
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Figure 132.

T L M.}".'Lu i

156-9 Motor Installed in the Test Bay
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the alignment. The gantry crane was then moved back out of {be way. and the

environmental conditioning house meved up to cever the motor.

The motor remained in this position (under environmental control) while

the following work, described in other paragraphs of this report, was accomplished.

1. Nozzle installation and checkout

2, Leak test '

3. . Quench system installation

4, Antiflight system installation
The house was moved back and the four straighbt line support brackets were
installed over the trunnions provided on the harness. The gantry crane was
used to lift these brackets: the brackets were leveled, shimmed underneath to
take the motor weight and then bolted and grouted in place, Using a mobile
crane, the side thrust reaction structure was positioned on the side thrust reaction
piers. Two side thrust trains, complete with load cells, were then positioned on
tbe side thrust reaction structure at a horizontal centerline of 118 in. and vertical
centerlines of 79. 90 in. forward and 417,07 aft. Vertical centerlines for the
forward and aft trains were established from drawings (in this instance the forward
was 79, 90 in. aft of the main thrust block face and the aft was 417.07 in. aft of
the main chrust hlock face). With the side thrust trains properly attached to the
motor harness ard -1 =~y aiigned t& the reaction structure, bolt holes were match
drilled in the rzacton structure. The thrust trains were then removed to provide
clearance for tbe environmental conditioning house which was again brought over
the motor assembly. When installed, the forward and aft side thrust load trains
prevent ine use of the environmental conditioning house, Therefore, the load trains

were finally instz2led on tbe day of the firing.
2. NOZZLE INSTALLATION AND CHECKOUT

Nozzle installation and checkout, including receiving inspection, were

performed in tesi bay T~24.
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The nozzle arrived via motor truck. It was securely atiached, aft end
down, to a large pallet which in turn was anchored to the truck bed. Protective
covering during transit was affordcd by a large box (4 walls and a top) attached
tc the pallet. After positioning the truck under the gantry crane the walls and top
were 1emoved as a unit. The nozzle and pallet wero ithen lifted as a unit and placed
on the apron by conventior .1 sling and eye holts attached to the fixed housing bolt
circle. While resting thus on the apron a nozzle plug (Figure 133} was installed

in the throat.

Breakover to the horizontal position was accomplished using the tooling
and procedures shown in Figure 136 Nozzle Handling Arrangement. The large
adapter brackets (P/N 20U26124-01) were needed to locate trunnions near the
nozzle cg and thus minimize hreakover loads. After breakover the nozzle was
placed in z trunnion stand and the breakover sling arrangement was replaced with
a three point handling sling. Hydrasets were used in the three point cable hookup
to provide the pitch and roi! control needed for nozzle alignment and mating to the
case, It should be nuted that during all nozzle handling and breakover the four
shipping links were left installed, These links rigidly held the fixed and movable

nozzle portions such that the flexible seal was always und2r compression.

The nozzle was dry fitted to the case in the following manner. Three
alignment pins were installed in the case at 0, 120, and 240 degrees. The O-ring
was lubricated and installed and the 168 attach bolts readied by applying Molycote
Lubricant to the threads. Four impression samples made from vacuum putty
were installed over the aft case insulation at 0, 90, 180, and 270 degrees. The
nozzle was then carefully brought to the casc, aligned by differential use of the
Hydrasets, and 24 of the 168 attach bolts were installed and torqued. One bolt

was tested in the remaining holes prior to removing the nozzle.

After removing the nozzle and again installing it in the trunnion stand the
impression samples were¢ measured. The amonnt of vacuum putty reguired to create

an effective seal between case and nozzle insulation was determined from the samples.
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This amount was then laid up in the aft case. Mating surfaces were cieaned, thc

O-ring reinstalied, and the nozzie installed as before. All bolts were torqued

and sealed.

(V) Nozzle checkout was nct accomplished until after the installation and checkout
of the TVC actuation system and the leak test had been completed. After leak test,

the 50 psig was retained in the motor. The previously checked out servoactnators

E i were connected to the movable portion of the nozzle by pinning the rod end to a

3 [ ]

} . clevis provided. The shipping links were then removed and the nozzie put through
1_ the entire duty cycle to be used during static test (Figure 126). All control and

data acquisition systemsused on this test were the same as the static test. The

5

installation and checkout of the nozzie was conducted as planned and no significant

problems were encountered.

3. LEAK TEST

s B

|

B
-

Uy A leak test of the motor case and nozzle was conducted prior to firing. The

motor was sealed by the installation of a plug in the nozzle. The igniter was installed

4
PP

prior to shipping the motor to the test bay and required only that the 002 quench system
ports be plugged.

{U) The nozzle plug (P/N 2U2604-01) was installed prior to nozzle breakover

(Figure 134). Thus the motor aft end wa s properly sealed. Appropriate pressure

transducers were placed in two blugs provided in the igniter cap.

oty R s oy TR s

{U) Nitrogen gas from a conventional bottle cart was bled into the motor until

L P A R A S

[ SR ]
be e d

the case pressure reached 47.5 psi which was within the 50 + 10 psi requirement.
While under oressure, the nozzle to case joint, the flexible seal, and the igniter to
ﬁ adapter to case joints were checked for leaks using a soap solution called "Leak-Tec. "

No leaks were found. Pressure was maintained to accommodate the actuation system

T
e
=—n]

and nozzle checkout. During the entire time under oressure (about 3 hr) only 0.5 psi

F ' E drop in pressure was noted,

) ﬂ 351
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4, QUENCE SYSTEM

A quench system was used to extinguish insulation burning and reduce the
heat flow to metal parts after motor tailoif. The system simply injected carbon
dioxide (002) into the motor case on cornmand of the Test Conductor. Thiokol

calculations showed that 2,030 1b of CO_ would be required to cool the nozzle to

ambient temperature and 1,950 1b of 0022 would be required to cool the case insulation.
Eight holes were drilled through the PYROGEN adapter and fitted with

1/8 in. stainlcss steel nipples 2-1/2 in. long. These nipples discharged the

002 directly inside thr PYROGEN case and were sized to act as orifices in the

system. Thus the vaporization cooling took place within the case making maximum

use of CO2 as a refrigerant. This design also eliminated the possibility of ice

plugging the ports. Sixteen 1/2 in. ball check valves (2 per port in series) were

attached to the eight pipe nipples to prevent the back flow of combustion gases.

These in turn were connected by 1/2 in, stainless steel tubing to 2 manifold made

from a series of 3/4 in. stainless steel pipe tees. The tees centered on a common

1in. solenoid operated poppet valve. This valve in turn was connected to a 1-1/2 in.

Jamesbury manual controlled ball valve which was fed by the main supply line from an

8,000 1b CO2 receiver. The CO2 receiver was placed adjacent to the test bay behind

hydraulic pump house bunker.

Prior to installation, the system was tested by discharging to the atmosphcre
for three minutes. No icing occurrad and the flow rate was measured at 400 1b
per minute. From this it was determined that the required 3,980 1h of 002 cculd

be ejected in about 10 minutes.
5. ANTIFLIGHT

The antiflight system was simply a system of hravy cables attached such as

to prevent the motor from moving up, side or rear any appreciable distance,
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The system shown in Figure 132 was comprised of eight 1/2 in. wire ropes }ooped
over the motor case. These were held off the motor by a channel iron tray. Four
1-1/2 in. cables, two on each side, were attached from the ait harness ring to the
test bay floor. All twelve cables were anchored to two large brackets which in turn
were lagged to the test bay floor by fourteen 1-1/2 in. bolts. In addition to the above,
lateral displacement was limited by two large fixtures placed under the forward and

ait hamess rings and securely lagged to the test bay floor.
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C., INSTRUMENTATION

The 156-9 motor was instrumented to measure and record all parameters
necessary to completely evaluatc the test objectives, Additional instrumentation

(strain gages) was installed to evaluate any possible unpredicted failure of the case.

There were 103 instrumentation channels as follows; 8 event, 6 force,

9 pressure, 49 strains, 30 thermocouple, and 1 flow monitor,

All instrumentation is listed in Table XXVIII with the appropriate coding.

The instrumentation is described in detail on Figure 135.

All instruments (except strain gages and thermocouples) used to obtain
physical measurements of system parameters were calibrated in accordance with

MIL-C-45662A,

Due to the nature of strain gages and thermocouples, no calibration was
performed. However, the following steps were taken to insure adequacy of recorded
data.

1. Strain gages were checked for continuity. An elec-
trical bridge calibration was performed within the
period of T minus one minute and T minus zero.

2. Thermocouples were checked for continuity. Elec-
trical bridge calibration was performed at the same

time as strain.

