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ABSTRACT

The Solid Rocket Rooster, Thrust Vector Control (TVC) system was designed
in accordance with the following requirements: self-contained power supply. fal
safe operation, 20 flight uses after exposure to seawater landings. optimized cost.
and component interchangeability. Trade studies were performed which led to the
selection of a recirculating hydraulic system powered by Auxiliary Power Units
(APU) which drive the hydraulic actuators and gimbal the sclid rocket motor nozzle.
Other approaches for the system design were studied in arriving at the recirenlating
hydraulic system powered by an APU. These systems must withstand the imposed
environment and be usable for a minimum of 20 Space Transportation System flights
with n minimum of refurbishment. The TVC system has completed the required
qualification and verification tests and is certified for the intended apphication.
Substantiation data will include analytical and test data.
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TECHNICAL MEMORANDUM

SPACE TRANSPORTATION SYSTEM SOLID ROCKET
BOOSTER THRUST VECTOR CONTROL SYSTEM

INTRODUCTION

The Space Shuttle flight system is composed of the Orbiter. an
External Tank (ET) that contains the propellant used by the Orbiter's
main ergines, and two Solid Rocket Boosters (SRB's),  The Orbiter anda
SRB's ave reusable; the ET is cexpended on each launch.

The SRB's and the Orbiter's main engine will fire in parallet o
lift off, The two SRB's are jettisoned atter bhurnout and are recovered
by means of a varachute recovery system. ‘The ET is separated prior
to the Orbiter going into orbit., During the boost ascent phase. vehicle
steering is provided by Thrust Vector Control (TVC) on the Orbiter's
main engines and SRB's. Control commands are issued from the guidance.
navigation. and control computers in the Orbiter to the TVC system.
In both cases, hyvdraulic servoactuators are employed that move the
nozzles.

This report deals specifically with the TVC system on the SRB's
(Fig. 1.

TRADE STUBIES

In ecarly 1974, trade studies were performed to arrive at the optimum
TVC system to gimbal the nozzle on the SRRB.

Three basice designs were considered.  The first was a blowdown
system, which would have been relatively simple: however. the weight
was approximately 4.5 times more than a recirculating system desipn.
The other two concents included a Solid Propellant Gas Generator (SPaa)
to drive a turbine and hydraulic pump and a hydrazine system with o
small tank, pump. and gas generator to drive a variable displacement
hydraulic pump. The latter system was baselined.

In the fall of 1974 timeframe., another study was initiated utilizing
a hydrazine pcwered APU that Rockwell International had under develop-
ment for the Space Shuttle Orbiter. Pertinent parameters of the Orbiter
system compared to SRB were as follows:
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Requirements

Torque (1()6 in.-1b)
Moment Arm (in.)

Gimbal Angle (deg)
Actuator Area (in.=)
Slew Rate (degisec) "
System Pressure (Ib/in,”)
HPU Pad HDP

System HP (Pumbp)

HpU

Mission Time (min)
Missions

Salt Water Immersion
All Attitud~ Operation
Operating Time (hr)
Useful Life (hr)

Pump

Flow Rate Maximum (gpm)
Displacement (in3/rev)
Rated Speed (rpm)

Environment Comparison

Vibration
Lift-Off

Boost

Shock
Landing

Acceleration
Ascent

Impbact Water Pressure

*110% B

Orbiter

1.1, 1.4
30

*10.5 #8.5
25, 20

10

3,000
135/150*
1127124*

74
40
No
Yes
50
250

63/71*
4.3
3.600/4.000*

Orbiter

22.9 g (rms)

4.5 2 (rms)

1.5 g
(260 sec)

3.3 g's

SR
4.5

64

+5.0
36.4

5

3.000
118/165
97/139

2.4
20
Yes

SRB

30,1 g (rms)
Longitudinal and
Tangential Axis
26.2 ¢ (rms)
Radial Axis

6.5 ¢ (rms)
Longitudinal and
Tangential Axis
5.3 g (rms)
Radial Axis

Water Impact

40 g's (140M/
sec) longitudinal
45 g's (100M/
sec) Lateral

3.3 g's
110 psia




The primary wlvantages were the elimination of the magjority of
design and development costs and the early availability of development
hardware. SKB costs were reduced by about 50 percent.

