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Section 1
TNTRODUCTION

This study was conducted to evaluate several possible thrust
vector control system/propellant combinations within the three concepts,
liguid injeection into rocket engine exhaust gases, auxiliary hot or cold
gas systems, and ginballed nozzles. The general study plan is illustrated
in the Program Flow Chart, Figure 1.0. The thrust vector control was to be
provided to overcome moments introduced in & space vehicle by thrust mis-
alignment during the firing of a s0lid propellant motor. The motor thrust
axis was nominally aligned to pass through the spacecraft c.g. An evaluation
of maximum thrust misalignments to be expected was made and the TVC system

duty cycles were derived for two spacecraft c¢.g. locations.

Beveral systems of each type were considered and evaluated
within each classification. One system of each of the three types was then
selected as the best candidate of its type. Design layouts of each of the
three systems were drawm and final system weights derived.

| Preceding page blark,
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Section 2

SUMMARY

Tiguid injection systems, auxiliary hot or cold gas systems and
gimballed nozzle systems were anaglyzed to determine the size of each type of
system reguired to overcome the maximum possible moment due to thrust mis-
alignment. Within each cabegory several variations of propellant and pres-
surizatlion systems were considered. Systems were evaluated on the basls of
weight, reliability, space storebility and state of development. A selection
of the most suitable system of each type was made and a design layout of each
system was made. The properities of the three systems selected are showm in
Tgble 2-1. Design layouts of the three systems are shown in Figures 4-38,
439 and L-h1,

Manufacturing tolerances of solid propellant motors were re-
viewed and the expected maximm angular misaligmment and lateral displacement
of the thrust vector were determined. Based on the given thrust-time profile
and spacecraft c.g. locabions 16 inches and 31 inches aft of the motor case
forwerd end, maximum moments in pitch, yaw and roll were determined. Maximum
moment in pitch or yaw is 30k £t 1b for the c.g. &t 16 inches, and 203 £t 1b
for the c.g. at 31 inches. Maximum roll moment is 12.6 inch lb. Only the
roll moment due to thrust misalignment was considered.

Total possible moment-time profile to be overcome in either the
pitch or yaw axis is 15,875 £t 1b seq for the c.g. at 16 inches, and 11,155 £t
1b sec for the c.g. at 31 inches. System capacity required to overcome g mo-
ment between the pitch and yaw planes, with an additional 20 percent to satisfy
transient conditions is 26,h9o £t 1b sec for the c.g. at 16 inches and 18,930
£+ 1b sec for the c.g. at 31 inches.

Only piteh and yaw control were considered in analysis of the
gimballed nozzle and ligquid injection thrust vector control system. Roll cop-
trol was considered, as well, in the analysis of auxiliary hot or cold gas

MBrarading nage blank
Preceding page blank |
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Table 2~1

TVC SYSTEM SUMMARY

LITVC
Freon 114B2
Cold Gas

Freon
Non-Recirculating

133.44
175.74

L9812

Good

Some Freon
permeates
bladder

Technology exisbs
for components
developed for hot
gas pressurization.
Flight system can

be tegted before
installation,
difficult after
insballation.

Ngv injector valve
development required.
Motor tests required
to establish side
force data.

The lasted weights
do not include roll
control weight

Auxiliary
Cold Gas

Nitrogen

FElectric
Proportional
Solenoid

138.39

.9997L

Good

Gas supplyfseals
may be improved
by welding

Components are
developed. Flight
system can be
tested after in-
stallation, then
recharged. No
motor firing tests
required for
development.,

Thef listed .
weights 4o not
include roll
control weight.

Gimballed
Nozzle

Solid Propellant
(Gas Generator

Hydraulic
Non-Recirculating

199267

Good

if bearings and
lub¥icants are
sealed from space
vacuum

A1l concepts have
been developed in
other programs
except movable
submerged

throat design.

10 development
and 10 F¥RT motor
firing tests re~
quited for
development.,
Gimbal acbuation
can be performed
after installation
using glave
pressure and hy-
draulic systems.
The listed weights
do not ineclude
roll control
weight

Page 2-2



Section 3

RECOMMENDATTONS

On the basis of weight and complexity, the auwxiliary cold gas
system and the gimballed nozzle are preferred fo the LITVC, although incom-
plete mission data and spacecraft interfaces were avallable to allow a
selection of the most suitable system for the mission. In.addition, it
appears that cost of development will be less for the cold gas system. This
coupled with its high inherent realidbility, tend to offset its weight dis- .
advantage.

3.1 AUXILTARY SYSTEMS

It is recommended that a more detailed design analysis he per-
formed on the cold gas auxiliary system. It is expected that design refine-
ments can be made on the proportional valve to integrate the required functions.
This should result in some weight reduction in the valve assembly as well as a

more compact design.

It is recommended that the monopropellant and bipropellant sys-
tems be reconsidered with a moment arm of 100 inches. I% is believed that the
propellant feed lines can be maintained at low temperature and the hot compon-
ents limited to the combustion chamber, valving and nozzles at the 100 inch
radius. By proper insula?ion and shielding spacecraft components and structure
can be protected from the hot components. Due to the higher performance of these
systems,a considerable weight saving can be realized}and the use of redundant

components may serve to improve system reliability.

3.2 MOVABIE NOZZLE

Certain spacecraft main motor features should be considered
further if the gimballed nozzle design is pursued. A large improvement would
result from the use of a contoured nozzle design. This would permit attainment

of the same performance as obtained with the reference nozzle in a shorter

sgc 88 FR-1 Page 3-1



envelope. The result would be a reduction in nozzle diameter at the point
where it .exits. the chamber. In turn, the gimbal ring and seal diameters, and
thus weight, could be reduced. This modification would also result in a de-
crease in actustion force requirements, and thus, power system weights would
8lso be reduced. In view of the low estimated weight of the sysftem studied =

Purther reduction is very atbrachive.

A comparative study should be made between an electro-mechanical
power system and the hydrawlic system selected in this study. The electro-
mechanical system is very sensitive to required actuation rates. A better
definition of this requirement mey permit the electro-mechanical systems to

be competitive in weight.

Another area requiring further study is the interface between the
nozzle and motor; particuwlarly in the buried nozzle area. To permit this study,
motor design must be defined such that propellant grain geometry in the vicinity
of the buried portion_ of the nozzle is known.

A more thorough study of actuation frequency response require-
ments is also recommended. Present response rates (30 cps) are very high re-

quiring heavy actustion and power supply systems.

343 LIQUID INJECTION THRUST VECTOR CONTROL

Further work in the LITVC area, if desired, should be directed to
development of a smell Freon actuated injector valve and the improvement in the
permeability of the elastomeric bladder. (Viton AHV)

3k PIUME

It has been estimated that the main motor exhaust plume will ex-
pand through an angle of 116° from the motor centerline. A review of the space-
craft structural locations and the effects of impingement of hot gas on structure
and subsystems should be made.

SGC 88’-'- FR-1 Pa_ge 3...2



Section &

TECHNICAL DISCUSSION

b INTRCDUCTION

The technical work has been organized into four basic parts.
These are: (1) statement of the general system requirements; (2) preliminsry
analysis of each of the individual thrust vector conmtrol methods; (3) selec-
tion of the best control method for each of the three categories; and (k)
design of the selected systems. The work in each of these areas is described

in the following sections.
L2 GENERAL SYSTEM REQUIREMENTS

k2,1 SYSTEM CONSTRAINTS

At the orientation meeting with J.P.L. personnel, the geometry
and performance constraints, and the interfaces between the spacecraft and
thrust vector systems were defined. These are included as Appendix A of this
report. The maln motor geometry and thrust time profile are also shown as
Figures 41 and L4-2, respectively.

Cnly piteh and yaw control were considersd in the analysis of
the gimballed nozzle and liquid injection thrust vector control system. Roll
control was considered, as well, in the analysis of auxiliary hot or cold gas

systems.

A moment arm advantage was given to cold gas esuxiliary systems
over the hot gas systems. Cold gas thrustors could be placed 100 inches from
the main motor centerline, while hot gas thrustors could be placed only 40
Inches from the centerline. AIl systems were consirailned axially to a location
between x = 45 and x = 66 where x is the distance in inches from the front of
the main motor spherical case. (See Figure 4-1) In addition, the cold gas
system could thrust both fore and aft, while hot gas systems were constrained
to thrusting in the quadramnt from aft to radially outward.

8GC 884 FR-1 Page 4-1
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Two locations of spacecraft c.g. at x = 16 and x = 31 were con-
gsidered in defining the thrust vectoring requirements. The IITVC and gim-
balled nozzle systems were sized to meet the reguirements for both c.g. loca-

tions. The suxiliary systems were sized only for the c.g. located at x = 3l.

The thrust vectoring reguirement arises due to the thrust vector
being sngularly misaligned, and/or displaced, so that it dees not act through
the spacecrait c.g. The radisl error in peyload c.g. was defined as 0.25 inch.
Errors in motor c.g. and thrust displacement and misalignment are defined in

the following section of this report.

The TVC system capacity was defined as 1.2 times the steady state
requirement in order to account for transient conditions. In addition, an
initial side force cgpability of twice the initial steady stave value was re-

quired for the first three seconds to overcome initial transients.

Propellants or fluids expelled by the thrust vectoring device
were to be used or dumpsd so that the net uncertalalty of TVC weight expended
st any éime during the motor firing is less than 0.3 percent of the total
weight expended including main motor propellant.

2,2 DUTY CYCIE

!
The meximum possible pitch, yaw and roll momente were determined
based upon the misalignment of the thrust vector from the nomiaal motor/

spacecraft centerline and the uncertainity in the spacecraft c.g. location.

4.2.2.1 REVIEW OF SOLID FROPELIANT MOTOR DATA

Solid propellant rocket moter manufacturing data and technigues
were reviewed with the following results: (See Section 4.2.3.5)

A. For the motor design presented in Figure b-l, dimensional

errors on the nozzle in both perpendicularity and eccentrici‘b.s{'

will be negligible.

B. The threoat insert may be offset 0.012 inch or cocked gt
an angle of 0 1t' but nos both conditions in the same direction,
simultanecusly. —- T T

Heproduced from
best available copy.
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C. Meximum possible eccentricity between both halves of the
aft flange (nozzle mounting) is .005 inch.

D, Based on data from a large diameter glass mobtor case with
a single nozzle, nonperpendicularity of the nozzle due to case

deformation under pressure is oLt

E. Error in motor ¢.g. measurement is 0.030 inch.

h,2.2.2 MAXTMUM PITCH OR YAW MOMENT

The maximum moment in the pitch or yaw plane was compubted over

time using the thrust-time curve given, Figure 4-2, and the following assumptions:

1. There is no throat erosion or nozzle spalling which could

give rise to thrust misaligmment duwring motor burn.

2. The geometric nonperpendicularity of the throat is assumed
to be the enguler misaligrment of the thrust vector.

3. The eccentricity of the aft flange is assumed to be a
lateral displacement of the thrust vector from the motor centerline.

4, Radial uncertainity of spacecraft c.g. location is defined
as proportional to the weights of the payload and motor at any

time and their respective c.g. measurement errors.

25 - (.25 - ,030) % 57362222366 = .108 inch

250
250 ¥ 1500

at

O r

i

at t =80r

25 - (.25 - .030) x = ,219 inch
(where r is the uncertainity in spacecraft c,.z. location)

B Propellant weight loss is linear with tinme.

6. The thrust vector acts at the plane of the nozzle throat.

The variebles affecting the pitch and yaw moments are shown in
Figure 4-3. The uncertainity in spacecraft c.g. is a function of time due to
expulsion of motor propellant. The variation of this uwncertainity with time is
assumed to be linear, consistent with assumption number 5 sbove, and is shown in
Figure 4=k,
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VARIATION IN SPACECRAFT C.G. (inches)
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h,2.2.3 MAXTMUM PITCH MCMENT

The maximum pitch moment has been computed as a function of time

and plotted in Figure 4~5 and 4-6 for spacecraft c.g. locations of x = 16 and 31.

The total system capacity for the two c.g. locations are as follows:

16; 15,875 £t 1b sec
31; 11,155 ft 1b see

X

X

The capacity of the system was increased by 20 percent, as required,
"t0 cope with transients. In addition, since this moment could ocecur halfway be-
tween the pitch and yaw axes, the system must be capable of providing .TOT of the
full moment in both piteh and yaw simulianeously.

The system capacity required is

16; (15,875 x lL.h1k2) 1,20
31; (11,155 x L.kik2) 1.20

26,480 £t 1b see
18,930 £t 1b sec

1

X

X

I
|

For x = 16, ‘the maximum moment is due to the angular misalignment
of the thrust vector. For x = 31, the maximum moment is due to lateral dis-

placement of the thrust vector.

h.2.2.4 MAXTMUM ROLL MOMENT

The meximum roll moment is very small since the angularity of the
thrust vector is only 0%18¢ and the displacement from the centerline is not

greater than 017 inch, Mobor swirl is assumed 40 produce negligible roll torgue.

The maximum roll moment as a function of time is shorn in Figure
4-T7. 'The totel system capacity required is 689.5 x 1.20 = 827.k in. Ib sec.

k2,3 BASTC NOZZIE DESIGN

Since the comparison of system weights must be made on the basis
of inereases over a motor with nc; TVC system, a basic nozzle, based on the
Minuteman nozzle design philosophy, was laid oub, and a weight for it was de-
termined. Any changes in the nozzle were charged to the gimballed nozzle and
LITVC systems as part of the system weight. The baseline nozzle, is shown in
Figure 4~8. The baseline nozzle weight is 84.h4 1b.

sgo 88l FR-1 Page 4-8
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h.2.3.1 DESIGN CONSTRAINTS

The baseline nozzle was designed in accordance with constraints
specified in Appendix A. These included:

1. Throat location at x = 33 inches along motor centerline

from a reference point at the motor forward end.

2, Nozzle exits <+the motor envelope at x = kb inches.
3. 15° nair angle.

. 36:1 expansion ratio (exit st x = 66 inches).