Four thermocouples, identificd as T215, T216, T217, and T218, located
on the steel behind the nozzle throat, were installed by Thiockol engineers at HITCO
just prior to nozzle assembly. Eight thermocouples were installed on the flexible
seal after qualification testing and prior to shipment to HITCO for installation in
the nozzle. All other instrumentation was installed by Thiokol personnel at the

Wasatch Division.
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TABLE XXVII

INSTRUMENTATION CODING SYSTEM

Required

Pickup Accuracy

Code Priority Expected Range (%) Remarks and Location

E601 R +20 vde +5.0 Pitch SV Amplifier Input

E602 R +20 vdc +5.0 Yaw SV Amplifier Input

£603 R +1 vdc +5.0 Pitch Inner Loop Position
Feedback

E604 R +5 vde +5.0 Pitch Outer Loop Position
Feedback

E605 R +1 vde +5.0 Yaw Inner Loop Position
Feedback

E606 R +5 vde +5.0 Yaw Outer Loop Position
Feedback

E607 R +6 vde +5.0 Pitch 8V Feedback Voltage

E608 B +6 vide +5.0 Yaw SV Feedback Voltage

Foo1 M 0 to 1,200,000 1b +3.0 Longitudinal Thrust

Fo02 R 0 to 1,200,000 1b 5.0 Longitudinal Thrust

F003 M +50,000 1b +5.0 rorward Lateral Thrust

F004 R +50,000 lb +5.0 Forward Lateral Thrust

F005 M +100, 000 1b +5.0 Aft Lateral Thrust

F006 R +100, 000 1b +5.0 Aft Lateral Thrust

P001 M 0 to 1,000 psia +0.5 Pressure Chamber

Poo2 R 0 to 1, 000 psia +0.5 Pressure Chamber

P03 M 0 to 2,000 psia +0,7 Pressure Ignifion

Po04 R 0 to 2, 000 psia +5.0 Pressure Ignition
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l TABLE XXVIII (Cont)
INSTRUMENTATION CODING SYSTEM
Required
Pickup Accuracy
Code Priority Expected Range (%) Remarks and Location
P201 M 0 to 3,000 psia +5.0 Pressure Hydraulic Supply
P202 R 0 to 3, 000 psia 5.0 Pressure Hyoraulic System
P203 R 0 to 1, 000 psia +5.0 Pressure Hydraulic Return
P204 M +3, 000 psid +5.0 Pressure Differential Pitch
Actuator
P205 M +3,000 psid +5.0 Pressure Differential Yaw
Actuator
S001 R 0 to 0.004 in. /in. +5.0 Strain Forward Dome at
40 deg
5002 R 0 to 0.004 in. /in. +5.0 Strain Forward Dome at
40 deg
S003 R 0 to 0.004 in. /in. +5.0 Strain Forward Dome at
{ 160 deg
S004 R 0 to 0.004 in. /in. +5.0 Strain Forwurd Dome at
160 deg
5005 R 0 to 0.004 in. /in. +5.0 Strain Forward Dome at
’ 280 deg
5006 R 0 to 0.004 in. /in. +5.0 Strain forward Dome at
280 deg
5007 R 0 to 0.004 in. /in. +5.0 Strain Case at 90 deg
5008 R 0 t0 0.004 in. /in. +5.0 Strain Case as 90 deg
{7 $009 R 0 to 0.004 in. /in. +5.0 Strain Case at 180 deg
: 5010 R 0 to 0.004 in. /in. +5.0 Strain Case at 180 deg
| S011 R 0 to 0.004 in. /in. +5.0 Strain Aft Dome at 0 deg
S012 R 0 to 0,004 in, /in, +5.0 Strain Aft Dome at 0 deg
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TABLE XXVIII (Cont)
r INSTRUMENTATION (?ODING EYSTEM
Required
Pickup Accuracy
Code Priority  Expected Range (%), ¥  Remarks and Location
5013 R 0 to 0.004 in. /in. +5.0 Strain Aft Dome at 60 deg
5014 R ! N Strain Aft Dome at 60 deg
5015 R Strain Aft Dome at 120 deg
5016 R Strain Aft Dome at 120 dog
S017 R Strain Aft Dome at 180 deg
5018 R Strain Aft Dome at 180 deg
5019 R Strain Aft Dome at 240 deg
5020 R Strain Aft Dome at 240 deg
5021 R Strain Aft Dome at 300 deg
3022 R Strain Aft Dome at 300 deg
5023 R Strain Aft Dome at 180 deg
S024 R | Strain Aft Dome at 180 deg
5025 R 0 to 0.004 in. /in. 15'.0 Strain Aft Dome at 180 deg
5201 R +0.004 in. /in, +5.0 Strain Nozzle Actuation
Bracket
8202 R +0.004 in. /in. +5.0 Strain Nozzie Actuation
Bracket
5203 R +0.004 in. /in. +5.0 Strain Nozzle Actuation
Bracket
5204 R +0.004 in. /in. +9.0 Strain Nozzle Actuation
Bracket
L §205 R +0.004 in. /in. " 45.0  Strain Nozzle Housing
I
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‘l TABLE XXVIII (Cont)
I INSTRUMENTATION CODING SYSTEM

- Required

4 I Pickup Accuracy

3 Code Priority = Expected Range (%) Remarks and Location
' ! 5206 R +0.004 in, /in, 45.0

[}

_.. $207

l $208 R

4 ' 209 R

8210 R Strain Nozzle Housing
I s211 R Strain Nozzle Actuation
1 Clevis

5212 R Strain Nozzle Actuation
l Clevis

$213 R Strain Nozzle Actuation
¥ l Bracket

. S214 R

: l 8215 R

g S216 R Strain Nozzle Actuation
fé I Bracket

E I 8217 R Strain Housing Exit

E‘. ' 5218 R Strain Housing Exit

i fé 8219 R Strain Housing Exit

: 8220 R

' ﬁ §221 R

. S222 R

i %’, §223 R i
1 S224 R +0.004 in. /in, +5.0  Strain Housing Exit

-

Rl
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TABLE XXVII (Co* ,
* INSTRUMENTATION CODING SYSTEM
Required

Pickup Accuracy

Code Priority Expected Range (%) Remarks and JLocation

T001 R 0 to 500°F +5.0 Temperature Forward Dome

To02 R ! 4 1

T003 R

T004 R Temperature Forward Deme

TO0S R Temperature Case

T006 R

T007 R

ToG8 R Temperature Case

T009 R Temperature Aft Dome

TO10 R

TO011 R

T012 R Temperature Aft Dome

T201 K Temperatur= Nozzle Housing

T202 R Temperatvre Nozzle Housing

T202 P Temperature Nozzle Forward
1 End Ring
L T204 R 4

T205 R l

' T206 R Temperature Nozzle Forward
End Ring

T297 R Temperature Nozzle Housing

T208 R T
‘F T209 R

L) v
* ‘ T210 R 0 o 50C°F +5.0 Temperature Nozzle Housing
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TABLE XXVIII (Cont)

INSTRUMENTATION CODING SYSTEM

Required
Pickup Accuracy
Code Priority Expected Range (%)
T211 R 0 to 500°F +95.0
] ]
T212 R
T213 R
T214 R
T215 R
T214 R
T217 R *
T218 R 0 to 500°F
- '
W601 R 0 to 200 GPM +5,0
361

Rewuiarks and Location

Temperature Nozzle Afi
End Ring

Temperature Nozzlc Aft
End Ring

Temperature Nozzle Housing

Temperature Nozzle Housing

Flowmeter Hydraulic System
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| - TEOHRIND PAGE MO FIRSD
T INTSTRUMENTATION (REF) INSTRUMENTATION (REF)
NS TNUMENT INSTRUMENT

