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1.0 INTRODUCTION

This report describes a ﬁTC study of SRM booster stages which was con-
ducted to furnish NASA with the ddtd necessary to make decisions regarding the
booster for the Space Shuttle Program. The study program was a limited-response
effort in consideration of study priorities, capabilities as a function of
schedule, and definitions of performance and configuration requirements of the
various vehicle/booster cohéepts. ThHe study program wds conducted in accord-
ance with the requiremetits of NASA/MSFC KFP DCN 1-2-21-00156 and as defined
by Contract No, NAS8-28431 and subséquent NASA/MSFC direction.

The study was divided into maniageable tasks corresponding to the study
program objectives in order ;to define an SRM design; development,bproduction;
and launch support programs; and creditable, understaridable costs of chosen
booster‘baseline definitions., As désign ﬁariables affecting the baseline SRM
were identified by phase B contractors; configuration impact upon nonrecurring
and recurring costs wereé assesééd. Stiidy effort was applied to a definition
of recovery and reuse of SRM component§ to provide comparative data. The mile-
stone schedule established for the cdnducf.df the task elements of this study

‘is presented in figure 1-1.

1.1 STUDY OBJECTIVES AND APPROACH
Program objectives were to be met by satisfying the following study

objectives:

A. Deéfine SRM designs which satisfy the performance and configuration
requirements of thé various vehicle/bodster concepts.

B. Define the develcpiiént, ptodiictich; and lautich support programs which
are requited to providé thésé stages at rates of 60; 40, 20, and 10
launches pér yéar ifi 4 mdfi-rated systeri.

C. Acquire ffom the vehiclé éortfactors thé interface data nécessary to
definé those desigh-coﬁéfdiliﬁg featutes of the SRM systéms. Parti-

cular attention should be given to structural load paths and conditions,

1-1
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normal separation, abort (including thrust neutralization, if required),

flight dynamics, acoustics, and TVC.

Define areas of significant concern or uncertainty which must be satis-
factorily removed to allow use of the particular concept. Such defini-

tion should inc¢lude propoSed means to reduce the uncertainty.

Estimate costs, including assuniptions for basis, for the defined SRM.
Such costs are to identify all hardware systems; design, development,
and test efforts; production efforts; launch support facilities;
transportation; ground support equipment; and handling equipment.

Separate sections are to address the recoverability process.

To fulfill the objectives stated above, consider the baseline booster
configurations Qf all the Phase B study contractors, Also, establish
a working relationship with the Phase B contractors and provide data
to them as necessary to identify and resolve vehicle problems which

mutually influence vehicle and SRM designs and use,

1.2 STUDY GROUND RULES

The study was designed to provide the hardware and program definition

‘necessary to identify and substantiate the estimated cost of providing SRM

booster stages for the space shuttle system. Applicable ground rules and

definitions used for the study were:

1.2.1 Cost Estimating

A.

B.

All costs are to be stated in constant calendar year 1970 dollars

All costs are to include, as applicable, the following elements

(fee not included):
1. Direct labor

2., Indirect labor
3. Maferial

4, éubcontract

5. G&A and miscellaneous

1-3



C. SRM program cost estimates are to be prepared and reported in the

format presented in table 1 of appendix A.

D. SRM program time-phased funding requirements are to be prepared and

reported in the format presented in table 2 of appendix A.

E. Production and operations costs per launch rate are to be broken
down to level five of the WBS, recurring only, without amortization

of nonrecurring costs

F. Total program costs, using the launch rate models, are to be reported
in the format provided in the statement of work under the following

conditions:
1. Basic

a, SRM
b, Stage

2. Basic plus TVC
a. SRM.
b. Stage

3. Basic plus thrust termination
a. SRM
b, Stage

G. Actual costs of previous or current SRM development and/or production
programs are to be utilized to- the fullest extent.
1.2.2, General Ground Rules »
Mission models used for the study as a basis for cost estimates are listed.

in table 1-1I.

SRM program cost proposals will be divided into three major categories,

as follows:

A. Design, Development, Test, and Evaluation
Design, development, test, and evaluation will consist of all costs

incurred for the design, fabrication, ground test, and flight test of

1-4
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orbiters 1 and 2 and boosters 1 and 2. Design, development, test, and
evaiuation will include the total cost of the dynamic tests and the verti-
cal flight designated as test or development flight. These costs include
all fooling,'and special test equipment, ground support equipment, spares,
and other efforts required leading up to and supporting the test flight. '
Design, development, test, and evaluation will also include the cost of
the first five manned orbital flights including support for receiving,

aséembly,-checkout, spares, operations support, etc.

B. Producfion

Production is defined as the cost associated with producing additional
flight boosters and modification aﬁd/or'updating of the flight test hard-
.ware required for operation through acceptance of the hardware by the
Government. These costs include (1) the fabrication, modification, up-
’dafing, assembly, and checkout of flight hardware, (2) ground test and -
factory checkout of flight hardware, (3) initial operational spafes
required for manufacturing, and (4) maintenance of tooling and special

test equipment,

C. Operations

Operations is defined as the cost associated with the following activities:

1. Flight support: replacement spares to support operational airborne
hardware, sustaining engineering to support the production of
spares and hardware modifications, and maintenance of GSE and

spares for GSE,

2. Launch operations: the costs for receiving the flight hardware,
assembly of the vehicle, checkout, prelaunch test and checkoﬁt,

servicing, launching, and refurbishing of the launch site facilities.

3. Mission operations: cost of supporting mission control, .mission
planning, flight crew training, and simulation aids required for

crew training (not to include the cost of these identified elsewhere).

The baseline schedule of SRM booster stage need dates is presented in

table 1-1I.
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TABLE 1-II

PARALLEL BURN SRM NEED DATES BASED ON BOOSTER
ATP OF 7/1/72

Motor Needs : Baseline
First set of dummy motors 3-1-76
Second set of dummy motors 7-1-76
Unmanned vertical flight 3-1-77
First manned orbiter flight S 9-1-77
Second manned orbiter flight 11-1-77
Third manned orbiter flight 1-1-78
Fourth manned orbiter flight 3-1-78
Fifth manned orbiter flight 5-1-78
Sixth manned orbiter flight ) _ 7-1-78
Scheduled first manned orbiter flight 3-1-78

Note:

1. Flight motors required on dock 6 months prior to launch.

2. Dummy motors and dynamic test vehicle required 3 months prior to
first test. .



2.0 SOLID ROCKET MOTOR SYSTEM DEFINITION

.2.1 VEHICLE REQUIREMENT

System requirements for SRM space‘shutfle boosters have been defined by
the various Phase B orbiter contractor teams. UTC began its current SRM study
by requesting basic vehicle data from these contractor teams. Booster sizes
then were selected to carry out the point design and booster cost analysis.
Technical integration activities were continued with the Phase B contractors
to obtain more detailed SRM booster requirements, supply technical data to the
contractors, complete the SRM booster-orbiter interface definition, and main-

tain liaison with the contractors.

'Studyrrequirements stipulated that UTC would study solid rocket booster
concepts based on the vehicle configurations and requirements determined by
the -Phase B contractors and would support these contractors with solid rocket
booster design and cost information. To acquire these booster concepts and
the necessary information to design the SRMs and associated booster/stage hard-
ware, UTC established management and technical liaison with the following

Phase B contractors:

‘Grumman Aerospace Corp.
Martin-Marietta Corp.

Boeing Co.

McDonnell Douglas Corp.
General Dynamics/Convair Corp.
North American Rockwell

LMSC

I B <> B~ T B -

The original UTC booster requirements request was based on the items of
table 2-I; contractor response to this request was varied. Sufficient data
were obtained to establish the basic sizing of the SRM boosters for the par-
allel and series burn mode. Most data received were based on the 15- by 60-ft
payload bay orbiter. Accordingly, the UTC study was oriented to definition of
cost and design data for this vehicle., Data were‘obtaihed from a single con-

tractor to define booster sizing requirements fog the 14- by 45-ft payload bay
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TABLE 2-1

SRM BOOSTER DATA REQUIREMENTS

‘Booster Configﬁration (Series or Parallel)
Number and diameter of SRMs
Booster liftoff weight
Booster propellant weight
Booster thrust
Booster duration
TVC requirement — deflection capability, slew rate
Thrust termination requirement
Staging conditions
SRM Design Data
Maximum expected operating pressure
Nozzle throat size’
Nozzle expansion ratio
Nozzle cant angle
Thrust-time characteristics
Maximum length constraint
Structural Data
Orbiter-drop tank liftoff weight
Orbiter thrust (sea level and vacuum)
Preferred cluster arrangement and orbiter orientation
Orbiter tank diameter
Length between attach points (parallel burn)
Preferred thrust load application (forward or aft)
Series burn interface data
Interface diameter
‘Tank dome intrusion below interface plane
Development Requirements |
Number of static tests
Inert motors to be delivered
Inert stages to be delivered’
Operational Requirements
Number of development flights

Operational flight mission model
2-2



orbiter. A brief discussion will be made on application of the baseline con--

figurations to this size vehicle.

The: SRM: booster stage étﬁdies were directed: toward definiﬁg the. basic.
series. burn and parallel burn boosters for both the 120- and: 156-in.-diameter
SRMs. Cost data and design definition of the: SRM boosters: were directed toward
totalAstagescosts,valthough the basic. SRM data. were: pursued as necessary to
fulfill NASA cost requirements and to highlight. apparent cost discrepancies
between UTC large. motor experience and cost projections: by orbiter/booster
contractor teams. The cost and program definition tasks were extended to
reflect: the: requirements of the four NASA mission models. A listing of the

study variables is made in figure 2-1.

A1l basic vehicle characteristics were amplified by:the,PhasevB_éontractor
teams: to. present a broad array of SRM stage requirements. UTC‘electéd.to,define

its own: typical baseline boosters to reflect these contractor requirements.

The UIC. baseline design uses the: TECHROLL® seal movable nozzle. on the
basis. of a 10% cost reduction compared to use. of a liquid injectionm system: and
a reduction in actuation torque requirements and movement of the nozzle seal
pivot’ point compared to the flex-seal. On the basis of prior acceptance and
qualification, thrust termination devices have been: included for use in. abort
systems on manned. flight programs. Forward thrust loading has been. selected
because of orbiter contractor preference and a relatively small weight and

cost penalty within the SRM stage.

2.2  BASELINE VEHICLE DESCRIPTIONS
2.2.1 15- by 60-ft Payload Bay Orbiter

Basic sizing ahdrconfiguration’of the UTC selected baseline SRM shuttle
boosters are presented in figure 2-2. One configuration of the series and
parallel burn boosters has been identified for the 120--and‘156-ih{;diameterV

SRMs. Characteristics of the various boosters -are listed in:table 2-IT.
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The series cbnfiguration of three 156-in,-diameter SRMs (S3-156) is
portrayed in more detail in figure 2-3. Three 156-in.-diameter SRMs of
1.08 million pounds of propellant are grouped triangularly in a tank-end load
configuration. Thfee identical SRM assemblies plus an interstage assembly, or
HO tank adapter, make up the booster. Vehicle prelaunch support is provided

by four ground support fittings at the base of each SRM.

. The series configurafion of six 120-in.-diameter SRMs (S6-120)_is illus-
trated in figure 2-4, The six UA 1207 motors of 592,000 1b of propellant are
arfanged in a rectangular 2- by 3-ft tank-end load configuration. The booster
consists of six identical SRM assemblies plus an interstage assembly, as in the
156-in,-diameter case. Thrust termination is provided at the forward end of
each SRM with two ports arranged 90° aﬁart on each motor. The physicél arrange-
ment of the SRMs and thrust termination ports has been selected to provide the

maximum miss distance of thrust termination debris to the orbiter.

The parallel configufation of two 156-in.-diameter SRMs (P2-156) is por-
trayed in figure 2-5. Each of the two SRMs.contains 1,250,900 1b of propellant.
Tﬁo identical SRM assemblies are strapped onto opposing sides of the orbiter
HO tank. Precise location of the SRMs is not critical to SRM design, and the
preferred location may be_selected'on the basis of vehicle dynamics. SRM thrust
‘transmission to the HO tank and ofbiter-HO tank ground support is provided by
a structural skirt at the forward end of the SRM. - Total vehicle ground gupport
is.provided by structural skirts at the aft ena of the SRMs. Two thrust termina-
tion ports at the forward -end of each SRM are located to provide a maximum miss
distance to the HO tank and orbiter, while providing a laterally balanced thrust

to allow abort orbit SRM'ejeétion.

The 120-in.-diameter SRM parallel burn booster is portrayed in figufe 2-6,
The configuration of the four identical UA 1207 SRMs is similar to that of the
156-in.-diameter motors. Use of the four SRMs establishes a broader ground
support base to react prelaunch wind and engine start transient overturning

loads,

2-7
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2.2.2 14- by 45-ft Payload Bay Orbiter

Vehicle sizing data were obtained to allow basic definition of candidate
boosters for the 14- by 45-ft payioad bay orbiter. Table 2-III provides the
basic vehicle data and indicates how the 15- by 60-ft payload booster configu-
rations can be ﬁséd to défiﬁe a 14- by 45-ft payload booster. Design definition
and cost data were not specifically prepared for these configurations. However,

_the basic 15- by 60-ft payload booster data can be applied to these boosters.

The $S25156 series burn booster with two'156-in.-diameter SRMs is-identical
for design and cost purposes to the P2-156 15- by 60-ft payload booster., The
SRMs are attached to the HO tank in a- parallel fashion, but tﬁe engines areA
designed to operate in a series burn mode. The precise throat size and propel-
lant burnihg rate will be varied from the P2-156 to meet the 32-156 thrust.

requirements.

The S4-120 series burn configuration utilizes four identical UA 1208 SRMs
with an intertank structure similar to that of the S6-120 bogster. This UA 1208
is similar to the S6-120 UA 1207 but differs because of an additional segmenf,
a shorter forward ciosure,-and a reduced throat size and propellant burning

rate to produce the required S4-120 thrust,

The P2-156 l4- by 45-ft payload booster is identical in concept to the
P2-156 15- by 60-ft payload booster. The-attach structure provisions are :
identical while the SRM utilized is the S3-156 model. Nozzle throat size and

propellant burning are adjusted to provide the proper thrust characteristics.

The P3-120 SRM design is identical to that of the P4-120 with the excep-
tion of adjustments to. the nozzle throat size and propellant burning to provide

proper’ thrust tailoring.

2.3 BASELINE MOTOR ASSEMBLIES
2.3.1 S4-156 Motor Assembly B
The S4~156 motor assembly is illustrated in figure 2-7. The basic SRM is
of éegmented desigﬁ ﬁfilizing three 22-ft‘segments and’ two end closures. The
- design follows directly from the successful UA 1205 and UA 1207 120-in.-diameter

SRM designs.
' 2-13



TABLE 2-III

STAGE CHARACTERISTICS

52-156 §4-120 P2-156 3-120
OLOW, 1b o 1,198,000 1,198,000 1,650,000 1,650,000
BLOW, 1b : 2,820,556 2,847,876 2,446,248 2,045,113
GLOW, 1b - 4,018,556 4,045,876 4,006,248 3,695,113
Launch configuration Series, par- Series | Parallel Parallel
allel attacb

Number of SRMs 2 4 2 3
Propellant weight, 1b x 1076

SRM 1.250 0.620 1.080 0.592

Booster 2.50 2.480 2.160 1.776
Thrust, 1b x 1076 | |

SRM (sea 1evei) o 2.600 1.267 1.800 1.220

Booster | 5,200 5.068 3.600 3.660
Action time 128 126 130 130
' Stage mass fraction 0.887 0.870 0.883  0.867
Control requirements |

Deflection, © t6 *12 16 t6

Rate, °/sec 5 5 5 5
‘Propellant — PBAN -

Acceleration, g

Liftoff v — 1.25 to 1.3 -
Flight - —Less than 3.0 -
Maximum dynamic pressure, psf  —= Less than 650 —-
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The motor case is shear formed of D6aC steel and contains a single circum-
ferential weld per ébmponent. Segment length has been maximized to provide a
minimum number of components and to yield minimum motor cost. UIC PBAN propel-
lant weighing 1,080,000 1b is 1oaded into the segments and end closures. The
standard delivered specific impulse of this propellant is 248 sec. A simple
tubular perforation is used in all components except the forward closure where
a six-point star is installed to accomplish initial thrust shaping.

A UTC-developed TECHROLL seal nozzle is included in the design to accom-
piish thrust vector control., Parallel Spartan system turbine drive hydraulic
power units have been selected to power the uprated Saturn actuators providing
nozzle movement. A nozzle half angle of 20° has been selected to provide a
minimum lehgth, minimum external aerodynamic torque nozzle. Use of the 20°

nozzle degrades the specific impulse 3 sec from that with a normal 15° nozzle.

A complete SRM stage electrical system is included to accomplish the
ordnance functions of ignition, thrust termination and staging, thrust vector

control and monitoring, malfunction detection instrumentation, and prelaunch

checkout and readiness.

Thrust termination ports included on the forward closure are extensions
of the successful Titan III-C design. An insulated exhaust stack is attached
to a port flange-which is integral to the forward closure. Detonation of
parallel linear-shaped charges severs the integral port membrane from the
closure and allows combustion gases to exit from the closufe through the
exhaust stack. Internal insulation will be provided to protect the port throat
area and exhaust stack. This insulation will be provided to protect the port
throat area and exhaust stack. This insulation will be sized to maintain SRM

integrity for a duration adequate to accomplish orbiter abort.

Structural skirts are included at each end of the SRM case to support the
entire shuttle vehicle prior to launch and to accomplish thrust transmission
and load distribution to the HO tank interstage adapter. The forward skirt

length is established by the location of the thrust termination stack within it.
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The aft skirt is sized to support the entlre vehlcle prlor to 1aunch ~Large
\ground support longerons extend out from the sk1n 11ne to mate W1th the facility.
The extension of these longerons determines the elearancelof the nozzle_exten-

sion during the liftoff phase.

_ . Three of these motor assemblles are connected together w1th tie rods and
the HO tank adapter to complete the booster stage The tank adapter mates to
the individual SRMs at the bottom surface of its cross beams. The beams col-
lect and distribute the axial and bending loads between the SRM thrust skirt

and the adapter outer sk1n The outer skin connects dlrectly to the HO tank

with an explosive release system (super zip 301nt) to prov1de for boosterv

staging.

2.3.2 86-120 Motor Assembly , _ o

. - The S6- 120 mot or assembly is 111ustrated in flgure 2-8. This senen-segment
120-in.~-diameter motor is a direct derlvatlve of the manned orbiting laboratory
program, UA 1207 booster. Basic design and sizing of the SRM is identical to
the UA 1207. The design has been improved by changing the thrust termination
cover installation and by including the TECHROLL seal movable nozzle control
system. The PBAN propellant burning rate and the nozzle throat size have been

adjusted to achieve the expected shuttle booster thrust requirements.