5.  Propellant of 304 1bf sec/lbm Tope

6.  Durstion - 80 sec.

Te Maximum chamber pressure - 500 psia.

8, Maximum thrust 11,500 1bf.

h.,2.3.,2 DESIGN APPROACH

The nozzle design was based on present day technology. In this
respect, a heat sink, tungsten~-lined, throat section and reinforced-plastic-
lined exit cone sssembly were used, Construction and deslign feabures closely
parallel those of the Minuteman Wing VI second stage design, which is a highly
successful submerged configuration. The design therefore is completely hased
on present technology for long—duration, high-performance solid rocket motors
containing aluminized propellant.

4.2.3.3 DESICN DESCRIPTION

The baseline nozzle preliminary layout is shown in Figure 1-8,
It incorporates a 6Al-LV titanium support shell insulated with rubber base
insulation; an entrance cap of molded graphite cloth-phenolic plastic, a tungsten
throat insert with a graphite heat sink, and a combination graphite cloth-phenolic
and silica cloth~phenolic, high pressure molded exit cone. It is suitable for
present day sluminized propellants with flame temperatures up to 6000°F, Suita-
bility for more advanced propellants is not known as no operabtional designs are

gvailable for higher energy propellant formulations.

| . E
SGC 88l FR-1 ' Preceding page blank Page 13



The nozzle insuwlation thicknesses are defined by the allowance
for normzl gblation and char, and provision for sufficient insulation such
that no . temperature rise occurs in the structural components. As a result,
the exit cone tends to approach constant thickness in downstream areas vhere

gblation is negligible.

k.2.3.h BASELINE NOZZIE WEIGHT SUMMARY

The nozzle weight by component is also shown in Figure 4-8., The
total weight is 8h4.h4 1b. This compares favorably with operational nozzles of
recently developed motors when adjusted to the reference expansion ratio, op-

ersting duration, and scale.

h.2,3.5 TOLERANCE ANALYSIS

A tolerance bulldup analysis was made for the baseline nozzle
design to permit incorporation of those Golerances in TVC force reguirements

studies. A dimensional analysis of the chaiber was also defined for the same

uarpose.

The progressive and Tinal stack-up of dimensional tolerances
for the reference nozzle as indicated by Figure 4-9 are presented assuming

the following schedule of fabrication operations:
8.0 Machipne nozzle shell complete (Figure 4-9 (a}.

D Fabricate exit cone, finish machine 0.D. surfaces and
assenble nozzle shell, (Figure 4~9 (b).

Co Fabricabte and finish machine throat section as an
assenbly allowing .010 in. on 0.D. for bonding to shell
(Figure &9 (c).

d. Bond throat section to shell (Figure 4-9 (c). Tolerances
shown on sketch are referenced to the face and centerline of
flange "A". Eccentricity and non-perpendicularity are negligible

for gll nozzle components except the throat insert.

SGC 88k FR~1 Page 4«1l
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Maximum offset due to clearance between the chamber
flange 0.D. and the shear lip of the mating nozzle Fflange
is 0.005 inches. The expected cocking of the nozzle due to
motor pressurization is 0° - 4 min. based on actual measure-

ment of a large, single nozzle, filsment~wound motor.

The mobor case will probably be fabricated using one of the
following candidate materials: titanivm, maraging steel; or filament wound
glass. Although these materials have widely varied mecﬁanical properties
and are fabricated using quite different manufacturing techniques, the chamber
tolerances with respect to the reference flange for all three candidates falls
between 0.02 and 0.03 inches maximum offset. Similarly, the propellant casting
core can be locabted within the same tolerance range thus fixing the propelisnt
maximum &g offset and, for all practical purposes, the motor maximum cige Sifset
at 0.02 to 0,03 inches.

A1l tolerances are based on normal shop practice in motor manu~
facture. Tighbter dimensional control is possible, but does not seem warranted

in this case in view of the relatively large umncertainity in spacecraft c.g.
location of 25 inch.

k.3 PRELIMINARY SYSTEM AWALYSIS

Three basic types of systems were considered for thrust wvector
control. However, within each category & range of possible working fluwids
and power systems exist. In order to concentrate the effort on those systems
most 1likely to be applicable, selections of fluids and power systems were
made on the basis of experience and applicability in the time period required.

The systems to be considered were selected as follows:

L. Auxilisry Systems

1.1 Stored gas - Candidates W,, He

1.2 Monopropellants - Candidates NyHy, H,0,

1.3 Blpropellants -~ Candidates Neoh'NéHh’ Néoh—AerDZlnE 50

8GC 88t FR-1 Page 4-16



Lok

1.5

(9]
S0lid Propellant Gas Generator (2000 F)

So0lid Rocket Motors

A1l systems except the solid rocket motors were considered with

two or three position valves, proportional valves and gimballed thrustors.

Solid rocket motors were considered only in the gimballed configuration.

are described below.

ll-nS;l

,'I'ﬁ3¢lql

2.

LITVC Systems

Injectant candidates ~ Freon 11482 and N,0,. Strontium

perchlorate and hot gas injection were excluded.

Pressurization candidates ~ cold gas (N,), and solid

propellant gas generator.

This resulted in eight possible combinations which were analyzed.

3‘
3.1
3.2

3.3

Movable Nozzle Systems
Pranslating Nozzles
Gimballed Nozzles

Actuation Systems -~ Cold gas non-recirculasing hydraulie,
gas generator non-recireulail ng hydraulic, electric motor
driven pump recirecuwlating hydraulic, gas turbine driven
recirculating hydraulic, and electromechanical.

The analyses leading to the comparative evaluation of these systems

LITVC SYSTEM

CONTROL METHOD

The LITVC system consists of a source of high pressure injectant

fluid which is piped to injectant control valves (injector valves) mounted on
the exheust nozzle of a rocket motor. The injection of a liquid, through small

ports in the nozzle wall, into the supersonic exhaust gas causes an obligue

shock wave t0 form,

sec 88L FR-1

The shock wave is generated by the injectant penetrating

Page L4~17



into the supersonic gas stream. This causes boundary layer separation to occursg
shock waves are formed which reinforce the separation,and the resultant high
pressure region ahead of the jet of injectant causes a multiplication of the side
force due to the high pressure field acting on the nozzle wall. The side force
is used to control the vehicle in the pitch and yaw planes by locating injection
points at 90 degree intervals around the nozzle in the pitch and yaw planes.
Vehicle control is accomplished by means of feedback to the injector valves

from the vehicle attitude sensors to maintain the desired attitude of the thrust

axis.

k,.3,1.2 INJECTANT REQUIREMENTS

Two control duty cycle reguirements are defined in Figures 4-5 and
4.6 representing thrust misalignment moments for spacecraft c.g. locations at
x =16 and x = 31, respectively. The flow rate of injectant required to provide
8 compensating thrust vector moment can be computed if the side force is known
and if the effective moment arm of the side foree from the vehicle c.g. is

known.

It is noted from the layout drawing of the baseline nozzle that a
convenient location for installation of the injector velves is a% an expansion
ratio of 8.5. Since the side forece gain curve is reletively flat, as a function
of expansion rgtio at the point of injection, no serious loss in performance
will oceur due t0 this arbitrary choice of plane of injection. In addition,
considersble test data is available for injection at an expansion ratio of 8.5.
The gain curves for both injectants Freon 114B2 and Néou are shown in Figure 4-10.
From this curve the side force may be compubted using the motor thrust and mass
flow. In order to calculate the moment generéted by the side force, it was
assumed that the average pressure on the nozzle wall, due to the asymetrical
shock, is located at the point of injection. Figure L-11 is a plot of experi-
mental data from Minuteman Stage II motor statice firings. It can be seen that
the assumption that the centroid of the integrated pressure profile is at the

point of injection is conservative.

SGC 884 FR-1 Page 4-18
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Moment arms of 30.434 and 15.43k inches were computed cox-
responding to spacecraft c.g. locations of x = 16 and x = 31.

Motor mass flow rate is found from the relation

¢ =_F
= I
Spvac

Thrust vs time is given in Figure 4-2 and motor Isp was given as 304 sec.
vac

F
Injectant weight is determined from the side forece ratio, -ﬁ;ﬁ,
a8,

required to overcome the moments, Figures U-5 and 4-6, and the gain curve,
vy .oLw

Figiré 4.9 from which -ﬁ—s- vs time is determined. Injectant weight flow vs
a

time is plotted in Figures 4-12 and 4-13 for spacecraft c.g. at x = 16 and

x = 31, respectively. Integration of the injectant flow rate vs time resulted
in the following injectant requirement in pounds, for control in the pitch
‘or yaw plane.

x Freon 11LB2 NEOLI-
16 60.1 53.0
31 ] 8h.h 75 .0

In the event that control is required in a plane halfway between the pitch

and yaw planes, the injectant flow rate required in each of the piteh and

yaw planes is 1/f2 times that required if the moment is in the pitch or yaw
plane. Consequently, an injectant flow rate (5 times that caleulated above

is required to control this condition. This results in injectant requirements,
in pounds, as follows:

% Freon 11LB2 l\I2 Oh
16 85.0 T5.0
31 119.4 106.0

360 88k FR-L Page L-21
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k.3.1.3 PRELIMINARY SYSTEM SIZING

The general configuration of the Minuteman second stage LITVC
system was selected to perform comparabtive weight analysis of the eight
gystem combinations. Schematic representations of the systems are shown
in Figures b4-1% and 4-15.

The toroidal tank was sized to contain the injectant required,
the elastomeric bladder, and the injectant distribution tube;, and an ullage
space in the tank insert section. The tank was sssumed 40 be made of titanium
with a conservative yield strengbh of 110,000 psi and a density of 0.162 lb/in3=
Wall thickness was scaled down from the Minubteman tank to 071 in. Idines were
sized to pass the injectant flow required and the pressure relief valve and
injector valve weighits were also scaled from the Minuteman system. Since the
injector valves are hydrauliecally servo controlled, the weight of a hydraulie
actuation system was included, The weights are tgbulated in detail in Tables
4-2 and k-2,

4,3.2 AUXILIARY HOT OR COID GAS SYSTEMS

In this section comparison is made among stored gas, monopro-
pellant, bipropellant and solid propellant systems. By thelr nature these
systems do not interfere with or change the basic nozzle geometry. In effecﬁ%
they are attitude confrol systems. The cold gas systems are allowed an advan-
tage over the hot gas systems, sinece they can have a moment arm of 100 inches
from the centerline of the spacecraft, and can thrust both fore and aft, or
radially outward, if desired. The hot gas systems are sized for a 40-inch
moment arm; but mey thrust only aff or radially outward, sinece thrusting for-
ward would cause impingement of the system exhaust on the spacecraft strueture.

In order to0 meet the expelled weight coatrol reguirement, all
systems are considered to operste continuwously, dumping, radially outward, or

fore and aft simwltaneously, that proportion of flow not required for control.

SGC 88’-‘- IR=-1 Page ].]...21[_
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12,

GN,

Bottle
Dia.

7.30
8.1k
8.04
9,02

L Burst

Dise,

Weight
1b

0.0k
0.0h
0.0k

0.04

.070
.080
.080
.0%0

b Injector
Block
Weight

1t

FoEEE

Explosive Tank
Valve {2) Support

ib

10.55

12.39
12,19

k.11

GN2

Bottle
1b

5.60
7'96
T.43

10.58

2
G, Bottle
Weight Support
1b 1b
1.72 1.05
2.40 1.5)
2.30 1.h0
3.25 2.00

Lrne
Support
1b

o coo
o\

407717

e
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! | Reproduced from

. | best available copy

Injectant
Fluid

F-114po
F-11hB2
0.0
,0),

Injectant
Fluid

F-114B2
P-114B2
N0,
N0,

Injectant
Fluid

F-11hB2
F-114B2
%50y
¥,0,

Station
in

16
31
16

31

Station
in

16
31
16

31

Station
in

16
31
16

3t

Injectant

Density
1b/ft

135.0
135.0
89.2

89.2

Loaded
Injectant
1b

87.0
l21.0

T7.0
108.0

Tank
Support
i

10.55
12.39
12.19

k.11

Requmired

Pateh or Yaw

Injectant
Tank Wall
in

0.095
0,095
0.095

0,095

Line
Support
1b

0.5
0.5
6.5

0.5

Injectant Ingectant
Pitch & Yaw  Line Daa.
1b in
85.0 0.275
119.4 0.250
75.0 0,281
106.1 0.312
Injectant Tank Flange
Tank Shell End
1ib 1b
32.15 2.09
38.22 2.40
37.58 2.36
43.69 2.7
Iine Hydraulic*
Insulation Systen
1k 1h
0.5 39.1h
0.5 39.1%4
0.5 39.1L
0.5 39.1L

#Contains 28.2 1b hydraulrc fluid pressurized by GN,

Noke: The weights in +this table are for comparabtive purposes only.

Improvement can be made in the weights and they should not
be used for design purposes,

bh-2¢-f
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Reproduced from
best available copy

Teble Y2, LITVC Sumary (Hot Gas Presgurizatién)

Tank
. - ILine 4 Tnjector Loaded Ullage Volume Volune Injectant
gid‘mw %:gzgt;n-}:aw %‘I;Jn :c;g?_?j Resaduals Residual Inje;tsnt Volume Boot Bladder Tank Vol,
ib in 1n3 :.n3 in’ 1n3 1n3 1n3 1n3

1 85.0 0.275 8.65 12.8 1110.15 k2.5 17.9 71.8 13hk2.40

L 119.4 0.250 7.26 12.8 1547.46 200.,0 20.0 80.0 1847.46
0 75.0 0.281 9.25 23.2 185,70 196.6 19.66 78.6h4 1785.10
.0 106.1 0.312 19.10 23.2 2096.95 220.0 22.00 88.0 ohely o5
Lani, Injectant Tank Flange Tank F111 Tank Insert Total Boot Bladder Bladder b Tnjectant
wall Tank Shell End & Cutlets Section Tank Wi, Weight Weaght Dast. Tube Line Wt.