COOE PARAMETER LOCATHIN LODE PARAME i£%
5001 STHAIN - RADIAL FWD CME w 46° (SEE OETAIL A} 11 TEMPERATURE AT
5002 STRAIN « CIRCUM FWO DOME & 40° (SEE DETAIL &Y 12 TEMPERATURE AFT
5003 STRAIN - RADIAL FWU DOME @ 170" (SEE DETAIL AY iE 1 TN AT ]
S004 STRAIN = CIRCUM FWO DOME @ 170" (SEE DETAIL &) Ta0» TCMPERATURE FLE
4005 STRAIN - RABIAL FWD DOME € 280" (SEE DETAIL A) 1204 TEMPERATURE FLE
5006 STRAIN « CIRCUM FWO DOME @ 260° (SEE JETAIL AY 1205 TEMPERATUNE FLE
5007 STRAIN = LONG, GASE @ 907 (SEE DETAIL E} 208 TEMPERATURE FLE
5008 STNAIN = ROOP GASE @ 90° (SEE DETAIL E) 1207 TEMPERATUNE nOZ
S009 STRAIN - LONG, CASE @ 180" (SEE OE TAIL E} T208 TEMPERATURE noz
5010 STRAIN - HOOP CASE @ 180° (SEE BETAIL © 1209 TEMPE RATURE nDZ
s01L STEAIN = RADIAL AF T OOME & 0° (SEF DETAILF) [F31] TEMPERATURE NOZ
50,2 STRAIN = CIRCUM AFT DOME & D° {SEE DETAIL FI T2 TEMPERATUNE FLE
sD13 STRAIN - RADIAL AFT OOME @ 60° (SEE OETAIL F) 1212 TEMPERA TURE FLE
SD14 STHRAIN + CINCUM AFT DOME @ 60° (SEE DETAIL F} T213 TEMPERATUNE FLE
sD1S STHAIN = RADIAL AFT OOME @ 120° (SEE DETAILF) T214 TEMPERATUNE FLE
S0l STRAIN - CIRCUM AFT DOME @ 120° (SEE DETAIL FY s TEMPERATURE .3
so1? STRAIN = RADIAL AFT OOME @ 180° (SEE DETAIL P} 1216 TEMPERATURE MOA
$018 STRAIN = CINC Ui AFT OOME @ 180° (SEE DETAIL £ 1217 TEMPERATURE MOV
5019 TRAIN - RADIAL AFT DOME @ 240° (SEE DETAILF) 1218 TEMPERATURE MOV
5020 STRAIN - CIRCUM AFT DOME @ 240" (SEE DETAIL ¥)
5071 STRAIN = RADIAL AF T DOME @ 300° (SEE OETAIL F)
5022 STRAIN = CIRCUM AFT DOME @ 300° (SEE DETAIL F)
5023 STRAI - RADIAL AFT DOME @ 180° (SEE DETAIL F)
sD24 STRAIN - CIRCOM AF T OOME @ 10¢° (SEE GETAIL F)
sD2s STARIN = TRANSVERSE AFT BOME @ 180° (SEE DETAIL F)
5201 STRAIN = LONG, NOZZLE & O° GSEE VIEW G-G)
5202 STRAIN « CIRCUM NOZZLEw C° (SEE VIEW G-G)
5202 STRAIN = LONE, NOZZLE @ O° (SEE VIEW (-0
5204 STRAIN = CIREUM NOZZLE@ Q° (SEE VIEW C-B)
5208 STRAIN - LONC. NOZZLE @ D° (SEE VIEW B-B)
5206 STRAIN - CIRCUM NDZLLE & 2° GSEE VIEW B-B)
5207 STRAIN - LONG, NGIZLE & 90° (SEE VIEW H-H)
5208 STRAIN = CIREUM NOZZLE @ 90° (SEE VIEW HeH)
5209 STRAIN = LONG. NOZZLE & 07 [SEE VIEW B-B)
5210 STAAIN = CIRGUM NOZLLE @ 0° GSEE VIEW B-R)
3zl STRAIN « RADIAL HOZZLE @ 0° (SEE VIEW L -C)
s212 STHAIN - LIRCUM NOZZLE @ 0° (SEE VIEW =G)
5213 STRAIN = LUNG. NO2ZLE & 0 ° (SEE VIEY B-2)
5214 STRAIN = CIRCUM NOZZLE#H O° (SEE VIEW B-B)
5215 STRAIN = LONE. NOZZLE & 0° (SEE VIEW A-B)
$216 STNAIN - CIRCUM NDZZLE ®0° (5EF VIEW B8
s217 STRAIN - LONG. NOZZLE @ 0° (SEE VIEW 0-0
5218 STRAIN ~ CIRCUM KOZZLE @1° (SEE VIEW 0-0)
5219 STRAIN = LONG, NOZZLE @0° (SEE VIEW 0-D)
5220 STRAI - CIRCUM NOZZLE @ 90° (SEE VIEW 01
s221 STRAIN - LONC. NOZZLE @ 0° (SEE VIEW 0-0)
s222 $iHAN - CIRCUW NOZZLE @ 0° (SEE VHEW D-B)
s223 STRAIN = 1 2%, NOZZLE @ 91° (SEE VIEW N+D)
S224 STRAIN = CIRCUM NOZZLE ® 90 .+EE YiEW 0-D)
T00L TEMPERATURE FWD DOME @ 0°
T002 TEMPERATURE FWD OoME @ 90°
T003 TEMPERA T URE FWD 0OME & 0°
e 1 EMPERA | URE FWD 0OME @ 90°
1005 TEMPERATURE CASER 0"
ToD4 TEMPERATRE CASE w9
Too? TEMP ERATURE casean’
T008 TEMPERATURE cASE@9D"
T0D9 TEMPERATURE AFT OOME® 0°
To10 TEMRERATURE AF T DOME @ 90°
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D. TEST RESULTS SUMMARY

T

1. GENERAL RESULTS

1)) The 156-9 motor was successfully static fired at Thiokol's Wasatch Division

on 26 May 1967. Motor perfcrmance was entirely satisfactory and the overall ob-

TP
S

jective of successfully static testing a one million pound thrust class 156 inch

g

diameter monolithic solid propellant rocket motor with an OFSMN thrust vector

control system was satisfied. The actuation system, nozzle and flexible seal,

.

e

and motor case and insulation were in excellent condition after the test, The

L&
K

extanded motor burn time did not cause significant degradation of components,

AT
==

(U) a. Results of Primary Objcctives--A successful demonstration of the performance

{ and functional capabilities of the submerged omniaxial flexible seal movable nezzle
) was achieved. The nozzle followed the programed duty cycle as evidenced in Fig-
.

' i ure 136.

}
il () Data that can be used for futurc nozzle designs were obtained, including the
- effective location of nozzle pivot point and nozzle actuation torque, Torques were
1 slightly less than predicted, but the nozzle pivot point did not vary.
3
ry L)) The successful demonstration maue it possible to accurately evaluate the
- performance of the nozzle barrier seal protcctive gap, cavity and projecting insu-
1 lation. All nozzle and aft case insulation materials were in excellent condition.
1

There was evidence of very minor heat and erosion exposure on the boot protecting

P

the flexible seal indicating exceptional performance of the barrier assembly.

-

L)) Good strain gage and thermocouple data allowed acc 'rate evaluation of noz-

oy

zle and plastic material performance during static firing conditions. Erosion and

char of nozzle plastic parts were as predicted. It was evident that the nozzle metal

e

parts received little, if any, heat and were not highly stressed.

“—
e
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Completc acquisition of data associated with nozzle actuation permitted a
detailed evaluation of the periormance of the nozzle actuation system. The system
performed exactly as predicied. The maximum nozzle vector angle of 3.66 deg was
approximately 10 pe  cent less thap the design criteria of 4 degrees. Hrwever. this
was predicted because the hydrauiic aciuators which were procured had a stroke of

7 in. instead of 7-1/2 in. required by the design.

b. Results of Secondary Objectives--The static test demonstrated 156 inch motor

performance as being quiie satisfactory. The motor ignited and produced good
pressure and thrust traces. “The motor burned longer than predicted, but this did

not adversely affect the test resuits.

Case insulation was in excellent condition after the firing. A thorough evalu-

ation of insulation design and material performance was achieved,

Large motor handling and assembly procedurcs were demonstrated effectively.
No difficulties werc encountered during motor transportation, off loading, installation
and alignment in bay, and installation of thrust adapters and measuring devices. Noz-
zle transportation, off loading, breakover, and installation on the motor also were

accomplished without incident,
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2. FLEXIBLE SEAL PERFORMANCE

a. Nozzle Actuation--The TVC actuation system perforinance was checked out and

evaluated in the yaw plane during flexibie seal component tcsts and in the pitch and
y&w plane both during the nozzle checks. Acceptable performance was thus verified

prior to insta.llation on the motor.

Actuation bracket assemblies, trunni:.n zzsembiies, actuator clevis brackets
and servoactuators were assembled as shown in Figure 32. The remainder of the
actuation system was installed in accordance with Figure 137. System flush.ng
and filtering was accomplished by first connecting the actuator supply and return
lines together. Next the accumulator was preasurized to 100 psig and the system
pressure ralsed and lowered around this point several times to completely flush the
accumulator. The entire system was then flushed for 8 hours. Supply and return
hoses were then individually wrapped with heat protective foil tape. Those on the
floor were covered with sand bags. Supply and system pressure transducers were
then installed and connected. Servocontrol clectronics were calibrated and connected,
The servoactuators (rod end disconnected) were operated through the duty cycle using

the program tape.

Performance of the TV actuation system was as expected throughout the
static test. This is evidenced Ly the command and position vs time traces of Fig-
ures 138 and 139.. Performance requiremeuts were met in all areas except for
the maximum thrust vector angie of 4 degrees. The maximum nozzle vector angle
obtained was 3.658 degrees. This was the direct result of two factors zcting in
combination.