DESCRIPTION OF SYSTEM

The TVC system in conjunction with the Solid Rocket Motor (SRM)
provides pitch, roll, and yaw vehick: movements. The system (Fig. 1)
located on the aft skirt consists of two separate fluid power mcdules that
supply hydraulic power to the SRB servoactuators to effect mechanical
positioning of the nozzle in the tilt plane; the other unit controls nozzle
position in the rock plane. Figure 2 shows rock and tilt. If one module
fails, the other increases its hydraulic power output and controls the
nozzle position in both planes. The actuators are designed to retain the
nozzle in the null position throughout the separation sequence until water
entry after SRB/ET separation. The actuators are oriented 45° outboard
to the vehicle pitch and yaw axes.

+ ROLL

i

+ PITCH
Y
ROCK § TILT
as £ 45°
L]
] i‘l!‘l + < [+]
45 45
Y, X
TILT \ Rrock
=™ . YAW
*Z

Figure 2. Rock and tilt.
Figure 3 is a simple schematic of the TVC system.

The system requirements in each SRB include fail-safe operation.
It is a self-contained power system that provides for component inter-
changeability and low cost. In addition. salt water immersion protection
had to be provided. Other requirements are shown below.
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DESIGN REQUIREMENTS

SRB TVC System

1)
2)
3)
1)
9)

Torque - 4.2 ~ l()6 in./lb

Motor Gimbal Rate - 5.0 deg/sec/axis
Redundancy Fail- Safe

Motor Gimbal Rate (Fail-Safe) - 3.0 deg/sec/axis
Reusable (withstand water impact loads)

SRB Hydraulic Power Unit

1)
2)
3)
4)
5)
6)

APU Speed - 100/110 percent

APU HP - 114/148

System Pressure (HYD) - 3.000 psig

Hydraulic Fluid Flow Rate (max) - 55/71 gpm

Mission Time - 166 sec (including one 20-sec recycle)
Missions (uses) - 20

TVC PHYSICAL ARRANGEMENT

Hydraulic power for each SRB is required. Each actuator is
supplied with power by the fluid power modules. Each fluid power
module consists of an upper panel. lower panel. and overbouard exhaust
as shown in Figure 4. The components mounted to the upper panel are

us follows:

1) Auxiliary Power Unit (APU)

2) Hydraulic Pump (mounted to the APU)

3) Fluid Manirold Assembly

4) Hydraulic Fluid Check Valve and Filter Assembly

5) Fuel Isolation Valve

6) System Service Panels

7) Instrumentation and Wiring

8) Interconnecting Tubing

The components mounted to the lower panel are as follows:

1) Hydraulic Bootstrup Reservoir

2) NZH

4 Fuel Supply Module (FSM), including fuel filter

g e e i kb



3 Instrumentation and Wiring:

4) Interconnecting Tubing

The overboard exbaust components are as follows:
1) Upper Duct Assembly

2)  Lower Duct Assembly

3)  Mounting Rrackets

In addition to the above, two electrohydraulic servoactuators are

Sovdraulieally conneeted to the fluid pewer modules and mechanically linked
to the nozzle.

An everview of the design and performance characteristios for cach
TVC system's major component is presented in the following puarayraphs.

APU - The APU (Fig. 4 provides mechanical shaft power to the
hydraulic pamp.  The principal parts of the APU are:

) Integral Fuet fump

) Gas Generator

3) Dual Pass. Reentry Turbine

1) Gearbox

3) Control System

6) Primaryv Control Valve (normally open)

)  Seccondary Control Valve (normally closed)
8 Lubrication Svstem

APU operation is as follows: To start the APU, two clectrical power
signals are applied. The first power signal energizes the normally closed
fuel isolation valve (FIV) to the open position allowing hydrazine (NQH‘;)
to be introduced into the APU. The FIV remains energized in the open
position throughout APU operation. The second power signual enerygizes
both the primary and secondary control valves and the APU controller.
With the second power signal. the normally closed secondary control valve
is energized open and remains open unless control by the normallv open

primary control valve is interrupted. After this sequence, the N_,H4 Tow
path from the fuel supply module (FSM) to the APU gas gencrator is open,

-1
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-y (33
NYDRAULIC RESEAVOIR

FILTER

/

AUXILIARY POWER
UNIT (APU)

FUEL SUPPLY
MODULE (FSM)

ROTATED 185° CCW
Figure 4. SRB TVC in aft skirt.