Design features of this 120-in.-diameter SRM are as described for the
§3-156 design. Detail differences occur in segment sizing, retention of the

15° nozzle half angle, and use of six SRMs in the booster stage.

2.3.3 P2-156 Motor Assembly

‘ The P2-156 design is illustrated in figure 2-9. This design is similar
to the S$3-156 with a slight increase in size and modification of the HO tank
attachment method. The P2-156 design contains 1,250,000 1b of UTC PBAN propel-

lant, Segment length is 332 in.

Ballistic design of the P2-156 is similar to the S$3-156 with differences
in forward closure star rays, propellant burning rate, and nozzle throat size
to achieve the desired parallel staged ballistics.

2-17



Attachment structure design changes also are required to accommodate the
parallel staged mode. The forward thrust transmission skigt"Iength‘i?-inéréased
to provide load distribution from the forward-mounted HO tank support*lbngerons.
This forward loading allows a minimum weight, tension structure design of the
HO tank. The thrust;skirt is topped off with an aerodynamic nose fairing and
no interstage adapter is required. Aft end structure is similar to the series

design with connection made to the orbiter tank rather than an adjacéﬁt SRM.

Staging motor packages are located in the nose fairing and on the aft

skirt to establish the required orbiter-booster separation at SRM burnout and

jettison,

2.3.4 P4-120 Motor Assembly _
The P4-120 design is illustrated in figure 2-10. The design'is derived
from the UA 1207 design in the same fashion as the S6-120. Design provisions

for the parallel operation are as described for the P2-156.
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2.4 SRM DESIGN DISCUSSION
2.4.1 Ballistic Analysis.

The ballistic design philosophy for the shuttle boosters follows that which
has been successfully employed in forty UA 1205 flight motors and four UA 1207
static test motors. Large booster motors, such as the shuttle, require a regres-
sive thrust-time history to provide adequate liftoff thrust and minimum dynamic
pressure, and to assure that the in-flight thrust-to-weight ratio is below 3.0

at all times.

The thrust-time curves presented are achieved with a grain design which
incorporates a star configuration in the forward closure, a tapered cylindrical
perforation in the segments, and a straight circular perforation in the aft

closure.

2.4.1.1 Grain Design

The shépe of the most deéired thrust-time histories can be achieved by
changing the number of star points or the web thickness of the forward closure
grain. The forward closure star grain can be easily modified to incorporate
thrust termination ports by shortening two or more star rays. The forward
closure grain design for the series and parallel 120-in.-diameter motors is the
standard UA 1207 eight-point star. This design is shown in figure 2-11. This
star has a web thickness of 12 in. and has two star rays shortened to accommodate

two unrestricted thrust termination ports which are 33.4 in. in diameter.

The initial sea level thrust of the UA 1207 motor can vary from 1,213,000 1b
for the series burn configuration to 1,431,000 1b for the parallel burn config-
uration. This variation in initial thrust can be achieved withbut a change in
grain geometry by increasing the propellant burning rate in the forward closure
from 0.3 in./sec to 0.5 iﬁ./sec and by using a standard UA 1207 nozzle throat
diameter of 41.6 in. The 0.5 in./sec burning rate is identical to that used in
UTC's Titan staging motors and is accomplished by increasing the ferric oxide

burning rate catalyst.
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The lower thrust level of the 120-in.-diameter series burn configuration
can be achieved by a 0.3 in./sec burning rate and a standard UA 1205 nozzle

throat diameter of 37.7 in.

The forward closure grain designs of the 156-in.-diameter motors would be
similar to 120-in.-diameter designs. The 156-in.-diameter parallel burn motor

incorporates an eight-point star as shown in figure 2-12.

The segment grain design of the UA 1207 series burﬁiand parallel burn motors
is identical to the UA 1207 design (figure 2-13). Each. 120-in.-segment perfora—
tion is cylindrical for 24.9 in. at the forward end and is conical from there to
the aft end of the grain. The segment length of 122.63 in. provides a 2.29-in.
transverse.slot between segments. The bore diameter of 44.6 in. at the forward
end and 52.6 in. at the aft end results in the 2.65 in. sliver needed for a
12-sec tailoff. The segment web thickness is 35.1 in. The segment L/D of 1.03
allows for easy handling, processing, and transportation. With this L/D, one
end of the segment must be restricted to maintain the neutrality of the thrust-

time curve.

The segment grain design of 156-in.~-diameter motors also incorporates a
tapered circular perforatioﬁ. However, because of the segment L/D of the

156-in.-diameter motors, restriction of a propellant and face is not required.

Motor tailoff is produced by tapering the internal port so that web burnout
occurs sooner at one end of the segment. Duration of tailoff then is controlled
by the amount of taper in the bore, which can be changed to almost any reasonable
value. As an example, the 156-in.-diameter motors have a web difference of
2.5 in. which results in a tailoff of 9 sec. Thrust'differeﬁtial (motor to
motor) during tailoff can be controlled by selection of tailoff duration. The
thrust differential is determined by the product of the tailoff rate and the

motor-to-motor variation in web action time. This effect is shown in figure 2-14.

The aft closure grain design (see figure 2-15) for both 120- and 156-in.-

diameter motors is similar to the UA 1207 design, which is a straight circular
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perforation 55 in. in diameter. The aft portion of the grains will have a cham-

fer for clearance of a TECHROLL seal movable nozzle.

All closures and both ends of the segments incorporate propellant relief

boots to minimize propellant bore strain during propellant curing.

' 2.4.1.2 Propellant

The propellant proposed for the 120- and 156-in.-diameter motors is an 84%
solids loaded PBAN with AP oxidizer, aluminum powder fuel, and ferric oxide as
a burning rate catalyst. This PBAN propellant has excellent mechanical properties,
is well understood by UTC, and can ﬂe processed easily. Over 30 million pounds
of this propellant were manufactured by UTIC during the original Titan III-C
program. in addition, Titan III-C motors have been successfully flown after 3
years of ambient storage, and Titan staging motors with PBAN propellant have

been statically tested successfully after 6 years of ambient storage.

Advantages in using an HTPB propellant are potentially lower cost, excellent
mechanical properties, improved prdcessability, and improved performance. The
impfoved performance is obtained through a éolids loading of 88% (90% to 927%
potential), a density of 0.065 1b/in}3, and a standard specific impulse of
252 sec. This results in an impulse-density improvement of 4% over the present
PBAN system. HTPB propellant is presented as an attractive alternate propellant

for both 120- and 156-in.-diameter motors.

The characteristics of both PBAN and HIPB propellants are presented in
table 2-IV. The burning rate range indicates the burning rates obtainable with
minor adjustments in the burning rate catalyst and all other ingredients the

same.

2.4.1.3 Motor Ballistic Performance

Complete motor performance predictions have been prepared for the 120-
and 156-in.-diaméter SRMs for both the series and parallel burn baseline designs.
These predictions were ﬁade with the aid of UTC's LF-12 internal ballistic com-

puter program. The motors were designed to produce a liftoff thrust-to-weight
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TABLE 2-1IV

PROPELLANT PROPERTIES SUMMARY

PBAN HI?B

Formulation, wt-%

Binder _ ‘ 16 12

AP ' 68 o 70

Aluminum 16 A 18
Burning rate, in./sec at 1,000 psi 0.22 to 0.60 0.22 to 1.00
Density, 1b/in.3 ' . 0.0635 0.0650
Specific impulse, sec ‘ 248 252

(standard delivered, 15° half angle)

ratio of approximately 1.3. The propellant grains were shaped to yield a
regressive thrust history for a minimum aerodynamic pressure and to maintain a
vehicle acceleration limit of 3.0. The baseline performance data is presented
for UTC's 3001 series PBAN propellant. Data also have been inclﬁded for the
effects of an HTPB propeliaﬁt.

These designs represent a best estimate of performance in response to vague
performance requirements. Selection of a final thrust-time history must . await
an iterative design-flight mechanics analysis to derive optimum payload effects.
The propellant grain then can be readily shaped to yield the precise performance
required, as was shown by UTC in NASA CR-114,389 and 114,390 pfepared for the
Ames Research Center. Tﬁése refined effects can be incorporated into the base-

line design withoud affecting the intent of the baseline design or costs.
Performance of the four baseline SRMs are summarized in tables 2-V and 2-VI.
Specific performance parameters identified in table 2-VII are portrayed in

figures 2-16 through 2-55.

Ignition transient data were prepared for the four basic designs and the

results are portrayed in figures 2-56 through 2-59.

2-33



062°1

L716€E
€L6°C
6%9°¢C

926

L°6€T

887°1

1°16€
L'90€
9°21L2
1°8€2
1%6°2
612°C
v
z°8¢€l

652°1

2 eve
6°00€
9°2L2
0°6€C

9C9°C

70£°2
8€EL
L'0€T

961-¢d

W m.._”.ﬂ ¢ H :
“, 0°L0€
k69°¢
0€€°¢

A4
0°0o%1

€IT1°1
7°90¢
¢°C9¢C
£°6LC
9°G¢ee
S1¢°2¢
9681
80L
€8¢l

€60°T
6 *00€
%862
€°6L2
%°9€T
g6C°¢C
1L6°1
VA
T1°1€1

961-¢€8

INVTTdd0¥d 9dIH

0521
6°9€€
8€8°¢C
$16°C
Z16
T°0%T

8z ‘1
€9¢¢
8162
$°692
8 €€

YA A4
90) AN
70L
9°8¢€T

02¢°‘1
8°8C¢
€982 .
€°69C
L"%€T
806°C
%812
82!.
T°1€1

9¢1-td

080°1
1°%62
6€5°C .
N9t Ar A
, %16
L oY1

6L0°T
8°€62
S 6%
€°CLe
2 1€
121°2
1081
0L
S"8€1

6G50°T
88T
8° 64T
€°CLlt
1°2¢€C
961°C
TL8°T .
_ 1€L -
€°1¢€1

96T1-£8

INVTIZd0¥d NVEd

A moH X qT. ‘pawnsuod juefiadoig
90T X 29s-q1 ¢ (wunnoea) 9sindwy TEBI0]
90T X q1 ‘ (wnnoeA) 3ISNIYI WNWIXER
90T X .91 °(19A2T €98) 3sniys TeTITUI
1sd ‘sanssaiad wnuIxXeR

o9s ‘uorliean(Q

¢0T ¥ q1 ‘pawnsuod juelladoag

oOH X 098-qT f(uwnnoea) asindwT TeIOL
ooa X 098-q] ‘(I9a91 ®Os) osindwl TRIOL
095 ‘(uwnnoeA) asyndwl 9T3Toeds a8eadAV -

095 ‘(19A9] bos) osynduT orJroads 28vI9AY

90T X qT ‘(wnndoea) 7Isnayi a3eiaAy
ooH ¥ q1 ‘(I9a°1 eos) 1snayl oa8eavAY
: e1sd ‘aanssaad a3rvasay

298 ‘awT] UOTIOV

¢OT X q1 nvawmcoo jueiiadoad

90T X 29s-q] ‘ (unnoeA) 9sindur JEI0]
90T X 29s-q7 ‘(124891 e9s) asindwT TeIOL
o9s ‘(wnnoea) asindwi 913F1oads 28e19AY

298 ‘(19497 ®9s) asindwl o13JTdads a8ersay

90T X qI ‘(wnnoea) 3snayy a3eIvAy

g0T X q1 ‘(I2A°21 e9s) 13snayl oa8eaaay

‘ : e1sd ‘oanssaad aSexaay
o9s ‘awIl qoM

4,09 ¢ RAVIIANS IONVWEOIIAd WAIS009 MAHHUmw WS EITAVIA-*NI-9S1

A-Z TIGVL

~
[%2]

U
N



9°019

6 991
189°1
L6%°1

048

[ARA/A!

87609
£€°691
0°0%1
1°1L¢
9°622
LIt
L66°0
06y
7' 0%1

0°8L¢S
L7961
S eel
1°1l¢
6°0€C
61Z°1
Le0°T
60¢
9°8¢1

0¢1-%d

9°019
¢'891
gev1
VZAAN!
o%8
0°LeT

8609
0°891
Sent
g 6Lt
£°6¢eC
€T 1
LG0°1
8¢9
L°SET

0°'8LS
7661
8°9¢l
G 6le
9°9¢¢
¢8ec 1.
701°1
[49°]
6°¢CT

0¢1-9S

INVITId0¥d 9dIH

8°16¢
6861
¢19°1
TeEY'1
LeB
0°2vl

0°16S
9861
Seel
6§'89¢
8°6¢¢
TET°1
¢56°0
96%
¢ oY1

¢'096
¥#7°0ST
[ANAA!
§°89¢
0°L2¢
¢l1'1
166°0
71¢
£°8¢1

021-%d

8°16S
€191
1e7°1
€1z 1
ve8
0°LET

- 0°16S
0°191
9°9¢T
g ¢l
1°1¢€C

8T1°1

900°1
L29
L°GET

¢ 096
9-¢st
[NVt
G ¢l
VARAYA
1€C°1
0’1
2s9
0°%¢l

021-95

INVTTIJ0dd Nvdd

0T x 41 ‘pawnsuoo juejladoxg

01 X 09s-ql ‘(wnnoea) 9sTndwl [BIO],
90T ¥ 41 ¢ (wnnoeA) 3ISNIYI WNWIXEW
gOT X a1 ‘(7eadT ®3S) 3sniyl 1EIITUI
) 1sd “sanssoad WNWIXER

o9s ‘uorleang

. 0T % q1 ‘pounsuos jueyyadoag
g0T x 2398-qT ¢ (unnoea) asyndwl [eIOL
01 X 09s~q( ‘(1oA>] kos) as[ndwy JeI0L
oomm ‘(unnoea) asTndwl 913Ioads 98eiaAy
298 ‘(]9A9T ®os) asyndur OT13Io9ds 98ea9Ay
90T X dI ¢ (wunnoea) 3sniyl adeasay

90T x q1 ‘(19a81 B9s) 3snayj S3easAy

e1sd ‘2anssaad adeasAy

095 ‘QWIJ uoIlIoy

¢0T % q1 ‘paunsuod jueyiadoag

g0T ¥ 99s-q1 ‘ (unnoea) ssyndwl TBIO0]

ooH X 09s-ql ‘(I92a91 ®Os) osIndwl [e10]
o9s ‘(mnnoea) 3asindul dTJIoads a3easay
09s ‘(1941 eos) osyndwl d213To9ds aFeasAy
90T * QI ¢ (mnnoeA) 31snayl aFexsay

g0T * q1 ‘(10401 ®OS) 1snayl s8ea3aAY

o eIsd ‘@anssaid aldeisay

.09s ‘Buwi] qoM

4,09 ‘XIYWANS FONVWEOAYEd YIISO0S ATLINHS WIS YHLAWVIA-“NI-0ZT

IA-C TTI9VL

n
o
]
N



TABLE 2-VII

PERFORMANCE PARAMETER MATRIX

Ballistic Parameter Flight Index -

Head End Aft End . . :  Propellant
Stagnation - Stagnation Sea Level  Vacuum Mass Flow
Pressure Pressure Thrust Thrust. Rate
PBAN Propellant
S3-156 | 2-16 2-17 2-18 2-19 . 2-48
. 86-120 I 2-24 2-25 2-26 2-27 2-50
P2-156 2220 2-21 2-22 2-23  2-49
P4-120 2-28 2-29 2-30  2-31 2-51
HIPB Propellant
S3-156. - 2-32 2-33 2-34 2-35 2-52
56-120 2-40 2-41  2-42 2-43 2-54
P2-156 © 2-36 2-37 2-38 2-39 2-53
P4-120 2-44 2-45 2-46 ' 2-47 2-55

Preliminary motor end item specifications have been prepared for each of
the four baseline SRMs. The ignition transient data also are included. Addi-
tional data contained in the specifications extend the nominal performance to
the three-sigma limits. The ballistic variability data were Qerived from UTC's
experience on the Titan 120-in.-diameter SRM programs. The basic variabilities

are as listed in table 2-VIII.

These tolerances apply to a completely random selection of ballistic perform-
ance. Any motor at any given time will fall within this range. However, these
limits can be improved when motors are selected for clusters in a specific
launch vehiéle. During a manufacturing program, ballistic properties fluctuate
over a long period of time, as in a normal quality-controlled process. Thus,
motors made in sequence tend to be like each other. These SRMs made in sequence

tend to be used together. Further, SRM units can be selected from a production

- 2-36
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Figure 2-56. Ignition Transient for 156-In.-Diameter .SRM

(Series Burn, PBAN Propellant, Sea Level)
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Figure 2-57. Ignition Transient for 156-In.-Diameter SRM
(Parallel Burn, PBAN Propellant, Sea Level)
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Figure 2-58, Ignition Transient for 120-In.-Diameter SRM
(Series Burn, PBAN Propellant, Sea Level)
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Figure 2-59. Ignition Transient for 120-1In.-Diameter SRM
(Parallel Burn, PBAN Propellant, Sea Level)
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TABLE 2-VIII

BALLISTIC VARIABILITIES

3-Sigma Variation
from Nominal, %

Web action time, sec _ 2.16

Average specific impulse 0.7
(sea level or vacuum), sec

Total impulse : _ . 1.0
(sea level or vacuum), lb-sec

Action time 3.11

Initial thrust, 1b 6.0

(ignition transient)

Instantaneous thrust, 1b 4.0

inventory so that the burning characteristics of given segments and closures
are nearly identical with their mates in adjacent SRMs on a vehicle. This
effect has been demonstrated in Titan ITI-C (UA 1205) flight history, as will

be discussed in the next section.

2.4.1.4 Ballistic Variabilities

The basic SRM ballistic variations were discussed in the preﬁious section.
These variabilities combined with thrust vector misalignments are of concern
to flight mechanics analysts in development of launch vehicle payload capability,

f11ght controls requirements, and stability margins.