1. The servoactuators were built with 2 7.0 in.
stroke inctead of 7,5 in, stroke,

2. The fixed housing actuator byrackets had a mucr.
higher than expected compliance. A tutai of approxi-
mately 0. 4 deg of otherwise usable stroke was
absorbed by bracket deflection.
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Pitch Servoamplifier Input Position Feedback

Figurc 139,
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1)} The maximum deflection obtainable under static conditions was 3. 72 deg
(measured with a clinometer in the pitch plane). Therefore, to allow the use of the
existing program tape, the programer gain was adjusted for full scale of 3. 72 instead
of 4.00 degrees. The program input for all events was correspondiigly lower than
planned by the same percentage; i.e., 1.86 and 0.93 deg instead of 2. 00 and 1.00 deg,
respectively. These amplitudes however, were sufficient to meet all side impulse

requirements based on the predicted ballistic performance,

) Expanded scale plots of command and position for sine, triangular, and square
wave inputs are presented in Figures 140, 141, and 142, respectively. The
0.5 cps sine wave shows an amplitude attenuation of less than 2 percent and a phase
lag of 7 deg (0.039 sec). The 1.25 cps triangular wave response of Figure 141 again
shows a time lag of about 0.04 second. The amplitude was attenuated 0.5 deg,
primarily due to rounding of the peaks, which is inherent to triangular wave programing.
The average velocity between plus and minus 3 deg is 16. 6 deg prr second. However,

the square wave response of Figure 142 demonstrates a maximum slew rate

exceeding 26 deg per second.

)} Figure 143 shows hydraulic system pressure vs time, as measured at the
pump and at the motor mounted manifold. Nominal supply pressure was approximately
3, 130 psi, dropping to about 2, 750 psi during the triangular wave high flow event.
Return pressure and hydraulic flow vs time are presented in Figure 144, Hydraulic
flow corresponded to known actuator displacement rates within the accuracy limita-

tions imposed by line surges.

() b. Actuation Torque--The 156-9 rocket motor nozzle actuation torque data are
presented in Figures 145 thru 152. Figures 145 and 146 show total torque vs

firing time in the yaw and pitch planes, respectively. Also shown on Figure 145
are peak torque values recorded during the dry run actuation. A summary of the

torques experienced during the various events of the static test duty cycle is shown
on Table XXIX,
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Figure 140, Yaw Servoamplifier Input and Quter Loop Position
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TIMF [SEC)

Figure 141, Yaw Servoamplifier Input and Outer Loop Position
Feedback, T +15.8 to 17.6 Seconds
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Yaw Actuator Differe s’

Figure 145,
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EVENT 20

EVENT 148
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Yaw Actuator Differential Torque, Events 18 and 20

Figure 149.
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EVENT 28
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Figure 150, Yaw Actuator Ditferential Torque, Event 28
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Figure 152, Pitch Attuator Differential Torque, Event 18

390




=1
1
i
1

CONFIDENTIAL

(THIS PAGE IS UNCLASSIFIED)

TABLE XXIX

TORQUE AT VARIOUS EVENTS OF DUTY CYCLE

; Event Maximum Torgue (in. -lb)
Yaw Actuation

+ 0,94 Deg Hold + 360,000

+ 1,85 Deg Hold + 720,000

L 1 3.2 Deg Triangle + 960, 000
- 1,200,000

+ 1.85 Deg Sine + 680,000

- 920,000

0.4 Deg Triangle + 60,000

- 320,000

+0.9 Deg Square + 350,000

i - 860,000
1 1.85 Deg Sine + 640,000

- 990,000

+3,6 Deg Sine +1, 370, 000

= 1,640, 000

1+ 1,85 Deg Hold + 690, 000

+ 0,95 Deg Hold + 230,000

+1.85 Deg Sine + 700, 000
- 1,040, 000
Pitch Actuation
+1.85 Deg Sine + 710,000
- 980, 000
+ 1,85 Deg Sine + 650,000
- 940,000
{
+1,85 Deg Sine + 680, 000
- 970,000
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This comparicon shows good agreement between dry run and firing torque
values indicating that the internal aerodynamic torque contribution is minor. The
aerodynamic torque predicted for the 156-9 nozzle was -138, 000 in. -lb/deg. This
component should be acting opposite to the hearing load thus reducing the total torque,
Aerodynamic torque normally reduces with firing time due to grain burnout such that
agreemert between firing and dry run data should ‘.nprove with firing time. This
was generally true; however, it appears that the aerodynamic torque component was
congiderably less than predicted. Comparison of the spring rate measured in Event 12
with that measured from pressurized bench testing at the same actuation rate shows
the firing spring rate to be 45,000 in. -1b less than for the bench test. This difference

is assumed to be the aerodynamic spring rate.

Loop plots (torque vs position) are presented in Figures 147 thru 152,
These plots are used to determine the various torque components. However, since
the acrodynamic torque and the seal torque vary linearly with nozzle position,
these components cannot be determined individually. Therefore, a combined spring
rate is presented. The spring rates for various actuation events are shown in
Table XXX. Values obtained from pressurized bench testing of the séal are also

presented for comparison purposes.

Loop piots from Events 10 and 14 are for a triangular wave actuation and do
not provide a typical loop pattern. Therefore, the spring rate listed for these events

is questionable.

An investigation of the dynamics of the nozzle during Event 10 revealed that
the inertial load produced by rapid deceleration of the nozzle near the fully extended
position was partially responsible for the rounding of the loop plots. A variation in

the shear modulus of the rubber shims could produce a nonlinear spring rate.

Strain rate testing of materials similar to that used in the 156-9 seal
indicated that shear modulus increases approximately 40 percent above the static
modulus for strain rate of approximately 200 in./in. /min, This strain rate is nearly
the same ag that experienced by the outer shims during the 4 deg triangular wave

actuation (Event 10). Also, the stress strain curve for most rubbers is nonlinear
392
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TABLE XXX
. L
h f SPRING RATES FOR VARIOUS ACTUATION EVENTS
l Maximum Spring Ratc
Vector Angle Bench Test Static Firing
Event {deg) (in. -lb/deg) (in. -1b/deg)
‘ 10 Yaw 4 - 420, 000
12 Yaw 2 465, 000 420, 000
14 Yaw 5 e 500, 000
16 Yaw 1 - 500, 000
}8 Yaw 2 - 450, 000
20 Yaw 4 400, 000 400, 000
28 Yaw 2 - 470, 000
' 8 Pitch 2 - 450, 000
12 Pitch 2 - 430, 000
i 18 Pitch 2 - 440, 000
|
i
I
P
|
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for large deflections. Therefore, a combination of these two phenomena as well a8
the high inertial loads on the nozzle are responsible for the abnormal shape associated
with the triangular wave loop plots.

Spring rates measured from loop plots for sinusoidal actuations vary from

40, 000 to 470,000 in. -1b. The predicted maximum spring rate was 389, 800 in, -ib.

Ofiset torque due primarily to unsymmetrical flow in the unvectored nozzle
varied from -120, 000 to -140, 000 in. -1b over most of the firing. At approximately
T + 53 sec the offset torque shifted to approximately -200, 000 in, -1b until T + 60

seconds. The offset then decreased gradually reaching zero at T + 73 seconds.

A nominal offset torque value of + 144, 000 in. -1b and a maximum value of

+171, 000 in, -1b were predicted.

The torque data from the 156-9 motor firing are of good quality and measured
data agree quite well with predicted values.

Actuation Events 12 and 18 provide actuation in both the pitch and yaw planes
simultaneously. Torque data from these events do not show evidence of one actuator
affecting the loading on the other actuator. It is therefore assumed that "'cross-talk"

between the pitch and yaw actuators is minimal on the 156-9 actuation system.

The net side forea is presented as a function of firing time in Figure 133. .
A maximum side force of 64, 900 1b was recorded Suring Event 20 at T +46. 488
seconds. This was a 4 deg, 1/2 cps sinugoidal actuation. The nozzle position at the
time of maximum side force was + 3. 649 degrees. Figure 154 is a plot of thrust
vector angle vs tiinc, The thrust vector angle at the time of maximum side force was

calculated to be approximstely 3. 75 degrees.

Thrust vector angle is plotted vs nozzle position in Figures 155 thru 158.
Theoretical curves are also shown in these figures. Comparison of the zero position
thrust vector angle with the theoretical value shows the thrust misatignmeni to vary
from 0.1 to 0. 35 degree. This was probably the result of a slight motor mlsalignment

on the thrust stand and/or nozzle to ¢ase misalignment,
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EVENT 28

THRUST VECTOR (DEG)
)

THEORETICAL
-2

-2 0 2
YAW POSITION (DEG)

15435-135

Figure 158, Thrust Vector Angle vs Nozzle Position, Event 28
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Reasonable agreement between thruet vector angle and nozzle pogition was

demonstrated throughout the firing.

c. Analysis of Flexible Seal Instrumentation--The only instrumentation located
directly on the flexible scal was eight thermocouples. These were placed on the
outside of the forward and aft end rings at 0, 90, 180, and 270 degrees. They were
installed as close to the rubber/shim laminate as possible (Figure 135). A detailed
review of the test data indicated that the temperature of the flexible seal remained

the same throughout the firing.