1b 1b 1b 1b 1b 1b 1b 1b 1b

5 32.15 2.09 1.33 6.62 k2,19 1.18 4,74 0.84 0.50

g 38,22 2.ho 1.33 7.60 k9,55 1.32 5.28 0,80 0.hs
5 37.58 2.36 1.33 7.48 18.75 1.30  5.19 0.89 0.50
p 43,69 2.74 1,33 8.67 56.43 1.h5 5,81 0.98 0.50

Expended )

e Line Bydraulic¥* Yozzle Tobal System System
pport  Imstlabtion Systen Extension Weaght Weight
b Ib 1b 1b 1b 1b

7 0.5 39.1% 6.05 223.05 ,107.25

5 0.5 39.1h 6.05 270.25 118.99

.5 0.5 39.1L 6.05 224.83 118.14

5 0.5 39.1h4 6.05 269.85 130.74
3 by G - j . ,

2
Preceding page blank |
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ation)

ctant Tank CL
Vol. Magor Dia.
3 in

0
.50 3
4% 31
10 3L
9% 3
jectant h—Injector
a Ve, Valve Ws.

ib

iz,

. 12.
5 i2.
3 12,

Tank Insade

Minor Daa.
n

h.258
k.ol
L.830

5.630

S«~Burst
Disc.
ib

0.0h5
0.045
0.045

0.045

Gas Generator .

Req. W.
ib

1.8k0
2.581
2.h65

3.399

L-Injector Propellant
Weaght

Block
1b

St

Avg. W
1b/sec

0.0230
0.0323
0.0308

0.0425

1b

b by
6.24
50%

8.21

Burning

7.233
10.157
9.686

13.365

Weight
1b

2,80
3.97
3.87

k.63

Burning
Dia.
in

3.035
3.5%6
3.512

L, 125

G.G. Case Relief

Valve
1b

2.50
2.50
2.50

2.50

Propellant
Length

10.60
10.60
10.60

10.60

Tank
Cutside
Minor Dia.

n

k272
5,10k
5.220

5.820

G.G. Suppt
Bracket
1b

1.08
1.52
1.h5

2.00
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h.3.2.1 COID GAS SYSTEMS

4.3.2,1.1 PEELTMINARY WEIGHT ESTIMATE

Helivm and nitrogen Were consldered as candidates for the stored
gas suxiliary systems. For a system requirement of 18,930 ft 1b sec (x = 31),
and a moment arm of 100 inches,"bhe total impulse required from the cold gas
system in each axis is 2272 1b sec. A preliminary weight of 63.4 Ib for the
nitrogen system and 82.9 1b for the helium system is found frzm.Figure h.16.
On this basis a nitrogen sysitem was selected and no further considersfion

was given to helium for this application.

4,3,2,1.2 PRELIMINARY SYSTEM SIZING

In order to meet the dubty cyele requirement of Figure i4-6, it
is apparent that a blowdown system would-reguire an extremely high initial
pressure. Consequently, a pressure-regulated system was considered. However,
if regulsted pressure were maintained throughout the firing, the system would
conbinue to operate for some time after main motor burnout, eventually blow-
ing down after the supply system pressure had dropped below regulated pressure.
In order to prom;de the minimm amount of propellant at the end of motor firing
time the supply system was sized to drop to regulated pressure at some time

before main motor burnout, and then blowdown.

The system capacity chosen is based upon the capsbility to pro-
vide maximum thrust for TO seconds and blowdown beyond 70 seconds. This is
illustrated in Figure 4-1T7. The auxiliary system pressure will have blown
down t0 1 percent of regulated chamber pressure at t = 118 seconds.

4h.3.2.1.3 , MATCHING REGULATED AND BLOWDOWN CHARACTERISTICS

For a regulated system, the supply pressure after operation

for time, t; is:

Preceding page blank
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3- Y 2y
1

o . 2(%- VeR T, P, TF 1 N
P=FP - (== A R ] (1)
o] Y+L i V?Zo Po

For blowdown after supply pressure has dropped to regulated

pressure,
Y+ 1 2Y
P A 5(V-1) T-¥
£ _1y-3 T 2
7= |5 wio e VeRrT, (gr) sl

c ° '
N

It ean be seen that the reguleated system can be matched to the blowdown system
at any time t through the parameter V/A,czo.

Figure 4-18 shows the relation of V/A%Zo to Pc/Pb and t, for a
regilated system. The operating point shown was selected by matching the blow-
down requirement that the moment be down to 5k £t 1b at t = 80 seconds (see
Table 4~3). From this, it is noted that v/Atzo = 78,000 inches and PC/PO = ,105

for matched conditions at t = TO seconds,

4.3,2.1.4 PROFELLANT REQUIREMENT

The weight of nitrogen required to satisfy this duty cyele can
be found from the relationship
PV
0 0
ZRT
oo o

Poo

W=

3.575 x 10° z_

It is noted from Figure 4-6 that the maximum moment required is 203 £t 1b.
Thus for s moment arm of 100 inches the maximum thrust reguired is 2i.k Ib.
Also, POVO can be found from the relationships

P

- - _
VO/AtZO = 78,000 in., P = .105 and F = C_P A 1b

SGC 884 FR-1 Page L-32
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Figure 4-18. Regulated Nitrogen System Sizing
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Table L4~3

COLD GAS BLOWDOWN CONDITIONS

v 136 &

= X 12 inches
Z Aﬁ 1 = © 1
B /T
)
=
W2
1/7
P, P, 1 1 -1 & v
'@; N Pf ) 177 Pf) 177 Z A‘b
c
( Pc' ( Pc:
.266 .828 1.209 .209 . 1 7,800
5 ]39,000
10 | 78,000

Maximum moment

n

203 £t 1b

Moment at + = 80 sec 54 £t 1b

Ther at + = 80 sec, P, must have decayed to P, so that
- b

g

£k _
B =503 = .266

SGC 884 FR-1 Page l[.-31.|.




and we have:
= V] :
PV, = 126 x 10° 1b-in.
from which the nitrogen required is:
PV

W= 32.95 1b = °o 5
3575 x 207 Z_

4.3.2.1.5 TANK WEIGHT

Two materials were considered in determining tank weight,
aluminum and titanium. -Weight of the spherical tank shell is determined

from -

= P
Wy = 1.5 BV

w

For Aluminum

p = 0.1 Ib/in> and S = 62,800 1b /102
hence, -% = 1.591 x 1076 471
and W =2385x10'6p v

T . c o

4

- J
For Tirtanium

0.16 Ib/in> and § = 129,000 I1b/in

p =
hence, €= L2k x 1070 4572

3 -6
and WT = 1,86 x 10 POVO

Minimum gage was taken at t = 0,03 in. for Aluminum and
., % =002 in. for Titenium.
It can be seen that the use of Titanium will result in a ligher tank.

fl

Tank shell weight vs pressure is shown in Figure 4-19 for a
titanium tank. It is observed that minimum weight is obtained by using a

pressure of at least 250 psi. Taking 3000 psi as the design pressure, and
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Figure 4=19. Spherical Titanium Tank Shell Weight for 32.95 1b

Gaseous Nitrogen




adding 20 percent for fittings, the tank weight is 23.35 1b. Tank diameter
is 20.0 inches. Note that the compressibility factor, Zo’ begins to ecause

an increase in tank weight sbove a pressure of gbout 2000 psi.

b,3,2.1.6 GAS LINE SIZING

The gas lines must be-sized t0 pass the peak mass flow withoutb

severe 13$ses. Peak mass flow is simply determined from

W ¥
max _ _mex
wgas Itot
Tfrom which ‘ﬁﬁax = 24, L x 32,95 = ,353 lb/sec
2272

This mass flow is required at t = 43 seconds to provide the maximum thrust of
2k .k 1b. The supply pressure at that time is very close to half the initial
pressure, The line size required for a line inlet Mach nuber of 0.25 at this
time, is 1/4 inch ID for an initial pressure of 1500 psi and 3/8 inch ID for
800 psi. The respective line weights for a 4.5 foot length are 0.09 1b and
0.18 1b. Assume the larger line and 234 0.3 for fittings, so that line weight
is 0.48 1b.

k.3.2.1.7 ESTTMATED VATVE WEIGHTS

Valves are required of sufficient size to pass the flow from
3/8 inch lines. On the basis of -existing hard?are welghts the following

weight estimates were made:

3 position valve 1.3 1b

Pressure regulatbor 1.0 b

Explosive valve 1.0 Ib
4,3.2.1.8 PITCH SYSTEM CONFIGURATION

The system configuration is shown schematically in Figure 4-20.
It consists of a spherical nitrogen tank connected to a valve capeble of

SGC 884 FR~1 Page b-37



PR_SSURS R&GUTATOR (2)

/

5 - POSITION VATLVZ

Pitch Axis

EXPLOSIVE VALVE

NITROGEN TANK

Yaw Axas

Figure L-20. Cold Gas Pitch or Yaw System Schematic
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thrusting in two directions. DPressure in the valve is controlled by a pressure
regulator. System operation is initiated by activaticn of an explosively-
opened valve at the tank. The tank is filled through a gquick disconnect
fittings and sealed by an explosively closed valve. The gquick disconnect
fitting backs up the seal of the sxplosive valve providing a highly reliahle
seal.

The welght of the system is as follows:

Nitrogen 32.95
Hitrogen tank shell 23.35
fittings 4,66
Gas line (k.5 £t) and
fitbings A8
Valve 1.35
Pressure Regulator 1.0
Explosive Valves 1.0
64.79 1b

h.3.2.1.9 PITCH AWD YAW SYSTEM WEIGHT

Since the system described gbove is required in two sxes the
combined weight is 129,58 1b.

%,32,2.1,10 PROPORTIONAL AND GIMBALLED VALVES

The weight estimate given shove is that for a three position
(bang bang) valve thrusting either forvard or aft, as commended, or dumping
both ways with the valve in the null position. Due to the possibllity of
inbroducing undesireble perturbations tc the spaceeraft with this type of
operation, the possibility of using a proportional valve or gimballing a valve

with one nozzle through 180° was considered.

It was found that the weight of =z proportional valve of this size
is essentially the same as the three position valve, while the gimballed system
is gbout 6 pounds heavier for each system, or 12 pounds heavier for pitch and
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yaw., In addition, the frequency response of the gimbalied system would be
considersbly less than that of the other systems.

h.3,2.1,11 ROEI, CONTROL SYSTEM

The roll control system was sized in a menner similar to the
pitch and yaw systems. To overcome the maximum moment of 12.6 in. 1b at
100 inches, the thrust reguired is only 0.126 1b. For the seme chamber
pressure and supply pressure as the pitech and yaw systems the weight of

nitrogen gas required to meet the roll moment requirement is only W = ,146 Ib.

This is such a small amount that it is not reasonable to provide
a separate supply system for the roll conbtrol nozzles. Consequently, a valve
configuration in which the roll valves are clustered with the pitch or yaw
valves will be considered. Gas supply to the roll valveswill be included in

the main system.

k,3,2.2 MONOPROFELLANT SYSTEMS

The monopropellant thrust vector conbrol system is shown sche-

matically in Figure 4-21, The system contains the following elements:

8 Pressurization tank of titanium containing helium
gt 3000 psi=z.

b. Two £ill and disconnect valves.
C. Pressure regulator set at 200 psi.
d. One check valve,

e. Two propellsnt tanks of 347 stainless steel with
positive expulsion bladders.

g Four two-way valves either solenoid or proportional.

e Bight thrust chambers and catalyst packs.
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__{: Fatl, Disconnect

Pressure Regulakor

Check Valve

A

______.[' i1l Discomnect

I

Pitech Motors Yaw Motors

1. Bladder - Posative Epulsion

2. Two-way Valve— Proporbional or Solenoid
3. Catalyst Pack

Figure 4-21. Monopropellant A.C.S. Schemabic
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The system configuration within the vehicle is shown in Figure L4-22,
The purpose of the two propellant tanks in the pitch yaw plane 1s to minimize
the c.g. shift as the propellant is consumed..

The system operation is characterized by a constant mass flow of
propellant. When the torgue generated by thrust misalignment of the main motor
is zéro, the motors on the pitch and yaw axis, with thrust axis parallel to the
roll axis, are cut on. This creates a small translation of the vehicle but no
rotation. When the misalignment torgue is finite these motors are cut off,
and, the motors with thrust direction normal to the roll axls are cub on so -.

as to reduce this misalignment torgue to zero.

A1l four motors will be brought into operation two seconds before
main motor ignition. This will ensure that any of the four motors may be used
immediately. As soon as the thrust misalignment moment occurs, correction will
be demanded of one, or at most two, auxiliary motors. The others will be shut
down since the moment will remain one sided.

Conseguently, the propellant requirements are defined by two
60.9 1b thrust motors operating for 80 seconds or 4860 1b seconds of total
impulse each. To account Tor start up of four motors and subsequent operation
of two, size the system for 10,000 Ib sec.
- Im the study, two monopropellants were considered: 90% hydrogen
peroxide'(HéCb) and hydrazine (NéHh)' The propulsion parameters and system
welghts are presented for these systems.

1. 90% Hydrogen Peroxide System
8. Fropulsion Parameters
Specific Tmpulbe ISP = 160
Expansion ratio Je= 40:1
Thrust Coefficient Cj = 1.83

The thrust level (FN) for the motors with axis normal Hto roll
axis is

F = Maximum Moment

= ()
N Moment Arm

Io

= 203 60.9 1b

i
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Parallel Motors
()

Normal Motors (FN)

Propelia.nt \ Lo"
Tank Moment'
Arm
AN
o Piteh
L5 \ Axig
N
N
Propellant
Tank 2
Roll Axis
Yaw Axis
Figure 4-22. Monopropellant Pitch and Yaw System
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Similarly, for the parallel motors,
- 12y _
FP = 203 (Eﬁ) = 60.9 1b

From the thrust lewvel and thrust coefficient the product of

chanber pressure Pc= and throat area A, are given by

&
F
PA =—
ct CF

Assuming a chanber pressure of 100 psi the throat area for the parallel and

normal thrust motors is

__ D _ 60.9 -
(Bg)y = PCy ~ 100 1.83 - -332kin
CR VN S ¥ B
NP, T T00x1.83 ~ n
The corresponding throat radii are
(8,), 1/2 L
(r_‘:)P =) = .32L in.
(A )y M2 .
(rt)N = - = ,324 in.