Variatipns of basic ballistic properties were listed in table 2-VIII.
Additional data pertaining to motor-to-motor thrust variations and thrust align-
ment often are needed to conduct control studies. The three-sigma limit of
instantaneous thrust deviation from the nominal during web action time is
55,000 1b for a UA 1207. This number can be statistically manipulated to define
limits for cluster configurations. UA 1205 flight experience of 36 SRMs has
averaged a maximum motor-to-motor thrust differential of 29,200 1b, as shown in
table 2-IX. These values would scale with the thrust level to define 156-in.-
diameter SRM deviations of 95,000 1b. _
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-SRM Identification

1T and 2

3 and 4

5

and

6

TABLE .2-IX

UA 1205 THRUST DIFFERENTIAL EXPERIENCE#*

Selective assembly initiated to
match component burning rates

7

9
11
13
15
17
23
25
29
31

33

and
and
and
and
and
and

and

and-

and
and

and

8.
10

12

14

16
18
24
26
3ot
32

34

Averagé

Maximum Thrust Differential, 1b

Web Action Time

60, 000
45,000

20, 000

45,000
10, 000
30,000
30,000
10, 000
20,000
15,000
20,000
.80, 000
12,000

12,000

29, 200

*Data were taken from 17 flights (34 pairs of SRMs)

tAnomalous motors with thrust rolloff at end web action time
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Tailoff
30,000
155,000

157,000

55,000

75,000
120,000
50,000
53,000
78,000
105,000
85,000

75,000

52,700

84,000



The maximum thrust differential between two motors during tailoff is con-
trolled by thé slope of the tailoff thruét. This slope combined with the limits
on action time defines & maximum thrust differential. The UA 1207 specification
limit is 490,000 1b. For the UA 1205, the limit is 290,000 1b. UA 1205 flight
experience is an average of 84,000 1b (table 2-IX)., SRMs 156-in. in diameter
can approximate thése values when similar tailoff rates are used, The effects

of the tailoff duration were shown in figure 2-14,

Thrust alignment criteria are defined by design and production practice.
Geometric limits of 0.25° half angle and 0.5 in. lateral displacement of the
thrust vector are possible. However, the precision of this requirement has not
‘allowed ac;ual static test verification. Geometric control of thrust vector
alignment is practiced by UTC, even in the design and delivery of sensitive,
uncontrolled 5pogee motors. Some limited data have been disclosed of four early
five-segment static test firings (the 1205-2, -3, -4, and -7). This data had
been analyzed in detail at times of no liquid-injection thrust vector control
action to discover the true position of the actual thrust vector. The data
analysis includes ﬁisalignments of the gas/forces within the nozzle, thecnozzle

to the SRM, the SRM to the test stand, and the load measuring devices to the

test stand. The results of ‘the analysis are shown in table 2-X.

It has never been a specific test objective to determine these misalignments.
Hence, the test tooling, test procedUres,'and data handling were not designed to
minimize induced error. The relatively large deviations coupled with the syste-
matic offset indicate a probable introduction of systematic error with SRM mis-
alignment in the stand, rather than vector misalignment within the nozzle.
Examination of the. individual sets of test data reveal that the offsets are con-
sistent within a motor firing, but vary from motor to motor. Additional static
test data, with believed higher quality data, are available from the UA 1207
series. Subsequent detailed evaluation of this data should be continued if
interest continues in the parallel burn configuration without thrust vector

control.
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TABLE 2-X

:  APPARENT THRUST VECTOR MISALIGNMENTS
UA 1205-2, 1205-3, 1205-4, AND 1205-7

_Yaw
i Pitch,o ' (Plane of 6° Cant), in.
Angular alignment _
Measurement error = +0.03 in. -0.05%0,18%* -0.04%0.31%
Lateral offset ' _
Measurement error = 0,3 in. +1.241.6% +1.1%1 9%

"#Tolerances are three-sigma variations.

The same factors disturbing evaluation of the test data should be considered
during translation of this data to vehicle stability analysis. The true position
of the SRM nozzle in relation fo some vehicle reference must be known. Thus, the
motor internal alignments, SRM-to-vehicle alignment, HO tank-orbiter alignment,
and fléxibility andygrowth characteristics of the entire assembly during v

operation must be understood.

2.4.2 Mofor Case Design

The shuttle booster application requires a lightweight, high-strength motor
case with man-rated reliability and minimum cost. To best meet these require-
ments, the selected 120- and 156-in.-diameter case designs are based on proven
technology from the. 120-in.-diameter Titan III Stage 0 (624A) motor case presently
in production. The 120~in. design is a fully qualified seven-segment version
of the 624A case. The 156-in. case is a new design using the concepts, materials,
and fabrication methods which UTC has perfected in 120-in. development and pro-

duction programs. The features of both case designs include:

A. Db6aC steel material with excellent toughness at high strength levels

and very low cost (less than one-third of other candidates)
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B. Segmented configurations giving component lengths within shipping and

handling limits and compatible with low-cost fabrication methods

C. Pinned clevis joints connecting case components (very reliable and

easy to assemble in the 624A program)

D. Proof test to 1.06 times MEOP to guaréntee successful service in flight

with minimum risk of failure in proof test

E. Ultimate pressure 1,25 times MEQOP for light weight with adequate
reliability, ‘The case designs are shown in figures 2-60 through 2-65.

2.4.2.1 Material

D6aC low-alloy stéel was selected for the 120- and 156-in.-diameter case
designs. D6aC steel offers a unique combination of high fracture toughneés,
high strength, and low cost. 1In addition, its fabrication properties (welding,
forming, and heat treatment characteristics) are well understood, contributing
to a high level of confidence in successful motor component production. The
-caSe material is heat treated to 195- to 220-ksi ultimate tensile strength, a
level which 624A program experience has shown to be adequate retained fracture
toughness to resist virtually'all flaws which escape NDT inspection procedures.
Using D6éC steel at the selected strength level in the 624A program, no proof
test failures ha¥e occurred in over 500 proof tests. Long-term cyclic flaw
growth resistance has been demonstrated by D6aC hydrostatic test closures which
have survived over 100 cycleé to 88% of yield strength. The composition and

properties of D6aC steel are shown in table 2-XI.

Large-diameter motor cases require materials with high fracture toughness.
The thick walls of large cases impose near plane-strain conditions which promote
crack growth. Large cases require more material to be processed and larger
~ areas to be inspected, increasing the probability of undetected flaws. In addi-
tion, the large capital investment in each case combonent hydrotest tooling and
facilities requires an absolute minimum risk of fracture during proof test.

Under these conditions, successful minimum weight designs can be achieved only
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so outstanding that considération has been given to increasing the material
strength level forvthe 156—in.rdiameter design. In the Pershing and Minuteman
production programé, D6éC withlan ultimate strength range of 220 to 240 ksi

was used Suécéséfully for cases with 0.090- and 0.147-in. wall thicknesses. 1In
this thickness range, however,ieffective fracture toughness is increased by
plane-stress effects. In the relatively thick walls of the 156-in.-diameter
case (0.487 iﬁ.) aqd 120-in.-d}améter 624A case (0.347 in.) plane-strain condi-
tions of minimum fracture toughness are approached.: No production experience
exists for thick-walled cases ﬁaae of Dé6aC at';he 220 to 240 ksi strength level.
Since the higher heat-treat levellreducgs the material fracture toughness, the
proof test failure rate can be expected to be higher than that of the 624A
program, but cannot be confideﬁtly estimated. Therefore, the state-of-the-art

195 to 220 ksi tensile strength range was selected for both case designs.

DbaC steel was selected from a field of 10 possible case materials. Consid-
eration was limited to materials with usable strength-density ratios over A
680,000 in. to meet a motor maés fraction goal of 0.88, except for HY-140 steel
~which has other characteristic advantages. More detail is presented in the - -
supporting research and technology section of this proposal. The properties of
these important candidates are summarized in table 2-XII. '

The HY-150, HY-180 familyiqf alloy steels are potentially low-cost motor
case materials when reuse of fired hardware is considered. These alloys are
extremely tough and weldable after heat treat. They are also more compatible
with salt water environments than low-alloy steels. These characteristics are
valuable because they éllow reliable repair of segments damaged during retrieval,
without risking performance. Other costs savings over D6aC are possible due
to their processability; since they may be heat treated to their ultimate strength
as roll-ring forgings prior to the shear forming operation. This capability

eliminates the need for new quench and temper facilities that are required to

handle fabricated 20 to 26 ft segments.
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if both tensile strength and fracture toughness are considered in choosing the
case material and material strength level. The amount of fracture toughness
required for nearly all production components to successfully complete proof
test is largely a matter of experience. No quantitative probability distribu-
tion correlating the size and number of flaws which escape inspection procedures
exists to serve as a basis for design. Without flaw size data, fracture mechan-

ics relationships cannot be used to predict the proof test failufe rate.

TABLE 2-XI

D6aC STEEL COMPOSITION AND PROPERTIES

Compositioﬁ
Element ' Percent by Weight
Carbon 0.42 to 0.48
Manganese 0.60 to 0.90
Silicon 0.15 to 0.30
Phosphorus 0.010 maximum
Sulphur 0.010 maximum
Chromium 0.90 to 1.20
Nickel 0.40 to 0.70
Molybdenum 0.90 to 1.10
Vanadium 0.05 to 0.10
Iron Remainder

Mechanical Properties

Uniaxial tensile strength (required), psi 195,000 to 220,000

Uniaxial yield strength (estimated), psi 180,000 to 208,000

Elongation in 2 in. (required), % 7 minimum '

Plane strain fracture toughness (estimated), psi‘/I;T_' 85,000 minimum

At 195 to 220 ksi tensile strength, D6aC steel has demonstrated adequate
toughness for economical production in the highly successful 624A case program.
No proof test failures have occurred in the production of over five hundred

120-in.-diameter components. The toughness of D6aC at 195 to 220 ksi has been
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Although the HY alloys appear attractive, there are certain disadvantages
to be considered:
A. HY-150 at the lower strength will increase inert-weight significantly,
25,000 to 30,000 1b for the steel alone (not counting the additional
propellaht); HY-180 may add as much as 10,000 1b per segment plus

the propellant.

B. HY-180 is currently available from only a single source who does not

have .the tonnage and ingot size capacity for shuttle requirements,

C. Each of these alloys will require a significant amount of nickel, which

may create a problem with strategic materials.

D. The nickel alloy has not been qualified, or demonstrated in the process

application envisioned for the shuttle motor cases,

UTC's supporting technology efforts in the initial stages would be devoted
to a study to evaluate the potential payoff of HY-150 or HY-180 in reuseable

large solid boosters,

Maraging steels which offer attractive properties and lower processing
costs do not appear competitive because of their initial raw material costs.
Another important penalty for maraging steels is the requirement for so much
of fhe strategic materials of nickel and cobalt., For maximum production, an
estimated 2 to 3 million pounds of nickel and 1 to 2 million pounds of cobalt
will be required per year. To assure that all possible materials are consider-

.ed, maraging will be included in the supporting technology studies.

Low-alloy steels are much less expensive than other types of material
considered. The difference in material cost is so great that processing
cost differences are irrelevant. The difference in material cost per segment
betwegn 187 nickel maraging steels and low-alloy steels is roughly $20,000.
The quench and temper heat treatment required for low-alloy steels is only
about $2,000 per unit more than the solution treat and age given maraging steels
and titanium alloys. - The maraging steels offer excellent strength, toughness,

and fabrication properties, but their high cost cannot be justified for the
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156-in.-diameter booster application. Titanium alloy is even more expensive
than the maraging steels and would not be used unless very high performance was
required irrespective of cost. Table 2-XIII presents a cost comparison of

several materials.

Among the low-alloy stéels, cost differences are relatively small and
material selectioﬁ is based on fracture toughness and fabrication properties.
The low alloy steels listed in table 2-XII are weldable and have acceptable
forming characteristics. However, D6aC steel is unique among low-alloy steels
because it has excellent fracture toughness at high strength levels. HY-140
has the highest fracture toughness of the candidate steels. However, because
it is a lower strength alloy, it has the critical disadvantage of requiring
increased inert weight with additional costs for case material and increased
propellant to achieve payload equivalency with D6aC. However, the higher thres-
hold toughness in salt water and the reliable ease of repair (weldable without
property degradation) serve to make HY-140 a worthy candidate where multiple

motor case reuse is anticipated.

This candidate series of alloys will be studied in advanced supporting

research conducted during early phases of the program.

2,4.2.2 Configuration

Because both the 120- and 156-in.-diameter case designs are over 80 ft
long, segmented configurations are desirable to give component lengths which
are convenient for shipping and handling. The number and length of case
components affect the case weight, reliability, cost, and development risk,
To select an optimum configuration, various configurations have been considered

for each case design,

The configuration chosen for the 120-in.-diameter design is identical to
the fully qualified Titan ITIM motor case, a seven-segment version of the 624A
cases presently in procution. By making maximum use of developed design tech-
nology, the selected design minimizes program risk. Other configurations have
been considered in an effort to lower case weight and cost by using fewer mech-

anical joints. However, the small weight and cost reductions achieved have
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TABLE 2-XIII
MATERIALS COST COMPARISON.

Cost, Decrease (-)
or Increase (+)

Material Processing®* Millions of Dollars'
D6aC (vacuum arc remelt) 1 1 ' —
D6aC (electroslag remelt) 1 1 —
D6a (vacuum degas) . 0.9 1 -1.2
HY-150 (air melt) 1.05 0.9 -0.6
HY-180 (air melt) 1.15 0;9 -
200-grade maraging steeli 1.9 0.90 +2.0
(air melt)
250-grade maraging steeli 1.6 0.90 _ +1.0
(air melt)
127% nickel maraging steeli 1.76 0.90 +1.2

(air melt)

*Similar process operations (roll-ring forging), shear spin, heat treat, machine)
tPer year for 250 26-ft segments (156-in. diameter)

fMaraging steel costs estimated on greatly reduced cost predicted on potential
reductlons due to very high quantities.

been found to be insignificant in relation to the risk and cost of developing

new motor case and propellant grain designs.

Segments for the 120-in.-diameter case are made completely without welds
for low cost and high reliability. The segments are identical to the 624A
motor segments now beiﬁg produced from seamless roll-extruded forgings. The
capability for low-cost production of weld-free, forged segments has been
deveioped during the 624A production program and has resulted in significant
cost savings and increased reliability over the earlier multipiece welded

construction. The aft closure is a 624A aft closure modified to accept the
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TECHROLL seal nozzle by increasing the nozzle boss opening. The forward closure
is similar to the 624A closure but includes TT ports and 40 in. of added
cylindrical length. Both closure domes are formed in one piece without welds.
One girth weld is needed to join the forward closure cylinder and dome. The
closure fabrication methods, which are the result of extensive cost reduction
sthdies made during the Titan III-C production effort, have demonstrated

effectiveness in producing reliable hardware.

Three case configurations are under consideration for the 156-in.-diameter
case. The primary choice is a three-segment configuration which minimizes the
number of mechanical joints in the case, saving about 1,000 1b per each of four
joints and considerable manufacturing cost. Highest possible case reliability
is achieved by requiring assembly of the fewest joints and seals. The three-
segment configuration is compatible with low-cost component fabrication using
seamless forgings and minimum of welding. Each is made using a Single weld to
join two l4-ft-long forgings. Existing roll-extrusion facilities have the
capacity to produce 15-ft forgings. JSingle girth welds are also used in the

closures to connect seamless dome and cylinder forgings.

The three-segment, one weld per component configuration involves the lowest
fabrication cost possible within existing forging length limits. All other con-
figurations require more welding or additional mechanical joints. Although less
expensive than mechanical joints, welds introduce an expensive step in case fab-
rication. Processing is time consuming and requires careful cqntrol. Thorough
inspections must be performed to detect possible imperfections for repair prior
to proof testing. Completely successful welding procedures and inspection
criteria have been established for D6aC cases in the 120-in.-diameter SRM pro-

gram, although costs remain high.

The second case configuration being considered would be useful if scheduling
demands rapid delivery. If welds are used in case manufacture, extensive vendor
weld qualification procedures must be completed before production of flight hard-
ware begins., Production delays of up to 1 year are common for welded designs.
Early hardware delivery can be facilitated if no welding is used. A weld-free
design using presently available forging lengths requires seven cylindrical case
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segments and two closures. In effect, this design replaces the welds in the
three-segment design with four mechanical joints. There is weight penalty of
about 4,000 1b, and total case fabrication cost is increased slightly. However,
the seven-segment configuration can be placed into production more quickly and
avoids any possibility of welding problems. The reliability of five and seven-
segment designs with weld-free segments has been demonstrated very successfully

in the 624A motor programs.

A third configuration is being considered for the future when longer cylin-
drical forgings become available. The three-segment, two-closure arrangement
is used, but segments are of one-piece forged construction, eliminéting welding
altogether. Present limitations on material billet weight and forging machine
length plaée this design beyond the state of the art., Obstacles to future use
are relatively minor. Once forging lengths are extended, the weld-free config-

uration will have the lowest possible manufacturing cost,

2.4.2.3 Clevis Pin Joint

Pinned clevis joints, as shown in figure 2-66, are used to join the case
components in both the 120- and 156- in.-diameter designs. These are the
lightest, most reliable joints capable of withstanding the high loads from
chamber pressure and external forces. Reliability, ease of assembly and
disassembly, and complete interchangeability have been thoroughly demonstrated

in the 624A program.

UTC has done detailed studies of various joint types for iarge solid
boosters, In 1960, 30 designs were screened, 11 of which were analyzed in
detail for cost, weight, and reliability. As a result of the study, the
straight pin clevis joint was selected as optimum for large boosters. Since
then, UTC has evaluated the clevis pin joint in five booster size designs: the
P-1-2, TM-120, UTIC 156-1 UA 1205-1, and Titan III-C, ranging in diameter from
96 to 156 in. Various tolerances on critical joint and seal features were

employed to evaluate fabrlcablllty and performance.
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This experience led to the design of the Titan III-C 120-in.-diameter
clevis joint placed in production, To date, over 500 joints have been-manu-
factured, and 1,000 assemblies and disassemblies have been accomplished with-
out significaﬁt problems. No seal leakage has occurred in either hydrostatic
test or motor operation. Interchangeability has been deomonstrated extensively
between flight components, hydrostatic test tooling, and static test hardware.
Table 2-XIV summarizes the selected critical tolerances (with reference to the
dimensions of figure 2-66) on past designs and those to be used for the 156-in.-
diameter design. The tolerances for both the 120- and 156-in.-diameter designs
are identical to those of the Titan III-C joint. These tolerances have been
achieved in production with very few discrépancies. The most common discrepant
feature has been oversize pin holes. Tests and analysis have shown that up to
10 holes per joint can vary 0,002 in, over print‘requirementé without signifi-
cant effect on the ultimate load capacity of the joint. Using this result as
an acceptance criteria, the great majority (89%) of discrepant Titan III-C com-

ponents have been accepted for service.

_ The 156-in.-diameter clevis joint uses 208 pins, 1.085 in. in diameter,
to carry 63,300 1b/in. from chamber pressure and external loads. The 120-in.-
diameter design has 240 pins, 0,716 in. in diameter to withstand 45,000 1b/in,
-Pin material is AMS 5616 stainless steel with 187 elongation at 212,000 psi
minimum tensile strength. With this excellent combined strength and ductility,
the pins deform at ultimate loads to give uniform load distribution and develop
the full load capacity of the joint. At lower load levels, pin loading is
uneven due to tolerance variations., UTC has tested clevis pin joints to deter-
mine tolerance limits which prevent plastic deformation under normal operating
loads. A gap of 0.012 in. between most pins and pin holes will cause pins
initially in contact to approach yielding at working loads; therefore it is

used as a limit in setting tolerances, Test results are shown in figures 2-67,
2-68, and 2-69.