For start, N,,H4 i initielly introduced to the APU at the fuel pump

inlet. There it bypuasses the static fuel pump through the fuel pump
start bypass. The N,,H‘1 then puasses through the fuel pump outlet :‘lter

and the primary and secondary control valves and into the gas generator.
As turbine speed increases, the fuel pump output pressure increases,
causing the start bypass to close. When this occurs, N,,H4 is delivered

only through the fuel pumpd. During startup operation., the turbine speed
continues to increase until the speed reaches the control speed of the

APU., At control speed. the primary control valve is energized closed on
a signal generated through the APU controller. This stops N,,H_;

With the N,,H4 flow shut off, the turbine slows until the control speed is

flow .

again reached. At this control speed, a signal is generated through the

controller to open the primary control valve. This restores N"H-l flow
and the turbine speed increases until the above sequence repeats.
Control in this manner continues as long as power is applied to the APU.

Under normal operation, the APU turbine operates at 100 percent
speed (72,000 rpm * 8 percent) to meet hydraulic pump demands from
9 hp to 135 hp. Control under normal operation is provided by the
nrimary control valve.

' "IGINAL PAGE IS
¥ POOR QUALITY




Voder bockup operation . the APU opevates o THE pereent spocd
o200 v 0 g perecnt) o meet hivdreauhe pump denands ap to TR hp,
Boachup operation s used il one HEU s vequired o supply the hyvdreahe
power tor both setuators. Control under backup operation is provided
by the primary control valve, The commund to switeh to backup operation
i> automatie within the controller.

If durin,; either normal or backup operation the APU tals to con-
trol properiy. the controfler automatically switches from tle primary
control vialve to the sceondary controt valve,  Speed s then conte hiod
it 112 pereent speed (80,640 rpm ¢ 8 pereent),

Hydraube Pump - The TV svstem bvdrauide pump is novarodne
delivery. pressure-compensated tvpe that aclivers hvdraulic Tund to
operate VO svstem components,.  The hyvdrauhe puaop is attoched to Do
A\PU pearpox mounting pad with the hvdraulic pump naft spline directly
coupled to the gearbox spline. The APU drives the hvdreauhie paap at
JOB00 rpim 0 5 pereent nominal speed to produce o tull tlow pungp outpout
of 3,050 * 50 psig at o rated flow of 35 gpm.  Hvdraulie fiuid oo the
hydraulie bootstreap reservoir is supphed to the hvdranlic puisy vlet at
535 to 65 psip (rated). During TV systen operation, the hydadrauis
pump runs contimuously and provides a rated dischiwge pressure oi
3.200 ¢ 30 psigounder no tlow conditions. When eleetro- hydraulic
gimballing is required. the hvdraulie pump dischorge pressure decroeases
to 3,050 * 50 psig and the variable delivery control positions the hydriahe
pump hanger assembly to produce a flow of 55 gpm within 80 msce.  Wher
hydraulic demand ceases. the discharge pressure rises to 3,200 ¢ 50 psio,
and the hanger assembly is repositioned to the no flow condition.  Pop
the first 4 seconds of start, the depressurization =olenoid valve ix
energized to allow the APU furbine to start up under minimum hydraatic
pump pressure conditions (600 to 1,000 psig).

Fluid Manitold Assembly The fluid manitoid assembly colicets and
distributes hydraulie fluid w the TVC system. The fiuia noasitold

assembly permits {illing qand bleeding of the system and imtial pressarvis
tion of the hydraulic bootstrap roeservoir.

Eleetro - Hydraulie Servoactuator The electrohyvdrantie aetaator 1s
dual acting and converts TVC system hydraulie fluid power mito o jineare
motion for positioning the SREB nozzle i response to the Orhiter vehicle
aftitude conirol communds.  The eleetro-hydraulic servosctuator 1s
hyvdrauiically interconnceted to euch TVC fluid power module tor oporating
redundavey it a failure occurs in cither module.  The eleetro-hvdraniie
servoactuator is connected to the aft skirt attach point and the novzle oy
spherical rod end bearings.