The propellant weight flow rate for the system is

2 Fy
W= oz = .728 1b/sec

sp

b. System Weight

The total system weight is the sum of the propellant weight
(Wp) s propellant tank weight (Wt) ; Pressurization system weight (WPS) s
components weights (Wc) eonsisting of valves, regulator, thrust chamber,
lines and fitttings. For comparison purposes the line and fitting weight
was assumed to be two pounds. The other system weights are computed from

the system parameters as follows.
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The total propellant weight (Wp) is defined as

. . (1)
w = Total impulse - :°T' _ 10,000 1b sec  _ 62.5 1b

p Specific impulse (TSP) - 160 sec

The propsllant tank weight can be computed from the propellant volume s density
of tank material and tank well thickness. The propellant volume is simply

. W)
_ Propellant weight - (p _ 36.53  _ 100 3
p Propellant density (pH 0 ) ~ 0.0518 0 in
22

The propellant is contained in two tanks of 610 in3 each. The radius of each

tank is
RS L

The total propellant tank weight

W’b = btank material density x volume of tank maberisl
v
- Yo 3. pf -
W, = 20 3 (r,G + §)7 - 5 = 10,08 1b
where
P tenk material demsity = 0.28 lb/:‘Ln3

¥ tank wall thickness 0.05 in.

The pressurization system consists of the pressurization tank
and gas (helium). The tank and gas welghts are computed using the perfect
gas law and volume of the propellant required VP. The total mass of the
Pressurization gas is mass required to displace (Mreq) the propellant
and the residual mass (Mres)'

Mpg = Mreq " Mg

where

B %

MTg 2, RT:L

i
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M =
Tes Zf RTi
Vi = TVolume of pressurization tank
T = Temperature, OR
P = Pressure, psi
Z = compressibility faetor of Helium at specified temperature

and pressure

Subscripts 1 and £ dencte initial and final values.

Solving for Vb gives

Assuming adigbatic expansion of the gas the final temperature T, is

£
X
-
e\ 7Y
T, = T, [=— 3 Y = specifiec heat ratio
f i Pi
The required mass (M__ ) is
req
PV
- PP
re RT
4 3
TP = +temperature in propellant bank
PP = pgas pressure in propellant bank.
The pressurization tank weight (WT) iz given by
=3 PET g 4 3
W,=5 P o v, or BT 3;r(rPT+tPT) v,

assuming tPT > mnminimum gusge
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where

w
I

The pressurization system parameters (Wi,

density of pressurization fank mzterial = 0.17 l'b/ in3

stress level of tank = 1.3 % lO5 psi

volume of pressurization tank

tank wall thickness

now computed using the following system parameters

. 3
V. = 1220
D in
P, = 3000 psi
P, = 400 psi
_ )
T, = 510 °R
Wne = 1.67
R = 2.68 £t 1b/Ib(mass) °R
P, = 200 psi
O,
= 510°R
TP 5
Z; = 1.13
z, = 1.03
They are N1
Po= T 2\ = 229 %R
£~ “i\ B,
N
Py T,
Mreq_= Tl = 0.,1060 1bs (mass)
P
Mfeq 3
v, = — = = 140.0 in
i f
Z, R, ~ I, RIg
SGC 884 FR-1
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req, Tf) are
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MI'g = vmp. - L1574 1b
1
P,V
__f b _
es = Zf RT, = 0.051% 1b

is

The pressurization tank radius Tog

r 3 Vf 1/3 -
PT = HE?E = 3.22 inches

Assuming & wall thickness (tPT) of 0.05 inches, the preéssurization tank
weight is

b 1T 3 v ,
W =.'p ——— - = - .
T PT [3 (rPT * tPT) b 1.07 lbs
The total pressurization system weight (WPS) is thus

The total weight of the system components (Wﬁ) is 9.75 1b,
broken down as follows:

1 regulator 0.8 1b
2 check valves 0.k b
4 solenocid valves 3.0 1b
8 thrust chambers 3.75 1b
Mise,lines and fittings 2.0 Ib
3 £il1l and disconnect valves 0.75 1b

The total system weight Wé for the H202 monopropellant system

is thus

WS=WP+WT+WPS+WC= 84,0 1bs
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2. A gimilar enalysis was conducted for hydrazine (NEHLL)

Table L4~ summarizes the propulsion parameters and system weights
" for both hydrazine and hydrogen peroxide. It shows that hydrazine has a weight
advantage over hydrogen peroxide at about 20 1bs due primarily to its higher

specific impulse,
k.3.2.3 BIPROPELIANT SYSTEMS

A bipropellant thrust vechor control system is shown schematicelly
in Fagure 4-23. The system contains the following elements.

a. Pressurizetion tank of titanium contsining helium at 5000 psi.

b. Three fill and disconnect valves

¢. Pressure regulstor.

d. Two check valves.

e. An oxidizer and propellant tenk of 3U7 stainless steel with
positivie expulsion bladders.

f. Eight combination oxidizer-propellant valves, either
solenoid or proportional

g. Eight thrust chambers.

Figure 4-22 shows the system configuration within the vehicle. The
syshem operation is the same as for the monopropellant system except that we have an
oxidizer and propellant tank instead of two propellant tanks. The bipropellant system
was analyzed exactly as the monopropellant system for two oxidizer-propellant combi-
nations (NEO}_!_ - Aerozine and Ngou - N2H,+). Table 4-4 summarizes this analysis.

The table also shows the system weights assuming proportional valves
and ginballed thrust chambers, These variations increase the total system weight due
to the increased weight of the components. Discussion of these systems is given in
section 4.3.2.6

4,3,2.4 SOLTD PROPELIANT GAS GENERATOR SYSTEM

A system with the same general valving configuration as the monopropellant
and bipropellant systems was analyzed when a solid propellant gas generator is used
!
as the gas supply. Hardware weights were scaled from existing Minutemsn second stage

roll control system components.
System data is tabulated in Table 4-5.
k.3.2.5 SOLID PROPELIANT MOTORS

The use of gimballed solid propellant motors to meet the thrust vectoring
requiremerts was briefly considered. A literature search revealed a system developed
for vector control, Reference 2, which had approximately the correct thrust snd total
impulse., The complete system weight was 135 1b.

i
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Total Chazt
fmpulse Expansion Thrust Pres:
IT Isp ratio goeff ' Pc:
System Type 1b.sec sec e F psi
Monopropellant
0, 10,000 160 4o:1 1.83 100
N_H, (bang-bang) 10,000 240 Lo:1 1.72 100
2L
proportional)}10,000 | 2Lk ho:1 1.72 100
>

(ginmbal) 10,000 240 4o:1 1.72 100
Bipropellant
N0~ Aerozine 10,000 299% 4o:1 1.83 100

{bang-bang)

(proportional)} 10,000 312 40:1 1.83 100

(gimbal) 10,000 312 40:1 1.83 100
NQOLL-NEHLL 10,000 302¥ ho:1 1.83 100

(bang-bang)

{proporsional)| 10,000 250 4o:1 1.83 100

(gimbal) 10,000 250 Lo:1 1.83 100

Note: * Corrected for drag, recombination

L-50-R
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Table 4~l4., Monopropellant and Bipropellant System Comparison

Thrust Throat ,

. Chamber | Tood Radil Total Wo. Propellant
Expansion Cmouefu?' ;I‘E‘SSUIE Feve . ) o) Fl\crw Rate Weight
ratio G ' c ) N D N TP 1 Fuel Oxidaz
€ F psi 1bs 1bs in. in 1bs/sec Ibs | Ibs
Lo:1 1.83 100 60.9 15.225( .32k .32h 0.728 62.5 N.A.
4o:1 1.72 100 30.45 | 15.225{ .238 | .1635 .5075 41.7 N.A.
ko:1 1.72 100 30.45 | 15,225{0.238 1635 5075 .7 N.A.
40:1 1.72 100 30.45 | 15.225(0.238 .1635 .5075 31,7 | N.A,
Lo 1.83 100 60.9 15.225¢ .32h .1635 Q.20 10.8 | 22.6
40:1 1.83 100 60.9 15,225 .32L .1635 .020 10.8 22.6
40:1 1.83 100 60.9 15.205] .32h .1635 .020 10.8 22.6
L0o:1 1.83 100 60.9 | 15.225| .324 L1635 .3972 15.8 | 17.b
Lo:1 1.83 100 60.9 15.225( .32k L1635 .3972 15.8 7.k
La:1 1.83 100 60.9 | 15.225| .324 1635 .3972 15.8 | a7.h

tion and geometrical losses (Reference 1)
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mparison

Press.

-opellant Propellant Syf-‘:'bem Component | Total 3
Weight Propellant Tank Radii Weight | Weight Weight
Oxidizer Tank Weight Fuel Oxidizer WPS WC WE',
lbs Fuel Oxidizer in in 1bs 1bs lbs
;1 NA 10.08 | N.A. 5.26 N.A. 1.227 | 10.20 84.0

(2 tanks)
' | wa 8.96 | W.A. 5.16 N.A. 1.248 | 10.20 62.1
(2 tanks
7 N.A 8.96 N.A. 5.16 N.A. 1.248 13.70 65.6
71 N.A. 8.9% W.A. 5.16 N.A. 1.2h8 | 21.83 73.73
3| 22.6 2.8 3.08 4.39 L. 70 0.86 10.20 50.3&
5| e2.6 2.8 3,08 k.39 k.70 0.86 13.70 53.84
3| 22.6 2.8 3.08 %.39 k.70 0.86 21.83 61.97
} 17.4 ‘3.05 2.7 k.68 4,31° .83 10,20 49,98
3| 7.k 3.05 2.7 4,68 4.36 83 |13.70 53.48
} 17.4 3.05 2.7 4,68 L.31 .83 21.83 61.11
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____I F11l, Disconnect

Pressure Regulator

1

Otidizer Tank Fuel Tank

1. Check Valie
2. DBladder =~ Positive Expulsion
3. Combination Ocicizer - Propellant Solenoid or Proportional Valve

Figure 4-23. Bipropellant A.C.S. System
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Table 4-~5

SEPARATE SYSTEM GAS GENERATOR

LO" Moment Arm

C.G. C.G.
Them Units Station 16 Station 31

Required Thrust per Nozzle 1b 45,6 30.45
Thrust Coefficient - 1,708 1.708
Nozzle Throat Diamsber in 0.476 0.589
Flow Rate per Nozzle ib/sec 0.2206 0.1473
Propeliant Burning Area per Nozzle in2 83.2 55.6
Line Size ID int; 0.625 0,500
Iine Wall Thickness in 0.078 0.078
Line Weighk 1b i, ol l2.22
Tgniter Weight 1b 0.80 0.80
Insulabion Weight 1b 3.50 3.50
Propellant Weight per Hozzle 1b 70.60 7,12
Gas Genersbor Case Weight 1b 29.36 2k,1h
Valve Weight 1b 37.6 37.6
Nozzle Weight 1b 6.16 6.16
Suppors Weights 1b 14.00 1k,00
Total Loaded Subsystem Weight 1b 176.26 145,54
Tobal Expended Subsystem Weilght 1b 104.86 97.62

SGC 884 FR-1
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h.3.2.6 PROPORTTIONAL VALVES AND GIMBALLED THRUSTORS

The weights of the auxiliary systems descyribed above have been
determined wsing two~and three-position valves. To avoid undesirable high
freguency pulses, which might interact with the spacecraft, conbinuously
flowing proportional valves, or, gimballed thrustors were reviewed to determine
the weight penalty, if any, duwe to their use.

L. 3.2.6.1 _ PROPORTIONAL VATVES

A cold gas proportional valve, which was under development in
1959, and had a capability of 20 Ib of thrust, was used in the study. This valve
weighy 1,1 1D, # which is not essentially different from the three-position valve
assumed. By appropriate remote mounting of the electrical parts of the valve, it
is assumed that this valve could be adapted for hot gas use. However, the actuator
_size mustrbe increased in the hot gas valves due to the highter thrust level, hence

higher actuation forces. The actuator power cutput is found from the relationship

P o= Firs xla;lcsso hp
where
P = oubpub power, hp
= thrust, 1b
8 = walve stroke
tr = response time

For all the hob gas systems considered, and a system response of 30 cps (10
ms rise time), the oubpub power requirement for the actuator is approximabely
.0556 hp or 40 watts.

From empirical data actuator welght is 2.75 1b. Tor the purposes
of comparison, the greater part of the cold gas valve weight was assumed to be
due to the actuator, so that system weight was increased approximately 1.75 1b

ir each plane, when a proportional system was considered.
4.3.2.6.2 GIMBATLFD THRUSTORS

A cold gas thrustor, gimballed through 180° (i.e., full forward &
to full aft) was considered. For the valve size considered the torque requirements

for frequencies from 1 to 30 cps were calculated. The actuator power required is



plotted as a function of freguency in Figure 4-24. I% is seen that it is
wireasonable to expect a compebitive system with a response of 30 eps. Conse-
quently for sizing comparisons, 5 cps was selected, corresponding to 0.15 hp.
Actuatoxr weight vs power is shown in Figure 4-25. A schematic of the actuator
system to which this weight applies is shown in the lower part of Figure L4-25.

As before, isolation of hot components from electrical systems
is assumed for hot gas valves. It can be seen from Figure L-25, that the

vectoring systems will weigh approximately 7 lbs per velve.

4.3.3 MOVABLE NOZZIE SYSTEMS
h.3.3.2 PRELIMINARY SYSTEM ANATYSES
b,3.3.1.1 CONCEPTS STUDIED

In accordance with the requirements of Figures 4-5 and 4-6
correction for g;pacecra.ft upsetting moments was defined for gpacecraft c.g.
locations ab X = 16 and X = 31 inches aft of the motor reference point. This
varigtion in location has considerable effect on conventional gimballed nozzle
actuation requirements because the resulting change in disbances from c.g. to
center of rotation varies the required correction angle, (nozzle rotabion). As
a resvlt, two designs were compared - a conventional gimballed nozzle, and a
new concept, termed a translating nozzle,which is relatively independent of the
axial c.g. location. The concephs are shown in the desien layoubs of Figures
4-26 end k-27.