UTC selected a straight pin clevis joint over a tapered pin design to
minimize fabrication costs. The tapered pin concept allows a slight relaxa-
tion of true position tolerance on pin holes and provides initial contact at

each pin. Loosening pin hole location tolerance by 0.001 or 0.002 in. has no
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effect on case cost. Hole locations are established by tooling and are almost
never discrepant. The requirement for tapered piﬁs and holes raises fabrication
cost. Tapered drill bits are more difficult to maintain and inspect than con-
ventional tools. Greater inspection time is required for tapered holes since

a simple go/no go test is insufficient. The initial contact of the tapered pin
design offers no advantage. Tapered pins in slightly offset holes contact a
relatively small area and do not achieve full load capacity until a substantial
amodnt of bearing deformation takes place. Both straight and tapered pin
designs show smooth load deflection relationships as joint features deform
slightly under increasing load. Since tapered pins are inserted to various
depths at assembly depending on alignment of the pin holes, pin retention is
more complicated compared to the straight pin design. A simple strap is in-
adequate, Unless each pin is individually retained at maximum insertion,
initial contact is lost and the tapered pins tend to work out of the holes
under handling loads and vibration. After studying the tapered pin ‘concept,

it was concluded that no performance advantages exist to justify higher cost,

Therefore, straight pin design was selected.
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Joint sealing is accomplished with 1/4-in.-diameter.0-ring seals. Toler-
ance and surface finish controls are identical to 120-in.-diameter motor
réquirements, which have given perfect seal performance. O-ring material is
a 70-durometer Viton compound with good heat and abrasion resistance. Resist-
ance to long-term compression set is excellent. Minimum initiai O-ring com-
pression is 14.67, based on results of a test program conducted to support the
120-in.-diameter motor program. For the shuttle booster application, man-rated
reliability of assembled seals will be assured by using two redundant O-rings
at each joint. In the assembly of the clevis joint, there is a small possibil-
ity of damaging the O-ring by pinching between mating parts. This has never
happened in hundreds of assemblies of 120-in.-diameter motor components. To
remove the possibility completely the 156-in.-diameter design has two O-rings
per joint; If an O-ring is ever damaged in assembly, the remaining O-ring

will prevent leakage.

2.4.2.4 Segments

The 120-in.-diameter motor segments have a 0.347-in. minimum wall thick-
ness to withstand a MEOP of 920 psi with a 1.25 safety factor based on uniaxial
material prbperties; A 0.487-in, minimum wall for the 156-in.-diameter motor
segments provides the same factor of safety for a MEOP of 1,000 psi. In both
designs, the wall thickness range is controlled by minimum thickness and maxi-
mum component weight limits, which allow the case fabricator maximum latitude
within the case weight requirement. Larger local wall thickness variations
than with equivalent minimum thickness/maﬁimum thickness limits are allowed.

The design of these components is illustrated in figures 2-61 and 2-64,

Case segments include clevis joint features at each end. The joint design
will be varied, if necessary, to be compatible with the segment forging method.
The optimum joint configuration is symmetrical with respect to the neutral axis
6f the case, with reinforcement material on both the inside and outside surfaces
of the case. With this design,‘loads'are carried efficiently in tension with
little induced bending. A minimum amount of reinforceﬁent is ngeded. Héwever,
the symmetrical joint design requires forgings with sculptered internal and

external contours. Only one source is available for low-cost production of
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this type forging. Other sources can supply forgings if either the inside or
outside surface is straight and all joint reinforcement is to one side of the

case wall.

The eccentric position of joint featurés with respéct to the case wall
"induces bending loads in the joint and requires additional reinforcement.
Although the eccentric clevis joint is heavier than the symmetric design, it
is an acceptable alternate which will be used if significant savings in forging

costs can be achieved. The two joint configurations are shown in figure 2-70.

2.4.2.5 Closures

Hemispherical closure domes are used in both the 120- and 156-in.-diameter
designs to give maximum internal volume for propellant and minimum case weight.
For 156-in.-diameter design and the forward closure of the 120-in.-diameter
ﬁotor case, the closures include a cylindrical section girth welded t6>the

closure dome. The domes and cylindrical sections are formed in one piece

= —

BALANCED JOINT
CONFIGURATION A

C

~m

FLUSH INTERIOR
CONFIGURATION B

Figure 2-70. Alternate Clevis Joint
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- using forging, hot spinning, and roll-extrusion techniques developed auring

the 624A production program and presently in use. The 120-in.-dianeter closures
have welded external skirt extensions for the 156-in.-diameter design, the
skirt weld is eliminated by using an iﬁtegral stub skirt machined from the
closure forging. The skirts include features for mechanical attachmént to

adjoining structure with pinned clevis joints.

The forward closures include feinforced openings for ignitef and TT ﬁorts.
In the 120-in.-diameter design the TT port covers are removable and are bolted
to the closure. In the 156-in.-diameter case, the TT port covers are integral
parts of the closure wall. If TT is required, shaped charges are used to sever
the covers and open the ports. The hemispherical dome is advaﬁtageous for use
with TT pérts since openings at all locations on the dome can be reinforced
by axisymmetric features, greatly simplifying machinging operations. A 45°
skew angle is used for the TT ports to provide maximum forward thrust com-
ponent with minimum TT stack length and to avoid plume impact od'surrodnding

structure. The forward closure designs are shown in figures 2-60 and 2-63,

The aft closures have a reinforced opening for the nozzle, with provisions
for a bolted flange joint with shear lip. The 120-in.-diameter aft closure is
a simple hemisphere with no added cylinder section., The aft closure for the
baseline 156-in.-diameter design includes a 4-ft cylinder weided to the closure
dome. Maximum state-of-the-art billet weight of about 30,000 1b presently
limits the overall length of a one-piece closure. In the future, if larger
billets are available, the girth weld between dome and cylinder éan be elimina-
ted to further lower fabrication cost. The closure design is shown in figures

2-62 and 2-65.

~ Each closure includes clevis joint features for connection to case segments,
The configuration of the joint reinforcement may require adjustment to comply
with minimum-cost fabrication methods. Both symmetric and eccentric clevis
joint designs will be considered for the closures in an effort to produce mini-

mum cost parts,
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2.4,2,6 Factors of Safety
The 120-in.-diameter case design is identical to the fully qualified, man-
rated Titan IIIM motor case. The following ultimate factors of safety were

used in the design of the Titan IIT M case:

Condition _ Factor of Safety
Internal motor case pressuré 1.25
Thrust and engine loads 1.25
External flight loads 1.40
In-flight TT 1.10
TVC side force at maximum Q ’ 1.40

These safety factors are equal to or greater than those used for the 624A

case,

The Titan IIIM design factors are adequate for both the 120- and 156-in.-
diameter motor cases. Based on the successful burst test and static firing of
Titan IIIM case components and the highly reliable performance of 624A produc-
tion hardware., The 1.25 factor of safety on internal pressure is based on the
3-sigma upper limit of operating pressures (MEOP) and the minimum:uniaxial
tensile strength of the case material, The proof testing procedure adds further
to component reliability by screening out the statistically few low-strength
parts, Use of the same parameters for the 624A cases has resulted in no
failures in either proof test or motor firings. Since the material, strength
level, design concepts, and fabrication technology for the 120- and 156-in.-
diameter case designs are identical to those of the 624A components, excellent
reliability is expected for these designs. Use of the same parameters for the
624A cases has resulted in no failures in either proof test or motor firings.
Since the material, strength level, design concépts, and fabrication technology
for the 120- and 156-in.-diameter case designs are identical to thbse of the

624A components, excellent reliability is expected for these designs.

A design factor of safety has two purposes: (1) to provide a margin of

strength capable of meeting unéxpectedly high loads and (2) to reduce operating
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stress levels to the point where flaws, contour deviations, and other design
imperfections encountered in service will have no adverse effect'on:éQSe
operation. The actual breakihg strength of a case produced without iﬁbétféétions
is up to 15% greater than the design burst pressure due to the'épphfént'inéfease
in material strength in a biaxial stress field. In a fully developed motor with
a uniaxial safety factor of 1.25, there is very little chance of encountering

the 25% to 40% overload required to break a defect-free case, The critical
failure mode for. operational cases is fracture in the presence of defects at
sfresses below ultimate material strength, The most important role of the

design factor of safety is to set operating stresses at levels where chance

of failure due to undetected flaws is very small,

The réle of the case proof test is to demonstrate that no flaws .exist
which are large enough to grow to critical size in the next few cycles to
operating pressure (see NASA SP-8040). The.margin of proof pressure above
operating pressure is set to guarantee a desired number of safe operational
cycles. Where operating loads are well characterized on a statistical basis,
as in a developed rocket motor, successful proof tests can guarantee success-
ful operation in service regardless of design safety factor. The percentage
of components successfully completing proof test will be critically dependent
on the design safety factor which determines case operating and prbof test
stress levels. The margin between proof test wall stress and material yield
strength sets the Size_of-undetected flaws which can be tolerated without
failure in proof test. Based on 120-in.-diameter motor production experience,
the 1.25 factor of safety gives sﬁress levels low enough to prevent failure in
proof test of virtually all large booster production components made of D6aC
steel at 195 to 220 ksi strength, A higher factor of safety would add un-
necessary case weight. A lower factor of safety would increase the risk of

proof test failures,

A
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2.4.3 Nozzle and Insulation Design
2.4.,3,1 Motor Case Insulation
2.4.3.1,1 120-in.-Diameter Motor

The shuttle booster internal insulation design is based upon the materials
and processes used in the UA 1207 design developed for the MOL program. The
forward closure -and -segment- insulation- configuration-is--identical--to that of
the 1207 motor, while the aft closure insulation configuration will.differ only

in the nozzle attachment area where a submerged nozzle is used.

A, Forward Closure

The forward closure insulation is the same as that used on the 1207 motor,.
Silica-asbestos-filled Buna-N rubber per UTC Speqification.SEOO96 is used
for ﬁaximum erosion resistance to keep required thicknesses and weight at

a minimum, This design is shown in figure 2-71,

The required insulation thickness at all locations is the same as that
successfully demonstrated in the 1207 motor test program. These thick-
nesses have a factor of safety of 1.25 on ablation rates with sufficient
additional material added to maintain insulation-to-case wall bondline
temperatures below 100°F. The total thicknesses required vary from a
maximum of 0.89 in, at the aft butt joint to a minimum of 0.54 in. in
the cylindrical section and dome at the areas of propellant burnout

under the star rays.

A propellant shrinkage liner (boot) is provided at the aft end of the
closure in order to reduce grain stresses. The rubber will be vulcanized
in place in the closure per UTC specification SE0089. An ozone-resistant
material will be applied to insulation surfaces that will not be covered

by propellant,

TT port_throaté are identical to the Titan III-C design. This design can
be used without modification because the original Titan III-C design
requirement was for a TT life of 10 sec, The throat design was not

changed when the requirement was deleted.
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B. Segment

Segment insulation is the same as that used on the 1207 motor. Imsulation
in the segment with the exception of the forward restrictor and aft insula-
tor is silica-filled Buna-N rubber per UTC specification SE0095. The re-
strictor and aft insulator must withstand a more sévere flow environment
-and, as a result, is fabricated-of.silica-asbestos-filled Buna-N rubber
per UTC specification SE0096. Design thicknesses were determined in a
similar manner as for the forward closures. A factor of safety of 1.25

was applied to ablation rates. This design is shown in figure 2-72,

Propellant shrinkage liners (boots) are provided at the forward and aft
ends of the grains. Between the forward and aft insulators, the case wall
is insulated with silica-loaded Buna-N rubber. This insulation protects
the steel case during tailoff. The insulation is stepped to account for
the varying time of exposure caused by the tapered circular port grain
design. The insulation thicknesses required vary from a maximum of 1.02 in.
at the aft end butt joint to a minimum of 0.10 in. in the side wall at the

forward end.

C. Aft Closure

The aft closure insulation is fabricated of silica-asbestos-filled Buna-N
rubber per UTC specification SE0096. . Except for the area near the nozzle
attachment boss, the insulation thicknesses are the same as those demon-
strated in the 1207 motor test program. The basic insulation is shown in
figure 2-73. All thicknesses have a factor of safety of 1.5 épplied to
ablation rates and sufficient additional méterial added fo limit case
wall temperatures to 100°F during motor action time. In the nozzle boss
area thicknesses were determined by calculating a conservative heat flux

versus ablation rate correlation to determine. the ablation rates.

A tapewrapped silica cloth-phenolic insert is used in the nozzle boss area
to provide a proper interface with the nozzle. At the boss, the insert
thickness is 3.00 in. From this point the insulation tapers uniformly

out to a thickness.of 0.91 in. at the point of propellant burnout and

then tapers up to a thickness of 1.46 in. at the forward butt joint,
’ 2-119



jusuwdag /021 vn

(IO-1C-OLEIOV /a2 DL NO NMAMOHS
. LT SV EWYS 91aNOD NOLWYIINSNE
260033 21N (DAL SSO03S DN 23g

*2L-7 @an313

32 HIAF[INOA NYNNE  a3gana N-vNOg a3y YOSy LIV 62
AINE SOISIIV VIR ~ lezeal .
. 20\ : : . |
. Jt/ >'6e et L 612 —=f Tlo.om|! vl
xﬂltll P M\\ P %\\ NW\\
. ’ . or Sl Ol
1008 MHL \ 201
ANVISNOD G
viQ - ﬂ _
2Le 6l oy ]| b vig
SERSY e J9 ol
\ilal - - - — viQ
©2es o'y

v /

ANY VI BA0EE 91008 ain—/

- 2-120



9ansol) 3IJV I0J UOTIBINSUL

*g/-7 dand13

2-121



A propellant shrinkage liner (boot) is provided at the forward end of the
closure to reduce grain stfesses. The rubber will be vulcanized-in pla?e
in thé closure per UTC specification SE0089. An ozone-resistant material
will be applied to all insulation surfaces that will not be covered by

propellant.

2.4.3.1.2  156-in.-Diameter Motor

The same materials and processes are used for the 120- and 156-in.-dia-
meter SRM internal insulations. The required thicknesses vary due to different
heat fluxes and exposure times. In addition, the segments have no forward end

restrictor,

A. Forward Closure
‘The forward closure insulation is similar to that used on the 120-in.-dia-
meter motor., Silica-asbestos-filled Buna-N rubber per UTIC specification
SE0096 is used for maximum erosion resistance. This design is shown in
figure 2-63. The required insulation thicknesses were determined by using
measured 1207 motor ablation rates and scaling these rates up with heat
flux over that interval of time when the location being aﬁalyzed is exposed.
>The ablation rate is thus known, The ablation rate was multiplied by the
- exposure time and by a factor of safety of 1.25, and sufficient additional
material was added to maintain insulation-to-case wall bondline temperatures
beiow 100°F. The thicknesses required vary from 0.84 in, aE the aft butt
joint to a minimum of 0.44 in. at the point of propellant burnout under -

the star rays.

‘A propellant shrinkage liner (boot) is provided at the aft end of the
closure to reduce grain stresses., The rubber will be vulcaniéed in place
in the closure pef UTC specification SE0089. An ozone-resistant material
will be applied to insulation surfaces that will not be covered by pro-

pellant,

B. Segment
The segment insulation is similar to that used on the 120-in.-diameter

motor, except that there is no restrictor over the forward face of the
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propellant, Therefore, the caseé wall insulation in the forward end is
thicker due to the earlier exposure to the hot gaseé. This design is
shown in figure 2-64, The insulation throughout the segment is silica-
asbestos-filled Buna-N rubber per UTC specification SE0096. Design thick-
nesses were determined in the same manner as for the forward closure.
These thicknesses vary from 1.11 in. at the aft butt joint and 1.48 in.

at the forward butt joint to a minimum of 0.10 in. at the area of pro-
pellant burnout, The total thickness of 1.48 in., at the forward butt
joint is not needed to resist ablation, but is required to provide a
proper interface with the mating segment. At the propellant/insulation
junction, a thickness of 1.28 in. is needed to provide adequate protection

for the case.

Propellant shrinkage liners (boots) are provided at the forward and

aft ends of the grainms.

C. Aft Closure

The aft closure insulation, shown in figure 2-65, is fabricated of silica-
asbestos-filled Buna-N rubber per UTC specification SE0096. Except for
the area near the nozzle boss, thicknesses were arrived at by scaling 1207
motor ablation data to correct for chamber pressures, Mach number,_and
time of exposure. A factor of safety of 1.5 was applied to ablation rates
~and sufficient additional material added to limit case wall temperatures
to 100°F during motor action time. The thicknesses in the nozzle boss
area were calculated in the same manner as for the 120-in.-diameter
motor., A tapewrapped silica cloth-phenolic insert is used to provide the
proper interface with the nozzle. The thickness of the insert at the
nozzle boss is 4.7 in, From this point the insulation tapers uniformly
out to a minimum thickness of 0.40 in. at the point of propellant burn-

out, then tapers up to a thickness of 1.48 in. at the forward butt joint,

A propellant shrinkage liner (boot) is provided at the forward end of the
closure to reduce grain stresses. The rubber will be vulcanized in place
in the closure per UTC specification SE0089. An ozone-resistant material
will be applied to all insulation surfaces that will not be covered by

propellant.
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2.4.3.1.3 1Insulation Deéign Factors of Safety

"In the preceding pafagraphs it has been stated that a factor of safety of
1.25 on ablation rates was used for the forward closures andAsegménts, and a
factor of 1.50 was used for the aft closures. ‘These factors are used to account
for possible variations in ablation that could be caused by differences between
actual and predicted motor chamber pressure, action time, and insuiaf;on expo-
~sure time. Additionally, slight variations in the uniformiﬁy of the inéulation
material must be considered. The higher factbr (1.50) is used in the aft
closure design since the ablation rates and possible vériations in these rates.

are significantly higher than in the segments or forward closures,

Increased factors of safety could be used in all areas of the design, which
would naturally increase the overall reliability of the design. It would result
in an insulation weight increase that is approximately proportional to the’

increase in the factor of safety.

2.4.3.2 Nozzle
2.4.3.2.1 120-in.-Diameter Motor

The configuration of the nozzle is shown in figure 2-74, The nozzle, which
is basically a modification of tﬁe 1207 motor nozzle, has a throat diameter of
41.61 in., and ﬁhe exit cone and exit cone extension provide an overall expan-
sion ratio of 9.19:1. The major modification is incorporatioﬁ of ;Be TECHROLL
seal. Other changes include (1) use of a tapewrapped carbon cloth-pheﬁzlic
throat insert in place of molded graphite cloth-phenblic rosette rings, (2)
reduction in exit cone liner thickness; (3) use of a‘fiberglass overwrap in-
"stead of an aluminum honeycomb structure in the structural portion df the exit,
and (4) use of 1ow-densi€y silica-phenolic as the extension cone liner material.
The 41.6-in throat is based upon the curreﬁt 1207 design. Other ballistic mod-

ifications would utilize a different throat size and expansion ratio.