The major parts of the electro hydraulic servonetuaior consist ol

1) Power Valve Assembly



2) DMain Actuator Piston Assembly
3) Negative Piston Position Feedback Mechanism

Orbiter vehicle attitude commands are transmitted to the electro-
hydraulic servoactuator as four electrical signals proportional to the
desired main actuator piston-displacement. Each signal positions a
separate servovalve in the power valve assembly. Each servovalve
controls a hydraulic control channel in the power valve assembly. The
outputs of the four channels are force-summed to position the power
valve to direct high pressure (HP) hydraulic fluid from the TVC hydraulic
pump to the extend (or the retract) cylinder of the main actuator piston
assembly and simultaneously to force hydraulic fluid from the opposing
cylinder to the low pressure (LP) chamber of the fluid manifold assembly.
The piston position feedback mechanism provides electro-hydraulic servo-
actuator displacement output to each of the four servovalves to close the
electro-hydraulic servoactuator position control loop when the piston
displacement corresponds to the desired position,

The electro-hydraulic servoactuator extends or retracts 6.40 + 0.03
in. from the null position at a piston rod velocity of approximately 5.95
in. /sec under rated load (63,348 lb). At maximum electrs-hydraulic
servoactuator command under rated load, the minimum nozzle gimbal
acceleration rate is 2 rad/secZ,

Fuel Isolation Valve — The normally closed fuel isolation valve
insures positive isolation of the fuel in the FSM from the APU during
nonoperational periods. The fuel isolation valve remains closed during
system ground operation and checkout, is electrically energized to the
open position at system startup initiation, and returns to the normally
closed position upon SRB separation from the Orbiter vehicle.

System Service Panels — Three service panels for each fluid power
module facilitate TVC system grou~d servicing, checkout, and testing.
These panels are accessible through cutouts in the aft skirt skin.

Quick disconnects, manual valves, and bulkhead fittings, as
appropriaie, are installed on the service panels for performing the
following TVC system operations:

1) N2H4 Fil! and Drain

2) Gaseous Nitrogen (GH2) Pressurization and Purge
3) APU Ground Checkout with GN2

4) Hydraulics Ground Checkout with GSE

5) LP Relief Valve Venting

6) Post-Operation Servicing.

10




Hydpraulic Bootstrap Rescervoir - In each system. the hydraulic
boutsteap reservoir stores a Liunch load of 2.1 gallons of the total 5.3 !
gallons of hydraulic fluid contuined within the TVC system. During sys- i
tem operation, the hydraulic bootstrap reservoir supplies pressurized
hydraulic fluid at 60 * 5 psig to the inlet port of the hydraulic pump.

I‘\I,,l!4 Fuel Supply Module - The FSM is a spherieal pressure vessel
that stores approximately 31.5 1bs of liquid N,H fuel for the APU in each
system,  Approximately 1.1 b of GN, at 400 psi is used to deliver the

\’,,H4 to the APU fuel pump inkt. The IF'SM contains appropriate sumps.,

\_,114 feed and drain lines. GN | pressurization and purge hnes, a 25

micron absohite tuel filter. pressure and temperature sensors. aid anty
vortex motion control devices to inhibit GN,, flow.

L}

-

The FSM supplies pressurized N_,H4 to the APU fuel pump ot an

initial. nominal working pressure of 300 psig at APU startup.  The
wessure deercases to apl.oeoximately 260 psipg during 160 see of opoeration.

Miscelluneous In addition to the TVC system active components
deseribed in the preceding paragraphs, various passive components
essontial to subsystem operation are required:

D Tubing network for routing hydraulie fluid and 1\'.,”4 fue
between active components, -

2) Instrumentation for monitoring or eontrolling critical vperating
parameters.

3} Wiring to provide SRB power or instrumentation signals to Q
appropriate active components. |

4 Ground service connections to facilitate performance of fili,
bleed. drain. and purge operations and permit subsystem checkout with
GSE.

TESTING STATUS

The development of flight qualified hardware requires that o highly
disciplined sequence be followed. In the early phases. development hard
ware is utilized to detfine conceptual problems.  As the program matures,
flight type hardware is introduced and firm test requirements are
adhered to. to insure upon test completion that flight type hardware is
comprehensively tested to {ight requirements.