The design comparison required preliminary analysis of
auxiliary power and acbuation system as well. TFour systems were selected and
sized for each nozzle design. Thus three nozzle cases were studied, each with
four power systems. A summary of the systems studied is given in Table L.6.
Schematic diagrams for each power system studied are shown in Figure L-28,

4-29 and 4-30.
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Figure 4-25b. Actuator Schematic
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) Nozzle Case

1. Gimballdd Nozzle
c.g. at 31"

2. (Girballed Hozzle
c.g. at 16"

3. DTranslating Nozzle
c.g. at 31" or 16"

SGC 88L4 FR-1

Table 46

NOZZLE AND ACTUATION SYSTEMS ANALYZED

Actuation System

1.

N2 Pressurized Hydraulic

Actuator Non-recirulating
Figure 4~28

Gas Generator Pressurized
Hydraulic Actuator
Won~Recirculating

Figure L4-29

Electro-Hydraulic
Motor Driven
Hydraunlic Pump
Recirculating
Figure 4-30

Gas Generator Turbine Driven

Hydraulic Pump
Recirculating
Figure 4-30
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h.3.3.2.1 REQUIREMENTS AND-ASSUMPTIONS

The system comparigons were based primarily on the following
design criteria and assumpbions.

Nouzzle throat location ab x = 33" (same as reference nozzle)

. Nozzle exit location at x = 66", (expansion ratio = 36:1)
Maximum chenber pressure = 500 psia

Spacecraft c.g. locations at x = 16" and x = 31"

L3

MoE W

Maximum c.g. location uncertainty + .219" at t = 80
sec Figure L-l,

[oxY

Auxiliary power reserve + 20% of nominal power

T. Power congumption based on 3 full deflection cycles plus
dither at 10% full defelection for 85 seconds at 30 eps.,
deflections assumed to occur 1}50 between pitch and.yaw
control planes.

4.3.3.3.1 NOZZLE DESIGN DESCRIPTION -

The two nozzle designs considered were the gimballed nozzle

shovn in Figure 4-26, and translating nozzle shown in Figure 4-27.

1. Gumballed Nozzle - the gimballed nozzle is a conventional
design closely paralleling the Skybolt second stage nozzle design. The nozzle is
a fully gimballed design supported by a box-section titanium gimbal ring. The
four hing points each’mount to the axes, flexural pivots to permit + 1 i/ 2°
rotation about the pivot axis., As discussed later, this rotation is ample to
provide TVC for any c.g. location forward of the x = 31" location. Weaight
requirements are very little affected by design robation with the exception of

the sctuation system, as discussed later.

The flexible portion of the nozzle which acts as the hot
gas seal permitting movements between fixed and movable portions is a stainless
steel bellows, insulated with V-l rubber sleeves, and further protected with
silicone grease. It was assumed that the motor would be slightly pressurized
during space storage so there would be no tendency for the grease to boiloff.

The grease also serves to prevent blowing of the V-l rubber sleeves into the

sac 884 FRr-1 Page 463



bellows convolutions during initial pressurization. The sleeves are vented

to permit pressure equalization across them during the balance of the firing.
The use of metallic bellows is abtractive in that it is a positive seal, easily
checked and proofed, is tolerant to gimbal ring deflection, and requires no
elastomeric components which could be exposed to vacuum. Historieally this
sealing technigue has requirved high actuation forces because of bellows spring
torgue. However, the low deflection (1.5°) reduces this req;lirement relative to
earlier applications.

A wiper seal is used to reduce gas eirculation ir the seal cavity.
Thig iz standard practice in swivel nozzles. The seal consists of split grap‘lgﬁite
or Rlaé’tic rings which slide on the aft closure insulation. They are not intended
to sesl high pressuré gases, and vents in the insulabtion are provided to permit
rzpid pressurization of the seal cavity upon mobor igniticn. In actual development,

use of these circulation seals mey be found unnecessary with the submerged design.

Four aluminum rotary actuators are used, one being mounted at
each gimbal ring pivot point. The actuator shaft splines into the movable pivot
sleeve of each flexure. -The -balance-of the nézile is similar in construction

to the fixed reference nozzle. All structure is of forged HA1-UV titanium which
is presently used in the Minutemsn Second Stage Wing VI design.

The proposed design differs from the Skybolt gimballed nozzle
design in three areas:

a., The entrance and throat sections are buried in the motor chamber.
Thus, the seal location and split line between fixed and movable portions is in a
quiescent region., In the Skybolt design, the split line was located in the entrance
cap where the gas flow achieves a Mach No. of . The present design thus
alleviates the seal problem, in that, there is much less likelihood of unequal
circumferential pressure distributions causing circulation of hot gases in the
seal cavity. -

b. The gimbal ring is pivoted on flexure assembliies rather than
bearings., This simplifies space storage of the gystem as no lubricants or metal
contact of sliding surfaces is srequired., Flexure pivots are also used in the

Tibtan ITI transtage mobtor gimbal ring, and have, thus, been flight-proven.

8GC 884 Fr-1, Page L6l



c. Rotary, rather than linear actuators are used which

reduces weight requirements for support bracketry.

Assembly and tolerance buildup of the nozzle is discussed
for the nozzle selected, in section4.5.3. The weight of this design is
estimated at 127.5 Ibs without actuators.

2. Translating Nozzle -~ The ftranslating nogzzle desgign shown
in Figure 1-27 is cepable of moving in any direction, + .256 inches in a pleme
perpendicular to the thrust axis., Thus any c.g.-thrust axis misalignment can
be cancelled by prover translation of the thrust axis. The design is insensibtive
to the c.g. location, except for minor differences due to possible thrust axis
misalignment. Assuming maximum misalignment of 14' in the nozzle, and L' due to
chamber pressurization (the same values as for the fixed nozzle), additional
deflection capability of * .08 inches 1s required for the c.g. at x = 16"
location, and a negligible amount of the x = 31" location. For preliminary

screening, the system was designed for the c.g. location at x = 31" only.

The nozzle congists of a gliding, dry lubricated, titanium
bearing, in which O-ring gas seals are mounted. The bearing, nozzle c.g., and
actuabor load points are all located in close proximity to the same axial
location at the chamber exit plane. With the exception of the seal area, the

design is consistent with the fixed and gimballed nozzle designs.

The seal cavity is protecbed from gas recirculation by a
labyrinth sliding seal between the aft closure insulation and an extension of the
movable structure insulation, This serves the same purpose as the sliding

ring wiper seals in the gimballed nozzle.

Actuation is obtained by use of 4 linear hydraulic actuators.
These are mounted to the a2ft closure seal clamping ring through which the seal
bearing loads are also transmitted. The two pitch actuators are hydraulically
interlocked, as are the yaw actuators., Fach interlocked pair is operated by
one servo valve. The actuator forces are oriented tangentislly with respect
to the exit cone cross section. Thus, two actuators, (one pitch and one yaw),

mast il before rotation about tThe x axis can occur.
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Nozzles of this or similar design concephbs have been proposed
in the past, but no Tiring experience is available for this approach. There
is no parbticular area where major'development problems are anticipated., The
use of dynamic O-ring seals has been repeatedly shown effective in Minubeman
First Stage swivel nozzles, and in numerous R & D applications with good
success., The major problem areas are anticipated to be the effect of space

storage environment on the O-ring seal and the metal to mefal contact bearing.

The assembly and tolerance buildup of this design was not
completed in detail as it was not selected as the final study design. The
weight was estimated to be 98.4 1bs without Ftuators.

4.3.4 ACTUATION FORCE AND AUXTLIARY POWER SYSTEM WEIGHT ANALYSIS

As mentioned previously, the nozzle design cases and actuation
power systems analyzed are summarized in Table L-6. An analysis was made of
the system requirements for each case, the results of which are summarized in Table
b7, The analythical methods and assumptions used in arriving at the design

points shown in Table L7 are given in Appendix B.

Four actuation power systems were considered. These were

gshown schematically in Figures 4-88, L4-28, and 4-30, and congist of:
l. A cold N2 pressurized, non-recirculating hydraulic sysiem.
2. A warm gas generator pressurized, non-recirculing hydraulic systen.
3. An electro-hydraulic pump driven recirculating hydravlic system.

4, A solid gas generator gas furbine driven hydraulic pump

recirculating system.
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Table La7

ACTUATION SYSTEM DESIGN CONDITIONS

1. - GENERAT
a. Performance

Max. servo inlet pressure - 3000 psi

Max. sexvo valve pressure drdp - 1000 psi

Actuation displacement -~ 3 cycles full deflection,
followed by 85 seconds of 30 cps sinusoidal dither
at + 10% full deflection

Plane of Action - h5° between piteh and yaw planes
Displacement Reserve - 20% of max. requirement
b. Design

Pressurized vessel margin of safety + 1.0 min. to burst
Pressurized vessel material - 6A1-LUV titanium
Minimmm tensile - 150,000 uis
Storage ullage and outage 10% of capacity
Hydraulic fluid specific gravity = 1.0

Mex. Né storage pressure - 5000 psia

Gas CGenerator Max. Mass Frackion - .5
Min. operating temperature + 3OOF
2. CASE I NOZZLE

Max. robation angle - i_l.5°
Max. actuation torque - 8360 in-1b

Max. duty cycle volume displacement 19C in3

Max. average power consumption - 1.0 Horsepower
3. CASE II NOZZLE

Max. robation angle - + 1.266°
Max. actuation torque = 7050 in-1b 3
Max. duty cycle volume displacement - 11k in

4

Max. average power consumption - .6 Horsepower

L, CASE ITI NOZZLE

-

Max. deflectzon - * .256 in.
Max. actuation force per control plane - 3389 lb
Max. duby cycle volume displacement - 758 in

Max. average power consumpbion - 4.0 Horsepower

SGC 884 FR-1
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st-[: em No., 1

In system No. 1, an Ne tank siores N2 at 5000 psia. A
positive sealing squib valve isolates the tank from the rest of the system.
The pressure regulator maintains pressure on the hydraulic tank at 3000 +
1000 psi, A relief burst diaphragm is supplied to vent the Na tank if over-
pressure occurs. The N2 tank is pre~filled at the supplierg £ rated pressure,
and all valves and fittings are welded in place. There are no seals in the

systenm.
4
The hydraulic tank conbains and elastomeric bladder to
permit zero g operation. Storage is at near sea level pressure. This system
is also isolated by welded fittings (burst diaphragm) and no seals are used which

can be exposed to vacuum conditions.®

Release of the system by actuation of the squib valve ruptures
the burst diaphragms and delivers fluid to the servo valves and actuators.
There is one servo valve per control plane. Each valve operates two hydraulically
interlocked actuators. Conbrol 1s through position feedback transducers mounted

on each acbuastor.

The system is designed for a maximum pressure drop in the
servo valve of 1000 psi when operating at maxamum actuator displacement rate.
Each syshem is designed to permit the nozzles to dither sinusoidally at + 10%
maximum deflection when nulled at maximum deflection where actuation forces are at

pesk levels.
System No, 2

System No. 2 is idenbical to System No. 1 except the hydrau'iic:
fluid is pressurized by a gas generator. Pressure is rsgulabfed by a relief
valve which dumps unused gas overboard. The. generator has a booster grain
which permits high capacity flow for the first 3 seconds of burn time. This
will allow high rates of actuabor displacement during start up transients.
Average gas temperature in the hydraulic fluid tank was assumed to be 1000°F.
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The system is initiated by ignition of the generator which
fails the welded burst diaphragms. The burst diaphragms completel}? isolaté!-the

system components prior to start up.

System No. 3

SysSem No. 3 is a convenbional pump driven system,
recireulating the hydraulic fluid., The pump isi*driven by a D.C. electric
motor., An accumwlator is supplied o accommodate peak loads with smaller -
motor size. The motor and pump are, thus, sized to deliver the average required
horsepower. Complete isolation of this sysbem from exbternal environment is more .
difficult in that robating machinery is involved. For space application, components
may need to be added to isoclate points of potential leskage and hermetically seal
the rump -~ motor combination for vacuum storage. Weight‘pena.lties for these
modifications were not considered. The system as shown is initiated by start up

of the pump which then charges the accumulator to operating pressure.

Systen No. b
s System No. L is the same as System No. 3, except the pump

is now driven by a hot gas turbine opsrating from a solid propellant gas generator.
Turbine inlet pressure is regulated by a hot gas relief valve, pump oublet pressure
is regulated by a bypass liquid relief valve. A governor is supplied on the burbine
to regulate speed. f_’ifile system has isolation problems for space storage as notg—:-d
for Hystem No. 3. The gas generator ignition initiates the system., Peak loadé

are supplied through the accumulator and the turbine runs at constant speed

supplying the estimated maximum average horsepower requirement.

System weights were calculated using generalized data from
Reference 3 where applicable. Component and weight summaries for each auxiliary
power system are given in Tables L8, 479, 4310, and Uzll for each nozzle case
‘considered.” System No. 4 is the lightest in all cases except in Case II where
System No. 2 proved to be the lightest. For the gimballed nozzles (Cases I and II),
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Né Tanic

Né

Hydr. Fluid Tank
Hydr. Fluid
Servo Valves
Actuators

Press. Reg.

Squib Valve

Burst Diaphragm

Sub Total

Table 4-8
SUMMARY-SYSTEM NO.1

N2 PRESSURIZED, NON-RECIRCULATING HYDRAULIC SYBTEM

aty-

Plunbing, Fittings @L0%

Sub Total

Insulation,Structure ,Misc @LO%

TOTAL

sac 88k FR-1

NWozzle Case No.