Other indirect instrumentation such as nozzle position and the delta pressure

across the actuator pistons was used to evaluate seal performance. All data

arquired indicated that the flexible seal performed as predicted,

d. Flexible Seal Postfire Condition--Postfire examination revealed that the flexible

seal was 1n like new condition. The RTV rubber coating on the moior chamber side
of thle seal revealed no discoloration. Most of the DC-4 grease between the protective
boot and the RTV rubber was not discolored indicating no flow and near ambient
temperatures in this region. The protective boot was intact and completely tlexible.
The small holes drilled through the boot to equalize pressure during firing {(and
through which the DC-4 grease was injected) were enlarged somewhat, These holes
were drilled with a conventional metal drill which did leave ragged edges. It is
believed the enlarged holes were simply these ragged edges being blowa into the
cavity between seal and boot prior to pressure equalization, There was no evidence

of continued gas flow through these holes,

A photograph of a cross section of the flexible seal is shown in Figure 159,
A detailed examination proved that the seal, after firing, would have becn entirely

satisfactory for reuse,
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3. NOZZLE PERFORMANCE

a. Plastic Parts Performance--All plastic components of the 156-9 nozzle peviormed
extremely well. The measured erosion rates were uniform, and eaual to or less than

predicted.

The postfired exit cone is shown in Figure 160. Carbon dioxide from the

quench system is seen flowing from the nozzle.

Figure 161 presents a postfired view of the nose, throat, and upper exit
cone, The boundaries between the nose, crossover ring, throat, upper exit liner
(brick-like appearance), and the lower exit liner are clecarly visible. The two
guadrants of the nose which were drilled and the two quadrants noi drilled are

apparent.

Figure 162 presents three views of the submerged portion of the nozzle.
This photo clearly shows that the gap between the fixed and movable sections of the
nozzle remained open. Aluminum oxide deposits formed on both the fixed and movable

surfaces near the gap, but the gap was not bridged or filled.

Close-ups of the nose cap are shown in Figures 163 and 164. The
four interfaces between the quadrants drilled with vent holes and those quadrants
not drilled are presented. It is evident that the holes were detrimental at the forwaro-
mout point of the nose in that gouges were produced by the forward two rows o1 holes,
Furthermors, there was no improvement in surface condition or erosion depth on
the remaining surface drillad with vent holes. It is therefore concluded that vent
holes are not advisable within two in. of the nose tip, or on surfaces with a ply
angle to the surface which is large, such as with the 156-9 nozzle. (The ply-to-
surface angle on the 156-9 was 32 degrees. Vent holes have been proven helpful
on the 156-7 nozzle and on the Thiokol TU-455. 02 and TU-465 nozzles where the

ply-to-surface angles were between 0 and 15 degrees).
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Figure 162. Nozzle Submerged Section
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Figure 163. Nose Cap, Drilled and Non-Drilled Surfaces
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Figure 164. Nose Cap, Drilled and Non-Drilled Surfaces
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The excellent condition of the post-fired crossover ring is demonstrated by
Figure 165. The riny, which is the transition of the ply orientation between the nose
seetion and the throat section, is still integral and structurally sound after loss of

over 50 percent of the original material through ablation,

The postfired condition of the movable surface of the gap between the fixed
and movable sections is shown in Figure 166. Some ply separation is visible on
the rosette surface, but this is confined to the char layer. The boot protcecting the
flexible seal is also shown to be in excellent condition. Dark spots can be seen on the
boot where small amounts of silicone grease from the cavity have melted and flowed
through the pressurization holes in the boot and seeped into the charred surfacc.
Virgin grease can be secn in the middle pkoto where the top of the boot has becn
cut away, The maximmum depth of heat penetration in this region was into this
greasc ncar the pressurization holes. The flexible seal itself and the RTV rubber

coating on the outside of the flexible seal received no increased heat during firing.

The fixcd surface of the gap is seen in Figure 167. Some deposits are
evident, but comparison of the torque during firing to dry run torque indicates

the surfaces did not contact each other.

Figure 168 presents a cross-secttoned piece of the reworked barrier
assembly which was discussed in Volume 1. It is seen that the rework was fully

successful,

Nose sections from the two quadrants with vent holes are compared toa
typical section from one of the other quadrants ir Figure 169. The added
erosion resulting from the gouges emanating frum the forward two rows of vent
holes is evident. Two different hole patterns, 3/4 in. und 1/2 in. spacing, were used.

No difference in either erosion or gouging was apparent between the two patterns.

The periectly uniform erosion of the throat is shown in Figure 170 in
which sections from 0, 90, 180, and 270 deg have bcen placed together with the
back surfaces aligned.
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Figure 165,

Crossover Ring
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Figure 166. Movable Surface of Gap
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Figure 167. Fixed Surface of Gap
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Figure 170, Comparison of Throat Erosion Sections
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The erosion, char, and maximum depth of heat penetration are shown photo-
graphically in Figures 171 thru 174 and diagrammatically in Figure 175 and Table XXXI.

The white areas on the outside nozzle surfaces represent the eroded material.

Thermocouples were instalied on hoth end rings of the flexible seal, on
the OD of the thrcat shell, and on the fixed housing shell near the case flange
(Figure 135). All thermocouples indicated that the temperature remained at
ambient throughout firing and the subsequent heat soak period, thus confirming the

integrity of plars tic components and the value of postfire quench.

b, Metal Parts Performance--All metal parts of the nozzle were intact and showed

no deterioration whatsoever, In fact, they were all reusable. Thermocouple data

indicated that all metal parts remained at ambient throughout the firing.

Deflection of the actuator brackets at the trunnion centerline was calculated
from strain gage data to be 0.070 inch, This compares to ¢.320 in. measured during
nozzle prefiring checkout. It was expected since prefiring caleculations indicated the
bulk of measured compliance to be due to deflection of the membrane area of the
nozzle fixed housing. This membrane stiffens considerably when the motor is
pressurized. The compliance analysis does point out that the inability to vector a
full 4 degrees was primarily caused by a short stroke actuator and not by deflections

in the metal structure.

Lata from strain gages located on the nozzle and the actuator attachment
brackets were reviewed and converted to stresses (Table XXXII in order to
check correlation between actual and predicted values as well as evaluate nozzle

structural performance.

The raw data indicated that Gages $213 and S214 had been reversed. A
check on the instrumentation hookup verified this fact and the figures presented in

Table X201 have been switched to their proper relationship.

Review of the data indicates that the predicted stresses in most areas were

above the actual stresses experienced during the firing, This, in part, was due to
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Figure 175. Erosion and Char Measurements (Sheet 1 of 2)
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Figure 175. Erosion and Char Measuiements (Sheet 2)
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H [i TABLE XXX
L
EROSION AND CHAR MH
l‘ Erosion Depth (in.) Erosion Rate (
- Expansion 0 80 180 270 0 90
r Station Ratio Material Average Deg Dey Deg Deg Average Deg Deg
i A 4,55 Silica Cloth Phenolic MX2646 0.160 0.15 0.15 0..f 0.18 2,078 1.95 1.95
{ B 3.84 Silica Cleth Phenolic MX2646 0.145 0.11 0.13 o0.12 o0.22 1.883 1.429 1.68
Cc 3.59 Silica Cloth Phenolic MX2646 0.090 0.09 0.12 0.0 0.10 1.169 1.169 1.55
[ D 3.34 Silica Cloth Phenolic MX2646 0.045 0.04 0.07 0.03 0.04 0.5845  0.5195 0.90
E 3.77 Silica Cioth Phenolic MX2646 0.285 0.27 0.30 0.3¢ 0.23 3.7 3.506 3, 89¢
t F 3.593 Silica Cloth Phenolic MX2646 0.390 0.36 0,36 0.38 0.46 5.06 4.675 4.674
G 3.18 Carbon Cloth Phenolic MXC175 0.025 0.03=— 0% ~=0.02 -~ 0.32465 0.3896 --
l G 3.18 Carbon Cloth Pbenolic MCX175 0,025 - 0.04~-noLES=(, 01 0.3247 == 0.51ﬁ
H 2,07 Carbon Cloth Pbenolic FM5055 0.795 0.68 - 0.9 - 10. 325 8.831 ==
| H' 2,07 Carbon Cloth Phenolic FM5055 0.99 = 0.90 o 1.08 12.857 == 11.684
- I 1.62 Carbon Cloth Phenolic FM5055 0.725 0.63 == 0.82 - 9.416 8.182 ==
[ I 1.€2 Carbon Clotb Phenolic FM5055 0.74 == 0.79 = 0.78 9.610 == 9.091
J 1.32 Graphite Cloth Phenolic 0.6975  0.60 0.68 0.76 0,75 9.059 7.79 8. 831
n FM5014 Roscette
l— K 0.892 Carbon Cloth Fhenolic MXC175 0.7525 0.68 0.73 0.8¢ 0.76 9.773 8.831 9.481
| L 1.006 Carbon Cloth Phenolic MXC175 0.585 0.55 0.58 0.62 0.5%8 7.539 7.143 7.537
E M 1,18 Carbon Cloth Phenolic MXC175 0.2715 0.28 0.28 0.28 0.27 3.604 3,636 3.63¢
r N 1.25 Carbon Cloth Phenolic FM5055 0.240 0.21 0.27 0.26 0.22 3.117 2.727 3.5607
% 0 2.21 Carbon Cloth Phenolic FM5055 0.09 0.10 9.11 0,07 0.08 1.169 1.299 1.42¢
r P 2.Mm Silica Cloth Phenolic MX2646 0,817 0.78 0.84 0.8 0.80 10.617 10.129 10.90%
;L Q 5.41 Silica Cloth Pbenolic MX2646 0,2326  0.23 0.22 0.25 0.23 $.019 2,985 2. 857
: R 8.15 Silica Cloth Phenolic MX2646 0.925 0.G8 0.09 0.08 0,12 1.201 1.039 1,169
- i Average Boot 1 Boot 2 Average Boot1
?‘ — S 3.15 V-45 Rubber 0.105 0.12 0.09 1.3535 1.558
% ¥ T 3.1¢ V-45 Rubbter 0.095 0.11 0.08 1.134 1,429
f U 3.06 V-45 Rubber 0.125 0.13 0.12 1,623 1.688
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TABLE XXXI