A, Nozzle Throat

The throat insert is carbon cloth-phenolic tapewrapped with the plies
oriented at 90° to the nozzle centerline. The tapewrapped throat is
shown in place of the rosette layup rings used in the existing 1207

nozzle because of its potential cost savings due to easier fabrication.
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The insert is backed with parallel wrapped glass cloth-phenolic, and the
entire insert package is bonded with epoxy adhesive to the structural steel
movable section of the TECHROLL seal assembly. A molded carbon-phenolic
nose cap is used and insulatﬂon for the submerged movable and fixed sec-
tions of the seal assembly ié tapewrapped silica cloth-phenolic. The

fixed section of the seal‘aséembly which attaches to the aft closure is

D6aC steel.

B. Nozzle Exit Cone
The exit cone attaches to the throat assembly by means of a bolted joint
similar to that used on the 1207 nozzle. The leading edge of the exit
cone liner is at an expansion ratio (¢) of 1.11, and the liner material
from this point aft to € = 2.5 is parallel to centerliné wrapped carbon
cloth-phenolic backed with silica cloth-phenolic., From € = 2.5 to the"
joint with the exit cone extension at € = 3.5 the liner material is
pérallel to centerline wrapped silica cloth phenolic. The maximum liner
thickness is 1.66 in. compared to a thickness of 2.01‘in. required on )
the 1207 nozzle. This reduced thickness is possible since the increased
ablation caused by TVC fluid jinjection is not present. The exit cone

structural shell is 4340 steel.

C. Nozzle Exit Cone Extension

The exit cone extension liner, which extends from é= 3.5 to € = 9,19, is
parallel to centerline wrapped low-density silica-phenolic. This material
has approximately half the density of silica-phenolic used in the exit
cone and- provides adequate ablation resistance for use in the high area
ratio, low heat flux regions, The thickness of the liner tapefs from

1.7 in. at the forward end to 0.9 in. at the aft end.

The structural portion of the extension consists of a steel forward attach
ring and a fiberglass overwrap. It should be noted that the aluminum
honeycomb structure that was used on the 1207 nozzle is not required on

this nozzle since the high nonsyhmetrical loading caused by liquid injec-

sive, and will provide adequate support for the liner.
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2.4.3.2.2 15§rin;-Diamgter Motor
The nozzle for the 156-in.-diameter motor, as shown in figure 2-75, is

simply a séalgg~up version of the 120-in.-diameter motor nozzle.

The nozzle has a throat diameter of 52.00 in., and the exit cone and exit
cone extension prgvide an overall %xpansion ratio of 10:1. The same materials
and design features that were used for the 120-in7-diameter nozzle are used
throughoqg phig design. The,ma;eﬁial thicknesses‘required'are greater than
those for the 120-in.-diameter motor nozzle due to slightly higher heat fluxes

and longer exposure times. Otherwise, the designs are identical.

Both the 156- and 120-in.-diaﬁeter motor.nozzles are canted 0° with the
cgquility of a ;11°.§ef1egtion. A parametric study was_done.to determine
what effect differenp cant angles and deflection angles would have upon the
weight of the system. The results of the study are shown by the curves in
figufq 2-76. The cant angle alone has little effect upon the weight since
all parts could be designed to be Symmetrical about whatever axis the nozzle
is on. However, with increased deflection angles there is a 'significant in-
crease in weight. This is due primarily to the fact thét the seal assembly
becomes longer gnd the entires assembly must be moved outboard to provide
‘adequate cleg:aﬁgg for the movable section of the nozzle to achieve the

desired deflection.,

2.4.3.2,3 Design Factors of Safety
In all arégg of the nozzle the ablative material thicknesses have a safety

factor bf 1,25'@@ ablation rates Qith sufficient additional material added

to maintaig the bggdLiqg temperatures below,lOOoF. >In.other large motor nozzle

designs §gg§’§§vghg Titan III-C and Titan IIID and 1207, it has been shown that

be caused by differences between actual and predicted motor chamber pressure

and action time, unusual flow conditions, or slight variations in the uniformity

of the ablative materials.

&

o
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2.4.4 TVC System Selection

A hydraulically actuated movable nozzle system has been selected by UTC
for control of the SRM shuttle booster. This selection was made on the basis
of a 10% cost reduction with an attendant inert weight reduction from a liquid

injection TVC system.

The UTC-developed TECHROLL seal is being recommended for the movable
nozzle bearing. Movement of the nozzle is accomplished by Saturn actuators
modified to provide the required stroke and incorporate desirable majority vote
servovalve techniques., Hydraulic power is supplied with a Spartan system solid

gas generator powered, turbine driven hydraulic pump.

2.4.4,1 TECHROLL SEAL

The TECHROLL seal is a fluid-filled, constant-volume Bearing between the
nozzle and motor case which permits easy pivoting of the nozzle by allowing
fluid in the bearing to displace from side to side as the nozzle fotates.
Nozzle ejection is prevented by the incompressible fluid of the bearing which
is contained in the fixed volume of a fabric-reinforced elastomeric seal of
annular geometry with two rolling convolutes. Axial mdtion is minimized by the
use of the fixed fluid volume, and side displacement of the nozzle in the plane
of the seal is minimized by the restoring convolute and differential pressure

forces, as shown in figure 2-77.

TECHROLL seals have been demonstrated successfully in UIC in-house programs
and under contract with AFRPL (both third-stage Minuteman and HIPPO motors).
. Seals are currently under development for the Poseidon and C-4 fleet ballistic

missile programs, and for the Army.

The bearing pressure (figure 2-77) develops as a reaction to the nozzle ~
blowoff loads dufing motor operation. The bearing pressure is inversely pro-
portional to the seal width and can be decreased by increasing the seal width
and by decreasing the convolute width. In the limiting condition, the bearing
pressure can approach the chamber pressure of the motor. During storage of a

typical motor, the seal is essentially unpressurized (less than 5 psi) for long

storébility. :
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The seal is supported in all areas by structure except in the region of
the convolute roll, The small convolute diameter (figure 2-77) produces low
tensile forces readily carried by a single layer of rubber-coated reinforcement
cloth. These ferces, characteristically 500 1b/linear in., are well within

the state of the art for nylon-, rayon-, or dacron-reinforced elastomerlc mate-

_rials. A particular advantage of the TECHROLL seal system is_that the wall

thickness, convolute diameter, and bearing pressure can be identical on a wide
range of motor sizes, This means that essentially the same seal cross section
can be used on a variety of motor sizes, thus minimizing overall complexity of

development and testing.

A key feature of the TECHROLL seal movable nozzle is its low inherent and
internal aerodynamic torque. Lowest actuation torques occur when the convolutes
are placed on a common plane. The intersection of this plane with the nozzle
centerline defines the pivot point. Using this seal geometry, deflection
torques are very low, If higher torques are desired, the convolutes may be
displaced from the common plane to generate an interference torque and achieve

the desired restoring torque characteristics.

Thermal protection of the TECHROLL seal is conventional and ean be accom-
.plished by dsing grease retained by a graphite or carbon cloth, as done on
elastometallic flexible joint movable nozzle systems. Low-density fluids
used in the TECHROLL seal are selected for long-term compatibility with the
seal rubber coating.- Silicone hydraulic oil hes been used successfully and has
a 10-year compatibility with many rubber coatings. 1In practice, the Viscbsity
of‘the fluid can be selected to provide damping as required. The potential for
fluid loss is minimal since there are no sliding or pressure actuated seals,
and driving pressure during storage is essentially zero,

Theiseallclosure is designed for a fail-to-null nozzle position if seal
integrity is lost. Decoupling of the nozzle actuation system will assure a.

nulled motor,

Pertinent design characteristics of the individual seals for 120- and

156-in.-diameter motors are presented in table 2-XV. The 156-in.-diameter

design was shown in figure 2-75.
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Parameter

Seal material

Material thickness, in.

Outside diameter, in.
Inside diameter, in.
Seal width, in.

Convolute width, in.

TABLE 2-XV

TECHROLL SFAL PARAMETERS

120-in.-Diameter SRM 156-in.-Diameter ‘SRM

Neoprene with dacron or nylon reinforcement

0.08 to 0.1 0.08 to 0.1
67.2 7940
58.0 | 69.0

2.3 2.5

0.4 , 0.4 -

Fluid Silicone oil
Internal pressﬁre, psi 1,500 1,500
Weight of seal and fluid, 1b 112 1207

2.4.4,2 Nozzle Actuation System

Positioning of the TECHROLL seal supported nozzle in response to vehicle

attitude commands is accomplished with the ﬁydraulic system shown schematically

in figure 2-78 ., Installation of this unit is shown in figure 2-79.

Two linear, hydraulic actuators are sized to provide force sufficient to

overcome nozzle loads while maintaining desired rates of deflection. The two

actuators (pitch plane and yaw plane) are attached between the motor aft clo-

sure and the nozzle.

Extension or retraction of the actuators rotates the

nozzle about its pivot point.

Electrohydraulic servovalves control the actuator movement by directing

hydraulic oil flow to appropriate actuator ports, Actuator position feedback

completes a closed loop about the nozzle position.

Servovalve command signals are issued from an electronic package which

processes vehicle attitude commands. This package will resolve signals for
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proper deflection orientation, monitor nozzle position, modify signals for

nonlinearities, provide command limiting, and other compensation as required.

A regulated pressure hydraulic supply system has been selected to provide
hydraulic power to the actuators. The pump is driven by an attached turbine
with energy supplied by a solid propellant -gas generator. The supply unit -
consists of the gas generator, the pump and turbine, a reservoir, pressure

control valves, and an accumulator.

Reliability is enhanced by employing redundant servovalve stages, feed-
back units, and parallel hydraulic supply units. Design approaches for the
system are based on Titan III, Saturn, NIKE-ZEUS, and. Spartan experience., All

component designs are state of the art.

Other system components include signal conditioning equipment, malfunction
detection devices, ground-to-vehicle power transfer switches, and vehicle

electric power sources.

Two candidate hydraulic supply sources were considered in this preliminary
design effort: (1) regulated pressure pump system powered by either a gas gen-
erator driven turbine or a dc electric motor and (2) a blowdown source with
supply pressure decaying as a function of duty cycle history. The turbine-
driven pump system was selected primarily because of its high power-to-weight

and power-to-volume ratios.

The following subsections describe system components in detail as well as
their design basis. Torque magnitudes are developed, and a basic duty cycle

is established for design purposes with the following system performance

criteria:
Deflection, § +11°
Slew rate, 6 59/sec
Acceleration,b. 2 rad/sec/sec.
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This criteria was selected as a composite of the best data available from
the Phase B contractors. The total deflection angle was selected to include
any possible precant angle. The numbers are believed to be conservative in their
effects upon system sizing. Further development of specific control require-
ments will serve to reduce these system requirements.
2.4,4.3 Flight Duty Cycle

The design of an actuation system and the determination of power require-
ments are dependent on static and dynamic loads and on an expected duty cycle.

A typical duty cycle for this design effort is based on Titan IIT data.

The vehicle is assumed to have a velocity profile similar to the Titan III
configuration as well as a similar attitude command program. The effects of
vehicle cg changes have not been considered because they are dependent upon the

configuration.

Three contributions to the total duty cycle are estimated: (1) stabilization
for vehicle moments (dynamic pressure (Q) effects), (2) trajectory maneuvers,

and (3) vernier control.

A, Stabilization
The vehicle is assumed to have a couple due to dynamic pressure loads,

K1Q’ which is opposed by the thrust vector deflection force, K2 tanf.

0 o tan-l Q)

A control margin is assigned for this stabilization function (i.e., at
maximum Q let a 5° thrust deflection provide vehicle stabilization with
the remainder (5°) available for additional control). Applying data from

a typical Titan III flight, the following stabilization profile is derived:

Time, sec 0 do dg/dte
0 0 0 -

15 0.5 0.5 0.0333
.40 3.75 3.25 0.13
50 4.6 0.85 0.085

57.5 5.0 0.4 - 0.0534

e 2O 2 e 0B e — — 0064 — e — — e
90 2.2 2.0 0.1

105 . 1.0 1.2 0.08
1.6 0.6 0.04

120
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B. Trajectory Maneuvers

A maximum required nozzle deflection of 10° is assumed and each attitude
command is from the stabilizing level to 10° and return at maximum slew
rate (5°/sec). A roll at 10 sec, a pitchover at 20 sec, a pitch control
at maximum Q (60 sec), and an equal simultaneous pitch/yaw correction’ -
during tailoff (100 sec) comprise the trajectory control program.' The

following data tabulates the activity:

Time, sec A@, degrees At, sec
10.0 ) 9 1.8
11.8 18 3.6
15.4 9 1.8
20 9 1.8
21.8 9 1.8.
60 5 1
61 5 1

100 6 1,2%
101.2 6 1.2%

C. Vernier

Based on Titan III data, vernier control is given an oscillatory history
of 0.5 cps at amplitudes of #1°, This portion of the duty cycle repre-

sents the continuous attitude control of the system. This establishes

the steady state flow requirements of a hydraulic supply system.

0.5 cps at +1.0° = 240° total deflection

D. Composite Duty Cycle
The total duty cycle, which is a compoéite of the three functions, is

presented in the following tabulation and in figure 2-80.

Angular Displacement .

Function degrees
Stabilization _ 9.8
Trajectory (90.0)

Roll ' 36.0

Pitch (20 sec) 18.0

Pitch (60 sec) 10.0
Pitch/yaw (100 sec) - 26.0

Vernier 240.0
Total 340.0

* In each axis.
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This duty cycle is applied to the pitch axis only; yaw activity is assumed
to be equivalent to *0,5° at 0.5 cps and the single skew.COmmand7during

tailoff,.

2.4,4.4 Nozzle Torque Requirements o .

The torqué required to deflect a TECHROLL supported nozzle from a neutral
position depenas on system design, the desired deflection, and the rates of
displacement, The major components of torque are discussed in the following

~paragraphs.

The systems presented are designed for a 100 maximum deflection with a
1° margin assigned. Thus, all maximum torques are for 11° deflection with a
slew rate of 5% sec and an acceleration of 2 rad/sec/sec. This combination

of reguirements provides further conservatism in system sizing.

Inertial torques result from accelerating the nozzle mass and the elements
of the seal. The seal contributions are developed from empirical and analyti-
cal expressions evolved from seal design and developmént activities at UTC,. ‘
They are a direct function of the seal design and consider the effect of size,

material, and positioning of the unit.

Damping torques and hysteresis are also functions of the basic seal design
and are calculated using supporting data from previous development efforts,
The spring rate of the seal is the other torque component directly attributable

to seal design and is also derived from UTC determined data.

All of these seal functions will be empirically verified through subse-

quent subscale and full-scale system development tests.

Vehicle acceleration produces torque as the nozzle is displaced from
neutral. Maximum accelerations of 3-g axial and l-g lateral were applied for
this design. Nozzle mass is 8,276 and 13,142 1b for the 120- and 156-in.-

diameter motors, respectively,
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Misalignment torque results from nonsymmetrical throat ablation, thrust
vector lateral offset, and geometric thrust misalignment. These items .are
dependent on design, and experience with the large Titan III nozzle was used
as a basis for this calculation. Pivot point offset of +0.15 in., a conserva-
tive variation in throat ablation rates of 10%, and an angularity offset of

0.25° were assumed in determining this torque component.

External aerodynamic torques result from nozzle air loads and are thus
related to the nozzle exterior surface exposure and its relative angle of
attack. The exposure depends on the deflection angle and the relative positions

of the nozzle and aft extension skirts,

The air load effect on the nozzle was estimated by applying Titan III
wind tunnel test data and is calculated for the time of maximum dynamic pres-
sure (velocity of approximately Mach 1.5). A 20° half angle nozzle has been
selected for the 156-in.-diameter SRM to reduce nozzle length and minimize the
resultant airloads, Shuttle vehicle wind tunnel data will be required for the

final determination of these loads.

Internal aerodynamic loads resulting from rotating the nozzle in relation
to the enfering gas streamlines have not been included in the torque summations,
These torques are nonrestoring with a TECHROLL seal and tend to reduce maximum

torque estimates obtained from other sources.

Figure 2-81 is the total torque summation for the 120- and 156-in.-diameter
motors. Two components are shown: the dominant aerodynamic torque and a summa-

tion of all seal/nozzle inertial, damping, and spring torques,

2.4.4,5 Actuators
Linear two-way piston actuators are chosen for this application due to
the high force requirements and long stroke necessary to deflect the nozzle
at the magnitudes and rates desired. The placement of the actuators is deter-
mined by considéring available envelope and structural loads as well as attempt-

ing to maximize moment arm and minimize stroke, Additionally, the actuator
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fixed ends are positioned at the plane of the nozzle pivot point to reduce
cross-coupling action between orthoganol actuation planes. Symmetric stroke

from null is also position dependent, and the selected placement provides this, .

Each actuator is a subsystem incorporating integral servocontrol valves
and position feedback units for both closed-loop control and as a telemetry
data source. The units are patterned on those used for the Saturn program and

feature redundant feedback and a majority voting scheme in each servovalve.

The actuators are mounted through spherical bearing rod ends at structural-
pads on the nozzle shell and the aft closure. Two independent units, mounted
90° apart, are used on each motor, providing the required deflection capability

at any orientation.

Pertinent actuator parameters are listed in table 2-XVI for the system
meeting the stated performance requirements. Figure 2-82 shows the required
actuator area and force values for various performance regimes for the selected

motor configuration. This figure assumes a regulated pressure source.

TABLE 2-XVI

HYDRAULIC ACTUATOR CHARACTERISTICS

Characteristic 120-In.-Diameter SRM 156-In,-Diameter. SRM

Operating pressure, psi 3,000 ’ 3,000

Return pressure, psi 60 V 60

Piston area, in.?2 , , » 26.2 27.6

Piston stroke, in. - *7.5 110.7

Maximum piston rate, in./sec 3.4 : _ 4.85

Force output, 1b 73,500 77,500

‘Fluid MIL-H-5606 or MIL-H-6083

Weight (estimated), 1b - 250 : 250
"“"-*“**—Length“fnuli)j—inT'~—:—""—~"-—’——“—”-‘*45—”——"--"—"-“'“*—*—~;“-"§A—“~***"—“~——'~——"*"*"
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An alternate actuator which will be considered is a pneumatic powered
ball screw unit being developed by Aeronutronic Division of Philco-Ford., The
concept has been demonstrated under a contract with AFRPL., Figure 2-83 shows

the typical configuration of this actuator for the shuttle motor,

The device operates directly from the output of a solid propellant gas
generator of the type currently used on Minuteman and Poseidon. Flow from the
gas generator is directed through a warm gas valve and apportioned between
opposing sets of turbine nozzles. Pulse duration modulation is used wherein
tﬁe gas flow cycles from one side to the other at a fixed frequency with a
basic square wave pattern. A net command is achieved by increasing the time
duration of one side and decreasing the on-time of the opposite side, while
maintaining the square wave frequency. The flow is directed fhrough nozzles
onto axial impulse turbines mounted on a common shaft to produce clockwise

torque on one wheel and counterclockwise torque on the other,

Turbine torque is transmitted through a single-stage gear reducer to a
ball screw/jack assembly where additional speed reduction and the conversion
from rotary motion to linear motion are accomplished. The combination of the
gear reducer and the ball screw provide a high-speed reduction ratio with

minimum inertia and minimum packaging size.