I 1T TIT
Vo1, W&, Voi, Wt, Vo1, WG,
i3 1 ind  1b in3 1
hoo  h.05 253 2.h2 1688 16.20
koo 6.75 253 k.05 1688 27.00
208  1l.20 125 .72 83k k. 85
190 6.87 11k k.13 758 27.40
- .80 .80 1.50
L.00 4,00 6.00
-5 .75 1.50
.50 .50 .90
.20 .20 .bo
G 1% 3%
27.63 19.33 933
2.76 1.93 9.43
30.39 21.26 103.76
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Table 4-9
SUMMARY SYSTEM NO. 2

NON-RECIRCULATING -~ GAS GENERATOR PRESSURIZED HYDRAULIC SYSTEM

Nozzle Case No,

T TI TIL

Vol,  Wt, Vol, Wt, Vol, W,

gy. SN R SO

Gas Gen. 1 29.2 1.2 6.9 .72 113 L.8
Propellant - ] 1.2 L .72 %6 L.8
Hydraulic Fluid - 190 6.87 11k ki3 758 27.40
Hydraulic Tank 1 208 1.20 125 .72 83k L. 85
Servo Valves 2 .8 .8 1.5
Actuators L k,0 4.0 6.0
Relief Valve 1 A il .8
Burst Diaphragms 2 .3 .3 .6
Sub Total 15.97 8.4 50.75
Plunbing and Fittings @L.0% 1.6 .8 5.1
17.57 9.2 55.85

Insulation, Structure @.0% 1.8 .9 5.6
TOTAL 19.37 10.1 61.45

SGC 884 FR-1 Page h-T1



qr

Pump

Mobsor

Relief Valve
Accummlator
Check Valve
Servo Valves
Actualors

Reservolr

SUMMARY OF SYSTEM NO, 3

Table 410

ELECTRO~HYDRAULIC MOTOR DRIVEN PUMP RECIRCULATING SYSTEM

aty.
1

1

Hydravlic Fluid

Sub Total

Plunbing and Fittings @10%

Sub Total

NozZle (ase No.

Insulstion,structure,Misc., @0% 1.8

TOTAT,

Nobe:

5GC 88h FR-1

Wi. of electrical power supply not included

I IT TLL
Vol, Wb, vol, Wt, Vol, Wt,
w ow ow B oW B
6 5% 2.k
6.0 4,0 12.0
-3 .3 >
L N 2 .3 12 1.2
.2 .2 R
.8 .8 1.5
4,0 4.0 6.0
56 2.8 38 1.9 170 8.5
32 1.2 26 __.9% 80 2.9
16,3 12.94 35.h

1.6 23 3.5

17.9 14,2k 38.9
1h 3.9
19.7 15,64 ho.8
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Gas Gen Propellant

Gas Gen

Turbine

Hot Gas Relief Valve

Burst Diaphragms

Pump

Ing. Relief Valve

Accumulator

Check Valve

Servo Valve

chbuators

Reservoir

Fluid

Sub Total

5

|

S S VY

}_I

= =

Plumbing and Fittings @ 10%

Sub Total

Table L4-11

SUMMARY SYSTEM NO. b
GAS TURBINE DRIVEN PUMP RECTRCUTATING SYSTEM

Nozzle Cage No.

Structure, Insulation, Misc. @ 10%

TOTAT,

8Gc 884 FR-1

I 11
Vol, WE, Vol, Wt,
i m ow B
6.8 3 ho .2
11.3 -5 6.65 .3
1.5 1.2
.2 .2
3 .3
6 .5
.3 .3
L R 2 .3
.2 .2
.8 .8
L.0 k.o
56 ‘2.8 38 1.9
32 1.2 26 el
13,14 11,14
1.3 1.1
—_—
1l by 12,24
1.k 1.2
15.8L 13.hh

III

Vol,

in

28
35

12

170
80

b
1.4
1.k
k.0

.6
2.l

1.2

A
1.5

6.0
8.5

2.9

31.2

3.1

3Lk.3
3.0

37.7
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3
however, power Systems 2, 3, and b are competitive. Should actuation rate

fequlrements be reduced, System 2 will probably be found superior in these
cases. A reduction in actuation rates will reduce power requirements very
significantly in the gimballed nozzle because inertia torque represents about
1/2 the total actuation force (See Appendix B).

The translating nozzle (Case III) reguires considerably greater
actuation power because of the inherent high friction loads. If the seal
could be placed closer to the throat diameter, the ejection force of 60,000
1b could be reduced, with a sizable reduction in the actuation power. TInertia
loads are only about 10% of the total torque (See Appendix B). Thus, & reduc-
tion in actuation rate would not greatly reduce this system's requirements.
The recireulsting power systems ars definitely superior in weight for this

nozzle design.

The effective increase in weight over the basic nozzle weight
: for the various combinations is shown in Table 4-~12, In addition, the advan-

tages and disadvantages of each nozzle type are given in Table L4-13.

4,3.5 RELIABILITY ANATIYSIS

Inherent design religbilities were calculated for 17 combinations
of attitude control systems considered for use on the solid propellant retro-
motor. The results are illustrated in Tsble 4-1k. All values were calculated

for pitch and yav capsbility for system comparison purposes.

The addition of roll control capsbility (estimated in the second
column of Taeble L-14) has a definite effect on the liquid ingection, the trans-
lating and gimballed nozzle and the solid propellant gas generator systems.

It has less effect on the monopropellant and bipropellant reaction jet systems
and an insignificant effect on the cold gas reaction jé€t systems. Ih The edse
of the cold gas reaction jet systems, a small roll control valve could be
mounted on the valve body of either the pitch or yaw valve assembly, using the
supply of gas coming to the piteh or yaw valve, since the roll requireéments are

very small. Such an addition lowers the inherent relizbility very little. TFor
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Table 412

NOZZLE WEIGHT COMPARISC

CASE NOZZLE WT. ACTUATION SYSTEM ACTUATION SYSTEM WT, TOTAL S¥
I
Gimballed .127.5 1 30.4 157.
Nozzle,
C.g. at x = 31" o 19.4 146,
3 19.7 1h7.
b 15.8 143,
IT 98.4 1 103.8 262.
Translating 2 61.5 159.
Nozzle
Lho.8 1L,
L 37.7 136.
L4~15-R
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Table L-12

NOZZLE WEIGHT COMPARISON

ACTUATION SYSTEM WT, TOTAL SYSTEM WT.

30.k
19.h4
19.7
15.8

103.8
61.5

4.8
37.7

157.9
146.9
1h7.2
43,2

262.2
159.9

k1,2

136.1

REF, NOZZLE WT.

TOTAL WT.

PENALTY

8h.k

73.5
62.5

58.9

117-8
5.5

56.8
51.7
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NOZZLE

Gimballed

Translating

SYSTEM

2 - Gas Generator
Pressurized Hydraulic
Non-Recirculating

4 ~ Gas Generator
Turbine Driven
Hydraulic Pump

Recarculating

11" - 76 - Q’ Lepruduced Trom

Table 4-13

COMPARISON OF GIMBALLED AND TRALSL

ADVANTAGES

e Proven Concept

¢ Positive Bellows Seal

¢ Low Actuation Torgue

© No Bearings Reg'd

s Motion Positively Controlled

e Lower Weight
¢ Simpter Design and Manufacture

COMPARTSON OF POWER SYSTEMS 2 -

(System 2 15 used on gimballed nozzle. I,
on translating nozzle)

ADVANTAGES

¢ Simple design - few parts - low cost

e Proven concept for hydraulic pressuri-
zation (Ground stored systems)
Completely sealed

o moving paris

Low weight (at low duty cycle)
Storage at low pressure

Low magnetic effects

* ¥ e

Low weight for high duty cycle

Proven concept (for ground storage
systems)

¢ Storage at low pressure

¢ Low magnetic effects

est available copy.




Table 4-13

COMPARISON OF GIMBATLED AND TRANSIATING NOZZLES

ADVANTAGES

n Concept

»ive Bellows Seal
ctuation Torque

arings Req'd

m Positively Controlled

* Weight
er Design and Manufacture

COMPARTSON OF POWER SYSTEMS 2 AND b
m 2 is used on gimballed nozzle. System L is used
on translating nozzle)

ADVANTAGES

e design - few parts - low cost

n concept for hydraulic pressuri-
m {Ground stored systems)

etely sealed

ving parts

erght (at low duty cycle)

ge at low pressure

aznetic effects

eight for high duty cycle

n concept (for ground storage
stems

2 at low pressure
-2gnetic effects

DISADVANTAGES

¢ More Costly Manufacture
® Higher Weight

e 51iding Bearing

® Elastomeric Gas Seal

¢« High Actuation Force

e Unproven Concept

o Motion Control Less Certain

DISATVANTAGES

e Cannot be test run prior to firing
¢ Need to control hot gases

® Requires dynamic seals and bearings
e Cannot be test run prior to firing
¢ Need to control hot gases

¢ Difficult To seal for space storage

» Complicated system - more costly

l Reproduced from

" | best available Copy.
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Table 4-1k

SUMMARY OF SYSTEM RELIABILITY

LITVC = Cold Gas Pressurized
LIFVC - Hot Gas Presurized
Cold Gas Reaction Jet ACS

Solid Propellant Gas Generator
Reaction Jeb ACS

Monopropellant Reaction Jet ACS
Bipropellant Reaction Jet ACS

Translating Nozzle TVC~Cold Gas
Pressurized, Hydranlic Servo-
Actuation System

Translating Wozzle TVC-Hot Gas
Pressurized, Hydraulic Servo=
Actuation System

Translating Nozzle TVC-Recirculating
Hydraulic Servo-Actuation «~with
Flectric Motor/Pomp

Translating Nozzle TVC~Recirculating
Hydraulic Servo-Actuation - with
Turbine~driven Pump

Tranglating Nozzle TVC-Electro-
Mechanical Servo-Actuation

Gimballed Nozzle TVC<Cold Gas
Pressurized, Hydraulic Servo-Actuation

Gimballed Nozzle TVC-Hob Gas
Pressurized, Hydraulic Servow-Actuation

Gimballed Nozzle TVCO-Recirculating
Hydraulic Servo-Acbuation - with
Electric Motor/Pump

Gimbglled Nozzle TVCO-Recirculating
Hydraulic ServomActuation - with
Turbine~driven Pump

Gimballed Nozzle TVC = Elechtro-
Mechanical Servo-Actuation

see 88k FR-1

Reliability Reliability
6 Month 6 Month
TPransit Mission Transit Mission
Pand ¥ P, Y and R
Capabilaty Capability
.98l12 .98029
58123 LO7THL
<9997k .99972
9922k .98838
.98329 .98320
G7hlly L9740
.99h21, .9903h
.98219 .98633
.99L7T 98790
.98986 .98600
99455 .99068
.9ok73 .99086
.99267 .9888
99224 .98838
99034 . 98650
. 99kTh .99087
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the monopropellant and bipropellant systems, another set of propellant lines
containing the CW and CCW roll valves and nozzles could be extended from down-

stream of the propellant tanks.

The estimate of the addition of roll control ecapability to each
system was made by using the gbove modifications for the cold gas, monopro-
pellant and bipropellant systems and with use of a hot gas reaction Jet roll
control system for the LITVC, translating and gimballed nozzle TVC systems.

The effecte of varigble mission transit tines were considered
in the calculations with the mathematical model of each attitude control system.
Caleulations were made on a 6, 8, 10 and 12 month transit time basis and the
results are shown plotted in Figures U4-31 through 4-37, "System Relisbility
Trend vs Transit Time." All curves are calculated with consideration of piteh

and yaw capability for each system.

Seetion 4.6 lists the sources of component failure rate and
reliability data used in the evaluation of the attitude control systems.
References 4, 6, 7, 8, 10 and 12 provide data from modern aircraft flight en-
vironment, test data from the unclassified sections of the Minubeman LITVC
report, pyrotechnic test dave and failure data experienced on tests of the
Ablestar upper stage vehicle. Use of these data tends to provide a more
realistic reliability value that each system may attain. Incases where it
was necessary Lo use laboratery level data, hig%er envirommental (severity)
factors were used to adjust failure rates to from 300 to 1500 times the
laboratory envirommentasl level during the retro-thrust (operational) part of
the mission profile.

Religbility celeulations are shown in Appendix E. Tables
E-2 through E-14% of Appendix B record the component failure end relisbility
data for all the attitude control systems considered. Envircmnmental stress
factors (Ki) of varying levels are applied to adjust all component failure
rates from the stress levels at vwhich the datawers obtained to the varied
stress levels of the Mars mission profile. Application stress factors (Ké)|
are glso used to further adjust the date as a result of component functional

performance internal to the system design.
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98.41
\\\N\\\‘s LITVC Cold Gas
F\“\\\\\\ Fressurization

~

LITVC Hot Gas
Pressurization

98.12

77

SYSTEM RELIABILITY (%)

97.4

97.
6 8 10 1z
TRANSIT TIME (months)

Figure 4«31. TITVC Reliability Trend vs Transit Time
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SYSTEM RELIABILITY (%)

99.98

99.97k \
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99.95
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6 8 10 , 12
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Figure 4=32. Cold CGas ACS Reliebility Trend vs
Transit Taime
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Figure 4-33. Solid Propellant Gas Generabor Reliability
Trend vs Transit Time
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98.5
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Figure h-34. Monopropellant and Bipropellant ACS Reliability
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100.0

Girmballed Nozzle TVC Cold Gas
Pressurized - Non~Recirculating
Hydraulie System

Translating Nozzle TVC Cold

Gas Pressurized - Non- ",/’
Recireculating Hydraulic

99.5 S

System

h‘\"‘*hnh ‘~‘—"‘--
T 99.22
--.__h_ 99.13

]

\
9.90 \‘--. -
Gimballed Nozzle TVC Hot Gas 98.947

Pressurized - Non-Recirvculating J ‘-__-‘~

Hydraulic System

SYSTEM RELTABILITY (%)

98.86

Translating Nozzle TVE Hot Cas
Pressurized - Non-Recirculating
Bydraulic System

98v5

6 8 ' 10 12
TRANSTT TIME(months)

Figure 4-35. Ginballed and Translating Nozzle, Non-Recirculating
Hydraulic System, Reliability Trend ve Transit Time
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SYSTEM RELIABILITY

98.5

98.0

Pigure L-36.
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Gimballed Nozzle TVC Recirculating
Hydraulic System - Electric Motor
Driven Pump

Translating Nozzle
TVC Recirculating
Hydraulic System -

\\\‘ﬁx‘ Pump

Electric Motor Driven

~J

//

Turhine Driven Pump

3

-~

S

\ \ 98-7’-1-
Ginballed Nozcle TVC ) \\\\?‘~\~ 98.66
Recirculating Hydraulic System - \\\\“\\\\

Ny
7

Translating Nozzle TVC
Recirculating Hydraulic System
Furbine Driven Pump

98.50
98,42

8 ' 10

" TRANSIT TIME (months) T

Gimballed and Translating Nozzle, Recirculating
Hydraulic System, Reliability vs Transit Time
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98.5
6 8 10 12

TRANSIT TIME (months)

Figure L4-37. Gimballed and Translating Nozzle, Electro~
mechanical Actuation System, Reliabvility Trend
vs Transit Time



The mathematical reliabilaty model is shown in Appendix E
for each system. Caleulation sheet (Tsble El)illustrates the periods of the
mission during which the highest stress levels are reached (lift~off, Column
1; and retro-thrusting, Columm 10), low (lst, 2nd and interplenetary injec-
tion sitages, Colwm 13) and the lowest (inactive transit period, Column 19).