F

ION AND CHAR MEASUREMENTS

b Ercsion Rste (mil/sec) Char Depth (in.) Maximum Depth of Heat Penetration {in.)
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0 90 189 270 0 90 180 270 0 90 180 270
p  Dex Deg Deg D¢ Aversge Deg Deg Deg Deg Average Deg Do Deg Deg Comuents
1.95 1.95 2.078 2.34 0.320 ¢.30 ¢.35 0.32 0.31 0.58%0 0.56 0.60 0.60 0.60
1.429 1.688 1.558 2.857 0.2725 0.28 0.26 0.27 0.28 0.538 0.60 0.5¢ 050 0.53
1.189 1.558 0,649 1.288  0.1375 0.10 0.15 0.12 0.18 0.4875 0.50 0.55 0.50 0.40
; 0.5195 0.90%1  0.3896 0.51%5 0.0575 ¢.06 0.08 0.08 0.01 0.250 0.20 0.25 0.28 0,27
3.508 3,896 4,416 2,987 0.1626 0.15 0.14 0.18 0.18 0.2875 0.26 0.30 0.35 0.25
4.675 4.875 4.935 5,974 .12 0.10 0.10¢ 0.10 0©.18 0.2575 0.2¢ 0.28 0.25 0.30
5 0.38%6 == 0. 2597 == 0.63 0.58. - 0.68 -- 0,70 0.7 -- 0.7¢ --  No Holes
E == ¢.5135 == 0.129% 0,63 - 0.60 -- 0.66 0.725 - 0,70 -- 0,75 Holes
8.831 == 11.818 = 0.44 0.48 -- 040 -- 0.55 ¢.60 -- 0,50 --  No Holes
o= 11.688 == 14.026  (.435 - 03 -  0.48 0.47 --  0.49 -- 0.45 Holes
8,182 - 10.85 o ¢.35 ¢.38 --  0.32 ~-  0.425 ¢.40 -- 0,45 --
= 9.091 = 10.128  0.36 --  0.3% -- 0.33 0.60 - 060 -- 0.60
7.79 8.831 9.870 9.740 0.4675 0.50 0.47 0.48 (.42 0.50125 0.50 0.50 0.50 0.55
8.831 9.481 10.41 9.87 0.3475 0.3 0.29 0.33 0.38 0.475 0.6¢ 0.50 0.45 0.35
7.143 7.532 7.818 7.662  0.5350 0,58 (.48 0.53 0.55 .76 0.80 0.68 0.80 0.76 Throat
3.636 3.636 3.636 3.56v 0.6225 0.70 9.63 0.58 .58 0.B375 ¢.90 0.78 0.89 0.78
2,727 3.507 3.377 2.857 0..475 0.38 0.38 0.40 0.39 0.578 ¢.60 0.62 0.5%9 0.50
1.299 1.429 ¢. 905 1.039  0.4225 0.40 0.40 0.44 0.45 0 58 ¢.64 0,68 0.,5¢ 0.50
10.128  10.909 11.04 10.39 ¢.10 ¢.10 0.1¢ ¢©¢.10 0.1¢ ©.305 ¢.30 0,32 0,3¢ 0.30
2.985 2,857 3,247 2,985 1.325 ¢.12 0.13 ¢.15 0.13 0.35 .35 0.35 0.30 0.40 |
1.039 1.169 1.039 1.558  1.925 0.1% 0.20 0.20 0.18 0.42 0.40 0.46 0.40 0.42 |
3 Boot 1 Boot 2 Average Boot 1 Boot 2 Average Boot 1 Boot 2 Two Specimens
3 1.558 1.149 0.025 0.03 0.02
1.429 1.039 0.032¢ 0.02 0.045
1.688 1.5568 0.020 0.015 ¢.025




|

“ l TABLE XXXI
E l SUMMARY OF NOZZLE STRESSES
t.- f Stress (psi)
E v Predicted Actual
% Gage No, Long. Circumierential Long. Circumferential
: ! R —
f $201 and §202 63,295 N/P* 32,800 14,340
2
3 l $203 and S204 63,295 W/P 32,240 17,470
E’_ l S205 and S206 -46,628 76,599 -25,880 62.736
E [ $207 and S208 -46,628 78,599 -20,400 76,978
gé $209 and 5210 -46,628 78,598 -20,275 67,418
E I $211 and 5212 -1,731 -8,750 -1,319 -1.896
% [ S213and S214 -84,517 N/P 22 291 363
% S215 and S216 -84,517 N/P -23,110 -33
|
%— S217 and S218 N/P N/P 3,692 329
L I 219 and S220 N/P N/P 429 2,571
%; i S221 and S222 N/P N/P -742 1,127
Ei
iy $223 and S224 N/P N/P -99 2,970
iy
w *N/P = Not predicted,
™
3
[ -¥9
b ir
b & il
B
F !
[" 427
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the use of actuator stall load in the original analysis. Actuator stall load was

70,000 Ib while the maximum load experienced during firing was only 34,00 pounds.

{u) Strain data were reduced by the utilization of Hooke's Law,
. E (€, +4€,)
1-p®
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4. CASE PERFOBMANCE

The general performance of the case was as cxpected. There was no change
in physical appearance as a result of the static firing. Theirmocouple data show that
the case remained near ambient temperature throughout the firing and the soak period
that followed. This is attributed to the excellent insulation and quench sysicm per-
formance. Strain gage data indicaic extremely low stresses throughout the case

which leads tc an opinion that the case is rausable.

Case strain data were reviewed and converted to stresses to check the
correlation between actual and predicted values as well as assess the case perform-

ance. These data are shown in Table XXXIII.

It should be noted that the raw data indicated that gages S013 and 5014 were
reversed. A check on the instrumentation hookup has verified this fact so the fig-

ures presented in Table XXXIII are switched back to their proper relationship.

Heview of the reduced data indicated that the predicted stresses, in most
areas, were well above the actual stresses experienced dvring the firing. This,
in part, was due to the fact that predicted stresses were based on an MEOP of
830 psi which was predicted before actual propellant properties were known. The

actual case pressurc was 636 psi.

Strain gages 5011 thru S¢25 reflect stresses well below the predicted values
for the areas monitored. This variation was probably due to the location of the strain
gage. The area involved had a rapidly changing stress field due to the increased

cross-section as it blends into the aft attachment boss.

The predicted valucs for gages 8011 thru S025 did not include the stresses
caused by membrane bending inasmuch as the gages average the bending stresses

over the area of the gage and reflect a lower and more realistic value.
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Strain data was reduced by the uti'ization of Hocke's Law.
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5. INSULATION PERFORMANCE

The case insuiation performed as predictcd. In general. erosion in the aft
case insulation was less than expected. In fact, it matched the head end ioss fairiy
closely which wculd indicate that the head and aft end environments weie approxi-
mately the same. Loss rates are shown in Figure 176. The cage ingulation erosion
was measured by measuring the depth ot holes drilled tnrough the insuiation to the
case wall prior to loading of the motor. The depth measurements and iocation
were recorded and the holz filled. Following static test, holes were again drilled
in the approximate same location, their depths measured, and compared with the
urefire measurements. The TI-H7045 insulation increases in voiume somewhat
as it becomes heat affected. The loss rates measured in the aft case were those
agsociated with an average Mach number of approximately ©¢.025. The erosion on
the nozzle fixed housing near the case-nozzle joint was aiso ahout what would be
expected at the same flow conditions. Since the comparative perfermance of the
TI-HT704B insulation and the silica cloth phenolic on the fixed housing is consistent,

exceptional performance of the TI-H704B insuiation may be ruled out.

The loss rates shown in Figure 176 are not corrected for this volume
increase and are therefore somewhat less than actual. An additional inaccuracy
in these measurements is due to the irregularity of the insulation surface. This
irregularity is characteristic of a mastic insulation installed in a hand operation.
Because of this surface irreguiarity, any slight misalignment between the pre and

postfire mcssurements causes an error in the caiculation of the amount of materiai

lost.