The total actuation system weight is estimated to be 500 1b for either

system,

2.4,4.6 Hydraulic Supply Systeﬁs
2.4,4.6.1 Hydiaulic Power Requirements

Hydraulic power requirements depend on the desired rate and magnitude of
deflection and_;he imposed duty cycle. Steady-state flow is defined by the
vernier portion of the duty cycle and servovalve leakage. Transient flow

results from vehicle attitude maneuvers and in recharging expended accumulators,

Accumulator capacity is determined from expected duration, frequency of

transient demands, and pressure fluctuatlons. It is desirable to minimize
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accumulator volume in the interest of envelope and discharge performance, and
its sizing is a tradeoff with the basic pump capacity. For tﬁis desigﬁ effort,
the 5.4 sec duration roll manuever of the selected duty cycle was fhe'éizing
basis. Pump combinations were selected to limit accumulator active oil volume

to approximately 1 gal,

Two sources of hydraulic power were candidates in this design effort.
The first is a regulated pressure system hydraulic pump, and the second is a

variable pressure system with a blowdown gas pressure supply.

2.4,4.6.2 Regulated Hydraulic Supply Systems »

The regulated pressurebsource includes a positive variable-displacement
hydraulic bump in a package with a reservoir, accumulator, pressure regulator,
and associated valves, filters, lines, and‘fittings. Tﬁe pump can be coupled
to either a dc electric motor or a solid propellant gas generator driven

turbine.

The dc mdtor/pump unit is basically a low power unit due ﬁaiﬁly to motor
‘limitations. Shért-duration demands exceeding pump capacity are accommodated
with accumulators. TFlow capability is increased by éoupiing units in parallel
depending on the expected duty cycle and combination of pump§ and accumulators,
Checkout is conducted with ground power, and its duration is limited by hydraulic

oil temperature in the closed system,

As a comparative base, a unit is defined as a single pump with peripheral
subcomponents, dc motor, and battery combination. One unit produces approxi-

mately 6 hp, and its weight is estimated at 180 1b.

The other regulated pressure unit is similar, except that the motor and
battery is replaced by a turbine, gear box, and solid propellant gas gemerator.
A typical system of this configuration was developed for the Spartan and NIKE-

ZEUS missile programs.
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The’gés.generator is sized to provide the required pbﬁer for the  desired
duration, and the combustion gas is directed from the chamber through “a “burning
rate control valve to the turbine housing. The burning rate control: valve 'is
a variable area valve which regulates the burning rate of the,proﬁéllant“by
adjusting chamber pressure. If chamber pressure exceeds a -reference, the
valve opens reducing combustion pressure and consequently the gas generator
mass flow rate. Tﬁis control maintains a constant chamber pressuré and mass
flow rate. The gas energy is converted by an impulse turbine which is coupled

to a fixed displacement pump through a gear reduction train, -~

Operation of the turbine/pump is determined by the torqué balance between
available turbihe output and pump input. A change in_hydraulicﬂloaﬁ destroys

the torque balance, and the pump speed adjusts accordingly.

The duration of operation depends on the size of the gas generator; nomi-
nally, the size is chosen to equal flight time plus 6 to 10 sec to allow pre-

launch checkout and accumulator charging.

- Preflight checkout of the nozzle actuation system is accomplished by

energizing the turbine with ground supplied gaseous nitrogen.

A single unit package produces, typically, 44 hp and weighs approximately
150 1b. ' ‘

2.4.4.6.3 Blowdown Hydraulic Supply System

A blowdown system uses a pressurized reservoir with the available supply
pressure being a function of duty cycle history. The quantity of fluid loaded
must be based on estimated duty demands, leakage, and prelaunch checkout
sequences. The expended hydraulic oil would be deposited in an unpressurized
collection bottle. Transient flow requirements are limited only by hydraulic
flow losses in the connecting lines and fittings. The variable supply pressure
results in a variable system gain and sfability which may require electronic

compensation.
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A limited checkout capability exists with this system, and a supplementary

ground supply may be required.

A basic unit is defined as a supply tank pressurized with GN, at 3,500 psia
and allowed to decay to 2,500 psia for the duty cycle derived in subsection 2.4.4.3.

_This source weighs approximately 3,000 1b. The torque capability at 2,500 psi
meets the system requirements, Therefore, an excess capacity exists for the
entire flight time. Optimization at requirements over flight time could improve

the blowdown system tradeoff factors.

2.4.4.6.4 Supply System Tradeoffs

Figures 2-84 and 2-85 are parametric comparisons for combinations of maxi-
mum deflection capability at various slew rates with a regulated préssure
hydraulic source. The reqﬁirements line for a blowdown source is given as

reference on these figures.

The system presented has been deéesigned for the specific performance point;
however, the figures can be used as a guide for intermediate performance objec-
tives by superimposing the operating bounds of the candidate power supplies on

these curves.,

A unit of a battery/motor/pump with a small accumulator can accommodate

es

5 gpm; a single turbine/pump unit without an accumulator can supply 25 gpm.
A blowdown source does not have flow limit restrictions. Howevér? for the
duty cycle selected, a bottle with 70 gal. of active oil transforms to an

equivalent maximum (11° at 5%°/sec) of approximately 50 gpm,

When a blowdown system is used as a poﬁer source, the power capability
also depends on the deflection desired and its rate; however, the capacity
becomes duty cycle dependent. The duty cycle established in subsection'2.4.4.3
is approximately a 30% duty cycle (i.e., 100% equals 59/sec for 120 sec in both
quadrants). Figure 2-86 shows the hydraulic volume requirements for a 59/ sec
slew rate system at other duty cycle percentages. For this figure the fluid

capacity has been calculated as the volume necessary to complete the basic duty
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cycle P1U§ 257% additional for servovalve leakage and prelaunch checkout. The
des;gn,basis is for a specific performance system, and this figure is a guide

for intermediate operation requirements design.

_ _Table 2-XVITI gives a comparison of the‘thtee ve;sions of hydraulic supply
for the system meeting the requirements’ of 11° deflectioh at 5°/sec_with”en
acceleration .of 2 rad/sec/sec and the defined duty cycle. The turbine/pump
regulated pressure system has been selected, and is considered advantageous

primarily becau e of its high power-to-weight and pover-to-volume ratios,

One supply unit with an accumulator will satlsfy the flow requ1rements~
of the 120-in.~diameter motor system. A reliability assessment will be con-
ducted; ;f;pgﬁallgl units are dlctated, a suff;cLent_enVe1Qpe'ex1sts to accom-
modate that «configuration. Two.sﬁpply units (see drawing C09031l) are paralleled
for the 156-in.-diameter system to reduce acpﬁﬁulator volume and its recharge
time. $he;seqqnd‘unit is, in effect, a redundant supply because it is only
required during transient deflection demands and is isolated with check valves.
Agein an ,additional .unit could be implemented w1th1n the skirt area if re11a-

b111ty goals require this.

As described previously, each unit is powered by a solid propellant gas
Vgenerator sized for flight duration plus an additional burn period to allow
initiation, accumulator charging, and system checkout before launch. All
other system checkouts are conducted with a ground GN2 source directly coupled

‘to the turblne.

‘The .supply :upit and all other system components are attached to the exten-
sion skirt :to reduce nozzle loading and inertia and to take advantage of the
lower vibration environment. Hydraulic coupling is through integral manifolding

in «the power -supply and combinations of tubing and flexible hydraulic hose.

Launch holds following initiation of the gas generators will require
replacement of the propellant unit only (within the life limitations of the

remaining components). In the case of parallel supplies, initiation could be

sequenced reducing the refurblshment hardware resu1t1ng “from a hold.~
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Pafameter
Pressure, psi
Maximum flow, gpm
Steady flow, gpm
Maximum horsepower
Steady horsepower
'Horsepower/unit

Number of units
selected

Weight/unit, 1b
Accumulator, gal.

Maximum accumulator
recycle time, sec

Total source
weight, 1b (with
oil, tubing, etc.)
Checkout

Cost

TABLE 2-XVII

'POWER SOURCE COMPARISON

Number of components

Duty cycle
dependency

Envelope

Gain

Reiiability potential

Single units

Multiple units
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Battery/ :
Motor/Pump Turbine/Pump Bl owdown-

120 in. 156 in. 120 in. 156 in. 120 in.. . - 156 in.
3,000 3,000 3,000 3,000 3,500/2,500 3,500/2,500
33 50 33 50 w o "70
14 20.9 14 20.9 21 29,2

58 87 58 87 100/72. 142/102
25 36.4 25 6.4 - 37 sl
6.1 6.1 44 44 100/72 142/102
6 10 1 2 1 1
180 180 150 150 3,000 4,200

1.08  1.35  0.72 - ~ -

9.2 5.8 3.9 - - ~

1,360 2,100 430 580 3,300 - 4,500

Ground power Cold gas Auxillary.supbly .
High High Low
High High Low’
Low Low High
Low Low ﬁigh.
Constant Constant Variable
Medium Medium High
.High High High



The power supply chosen is based on specific performance requirements,
Other requirements would require reevaluation and may show one of the other

candidates as the optimum choice.

2.4.,4.7 Reliability Analysis

- - The movable nozzle TVC system consists of four major components: (1) the
TECHROLL seal element, (2) the servoactuators, (3) the hydraﬁlic power unit,
and (4) the electrical control system. The reliability analysis was limited
to.a qualitative review because the system performance and quantitative relia-

bility requirements are presently undefined.

The TECHROLL seal is a relatively new development of UTC which has beeﬁ
satisﬁactofily tested for several applications on motors up:té 60 in. in
diameter. Based upon the present test data from small seals and the design .
presented in this proposal, the TECHROLL seal is expected to demonstrate a
reliability greater fhan that of the various flexible seal concepts presently

being utilized in production applications.

. The servoactuators are modified versions of those developed for the
Saturn V vehicle. The primary modifications which have been made are the
increase in stroke length and the incorporation of a‘tripie-redpnd#nt majority-
voting servovalve, This TVC system utilizes two servoactuators, one each in
the pitch and yaw planes. The primary failure modeg of a sgrvééctuator are
failure of the servovalve to correct hydraulic oil flow (change or maintain
actuator position) and failure of the actuator to respond to cdmmand. Past
History on other systems show the servovalve to be the most_unreliable glement
of this component. Based upon this history, redundancy isaprovided_by using
Athe majority voting technique. This valve is a;three-stage_hydﬁaplic amplifier
with three parallel majority-voting first-stage channels. Majority voting is
based on agreement of at least two of the channels. before responding to a given
command., This eliminates the pbsSibility of a system failure begauéé of a single
channel's spurious signal. The probability of second or third stage failure
caused by spool jamming from particle contamination. or manufacturing burrs is

_reduced by oversize piston areas and high.applied forces in addition to the
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improved filtration techniques. The combination of these items will signifi-

EREN

cantly improve the reliabiiity of this component.

The hydraulic power unit is essentially the same as the one designed and
developed for the.Spartan program. The unit consists of an SPGG with dual
igniter squibs, gas turbine, burning rate control valve, gear box, fixed dis-
placement pump, check valve, filter, accumulator, low-pressure reservoir, and
pressure regulating and relief valve. The present concept is to use one unit
on the 120-in.-diameter motor and two units in parallel on the 156-in.-diameter
motor. Room is available to provide an additional unit on both motors, if the
duty cycle and/or numerical reliability requirements make this désirable.
Partial redundancy is provided in the case of the 156jih.-diametér motor, but
knowledge as to the extent of this redundancy requires definition of - the dufy

cycle,

The electrical power and controls of this TVC system will utilize a solid-
state powéf transfer switch, combined with the battery presently used onthe
Titan motors. This combination would be utilized in redundant pairs in this
application to increase the reliability. The design precludes the existence
of power system failure at launch, except‘for countdown failures. The position
feedback portion of the electrical system will utilize three potentiometers
which are designed so that they can be majority voted with identical commands
going to each of the three (per unit) first stage channels of the servovalve,
This design approach results in a considerable reliability increase over the
less costly one potentiometer to one channel approach. Both of these items
will require further evaluation when appropriate tradeoff criteria are estab-
lished (i.e., performance duty cycle refined and numerical reliability goal

or requirement defined along with the cost and reliability tradeoff criteria).

2.4.5 SRM Ignition and Thrust Termination
2.4.5.1 Ignition System |

The forward-mounted RP-2 ignition system (figure 2-87) qualified in the
Titan III-C and Titan IIID SRMs and used for the UA 1207 SRM is classed as a
pyrogen or rocket type. The system currently compriseé two major assemblies:

the S/A and igniter assembly. A similar design with increased flow rate is
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proposed for the 156-in.-diameter SRM. The S/A houses BKNO3 ignition peliets
which are initiated by squibs internal to the S/A. " An adapteri.to incorporate
TBIs in lieu of the S/A sduibs will bg used in place of the S/A. .The TBIs.

are initiated by a CDF or shielded mild detonating cord.which, in turn, receive
their firing impulse through an EBW system. The pyrotechnic interface between
the ignition pellets and igniter would not change. Ignition transient predic-

tions for the four baseline SRMs are preéénted in subsection 4.1.3.

A, Igniter Description , .

The igniter assembly consists of an igniter motor,and‘é primary initiator
motér. The igniter motor consists of an internai burﬁing,‘cértridge-cast
propellant grain housed in a steel pressdré vessél; The. igniter case and
closure are mated by a threaded joint. A crush O-ring seal in this area
provides a gas seal during igniter functioning.‘ The igniter’c10§ure pro-
vides a mounting flange for assembly to the SRM. The closure also“incorpo-v
rates attachment provisions.fof_the TBI adapter which replaces the present
S/A. Three integral nozzles, canted at 30° from the longitudinal axié,

are provided to direct the igniter exhaust products to the motor propellant
grain surface, Insulation, both external and internal, ;sfprdvided to

ensure igniter structural integrity during the burning duration of the SRM.

The initiator is a smaller version of the igniter motor also consiéting of
a cartridge-cast propellant grain inserted in an externally insulated
steel case. A molded phenolic insert intermally bonded to the aft end
incorporates three integral nozzles to direct the initiétor grain exhéust
products to the igniter propellant. The insert also acts to insulate the
initiator case during the SRM operation, The initiator, like thé'igniter

case, is threaded into the igniter closure.
UTP-1095 propellant is used in both the initiator and igniter motors and

consists of PBAN fuel binder with AP as the oxidizer. A liner, designated

as AL-122-2C, is used for cartridge bonding and is made from PBAN material.
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B. Igniter Sizing

Prgpellant ighition research programs conducted at UTC have proyidgd signi-
fi¢ant progress toward defining propellant response to a variety of induced
énvironmeﬁts; These studies have shown that the propellant chemical response
and the pfopellaht ignition delay depend on several factors, including
delivered flux; propellant compousition, grain surface conditions, ambient
pressufe; 4drid temperature. From arc image furnaceée tests using candidate

propellaiit Samples and accurately controlling flux, the data can be repre-

sented by -ignitability curves relating flux and ignition time.

Ignition of large-diameter motors was expressly investigated on Air Force
Contradct AF 04(611)-7559 (Investigation of Ignitioii Systems for Very Large
SélidAbepellént Boosters) where it was shown that the most dominant vari-
able wds the grain port diameter. Data were derived that related the

grain port diameters and ignifer flow rate as a function of ignifion time
and ambiént preéssiure. This method of ignition sizing was used in the

- Titan III igniter design with excellent correlationm. '

SiZing of ignitien pellets is obtained from an empiricél‘equatién developed
by the‘Navél_Ordnance Laboratory, White Oak, Maryland, from analysis of

opérational missiles using pellet igniters. The equation is as follows:

59 1.06
w =.Z%- AB dc (ﬁ;-\FEFZ;)
where
w = pellét weight, gms
Q = heat énergy required for ignition, cal )
AH = heat of combustion of ignition material, cal/gm
Ap = surface area, cm? , '
qé = ignition energy, cal/cmz
L. = grain length, cm
Ap = port area, cm. 2



C. Ground-Mounted Ignition System o
A ground-mounted ignition system provides certain advantages over:a

forward-mounted system. The most important advantages:are:

1. Simplification of motor forward closure by elimination of

igniter attachment boss and higher motor mass fraction
2. Elimination of primary gas seal between igniter and motor

3. No ignition overpressure with proper igniter positioning, . allow-

ing higher and more conservative igniter mass. flows

4, Potential to design for simultaneous ignition of several motors
from a single source, thereby éliminating'the poSéibility of
'single motor ignition failure. ' ’

¢

Some of the disadvantages of the pad-mounted ignition include:

1, Slightly longer ignition delays

2. Location with respect to nozzle throat critical seal and insert

’

3. Impact on motor nozzle design.

A fypicéi ﬁad-ﬁbunted ignition system consists of'an-igniferlmoﬁnted on

the launch pad directly below the motor to be ignited. A éingle centerline-
oriented nozzle-directs the hot igniter gases into the motor chamber. A
fully expanded exit cone‘is’fequired to provide maximum exhaust gas velocity

to ensure maximum penetration into the motor port.

The igniter employs the same basic ignition train as the forward igniter,

i.e., S/A or EBW, pellet booster charge, initiator motor, and igniter.

Methods of attaining simulfaneous ignition from a siﬂgle source would
include a ducted multiport pyrogen igniter, a-manifolded hypergolic
liquid igniter, and laser ignition with sensitive materials on the pro-
.pellant surface. The ducted pyrogen igniter would require development of
the heavyweight manifold assembly to distribute the hot ignition gases.

The hypergolic liquid ignition has been demonstrated by UIC as a viable
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technique and seems to offer the most straight-forward approach. The
laser ignition system has also been demonstrated by UTC. This technique

is dependent on use of sensitive materials and reflection mirror alignment.

2.4,5.2 Thrust Termlnatlon

The TT system for the UA 1207 SRM is essentlally 1dent1ca1 to that quall-
fied for the Titan III-C SRM (figure 2-8). The only potential change would be
.a port opening d1ameter The 156-in.-diameter SRM design would utilize the

same concept with an increase in size.

The current TT system comprises two major assemblies: an electromechanical
S/A device and an ETA, The S/A provides the initial'gxplosive stimulus to
activate gbg ETA, but could easily be replaced with an EBW system without com-

promising the explosive initiation characteristics.