A summary of testing to date can be seen in the following tuble,
D 1 and D -2 are development tests. The remainder of the tests is part

11



of the verification program., The V-3 TVC hardware was installed in the
aft skirt and tested at MSFC befcre being shipped to Thiokol to be used
to gimbal the motor in two SRM development tect firings -- DM-3 and
DM-4 and will be used in qualification motor tests QM-1 through QM-3.
The V-2 testing is the program at MSFC consisting of the flight hardware
mounted on a simulated skirt and connected to a mass simulator with a
spring constant of 500,000 Ib/in.

TABLE 1. TVC TEST SUMMARY

Hot Firing GN2¢ Spins
Secs (Starts) Secs (Starts)
System A
Development
D1 2,971 (30) 2,046 (17
D-2 1,883 (18) 629 (3)
Verification
V-2 15,696 (114) 14,733 (80)
V-3 1,687 (13) 1,305 (11)
DM-3 & 4 790 (5) __600 (5)
23,027 (180) 19,313 (116)
System B
Development
D-1
D-2 3,292 (32) 1,255 (9)
Verification
V-2 15,613 (114) 14,111 (66)
V-3 1,707 (12) 1,169 (11)
DM-3 & 4 790 (5) 600 (5)
21,402 (134) 17,135 (91)

Total Hot Firing (secs) — 44,429
Starts - 314
GN2 Spin (secs) — 36,448

The first D-1 test was run July 15, 1976, with an Orbiter APU.
and all other components were off-the-shelf or manufactured at MSFC.
This series of tests was very successful. The fuel pump had a small

4
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amount of depradation, each test.  fightnmy failed a pressure transduacer
on the gas generator. Both of these items gave insight to allow for carly
correction ol the deficiencies,

The D 2 testing was performed on the TVCE system between May
and Aapust 1977, During this program, development hardware of flight
configuration was cniployved for the @est time. During these tests, o load
bank wias used and later an SSME actuator (tree stroking with no mass
an the cnd) was used.,  This hardware performed in accordancee with the
design criteria.

The important objectives t ~ere confirmed from this test sceries
are summarized below:

1) Demonstration of maximum APU hp at 100 percent and 114 per
cent speoad.

2) Demonstration of Level 11 gimbal system requiremetits using
unloaded actuator.

3 Verification of pump to actuator pressure drops ot various fiow
rates.

4) Demonstrated contaminant holding capability of the TVC system
filters for multimission operation.

5) Demonstrated off nominal operation of the system with consider
able success (low voltage, low reservoir level, and internal fluid leak).

6) Obtaining fuel consumption data that verifies the present FSM
propellant load and pressure setting.

7Y The hydraulic and hydrazine servicing procedures were demon
strated and improved during this program. Lube oil tevel sensitivity

was noted. Procedures for spinning the APU with GN,, were demonstrated.,

-

The D-2 testing gave confidence for building the flight hardware,

The V-2 and V-3 testing, comprised the formal qualification program.

These tests were started in November 1977, and will be completed June
1979. Thus far in the test series, systems A and B have over 9.000
seconds of hot firings and 68 starts. The important objectives that were
confirmed from this test series are summarized below:

1) Systems performance with loaded actuators

2)  System redundancy

3) Servicing procedures

4) Spedtic tuel consumption

13
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5) Structural adequacy
6) Off nominal conditions.

The testing at Thiokol including the DM-3 and DM-4 and three
qualification motors are the best test representation relative to the flight
configuration.

SUMMARY

The Solid ilocket Booster, Thrust Vector Control System evolved
from detailed trade studies with firm guidelines regarding simplicity. low
cost per flight, reusability., and high reliability. Common Space Shuttle
hardware wasg utilized where practical, and the remaining components
were developed specifically for the Solid Rocket Booster.

The program progressed through design, development. and quali
fication with a minimum of problems because a significant amount of
personal attention was focused on sensitive areas from the beginning.

The system has completed all required testing and is certified for
fMight.

The first flight system for STS-1 is currently being assembled at
Kennedy Space Center.

14
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