Agsuming an arbitrary 30 percent increase in loss rates to compensate for
the above defined inaccuracies, the amount of material lost was srill generaiiy below

that predicted in the aft section of the motor and approximately as predicted on the

_forward dome. Thus the aft end environment was not as severe as predicted.
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Distance
from the 1D Actua] Predictod Ihslance trom ihe
of the 1gniter Txposure Prefire Postfire Material Loss LoO&S 1D of the Aft Exposur
Boss Insulation Tlme Thickness Thickness Lost Rate Rate Case Insulation Time
{station}  (in.) !see) {in.) (in.) {in.)__ (mil/secy  (mll/sec} (station)  {in.}) {sec)
1 2 30.3 1.02 * &3 * 1 4.0 74.2
2 6 80.8 0.77 G » * * 2 7.8 68.0
3 10 80.8 0,80 0.64 0.16 2.0 * 3 11,6 62.1
4 14 80,6 0.80 0.58 0.22 2.7 = 4 15.3 56.6
5 18 80.8 0.90 0.60 0.30 3.7 4.0 5 18.8 55.9
6 22 80.8 0.90 0.63 0.75 3.1 * 6 22,4 60.8
7 26 Flap 0.65 D.74 +0.10 L] * i 25.9 65.1
8 30 Flap 0,70 Flap * * EJ 8 29.5 70,2
] 34 Flap 0.60 Flap . * * 9 32.5 74.3
10 38 Flap 0.50 Flap &3 " . 10 31.6 70,5
11 42 51.9 0,50 Flap * L * 11 a2.1 56,4
12 46 46,9 0.53 bl " 4,0 12 56.1 48.6
13 50 41,7 0.52 0.39 0,13 3.1 = 13 60.1 43.5
14 54 37.2 0,50 0,41 0.09 2.4 = 14 G4,1 36.9
15 58 32,7 0,48 0.40 0,08 2.4 * 15 68.1 30.7
16 62 28.3 0,42 0.35 ¢.07 2.5 * 16 2.1 24.2
17 66 26.5 0.50 0.30 0.20 7.6 * 17 76.1 17.6
18 70 20.8 0.32 0,39 +0.07 L 7 18 80.1 11.2
19 T4 17.4 0,40 0.35 0.05 2,9 . 19 84.1 4,8
20 83.1 3,00
21 92.1 0.90
22 B6.1 0,00
23 100.1 0.90
24 104.1 0.00
1 25 108.1 0.00
*Neoi “Teasurable,
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6. BALLISTIC PERFORMANCE

A tabulation of the ballistic performance data obtained from the 156-9 static
test is presented in Table XXXIV. The actual and predicted pressure and thrust
traces for the 156-9 motor are presented in Figures 177 and 178, respectively.
Examination of Figure 177 indicates that the actual perforrrance of the 156-9
motor deviated significantly from that predicted. The pressure during the first
30 seconds of motor operation was considerably below that predicted. The tailoff
portion of motor operation was also considerably longer than predicted and obviously

indicates some deviation from the normal or predicted burnout pattern.

The in-process evaluation of the propeliant batches used in casting the 156-9
motor was based on uncured strand burning rates. The evaiuation led to a change
in the special fine ammonium perchlorate oxidizer distribution in the propellant
over a range of 4 percent during the casting sequence, A sketch of the motor grain
showing the location of the various grind ratios is presented in Figure 179. An
analysis of the standardization, verification, and production TU-131 (7 1b batch check
motor) data indicated a sensitivity of the burning rate of approximately 14 mils per
percent change in special fine ammonium perchlorate oxidizer. The changes made
in the oxidizer grind ratio during the casting of the 156-% motor, based on uncured
strand burning rates, therefore, lcd to a potential maximum variation in burning
rate between various batches within the motor of approximately 56 mils. The
burning rate deviations undoubtedly were a major contribution to the long tailoff
exhibitcd by the 156~9 motor static test. Propellant burning rate data obtained f..om
'TU-131 batch check mi0tors subsequent to cast and cure of the 156-9 indicated the
mean propellant burning rate was 0. 698 in. /sec at 700 psi compared to the target

burning rate of 0. 717 in. /sec.
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TARLE XXXTv

156-9 MOTOR PYRFORMANCE

Work Statement Prodicted
Welb Time Parameters Requiveme.;s _BLI°F
[ Burning Timu {acc) == 68, §
! Average Presaure (pain) == 854
i Maximum Preasurd (psis) - 687
MEOP (pnis) 885 , 753
Total Impulse, Utah Conditions {Ib~sec) o 66,1, K00
. Sea Tevel (1bl) 1,006,000 -
Average Thrust, 1 Conditionn {1b) = 913, 200
. Ses Level (1b6) 1 e . -
Meximum Thust.y, o, Conditions (ihf) - 1,049,700
Propeliant Purning Rete l"cbun. faecy — E 0,724
Burning Rete Scale Factor - 1,067
Propeliant Weight Expended (1hm} 05 reg 273,81
Maxinmm te Average Pressure Rstio ] 1.00
Action Time Perameters
Acticn Time {eec) 70 (maxy 0. 51
Avarage Presaure (pais) == 641
Sca, Leve] (Ibf-nec) 65, 000, 000 ‘ -
Total mpulee, 10k Conditinns (inf-nec) = 07,023,200
. Sea Leve! (1bD) - -
Average Thust. 11 1 Contitious (ib) 930, 500
Specific T h Ses Level (1bf~sec Vet - -
peciiic IMTEC: 1t Couditions (i sec Abing - 24% 0
Thrust Coeffizlent (¥ = 1. 18,0 = (. 997) - 1, 53104
Motor Coefflcient [C”) - 0.989
Reference Specific Impuise ! 1of-sec/Thm) - 249, 4
Propailunt ‘Veight Fxpended {ibm} — 277,921

PARAMETERS [ISED IN PERYORMANCL CALCULATIONS

Nozzle Parameters

Averrge Throat Ares (in. 2) - -
Avernge Theoat Diameter (in, ) - -
Average Exit Aren (in, 2) - ==
Average Exit Diameter (in.) == -
Initie! Throat Diamcter (in. ) - -
Av( rage Expannaion Rstie - -
ar /&1 (in, /eec) - ==
Eflecilve Hall Angle — -
Effective A - o
Gruin Peelyn Paramerc e
Grain Outaide DHameter (in, ) - -
Grain Inside Diameter (in. } - -
Mrasa-Beptinnal Loading Denstty (percent) o
Port Aros (in. 2) == —
F Tnitial Port/Throst ares ﬂlt{ﬂ(%) == -
Wb Thickn as (1.} — -
Web Fraction (percent) -_— —
#loth Width st Bore {In. } - wu
] Siat Angle ta Motor Cenlerline {deg) - e
}
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fi4, 2AT, 000

HIii, HOC
834,%00

964, 900
982,700

0. 644

b 00
470,793
1.14

80, %1
556

f1,714,000
65 116,000
TAu, 440
405,800

21,8
6.9

1.497
0.9%
247.8
214,833

7040
08,6
M5
7,89
0, 0U75
17.5

0, BTG4
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Due to the characteristics of the tailoff portion of the pressure time trace of the

156-9 motor, determination of the web burning time is very difficult using conventional
techniques. Figure 180 illustraies a plot of the depressurization rate as a function
of time (dp/dt) during the taileff portion of motor operation. Web time (77 sec) was
chosen as the first inflection point on the tailoff dp/dt curve. This figurc agrees
reasonably well with that which would be determined from the usual method of

tangents,

In addition to the propellant burning rate being below tzrget, there was no
apparent burning rate scaleup indicated from the batch check to the 156-9 motor.
The apparent lack of a burning rate scaleup may have been a ccatributor to the
deviation between predicted and measured performance. A 7 perceat scaleup factor
was used in predicting 156-9 motor performance. The normal scaleup (batch check
to large motor) in propellant burning rate experienced with large motors is of the
order of 5 to 7 percent. The absence of an apparent scaleup is unusual and may be
due to the rounded tailoff and the way in which web burning time was determined,
or it may be characteristic of the propellant.

The TP-H1115 propellant utilized in the 156-9 moter did contain iron oxide
and a large portion of special fine oxidizer in order to achieve the required propellant
burning rate. It is possible, that hizh burning rate propellant formulations of this
type will not exhibit a burnihg rate scaleup of the magnitude indicated by lower
burning rate propellants. It has been shown thal; fast burning propellants are less
sensitive to erosive burning than slow burning propellants.

Tbe delivered performance of the motor was considerably lower than
that predicted primarily because of the lower motor operating pressure, The
specific impulse data indicated for the motor are based on calculated propellant

weights, Past experience has indicated that theoretically predicted propellant
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weights are accurate within a range of +0. 4 percent. The delivered specific impulse
of the motor ceirected to reference conditions was 247.8 Ib-sec/lbm which compared

reasonably well to the predicted value of 249, 4 Ib-sec/lbm.