The Ceold Gas Reaction Jet ebtitude control systems rank con-
sidersbly higher in inherent design reliability than the other systems, due
to thelr simplicity and the faect that the lines, regulator and valves remain
unpressurized until ready for use at the retro-thrust period. The normally
closed explosive valve at the tank outlet, which provides this unstressed
condition, also results in a very low prcobability of nitrogen leakage during
the transit period. This leakage probasbility is alseo held 4o the minimum -
possible by use of a normally open explosive valve at the tank 11l port, with
a quick disconnect fill valve mounted on the explosive valve. After the tank
ls pressurized to the required amount through the quick discomnect and checked
for leakage, the explosive valve is fired closed just prior to launch., This
procedure provides two closed valves in series, redundant in leakage, with a*
relisbility sufficiently high in the leakage mode to be considered, practically,
as 100%.

The system with the next highest inherent relisbility 1s the
ginmballed nozzle TVC with cold gas pressurized hydraulic servo-actuation or
the gimballed mechanical servo-actuation systems. Some variation slightly
dovnward with other actuation systems is shown in Table 4-14. The electro-
mechanical servo-achuation unit considered in the analysis is made up of a
continuously rotating electric motor driving CW and CCW mechanical clutches
(disengaged) thréugh gear trains. Signals to CW and/or CCW rotary solenoids,
mounted on the clutch drive shaft, cause eifher cluteh to engage and, by means
of another gear train, to drive an hourglass worm gear either direction. A
gear sector operates from the worm, for CW and CCW nozzle movement. Four of
these units are spaced 90° around the nozzle gimbal ring, in the same manner

as the rotary servo-actustors of the hydraulic system.
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The gimballed nozzle appeared to have better sealing than the

translgting nozzle design, and probably less friction of movement.

The calculated reliabilities of the monopropellant and hipro-
pellant reaction Jet systems were the lowest of all considered, due to system

complexity.

bk SYSTEM SELECTION

System welghts, propellant reguirements, relisbility and general
features were compiled into tables in order that they could be compared and

evaluated, as follows:

Table 4-15 LITVC System Comparison
Tgble L4-1§ Auxiliary System Comparison
Table 4-17 Movable Nozzle Comparison

One system of each type was selected to be deseribed in more detail and a
layout drawing of each selected system was made. The selections were made

at a meeting attended by JPL, Space-General and Aerojet-General representatives.

L. .1 LITVC SYSTEMS

ITTVC system data, Tor the eight combinations considered, is
presented in Tsble L-15. It is observed that the loaded sysiem weights are all
over 200 1b and the weight increase due to movement of the spacecraft c.g. from
x = 16°t0 x = 31 is approximately 50 1lb. Since the weight percentage variations
are not great between systems, the cold gas pressurized Freon system was selected

for further evaluatlion, since its space storsbility is superior to the Néoh system.

In comparison with the other systems, the LITVC systems are very
heavy. The comparative hardware weights were derived largely by scaling existing
Minuvteman LITVC component weights; while the comparstive evaluatEOn is valid, the
system weight can probably be reduced consiéerably by & more detailed review of

the system components.

SGC¢ 884 FR-1L Page 4-87



-4 718 208

88—1'{ B%’GJ_

Table 415
LITVC SYSTEM COMPARISON

Pregsurizstlon
System Total Final
Cold Cas System  Weight System 6 Mos Epace
Tnjectant X Gas Generatory Weight Experded Weipght Reliability Storabrl ity
Freon 114B2 16 X 207.15 113.2 93,05 .o84 Sood
31 X 252,1h 147.6 104,54
16 % 223,05 115.8 107.25 .o818 Good
31 X 270,25 151,26 118.99
mgo14 16 ¥ 206.7 103 2 103.5 9841 Fair
31 X 250 .4 134.3 116.1
16 X 22k, 83 106.4h2 118,41 9818 Fair
31 X 269.88 139,14 130.7h



Table 4-16. Auxiliary System Compar

Prelim. Prelinm.
Tobal Weight Moment Thrust Design State of
System Type Impulse | Estamate | Arm Tevel Weaght Development
Stored Gas
Hy 2072 82.9 100 2L
N, 2272 63.k 100 oLk
Bang-Bang 129.58 Developed
Proportional 129,58 Developed
Gimballed lho, Developed
Monopropellant
H202 10,000 62 Lo 61 8h.0 Developed
NH), 10,000 52 Lo 61
Bang-Bang 62,1 Developed
Proportional 65.6 See Remarks¥®
Ginballed 73.7 See Remarks¥
Bipropellant
N_0)-Aerozine 10,000 35 4o 61
Bang-Bang 50.3 Developed
Proprhional 53.8 See Remarks*
Gimballed 62.0
N0y, = NH) 10,000 66 4o 61
Bang-Bang 50.0 Developed
Proportional 53.5 See Remarks¥
Gimballed 61.1 See Remarks¥
Solid Gas Generator
Bang-Bang 5680 Lo 61 170.6 Developed
143.8 Developed
Solid Propellant Motors 4800 60 135 Developed
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m Comparison

6 Mos Space
L Reliability Storability Remarks
9997k Good
Good 20 1b thrust valve developed
by Bendix
Good if packaged 30 cps response unreasonable.
weight based on 5 cps
Poor
.9833 Good
3% Good f *Developed for cold gas will work if
- Good if packaged l‘ Actuator mounted remote from hot valve
9741 Fuel Good
Oxidizer Poor
g%
97k
sv
5%
9924 Good X =16
Good X =31
Good. Four Motors packaged with fctuators
Requires Repackaging with some weight
increase
| Preceding page blank |
e T4 o =

« [Reproduced from
! begt available capy.




It was decided at the evaluation meeting to proceed with a
design layoult of a cold gas pressurized Freon LITVC system, and to endeavor
to reduce system weight. Two major areas of weight reduction were to be
investigated: (1) reduction in major diameter of the toroidal tank, and
(2) eliminatiorn of the hydraulic power system. In addition, caleulation of
the weight of a single spherical Freon tank was to be made to compare with
the final Freon tank weight.

hh.2 AUXTLIARY SYSTEM COMPARTSON

The auxiliary system data were presented in Table 4-16. The
bipropellant systems are the lightest due to their high Isp' However, the
complexity of the systems coupled with their relatively low reliabilaty off-
set the weight advantage. In =2ddition, the space storsbility of the oxidizer
is guestionable for a six month time pericd, The monopropellant systems are
heavier, but reliability i1s better. However, the complexity due to the cata-
lyst pack weighs against this system.

The simplicity and high reliability of the cold gas system led
to the selection of this system even though the weight is higher than that
of monopropellant systems. Since there is no significant weight dafference
between 3 position (bang bang) valves and proportional valves, the proportional
cold gas system was selected for detailed layout. The solid propellant systems

were not competitlve on the basis of weight and so were not considered further.

E.h.3 MOVARLE NOZZIE SYSTEM SELECTION

3

There does not appear to be a significant weight difference be-
tween nozzles and power systems designed for a c.g. location at x = 31" as opposed
to the x = 16" location. As a result, the weight comparisons to be made below
consider only the Case I and the Case III nozzles, both with the spacecrali c.g.
at x = 31",

A weight summary of the two nozzle cases is given in Table 4-17.
Minimum weight penelty for the gimballed nozzle is 58.9 1b ard for the trans-

lating nozzle, 51.T7 1b. This is using power System No. L4 in each case. Power

Preceding page blank
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Table 4~17. Movable Nozzle Comparison

:Ef,:}‘}azh\;‘ Rcﬁ;z;ﬁﬁ:zng Mactric Total
A ? Actua~ (Actuatioen! Movatle! Nozzle | Raseline
Gas Elecsric Gas Gen. tor System fozzle | Bystem |Hozzle Weirght 6 Mos
Generstor Uotor Driven | Turbine Dyive | Weight |Weight Weight | Weight |Weaght | Increase| Reliabilakby
(30) 30.h 127.5 157.9 8% 73.5 L9973
% X 19.k 127.5 W69 | 8uk | 62.5 | .99067
b4 9.7 127.5 7.2 8k 62.8 . 9922k
X 15.8 127.5 143.2 | 84.Lk | s58.9 .9903h
1) 2.3 127.5 8.8 | 8Lk | éh.b .GohT3
X 10.1 127.5 137.6 | 8Ly |s3.2 99267
X i5.6 127.5 151.6 8k, b 67.2 .gg22l
X i3k 127.5 0.9 | 844 |36.5 9903k
#(>60) [103.B o8.4 oke.2 + 8Ly 17.8 .9ak2)
X 61.5 8.4 159.9 8h.k T3.5 .99219
X bhe.8 98. 4 14l.2 8h. L 56.8 .97
X 37.7 98.4 136.2 | 84.% 51,7 .989686

Repraduced from
be=t available copy.
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Systems No. 2 and 3 for the gimballed nozzle case are of competitive weight
at 62.5 1b and 62.8 1b, respectively. The weight differences cited above do
nogvary greatly from system to system, and selection must therefore be made

on’the basis of other than weight alone.

A qualitative comparison of the competitive combinations is also
given in Table 4-17. Auxilisry power system No. 3 was eliminated on the basis
that it was not kpown if the necessary elecitric power was availaeble from the
spacecraft system at the required levels, and the magnetic effects and shielding
requirements of the system were not known. Howsver, both this and electro-
mechanical systems should be further considered in future studies, particularly

if actuation frequency reguirements are reduced for the gimballed nozzle.

The gimballed nozzle was selected over the translating nozzle,
for further analysis on the basis that it was a proven concept, known to be
amenable t0 a trouble~free development cyecle;, end space storability was judged
superior because bearings and elastomeric dynamic seals are not required. The
slight weight advantage of the translating nozzle concept was not felt sufficient

Justification for its selection in view of the gbove considerations.

Potential weight reduction for the gimballed nozzle is quite
good, in that, as previously mentioned, a reduction of actuation response re-
guirements will have a large effect on power system weight. The translating
nozzle does not benefit significantly from a response requirement reduction '

because actuation forces are predominately due to bearing friction.

Both nozzle designs would benefit from a seal diameter reduction
which could be achieved at no loss in performance in the same envelope by use
of a contoured nozzle. Appendix C summarizes a comparison between the two
nozzle contours. Weight reductions would be very significant in each case, as
the ejection load, and thus structural welght, is proporticned to the square
of the geal diameter. In addition actuation borque would be reduced because
bellows spring torque is a function of the dismeter, and in the 'translatingF
nozzle, bearing friction is provortioned to ejection loads. The design re-f
straints imposed in the program thus create a higher movable qozzle welght '

penalty than should be observed in final optimization and reduction to practice.
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For the gimballed nozzle sysbtem, the gas generator pressurized,
non-recirculating hydraulic system (System No. 2) was selected. The weight
of this system was equal to the weight of either recirculating system within
the accuracy of the estimates., However, this system is much less complex and
religbility will be high. Development time and cost should be less extensive
than for recirculating systems. Space storability is excellent; in that, the

system is completely sealed and stored at relatively low pressures prior to

activation.

4.5 SELECTED SYSTEM DESIGN DESCRIPTIONS
L.5.1 LITVC SYSTEM DESIGN DESCRIPTION
L.5.1.1 SYSTEM DESCRIPTION

The LITVC subsystem 1s comprised of an injectant tank and bladder
assembly, to contain the injectant fluid, a pressure regulator to maintain in-
Jectant tank pressure, four inJjecior valves for controlling injectant flow rates
into the rocket engine nozzle, a high pressure gas supply and line supplying
high pressure gas to the injectant tank, injectant manifoldsl The design layout
of the cold gas pressurized Freon LITVC system is shown in Figure 4-38. Systenm
%xWeight and size dats are shown in Table 4-18. The system was sized as deseribed
in Section 4.3.1. However, the toroidal tank major diameter was reduced, since
at the evalvation meeting it was not considered necessary that the tank be large
enough to be fitted over the nozzle. It was feli, rather, that the nozzle can
be attached to the motor after installation of the tank. This, along with a re-
duction in tank wall thickness resulted in a reduction in tank weight from 30.8L
1b to 7.29 1b for x = 16 and from 36.2 1b to 8.88 1b for x = 31.