A. Component Description _ )

The ETA is built up from two major components: an explqsive transfer
harness»gnq an LSC. The exélosive transfer harness is fabricated from
explosive cord with a loading density of 20 g/ft. Receptor and donor
charge§ aré’provided at the ends to receive a detonation stimulus from
detonators housed in the S/A or EBW module and provide detonation energy
to initiate the LSC. The LSC islloaded to a density of 300 grains/ft.
The material used in the transfer harness and LSC consists of RDX Class A
explogsive, The éyatem is completely redundant,-empioying‘two complete

and separate explosive trains.

The IT system is deS1gned to terminate or reduce the forward thrust of the
UA 1207 or 156-in,-diameter SRM by opening two ports in the forward clo-
sure of the motor. These ports are sized to generate a reverse thrust
which Will'esséntially cancel the forward thrust of the SRM.. The TT
openings are symmetrically located on the hemispherical portion of the
forward closure so that side loads are cancelled and ejecta are directed

away from the orbiter vehicle.



To improve the efficiency of the system, the motor gases are expanded
through a stack exit cone, and supersonic flow is achieved.’ The ‘stack
—and TT nozzle incorporated into the forward closure are sized to achieve
a 10-sec TT life to allow orbiter escape. This time can be adjusted as
required following detailed abort studies. The ports in the forward ‘
closure are formed by e#plosive jet cutting circular holes d1rect1y into
'the forward closures. The area around fhe holes are built up'to'provide
an attachment for the stacks and maintain structural 1ntegr1ty durlng the»

TT operation.

.B; Thrust Termination Transients

- UTC developed techniques of predicting TT transients durlng the UA 1205
and UA 1207 development programs. These technlques are descrlbed here -
with thrust transient data for the UA 1207. Thrust transient data were
not prepared for the 156-in.-diameter designs due to some uncertainty in
precise requirements and the excessive labor and computer costs to develop
them. The UA 1207 TT transient data relate to the standard design. The

" nozzle throat sizes selected for the $6-120 and P4-120 designé will affect
‘ the eqnilibrium level achieved Figures 2-88 through 2-95 present ‘throat
transient data for the UA 1207 with actuation of the system of varylng

t1mes from motor 1gn1t10n

:These forces are the net result of the transient gas dynamic loads pre-

" dicted to act within the motor TT, They are used as dynamic forcing
functions to predict vehicle dynamic response and loadings for the TT
conditions. Additionally, the equilibrium thrust values reached following
the early TT blowdown process are used in veh1c1e traJectory analys1s for
emergency abort condltlons The net thrust has been derived at UTC using
ana1y31s methods based on (1) the nonsteady gas dynamic wave solutlon with
isentropic mass addition and propellant graln assumed r1g1d and (2) quasi-

steady solutlon w1th isometrical mass addition.

The analysis methods used to predict these transient gas dynamic forces
were developed and corroborated under 624A development program. Confirma-

tion of the applicability of the prediction methods were obtained from
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ifAstruméntéd subscale hot firing tests, a full-scale 120- 1n.-d1ameter
2-segiénit thrust termination test, and a full-scale 5- -segment 120-in. -
diamétér thrist termination test. These methods are directly applicable

to thé 120-in,-diameter and 156-in.-diameter shuttle booster motors.

<.g‘, Alternate IT Technlques o

Séveral altetrfiate methods can be utlllzed to reduce or términate the
forward thrust of an SRM., These include (1) sector release, (2) explosive
bolt/fut; (3) mechanical release, (4) liquid injection, and (5) aft end

thrist réduction.

k; Sector Release

Seétor release involves use of frangible sectors wh1ch initially 4deét
as céﬁpreSsion members in a segmented ring used to retain a port cover.
On initiation, the sectors are disintegrateéd and thé ring collapses
inward until free of a restrainirng groove. Once frée, the port cover
i§ thrust éjécted by motor chamber force. This design concépt was

u§ed in thé early Polaris motors.

2: Explosive Bolt/Nut

The §implest form of this approach involves usé of a Marman clamp which
i§ held togéther by an explosive bolt or nut. On initiation, the bolt
OF nut is réléased and the clamping action destroyed. This involves

thé use of Separate port covers as in the sector release design.

3s; Mechanical Release

In ¢his method, individual port covérs are restrained by a compression .
V ﬁéﬁber’dcﬁihg against the pressure force from the motor. When this

réstaint is released by either éxplosive or other meéans, the port

COVer is released.

&y Liquid TInjection
This' approach involves use of a cooling liquid, such as water, to

extinguish the motor. This concept is being investigated in other
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programs, but cannot be considered as state of the art. “Approximately
3,000 to 8,000 1b of water would be required’ to extinguish a UA 1207.
Unfortunately, the intersegment slots provide shielding of burning

surfaces and the motor will reignite in 50 msec.

With the exception of liquid injection, which is rejected due to
limited development, separate port covers are required for these
alternates. This differs from the primary LSC method which severs

an integral membrane in the forward closure. However, use of separate

port covers was used and qualified for the Titan III-C SRM, .

5. Aft End Thrust Reduction

TIn analyzing the advantages of TT location, it .is apparent that, based
on equal porting areas, the forward IT. system results in the‘greater
thrust reversal. However, an aft-mounted TT system does offer some
significant advantages and is worthy of consideration. Some of the
more obvious advantages include a simplified motor ‘forward closure
and, in the series burn configuration, the ejecta emanating during

TT is farther from the orbiter vehicle,

In analyzing various nozzle and aft closure blowoff techniques, high
thrust impulse loads up to 170% of thrust occur at TT with limited
(about 50%) thrust reductions. A side-mounted system was investigated-

to surmount the drawbacks of other systems.

The aft end design approach was predicated on reducing the forward
-thrust by reducing the SRM chamber pressure. Consideration was given

to opening two holes in the last segment of the UA 1207 SRM (fig-

ure 2-96). A short cylindrical TT segment containing minimum propellant
also could be used. A typical porting design consists of an LSC to
provide the cutting force. A.similar concept of opening ports with

LSC was qualified for the Titan 120-in.-diamter SRM and represents

a state-of-the-art design. An eiliptical opening is preferred over

a circular port to restrict the debris in a tighter radial pattern
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and avoid impingement on the orbiter vehicle. The alternate methods

wusing Separate port covers are applicable to the side-mounted -design.

Two LSCs .are usied to. cut the port opening with increased reliability
through redundancy. The LSCs are integrally molded in an RTV compound,
-including an LSC standoff to optimize cutting efficiency as,part'of the
molded assembly. A thin plastic sheet is placed around the RTIV to
provide structural rigidity and prevert damage during insta}lation.
Phenolic clamps, periodically spaced around the LSC assembly, firmly
hold the LSCs in position on the motor case. A short stub stack is
provided to channel the ejecta created during the LSC action to pre-
vent @@pingement«on the orbiter vehicle. The stub stacks could be
canted to obtain a reverse thrust component with a small penalty in

drag ‘1ess.

A shield -or cover over the stacks contains the products emanating

during LSC function and provide a cleaner aerodynamic surface.

A CDF or SMDC routed through én ordnance or instrumentation racéway
would initiate the LSC, The CDF or SMDC would be initiated from an
S/A -or EBW device.

In the LSC cutting sequence, .the insulation under the cut area is
partially severed and then ejecteéd by motor chamber pressure, A TT
nozzle assembly, similar to that described for the forward TT design,

then controls the mass flow from the motor for a period of 10 sec.

2,4.6 Attachment Structure Design

The design approach§of the attachment and related structure differs from
the design approach of the basic rocket motor due to the variety of load condi-
tions, their inherent multidirectional applications, and-the necessity for

distributing these loads to the motor case over a suitable area.
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Functionally, the structure (1) reduces vehicle aerodynamic drag, (2) sup-
ports the entire vehicle on the launch pad, (3) provides a .protective environ-
ment and mounting structure for power, controls, ordnance, instrumentation,
and functional components, and (4) maintains orientation of the motor with
other motors in clustered configuration and with core vehicles in strap-on
configurations. -In addition, the structure provides the required load distri-
‘bution to maintain the integrity of the pressurized motor case. It also pro-
vides for attachment to other motors or vehicles and allows for axial growth
differentials without damage to either the'motor_or its associated components.
Staging or separation motors are housed in the structure which also reacts
their loads., For vehicle configurations with planned recovery, the structure

provides the required attachment location and recovery system storage space.

The Titan program has conclusively substantiated the design philosophy
used for hardware configured to provide for the majority of these functions.
The preliminary design of structure for the shuttle application is basically

identical to that successfully being utilized on the Titan program.

2.4.6,1 Loads Assumptions
A. Types of Applied Loads
Ground loads result from the static weight of the vehicle;’wind, and loads
imposed during transfer from an assembly area to the launch site. Wind
causes static loads in the form of shears and bending moments and dynamic
loads resulting from Von Karman vortex shedding} Preliminary studies
indicate that substantial savings in vehicle structural weight can be
realized, if the launch facility provides lateral restraint for the
vehicle near its forward end. Wind loads and parallel burn engine tran-
sients can apply crippling loads to the ground support structure without

such aid.

Flight loads result from motor thrust and resist weight and inertia of"
all pafts of the vehicle. Aerodynamic 1ift and drag, thrust vector con-
trol operation, and thrust termination and staging may be static or

dynamic and may include vibration.
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B. Effects of External Loads oh Structure A
Thie abovesgiound and flight loads subject thé véhicle structural components
to Various combinations of axial load, transverse or torsional shear,

beriding moment, panel pressure; and vibration.

C. Statug of Applied Loads Knowledge

For preliminary design purposes, there are someé data available on thrust
and weight at launch, end of web action time and burnout, nozzle deflec-
tiod £6r the ¢onfigurations employing TECHROLL seal nozzles, and thrust
terminatisn and staging loads. The effécts of ground wind, ground trans-
fer 16ads; maxiium aerodynamic pressure, valiies of the aerodyrnamic coeffi-

cients; and vibration environments have not beén incliided.

D. Philésoptiy for the Preliminary Design of Vehicle Structural Comporents
Based 65 Available Knowledge

The structures are designed conceptually to react all of the applied loads
in an efficient manner and to distribute loads to.matiﬁg components, When
loads information is available, the structural mémbers are sized. When
loads information is unavailable, a tentative structure is designed based
largeiy on Titan experience, When the missing loads information becomes
available; this structure will be sized to suit thelioads but will remain

conceptually unchanged.

Principle load effects establishing structure sizing have been .included
through Known data:; Ground loads are defined by vehicle ﬁeight and
geometry. Major flight loads are obtained from known maximum bending

moments and maximum accelerationms.

2.4,6,2 Parallel Configurations

For parallel burn configurations using eithér the 156- or 120-in,-diameter
SRMs; the attachment and related structure comprises the following major
components:.

A. Aerédyiigiiie Fairing at the Forward End of Each SRM

The fiose fairing (figures 2-97 and 2-98) is a frustrum of a right circular

cone with a base diameter equal to that of the motor case. The conical
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section is terminated by a spherical cap which is removable to provide

access to the interior.

The fairing is a semimonocoque structure of aluminum skins stiffened with
longitudinal members which are, in turn, stabilized by ring frames. The
nose fairing also provides the necessary structure to support the electri-

cal systems and cable interconnections described in subsection 2.4.7.

In addition to its aerodynamié function, the fairing also houses the
staging rocket motors which provide the lateral thrust at the forward
end of the SRM required to separate the SRM from the orbiter after SRM

burnout,

B. Thrust Transmission Structure ‘

The nose fairing attaches to a thrust tfanSmission structure (figures 2-99
and 2-100) which is mounted on the forward closure of the SRM.. 'This struc-
ture is designed to transmit the SRM thrust to the orbiter tank and distri-
bute the resulting loads from the orbiter weight and inertia to the forward

closure of the SRM.

Thé structure is a longitudinally stiffened cylinder of aluminum skins,
stringers, and ring frames. Two forged aluminum fittings ‘are mounted on

the outside diameter to provide a structural tie to the orbiter tank,

Thrust termination openings are provided in this structure. The openings
are oriented to provide maximum clearance between the thrust termination
port covers and the orbiter. Thrust termination ports are located 180°
apart on the forward closure of each SRM. The 180° orientation of the
ports result in a force balance during thrust termination so that no addi-
tional loads are transmitted to the orbiter tank. This feature also would

allow subsequent jettison of the SRMs for orbiter abort-orbit functions.

C. Support Skirts
The vehicle support skirts (figures 2-101.and 2-102) are attached to the

aft closure of each SRM, The primary function of these skirts is to
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:gipport ithe vehicle for :ground conditions. They are semimonocoque struc-
iGiires Of .aliminum 'skins -and -steel -rings. :Ground ‘supports -are forged
‘dlimitium Tongerons, Thie Skirt thas fittings wttached ‘'which -transmit the
itorsifohial sand lateral shear ‘forces ‘to ‘the aft send ‘of thie orbiter tank,
wihillie pérmittiting raxial movement between :SRM:and ‘orbiiter ‘to raccommodate

SRM igriowth Iresultitig :from ipressurization.

The skirits jprovide ia sstructiral smounting for ‘the ‘aft .staging rockets
which ‘apply ithe lateéral force jat ‘the .aft ‘end :of ithe :SRM ‘necessary during

‘boositer separation.

2.4.%6.3 Serifss iConfigurations _
The major ditructural :«components required for 'the series ‘burn configurations

are as folliows:

ststage Adapter
wge adapter (figures 2-103 -and 2-104) 45 <a ‘two-piece assembly

‘of ia /semi monocoqufe weireutar ishiell &hd thrust 'co‘ltlrector istructure ‘whose

ction 4% o Eransmit ‘axial ;»f-orcev, ‘ghéar:, and ‘bendlng 'moment ’between the

individiaal SRMs @nd ‘the hydtogén-oxygen ‘tafik. This ‘adapter must distribute
ithe ?i‘féfl-'a‘?t"ive:ly concentrated loads From ‘the ithrust :E:bl‘li'ec’tor structure so
that the orbiter tank Tecdives @ un>1form1y distribiutied load. F‘An additional

fuknc«ta.-‘_on of the interstage adapter is ito provide sufflcﬂent separatlon

between ithe 'SRM istage and ‘the orbilter to allow the SRM ‘thrust ‘termination

port eovers o «cléar thé ‘orbiter;, if ‘the ‘thrust s,t=erm1na't~1xpn system is

activated.

......

»;r;mg frames -and stringers- ‘The -re‘su~1"t~1sng ~'sm‘o'ot~h .exterlor

facilitvate application of itheérmal insulation, if this proves

td be a requifiement:

‘The thitust colléctor Structure cohsis.ts of a metwork .of ‘aluminum I beamsl
@nelosed on the petimeter by channel-shapeéd cutved beams. The I beams
Beatt 16ads ffom ithe individual SRMs .and ‘transmit these loads to the curved
‘beams, The curved beams transmit the loads from the I beams ‘to the circular
shell, '
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B. Thrust Transmission Structure

The thrust transmission structure (flgures 2- 105 and 2. 106) is s1m11ar
to that used on the parallel conflguratlon and serves the same functlon
of dlstrlbutlng the load to the SRM motor case " The serles structure is
reduced in length for the parallel serles as there are no eccentrlc
thrust loads to be distributed. The thrust termlnatlon openlngs are

relocated to 90° for the 120-in.-diameter SRM.

C. ThruSt Termination Reaction Struts

The cluster configuration of the six 120-in.-diameter SRMs dictates that

the thrust termination ports be spaced 90° apart on the SRM forward clo-
sures, rather than the 180° apart as on the other conflguratlons. Tﬁié

‘is necessary to assure that the thrust termination port covers will not
strike the orbiter if they are jettisoned. However, the 90° orientation

of the ports results in a net lateral reaction on each SRM. The orienta-
tion of these lateral forces in the'cluster of six SRMs is self-eouilibrating
if the SRMs are allowed to push laterally on each other. The thrust ter-

mination reaction struts are provided for this function.

‘Inasmuch as ‘the loads are compression ioads only; a ball-ahdvsoehet joint
"can be used at one end of each strut (figure 2-4). This arrangemeht will
'proyide a compress{on.load path but will allow the balllto slip out of

the socket’ during staging when it is necessary to separate the SRMs from

" each other to facilitate recovery.

It is possible to design the thrust transmission structures to transmit
these loads but the strut arrangement used here is structurally more

efficient.

D.v Support Skirts

Ground support skirt requirements and design for the series burn configu-
rations are the same as for the parallei burr'l"des'ign‘(figl;_lre“Z-lv()i"t and
2-102). A simplified aft skirt, (figure 2-107) is introduced for the
center motors of the 120-in.-diameter motor design, " This skirt supplles
temporary ‘support durlng SRM assembly and is used to locate lateral ties

to the other SRMs. No ground support longerons are included since assem-
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bled vehicle support is provided by the oﬁter SRMs. This simplification
of loading conditions allows for the simplified, lower cost design (fig-
ure 2-104A). ‘ '
E. Aft Connecting Struts
The aft connecting struts (figures 2-3 through 2-6) are designed to react
tension or compression loads only. These struts are pinned at each end
and use spherical bearings to prevent introduction of bending moments and
 shear forces. Each SRM is connected to each adjacent SRM at the aft end

with a single strut,

The fﬁnction'of the aft connecting struts is to'maintaiﬁ-prbper lateral
separation between the SRMs at the aft end, while permitting them to move
axially relative to each other. Relative axial movement-is necessary to
accommodate differential growth befween SRMs resulting from pressure

transients.
During staging, the struts are disengaged by firing explosive bolts.

2.4.6,4 Booster Separation

‘The booster separation system selected depends on the vehicle configurationm.

' For the parallel burn arrangement, a lateral impulse is applied at the
forward and aft ends of each SRM after SRM burnout. The impulse is supplied by
small-diameter solid propellant rockets located in the nose cone and aft skirt.
The number of rockets fequired is a function of the redundancy necessary to
achieve the desifed reliability, and the size of the rockets is dependent on
variables such as predicted wind loads, motor weights, desired’iatetof depart-
ure, SRM abort jettison'fequirements, etc. The detail selectioﬁ will be accom-
plished baéed on final vehicle configuration. The release of the structural
connection between the SRM and the orbiter tank is accomplishgd with captive

pyrotechnic devices.

For the series burn configurétions, the separation is accomplished by a
captive pyrotechnic device incorporated in the interstage adapter. The device
consists of a symmetrical frangible joint (see detail B on figure 2-104) which,

in turn, contains two 0.9-grain MDF cords. Either cord can provide sufficient
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energy to expand the polymer matrix, round the steel tube, and fracture the
notched aluminum plates on both sides. The second cord is incorporated for
redundancy. The device effectively cuts a predicted plane through the inter-

stage and allows the clustered SRMs to separate axially from the orbiter,

2.4,6.5 Structural Factors of Safety
Structural factors of safety are employed to provide separation between

anticipated appiied loads and design failure loads until the desired structural

reliability is achieved. For a given reliability, the magnitude of the struc-
tural factor of safety primarily depends on the predictability of the applied

loads.