A requirement for the test of the 156~-9 motor was the development of side
impulse equal to 1. 1 percent of axial impulse. Analysis of actual performance
data indicated that side impulse was equal to 1. 06 percent of axial impulse. Failure
to achieve the target side impulse of 1. 1 percent was due to the lnw operating conditions
(pressure and thrust) wich the thrust vector duty cycle programed for the predicted
higher thrust and shorter duration performance. A significant portion of the axial

motor impulse was delivered after completion of the TVC duty cvcle.
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7. IGNITION SYSTEM PERFORMANCE

= (%)} The ignition system salisfactorily ignited the 156-9 motor and ail componeits

pcriormed as predicted. The motor pressure vs time trace and the igniter pressure

r vs time traces are shown ir Figure 181, for comparison with the predicted traces.
The igniter performancc in general was almost identical to the bench test igniter

} i performance (Tabie XXXV} except that igniter ignition dclay was approximately

14 miliiseconds iess.

(U) a. Motor Igniiion Transient--The motor pressure vs time trace during ignition

i transient, rate of rize, and ignition delay were within the predicted va riabie toler- I
ance that can be expected for an R & D motor of this nature. The maximum pressure
during ignition was lower than predicted hecause of the lower burn rate ctaracteristic

of the propeilant.

(U) b, Ignition System Post-Test Anaiysis--The ignition system post-test analysis

shows no areas of malfunction or deviation from normal (Figure 182). Ail of

the hardware, O-ring seals, and insulation were in good condition.

t (W The insuiation thickness was sized for the 156-8 motor (the 156-9 and the
156-8 igniter having identicai ioaded case assemblies), since it had the longer action
time (120 seconds). To facilitate measuring and cvaiuation of the internal and ex-

l ternai insulation, the igniter case was cut iongitudinaiiy (Figure 183) in four equal
parts. The measurements taken will provide data for future motor head end and

igniter insulaticn design.

[1 S (1) Extcrnal Insulation Measurement--The igniter case external insulation
' thickness, virgin materiai, was measured in the areas having the 1naximum erosion

{minimum insulation remaining). The minimum thkickness (0.485 in.) occurred

]

29 in. from the flange face of the igniter case (Figure 184). The average thick- |

" - e

i' ness measur2ment between the 19.5 in, station and the 27 in. station was 0.6 iuch.
The external insulation remained bonded to the case in ali areas exposed for
[: examination,
r 443
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TABLE XXXV

! IGNITER PERFORMANCE

Characteristics Predicted* 156-9 Motor Test

Mass Flow Rate, First Level 0.56 sec

(lb/sec) 170 170
Burning Time, 10 percent Pmax to
10 percent pmax (sec) 0.95 0.95
f Maximum Operating Pressure (psia) 1,005 985 4
Average Operating Pressure, First
Level (psia) 840 840
N Averaje Operating Pressure, Second
] f Level (psia) 529 --
i,
Ignition Delay, 10 percent Pma.x for
I Booster PYROGEN (sec) 0.040 0.026
Ignition Interval Booster PYROGEN
j T to 90 percent P {sec) 0.069 0.044
o max
[ 156-9 Ignition Delay Time T0 to
5 75 percent Pmax {sec) 0.39 0.40
l’ 156-9 Maximum Motor Pressure at
] Ignition (psia) 717 456
4 { 156-9 Igniter Coefficient (lb/sec/sq in.) 0.182 0.182

*Based ca bench test data.
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Figure 182. Postfired Ignition System
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(2) Iniernal Insulation Post-Test Analysis--The internal insulation con-
sisted of (.20 in, ol NBR layup, vulcanized in place and 0.10 in. of UF-2121 liner.
Approximately 0.150 in, of NBR rubber remained after test ard the 0,1 in. of
UF-212] liner was charred through or croded away. A small section, adjacent to
thc 0.485 in. external insulation measurement, was separated from thc case (Fig-
ure 184). This was o/ no consequence as the insulation remained in an integral

section, previding thermal protection for the case material.
8. MOTOR QUENCH

The motor quench system was remotely activated immediately after tailoff.
At T + 5 minutes, the case and external nozzle shell were at rnzar ambicnt tempera-
ture. Cold gases were visibly escaping from the nozzle {Figure 185) and the
temperature of the case and external nozzle shell was not increasing. At T + 20

minutes, after 5,000 1b of CO_ had been discharged, the quench system was shut

2
down for an average rate of about 250 1b per minute. This rate was 150 1b per
minute lower than during the test because of a back pressure within the PYROGEN
case and the lower flow rate associated with decreasing receiver pressure as the

receiver discharges.

The motor Juench system performed its function of keeping metal parts
coci and extinguishing insulation burning. More 002 was used than calculations
warranted but operation of the system verified that the calculated amount would

have been adeouate.
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9. INSTRUMENTATION PERFORMANCE

In general, the performance of the instrumentation and data acquisition sys-
tem was extremely good. Of the 104 instrument channcls, 100 checked out satis-
factorily just prior to static test. One chamber pressure channel (P002) was lost
due to an internally plugged port. This mcasurement was redundunt to P001 and
not mandatory. Threc of the 30 thermocouples installcd were open at the time of
firing. These three (T203, T204. and T205) were located on the forward end
ring of the flexible seal. Their loss is attributed to the handling associated with
shipping and installing the seal after thermocouples had been installed, The lost
thermocouples were not mandatory. The remaining onz thermocouple provided

adequate indication of the end ring temperature which did not go above ambicnt.

During the static test firing all of the 100 remaining instrumentation channels

performed perfectly and data were vbtained from each channel.
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SECTION XIII

CONCLUSIONS AND RECOMMENDATIONS

Sawd  buesd e ey Jun Emg DURE

A. CONCLUSIONS

]

4 (U) A flexible seal, to bc used lor omniaxial thrust vector control (TVC) on

I large solid propcllant rocket motors, has becn demonstrated to be within the in-

& dustry statc-of-the-art. The 156-9 flexible seal performed perfectly. Demon-

;" strated torques arc reasonable with respect to actuation system powel requirements,

- although at prcsent, facility power scurccs are used for nozzlc actuation, Torque

: can be reduced by simoly changing the rubber modulus and accepting a lower (but
more rcalistic for missile systcms) factor of safety. This program demonstrated
that flexillle seals arc dependable, simpler than any other type of TVC device, and

7 can be manufactured at low cost.

(1} For all practical purposes, the 156-9 flexible seal was subjected to no com-

‘ ._
P e Tt

bustion heat or erosion; thc seal was designed so it could have withstood a considerable
i amount of both. The splitline gap apparently was smaller than required. but can be
increased. Increasing this gap would allow nozzle and flexible seal manufacturing

tolerances to be relaxed considerably, resulting in significant cost savings. Further-

==h ==

more, the barricr may not be needed. Thc flexible seul can perhaps be exposed to

the aft case environment with only a rubber boot for protection, obviating the need

-

for some expcnsive machined plastics. Elimination of these plastics would provide

both weight and cost savings.

*
-

1]
-
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Nozzle metzl parts were designed conservatively, as evidenced by the low
stresses recorded, Nozzle plastic parts also were designed conservatively, as
evidenced by the erosion profiles. This conservative approiach was the result of a
deliberate attempt to insure durability in a one motor program. Nozzle weight and

cost can be reduced significantly for any multi-unit program.

The vent holes in the nozzle nose cap did not improve performance and are,

tberefore, not warranted in this particular area.

The nozzle vector angle obtained during firing was 3.658 deg, rather thean
4.00 degrees. The smaller angle is attributed to the TVC actuation system rather
than the flexible seal. Tbe actuators procured had a 7.0 ratber than 7.5 in. stroke.
Previous bench testing on the flexible seal has proven the seals capable of vectoring

a full 4.00 deg wben pressurized to MEQP.

The motor design was conservative as evidenced by the amount of insulation
remaining in the case after firing. This conservatism was deliberate to insure
motor durability wbere orly cne firing was scheduled. Motor mass fraction can be

increased readily.

The motor operated at a lower than expected chamber pressure and a longer
than expected burn time. Thus, the nozzie and flexible seal were exposed to a
sligbtly iess than expected pressure and gas flow environment for a considerably
longer than expected time. The total environment was more severe with respect

to nozzle and flexible seal ernsion and thermal environment.

B. RECOMMENDATIONS

Tbe overall test results from the 156-9 motor demonstration were exceiient;
however, the following recommendations are made to improve the design and per-

formance for system application.

4
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{U) A design study is warranted to refine the design paramcters and techniques
applicable to flexible seal technology. The feasibility of flcxlblc scal TVC has been
well demonstrated by this program; however, available data on optimum design for
various size motors are in conflict, Scalcup data are required in the form ol design
curves, and a computer program is required for optimizing shim thickness for
large seals. Also, various elastomers and different materials for the shims should
be investigated. The only material used to date for shims has becn steel. The

poseibility of fiberglass or aluminum for weight and cost savings should be con-
sidered.

(10)] To complement the flexible seal TVC for system application, a program tou
develop a high horsepower, flightweight, TVC actuation system should be initiuted,
Torque requirements for flexible seal systems are relatively high. Although they
can be reduced significantly by using different elastomeric materials, the require-

ments still exceed the capability of demonstrated flightweight power systems for

s Bl e B e R e R == B B = D = - D .. B, mi

large motors with severe duty cycie requirements.
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