" Recommended structural factors of safety are:

Loads ' - Factors of Safety
Airloads :and vibration loads . 1.4
Loads resulting from thrust ' . 1,25
Groundlloads involving personnel safety - 1.5
Thrust termination loads - 1.1

Selection of this criterion is based on its successful application during the

Titan programs.'

The maximum anticipated applied loads, which are called limit loads, are
multiplied by the appropriate structural factors of safety to obtain ultimate
loads. The structure would be designed with sufficient strength to withstand

these ultimate loads. ) ' ‘

2.4,7 Electrical Systems D

‘ Four electrical systems and their. interconnection cabling are required
for operation of the SRM booster stage: (1) TVC system, (2)"6rdnan¢e'system,
(3) malfunction detection system, and (4) instrumentation system, The systems
for each of the vehicle configurations under consideration arefdescribed in
the following suBsections. A functional block diagram for the three 156-in.-
diameter SRM éonfigurations, showing_the interrelationship of all four elec-

trical systems, is presented in figure 2-108.
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2.4.7.1 Design Philosophy

The electrical system design philosophy is based on the design philosophy
evolved over the past several years for the Titan III-C and the man-rated
Titan IIIM Stage. O boosters. This general design philosophy has been applied
to the unique requirements of the shuttle booster stage to derive the system
designs presented here. The following detailed design objectives have a signi-
ficant impact on the system designs:

A. High Reliability

Redundancy of system iﬁterconnections for critical functions as well as

the circuit redundancy and component failure effect criteria, which is

"included in. the description of each of the systems, are used to remove the

possibility of a single piece-part failure resulting in a catastrophic

failure of the system, . This syétem configuration philosophy plus the use

‘of established réliability piece parts with suitable additional screening

will be used to meet the program reliability requireménts,

B. Use of One Basic SRM
The design and layout of components required on each motor are identical,
This simplifies the design and manufacture of the motor, as well as its

N . . ]
operation and maintenance,

C. Consolidation of Common Functions ‘
Electrical functions that are common to all SRMs can be consolidated at

one economically advantageous location,

D. Minimization of Interface Functions

The number of electrical signals crossing between the orbiter and the
booster stage is minimized by consolidating identical signals, multi-
plexing of some instrumentation signals, and consideration of vehicle
system design. In addition to simplifying premate checkout -of the orbiter
and booster and fault isolation, this general approach increases '‘system
reliability by reducing the number of connector pins at the staging inter-
face which could be very large due to the complete redundancy of signals

required at this interface.

E. Minimization of Component Interconnections
The number of signals between system components on the SRM is minimized
by the methods noted in the previous paragraph. System simplification

and increased reliability results from this approach.
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F. Self-Check of Redundant Features . S oo
Redundant circuits are instrumented to provide an independent:output which
continuously indicates the status of the redundant capability::.; This
approach simplifies -checkout by allowing checkout of redundéntyLWithOUt
artificially disabling redundant circuits and.increases reliability. by

eliminating the disabling function.

2.4.7.2 Ordnance Electrical System

The ordnance electrical systems for all series burn and parallel burn
vconfigurations are presented in figures 2-109 and 2-110, respectively. - For all
configurations, the system performs the functions of actuating SRM ignition,
TT, and staging. The basic ordnance actuation mechanism used is the -EBW,
The EBW device is used in preference to the conventional EED for maximum system
. safety and to reduce the electrical cabling complexity and weights associated

with remotely actuated EED mechanisms.

The ordnance electrical system for all series burn configﬁrations consists
of two redundant batteries, one brdnance céntfplvand distribqtion unit, two
redundant EBW firing'units for stage separatiorn (ail located in.éhe inﬁerstage
area), and ohe ISDS, two redundant SRM ignitidn, and two EBW firing'ﬁﬁits per
SRM, all located in the forward section of each SRM. The system for all paral-
lel burn configurations consists of two redundant batteries, one ordnarice con-
trol, and a distribution and ISDS unit, that combines all the functions of the
separate units in the series configufations and redundant EBW firing units for

ignition, TT, and staging functions for each SRM.

The batteries in both the series burn and parallel burn configuration
systems provide all power required to operate the firing circuits, arm (i.e.,
charge) all EBW firing units for all ordnance functions, and operate the ISDS

circuits,

The ordnance control and distribution unit, shown in figure 2-111, contains
the firing circuits for actuating the stage separation EBWs upon command from
the orbiter vehicle. The EBW arm control circuit controls the application of

power to each EBW firing unit in the ordnance system. The circuit is activated
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by either commands from the orbiter or by ground commands. Each ordnance
function (i.e., ignition, staging, and TT) may be armed by individual commands,
or all armed simultaneously, by a single command. Armed status monitors may
be routed either to the orbiter or to a ground station, The monitor presenta-
tion to the orbiter or ground station may be individual or a compoéite logic
signai (requiring all units to be armed to obtain the Outputvsighal). The
latter would minimize the required wiring, cable and connector size; etc.,
resulting in simplified interfaces. The ordnance control and distribution
unit also functions to distribute power, commands, monifors, and instrumenta-

tion to and from each ISDS on each SRM,

The iSDS, shown in figure 2-112, functions both as a distribution unit
and to acfﬁate TT, either by orbiter command or automatically by detection of
an inadVérteht separation of the SRM from the vehicle, Detection is accomplished
by a redundant hot wire and redundant ground wire logic system. These wires
are connected to each ISDS by redundant cabling. The logic circuits in the
ISDS require the loss of all four functions (two hot wires and two ground wires),
indicating either total separation of the SRM by mechanical failure or total
loss of electrical cabling. Loss of all four wires triggers the redundant
firing circuits, which in turn, initiate redundant EBW firing ﬁnits.’ TT by
orbiter command (or range safety command) is initiated by the samé‘firing
circuits. The command performs the function of opening the two hot wires and
two ground wires, thus actuating the firing circuits. All circuits operate
from energy storage capacitors that are "trickle" chargéd fpom'the batteries.
This Eechniqpefdoes not require that each SRM have separate batteries to ini-
ate TT in case of inadvertent separation, The ISDS function is'disabléd by
orbiter command prior to the initiatioﬁ of SRM staging. . Disabling locks out

the ISDS TT function.

The ordnance electrical system for all parallel burn configurations is
shown in figure 2-111. This system differs from that of the series burn con-
figuration because this totai system is required on each SRM. The ordnance
control, distribution, and ISDS functions are combined into one unit, and
additional staging functions are added due to the strap-on orientation of

the SRMs. The system consists of redundant batteries, ordnance
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control, distribution, and ISDS unit, redundant EBW firing units for TT, igni-
tion, forward and aft staging rockets, and forward and aft attach structure

. - .

explosive -mechanisms:

Figure 2-113.presents a functional block diagram of the baraliei burn
ordnance.control,vdistribufion, and ISDS unit. Thé operation'ofEtﬁis unit is
the same as that discussed for the series configurations. It differs in that
additional circuits are added to the stéging function in the form of the sepa-
fation or staging'interlock circuit. Its purpose is to initiate the staging
rocket and attach structure EBWs for the case of an inadvertent SRM separation
from the vehicle. This will be'accomplished simultaneously with;the iqifiation
of TT by the ISDS firing circuits in conjunction with the interlocﬁ cifc@its.
It could also be a delayed function after'TT, if required. Tﬁe stagipg'fhnction
is initiated by orbiter vehicle command for normal fiight. As discussed under
the series configurations, the ISDS is disabled prior to normal staging; lock-

ing out all ISDS functions.

The parallel burn configuration circuits, both logic ‘and firiﬁg.éiﬁcuits,
differ from those in the series configurations becausekfhéy are‘not oﬁerated
from "trickle'" charged energy storage devices. Each SRM has its own fequndant
batteries and therefore does not encounter any condition where the required

power source would be lost.

The SRM ignition function shown in the diagrams for all tbe‘configqfations
is commanded from a central firing circuit in the orbiter vehicié’of‘bhlghe
ground for purposes of simultaneity of ignition. This "function ;ould-be accom-
plished on the SRMs by placing ﬁhe cenf;al firing circuit in the ordnance
control and distribution unitw(for'series burn configurationg)'or the .combined
unit (for pafallel burn configurations), which would be aétiVated by low-level
commands from the orbiter o;'frbm the ground. This would also achieve Simul-
taneity and eliminate the need for transmission of high-power cémmands.generated
in the orbiter, or on the ground, and would eliminate long cable ruhs that may
pick up stray voltages from external sources and inadvertently trigger the

ignition EBW firing units,
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The EBW firing units are the same for all configurations. A block diagram

of a typicél firing unit is presented in figure 2-114,

The ordnance systehs_presented are designed to achieve maximum reliability
and safety. Redundancies in both series burn and pafallgl_burn ponfigurations
are utilized so that no single'failureiwill result in the actuation of any
ordnance function or prevent. actuation of any function when reqﬁired{ The
system circuit desigps’will be similar (if not identical) to flight qualified

designs being flown by UIC today.

2.4.7.3 TVC Electrical System _

Thé TVC electrical systems for the series burn and parallel burn configu-
rations are presented in figures 2-115 and 2-116,1respective1y.: The systems
for all cénfigurations consist'of two redundant batteries, two redundant power
transfer switches, a TVC electronic control and distribution unit, and aésoci-
ated cabling to the umbilical connector, the hydraulic units, and the actuators.
The primary difference bétween the two configurations is that only one system
is required per vehicle for the series burn cases, whereas one sysﬁem is
reqﬁired per SRM for the pafallel‘burn cases, For all éases, components except

the:actuators are located on the SRM skirt.

For:both series burn and pargllel burn configurations,:fhe:electronic
contrél uﬁit receives power from the redundant batteries or ground power,
which is controlled by two redundant switches. The systemAéan,be cﬁecked out
indebendently Withﬂeach power source. A functional block diagram of “the elec-
tronic cuntrbl-unit for the series burn configuration is presented in figure 2-117.
This unit is based on the assumption that the steering commands transmitted to
the SRM stage will consist of pitch, yaw, and roll signals, either.b{polar or
unipolar in voltage. The control unit resolves all commands and drives the
particular actuator or actuators to achieve the desired vehicle response., The
output of the command signal resolver is input to cross couplers which perform
the functions of éompensating for simultaneous adjacent command functions
(e.g., plus pitch and plus or minus yaw). The cross coupler feeds a function

generator that linearizes the command to side force function. The need for a
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function generator depends on characterization of the actuator/movable nozzle
system. The function generator output is input, through a command limiter,

to the servoloop amplifiers associated with each actuator. Each amplifier
function indicated in figure 2-114 may bebof a majority vote configuration
depending on the results of reliability analyses. The amplifier outputs are
fed to‘the actuator, which contains three servovalves. These servovalves are
majority voted in the actuator itself. The servoamplifier/valve loop'is closed
by use of three feedback potentiometers that may also be majority voted via

the servoamplifiers to achieve maximum reliability. ©No single electrical fail-
ure will result in’loss of TVC control. '

:The control unit also functions to distribute ground commands and monitors,
hydraulic system ordnance firing commands, hydraulic pressure transducer instru-
mentation, and checkout functions. The ‘control unit for all parallel configura-
tionsis presented in figure 2-118, Thls unit is functlonally identical to the
un1t shown in figure 2-117, with the exceptlon that there are only two servoloops

to- accommodate the two nozzle actuators per SRM,

2,4,];4 Malfunction Detection System ) :
;The,purpose of the MDS is tovdetect SRM failures;wsuch?as‘case burnthrough

or loss of control, and report them in a timely manner to.the. orbiter for

initiation of the appropriate abort sequence. 1In addition;'the'MDs provides

outputs which describe its -operational status.

The MDS con31sts of the transducers which monitor rocket motor parameters
comparators Wthh compare -the transducer outputs to preestabllshed tlme varying
limits and prov1de 0utputs when these limits are exceeded output loglc which
prov1de the approprlate output based: on the inputs from the comparators and
various self-check circuits, power supplies which provide power to the other
components of the MDS, and self-check circuits which provide outputs related

to the operational status of certain critical system functions.
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_ The function of the MDS is redundant because it is not utilized unless a
failure occurs on some other SRM system. For this reason, parallel redundancy
is not utilized in this system, although series redundancy is used up to the
output logic function to prevent an inadvertent abort signal being issued

because of a single component failure,

A functional'diagram‘of the general MDS is shown in figure 2-119. Each
SRM has two independent redundant sets of transducers monitorihg the critical
mot or paraméters used to detect motor failures. Each transducer provides an
output to the associated coﬁparator throughout the period of operation of the
solid rocket motor stage. The comparator derives the difference between the
transducer output and a time-varying nominal value which is programmed into
the c0mparétot;‘ The comparator provides one of'threejdiscrete outputs depend-
ihg on the magnitude, polarity, and time since motor ignition. Each of these

outputs represents one of the foliowing'conditions:
A, The measured parameter is within the prescribed limitsh

B. The measured parameter is outside the prescribed limits to the extent
and at aAtime_during the mission that a motor failure with-long warn-

ing time is occurring.
o B
C. The measured parameter is outside the prescribed limits to the extent

and at a time during the mission that a motor failure with short

warning time is occurring.

The output logic provides the EDC outputs based on the inputs received
from the comparators and self-check circuits. These outputs and their signi-

ficance are as follows:

A. MDS Self-Check .

Presence of this output indicates that all self-check circuits‘ére indi-
cating proper operation and that the system could detect an emergency
condition if it should occur, Loés of this output indicates nonoperation
of the MDS, and no other 6utput should be expected independent of motor

performance.
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B. Unverlfled Failure _

Only one of a pair of redundant transducer/comparator sets 1nd1cates the
presence of an emergency condition. This output indicates a failure of

the MDS which could lead to an 1nadvertent abort signal being generated

should another MDS component failure occur.

C. Slow Failure
A pair of redundant transducer/comparator sets indicates the presence of
an emergency condition and that a motor failure with long warning time

is occurring.

'D. Fast Failure
A pair of redundant transducer/comparator sets indicates the presence of
an emergency condition and that a motor failure with short warning time

is occurring.

The MDS enable command input is required for operation of the MDS system.
With no MDS enable command applied, the MDS self-check output is not present,
and no other MDS outputs are possible. This input is provided in case an MDS

malfunction occurs, and it is desired to disable the MDS system.

2.4.7.5 Instrumentation System

The purpose of the instrumentation system is to provide suitable outputs
to’ facilitate test and checkout of the SRMs prior to launch and to prov1de
su1tab1e outputs for evaluation of the performance of the solid rocket motors
dqung f11ght. The instrumentation system also provides for checking the
functionel status of each of the redundancy features included in the other

SRM systems;

The instrumentation system consists of‘the transducers; remote signal
conditioners and logic, cables, central signal conditioner; and signei everager/
multiplexer. The configuration of the instrumentation system will be such that
no failure of a single instrumentation component will degrade the flight per-

formance of any other SRM system although the performance of the instrumentation

system may be degraded by such failure.
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A functional diagram of the general instrumentation system is shown in
figure 2-120. Each transducer provides an output which is routed either
directly to the central signal averaging/multiplexing and signal conditioning
function or to a remote signal conditioning and logic function which serves
to inrerpret the outputs of transducers. This reduces the number of 1ndependent
inputs to the central signal averag1ng/mu1t1p1ex1ng and signal condltlonlng
function. The remote signal conditioning and logic function, which is not
ehown'in the illustration, is used where two or more transducer'outputs are
ultimately to be combined to obtain useful information (e.g., in deternining

the status of redundant functions of a system.

The central signal average/muitiplexing and signal conditioning function
shown in figure 2-120 serves to combine the various transducer and remote
logic outputs, either by time multiplexing or signal‘averaging where possible
to reduce the number of data channels which undergo signal condltlonlng and

transmission across the interface.

‘ Regulated power is provided to the transducers, remote'signal conditioning
nd'logic -and the signal averag1ng/mu1t1p1ex1ng and 51gna1 condltlonlng func-

tion by the instrumentation power supply.

Transducers of the.instrumentation system are-located throughout . the étage
at locations where the parameters to be measured are available., The remote
.81gna1 conditioning and logic function is provided by c1rcu1ts packaged w1th1n
various other system components as requlred to place these circuits near thelr
input transducers. The central signal averaging/multiplexing and signal condi-
tioning together with the instrumentation power supply are packaged in a ‘
centrally located enclosure. Interconnection of the various parts of the
instrumentation system will be accomplished by cable utilizing the cables and

distribution boxes of the other airborne systems where possible.
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2.4.8 Mass Properties
The mass property data in subsections 2.4.8.1 through 2.4.8.14 have been

calculated for four SRM configurations (figures 2-7 through 2-10). The detailed
mass properties .statement and the powered flight mass properties are presented
. for a single SRM. The wéight summary and the sequenced mass properties'data

show total step values.

A component reference diagram (subsection 2.4.8.14) has been included to

show the center of gravity missile station reference.

The forms used to present the data are in accordance with MIL-M-38310A, as

modified for UTC's current Titan contract.
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2.4.8.1 Weight Summary, All Configurations

2-225

Component $3-156 $6-120 P2-156  P4=120
Attach structure (15,850)‘ - (8,942) (20,450) (12,342)
Forward 3, 250 2, 116 7, 850 5,516
Aft 12,600 6,826 12,600 6,826
Separation system - - 1,238 1,238
Solid motor (empty): (120,710)  (73,938)  (135,857)  (73,938)
Case ' " (85,358) (49,252) (99,799) (49,252)
Forward closure 18,378 5,928 18,518 5,928
Segments (total) 58,836 38,780 73,137 38,780
Aft closure 7,744 4,196 7,744 4,196
Assembly hardware 400 348 400 348
Insulation (15,257) (12,230) (15,963) (12,230)
Forward closure 3,342 1,710 3,364 1,710
Segments (total) 8,562 9,345 9,246 9,345
Aft closure 3,353 1,175 3,353 1,175
Igniter and S/A 378 378 378 378
Thrust termination 2,043 1,556 2,043 1,556
Nozzle (17,674) (10,522) (17,674) (10,522)
Moveable ‘13,631 - 8,258 13,631 8,258
Fixed 4,043 2,264 4,043 2,264
Actuation system 1,080 930 1,080 930
Electrical and instrumentation 634 634 1,403 1,123
Weight empty 138,274 84,444 160,028 89,571
Solid propellant 1,080,000 591,800 1,250,000 591,800
Loaded motor 1,218,274 676,244 1,410,028 681,371
Interstage structure 25,500 32,800 500 1,000

Stage electrical and instrumentation 905 855 - -
Step 0 Total 3,681,227 4,091,119 2,820,556 2,726,484
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