Another major arce of weféht reduction was elimination of the
hydraulic power system. An injector valve of the size required is currently
under development. This valve uses the availsble pressurized Freon as the

actuating fluid. ‘The other components remsin gssentially as described earlier.
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LITVC SIZE AND WEIGHT SUMMARY

Table 4-18"

F-214B2 Injectant with GN,, Pressurization

Them

Injectart density

Required Injectant for Vector
Injectant line COD

Injectant, line, residual

Injector residuwal (U4)

Injectant permeated through bladder

Injectant used by b injector valves
(Hyaraulic)

Total loaded injectant
Injectant tank ullage
Irjectant tank bladder
Injectant tank volume

Injecbant tank Major Centerline
diameter

Injectant tank Minor ID
Injectanbtank wall thickness
GN2 Spherical volume
GN2 Spherical diameter
Injectant tank weight

Tank shell

Tank end flange

Tank fill and outlets

Tank insert section

860 88L FR-1

Units

lb/ft3
in3
in
in3

3

in

w

in

w

in

w

in

w

in

W W

in

in
in
in

in

1b
1b
1b
1b

CIGI

Station 16

135
1088.00
0.375
8.65
.00
3Lk.00

k.86
1139.51
1124k
50.3
1302.25

21
5.01k
0.20

203.93
7.300

3.36

i.22 -

0.78
1.93

C.G.

Statzon 31

135
1528.32
0.375
9.16
.00
34.00

L. 86
1580.34
167.94
56.0
1804 .28

22
5.766
0.22

28h. 27
8.140

1.40
0.78

Page 4-~96



Table 418 ~ Cont.

Ztem Units
Fxplosive velve (2) 1b
Injectant tank saddle 1b
GNé Sphevrical bottle weight 1b
GNé welight 1b
GN2 bottle support 1b
Iine support 1b
Pressure regulator valve 1b
Quick discornect valve 1b
Nozzle extension 1b
Ioaded injectant weight Ib
Total loaded subsystem weight 1b
Expendzd weight 1b
Total subsystem weight or burnout 1b
Subsysten reliabdility after 6 months
—_—————
@Eng page blank !

83¢ 884 Fr-1

¢.a. ¢.G.
Station 16 Station 31
1.00 1.00
10.55 12.39
1.20 3.45
2.37 3.31
1.05 1.51
0.50 0.50
2.50 ~2.50
0.50 0.50
6.00 6.00
89.02 123.77
133.44 175.78
85.38 119.78
48,06 55.96
0.9841 0.9841
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h,5.1,2 LITVC SUBSYSTEM FITI PROGEDURE

The injecbant bladder, installed in the toroidal tank, is
evacuabed to approximstely 10 mm of mercury and then filled with the required
weight of F=114B2, This procedure eliminates the formation of air bubbles
in the injectant bladder. The high pressure gaseous nitrogen bottle is filled
through a quick disconnect coupling and a normally-open explosive valve. When
the bottle reaches the desired pressure, it is maintained until prior to 1ift
off. At this time, the normalliy-open explogive valve is firedand the high
pressure system is sealed off.

4.5.1.3 LITVC SUBSYSTEM OFPRRATION

The LITVC subsystem ig activated by an electrical signal whaich
initiates combustion in the normally closed explosive valve, to allow gas
flow through the pressure regulator. Pressure buildup in the toroidal injec-
‘tant tank rupbures the burst diaphrapgms at the ocutlets of the tank. The systenm
pressure rises continuously until the regulation pressure is reached. At this
time, the injector valves (one or adjacent pairs), on command, are capable of
metering the injecvant required to give the necessary side force (negataive or
positive pitch and/or yaw) to redirect the vehicle as commanded by the guidance
system. The injectant fluid not required for vehicle control is dumped overboard
through eibher two opposing injectors or all four injectors simultancously at

preprogrammed flow rates.
Lh.5.1.k LITVC SUBSYSTEM STORABILITY

The storability of the subsystem is very good. Flight tests
conducted in Minuteman program proved system operation after storage periods
up 0 6 months prior to firing. Leakage of nitrogen from the cold gas system
is expected 1o be negligible since the explosive valve seal is backed wp by
the quick disconnect fitting seal.
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k.5.1.5 LITVC DESIGN PRESSURES

The selected nominal injectant tank operating pressures of 600
psia were derived fror a 500 psi differentisl across the valve, 50 psi pressure
drop from the inJectant tank to inside of the valve cavity, an approximate
nozzle wall pressure behiﬁd the shock of 35 psi, and a 15 psi safety factor.
The 5000 psia pressure selected for the gaseous nitrogen bottle is arbitrary,

since the envelope may be such that lower pressures msy be desirable.
k,5,2 COID GAS AUXILIARY SYSTEM - DESIGN DESCRIPTICN

L.5.2,1 SYSTEM DESCRIPTION

The system consists of separate piteh and yaw systems, each
sized to provide 24.4 1b of thrust at a 100 inch moment arm from the motor
centerline. In addition, roll control valve assemblies are mounted to the

pitch valves and operate on a small bleed from the pitch system gas supply.

The pitch and roll system configuratlion is shown in Figure

L4.39, The system sized for an initial pressure of 3000 psia, consists of a
spherical titeniuvm gas bottle, filled through a quick discomnect fitting and
a normally open explosive valve. The bottle exhausts to the control valves
through a normally closed explosive valve and & pressure regulstor. Down-
stream of the pressure regulator the flow is split at a tee and fed to two
proportional flow valves, exhausting through nozzles, one thrusting forward,
the other thrusting aft. The roll control valves are mounted on the pitch
valves and flow is routed to the valves through twe lines from the tee. The
roll valves are similsr to the pitch valves but smaller in size. Size of the
roll valves is limited to minimum fitting and servovalve sizes. The flow
throvgh the roll system is extremely small and will be éontrolled by instal-

lgtion of metering orifices within the system.

The yaw system is identicel to the pitch system, with the ex-

ception that no roll control valves are mounted on the yaw system.
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k.5.2.2 SYSTEM OPERATTON

Before launch each nitrogen bottle will be £illed through the
quick disconnect fitting. When the system is full, the normally open explo-
sive valve will be fired to close the system. A hand operated valve could
also be used here. The fill line will bhe removed and the guick disconnect
fitting will remsin with the system to provide a back-up seal to the explo-
sive valve, now closed. At the retro motor ignition signal, the normally
clased explosive valve on the tank outlet will be fired and the nibrogen
will flow through the pressure regulator to the proportional valves. If no
piteh; yaw or roll correction is required, the valves will flow equally in
each direction until the nitrogen supply is exhausited throughout the motor
firing time. If a corrective moment is required; the appropriate pair of
valves will be actusted until the unbalanced thrust;ﬁ caused by opening one
valve and closing its partner, balances the disturbing moment. The valve
design and guvidance command will cause the valves to move so that the total
flow area remains constant, and the system will exheust the nitrogen supply

at the same rate as the system at null.

h.5.2.3 SYSTEM PERFORMANCE

Maximum thrust of 24.4 1b is required at approximately t = L3
seconds. The initial pressure of 3000 psia will have decayed to 1488 psia
at 43 s;conds and to 3151psia at 7O seconds. For a iine iglet Mach number of
0.1 at 43 seconds a line ID of 0.292 inch is required. Using 3/8 inch line
* results in an inlet Mach number of 0.06 at 43 seconds and 0.3 at TO seconds.
Therefore, a line size of 3/8 ineh upstream of the pressure regulator should
give reasonable line pressure loss. System line and fitting sizes were then

determined on this basis.

The proportional control valves are representative of components
alréady developed and available. The valve used was developed for a thrust of
.20 1b but can be sized to provide the 2h b 1b required simply by increasing

throat area, increasing valve chamber pressure or both.
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L.s5.2.k SYSTEM CONFIGURATION

The pitch and yaw systems have been designed to have separate
gas supply bottles, so that they may be mounted in the spacecraft in such a
configuration that spacecraft c.g. will not change significhntky during op-
eration. Such a configuration is suggested in Figure 4-40, While spacecrafi
structure is not known, it is expected that symmetry of structure will exist

and that c.g. shift during operation can be controlled in the manner shown.
h.5.2.5 COID GAS SYSTEM WEIGHT
The sysbem weight is summarized below.

Weight Summary

Fitch or Yaw System

Nitrogen 32.95
Nitrogen bottle 28.01
Explosive valves (2) LTh
Ouick Disconnect 25
Pressure Regulator 1.75
Control Valve Assemblies (2) 2.20
3/8 inch line 16
1/4 ineh line .05
Fittings 2.3
68 .42

Roll System
Nitrogen 15
Control Valve Assemblies (2) 1.00
3/16 inch lines 0L
Fittings .36
1.55
Pitch, Yaw and Roll System 138.39
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4.5.3 GIMBALIED NOZZIE DESIGN DESCRIPTION

The ginballed nozzle preliminary design described in Section
k.3.3.3 was not significantly changed in the final analysis. Also, actuation
requirenments remained unchanged. Thus, the weight breakdown and design des-
cription given earlier for this TVC system remain as already presented. T@e
purpose of further design work was to verify that assumptions made earlier
were valid, and to complete the nozzle layout to include the asctuation hydraulic
system. (Figure 4-41) To accomplish this, brief load and force analyses were
made to permit the performance of sufficient stress analysis, to prove that the
design is realistic, and to verify the estimated weight. A tolerance bulldup
analysis was also made in order 1o assure that thrust misalignments would nod
be radically difrferent from those assumed in the preliminary studies. The

resulis of these analyses are presented below.

In addition, & discussion is presented concerning gimballed
nozzle development status and possible improvements in the system, some of which

have already been mentioned.

) Finally, the selected actuation system was included in the pre-
liminary layout drawing to indicate how the components could be mounted.
System weight is tabulated in Table 4-19,

b.5,.3.1 SYSTEM LOADS AND FCRCE ANATLYSIS

The only major system load, with the exception of the actuation
loads previously described in Section 4.3.3.3.1, is the nozzle ejection load,
or net force due to distributed statie pressure acting on the nozzle, tending

to eject 1it. Since this force is transmitted by the gimbal ring, it must,

therefore, be determined.

Teking the ejection force as chamber pressure times the projected

area from nozzle bellows flange to nozzle throat,

Fo=500T (6.82 - 2%) = 66,2007

gce 884 FR-1 Page 4~10L
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Table L-19
WEIGHT SUMMARY

GIMBALIFD NOZZLE SYSTEM

Nozzle Corponents Weight - 1b.
Tungsten Throat Insers 5.5
Molded Graphite FPhenolie Enfrance Cap 3.9
Asbestos Phenolic 1.0
Silica Fhenolic Throat Backup 1.2
ATJ Graphite 2.8
V-4l Rubber 10,2
Titanium Structure 15.8
Molded Graphite Phenolic Exit 2.8
Silica Phenolic Exit Cone 47.6
2 Nozzle Brackets 2.2
2 Chanbex Brackeths 2.9
Gimbal Ring 11,h
4 Plexure Pivot Bearings 1.2
Bellows Section 14.6
V-lily Bellows Insulator 2.7
Chamber Flange A WL Q.2
Mise, 1.5
Total Nozzle Weight 127.5

Actuation System Components

Gas Generabor 1.2
Propellant 1.2
Hydraulic Fluid 6.87
Hydraulic Tank 1.20
Servo Values .8
Actuators k.0
Relief Valve A
Burst Diaphragms .3
Plumbing and Fittings 1.6
Insulation and Struckure 1.8
Total Actuation System Weight 19.37

Total Gimballed Nozzle System Weight 116.9
8eC 88h FPh-1 Page U106



The pressure force in the exit cone acting t0 resist ejection

may be calculated using:

F =By (14YH)7) - AL (1Y)
F =283 x12.56 (1 +1.2 x 12) 1.2 x b5z (1 + 1.2 x 5.177)
F = 66324

The net ejection load therefore is:

66,100 - 6632 = 59,468 v 60,0004

4.5.3.2 CRITICAL STRESSES AWD DEFLECTIONS

A preliminary stress analysis was performed to substantiate
the structural integrity of the gimballed nozzle, and to provide a basis for
nozzle weight calculation. Sample caleulations for the gimbal ring and the
submerged portion of the nozzle shell are given in Appendix D.

The gimbal ring is made of GAT-LV titanium heat treated to
155,000 psi allowable tensile yield stress. The minimum margin of safety
(,02) is due to transverse shear and torsional stress QEO from the bearings.
The bending stress produces an M.S. = +.23 at the bearings. Under present
design conditions the gimbal deflection normsl to its plane of curvaiure is
»55 inches., If the ginballed nozzle is given further analysis, a design
modification should be made to increase the ring section modulus, at slight
cost in weight, and limit deflectioq to gbout 0.2 inch. This amount of de-
flection has been proven acceptable by the Transtage engine in which the gim-
bal flexure pivot bearings are assembled 0.2 inch off-center to accommodate

deflection.

The submerged portion of the nozzle shell is subjected to
differential pressure acting inward, and it must therefore be designed to
resist buckling instability collapse. The margin of safety for this part,
as shown in Appendix D, is 0.30.

If is concluded that the major struetural components of this

design are of adeguate strength and that the weight estimate is correct.

' eproducet from
Ee.gt avalilable copy.
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However, some geometric rearrangement may be required in a final design to
make bevter use of the structural materials.

h.5.3.3 TOLERANCE ANATLYSIS

A.tolerance analysis was conducted for the gimballed nozzle
based on the analysis conducted for the reference fixed nozzle. As in the
reference fixed nozzle analysis, tolerances are given with respect to the
chamber aft flange, with the assumption of standard mamifacturing practices
for nozzle components of the size and material shown on the gimballed nozzle

drawing, Figure h-41.

4.5.3.3.1 DIMENSTONAT, TOTERANCE STACK-UP FOR GIMBALIED NOZZIE

The final stack-up of dimensional tolerances for the gim-
balled nozzle as indicated in Figure L-L2 is presented assuming the following

schedule of fabrication operations:

S Fabricate nozzle assembly per schedule for reference
fixed nozzle. Tolerance stack-up will be essentially the

same for both nozzles.

b. Weld giwbal ring attach brackets to chawber and machine
integral with chember. All dimensions will be + .005 inch.

¢c. Machine gimbal ring. All dimensions will be + .00l inch.

a. Machine nozzle atbach fittings. All dimensions will be
+ .00l inch.

€. Assemble -~ Asgembly cof .all the above nozzle parts will

constitute an additional diametrical tolerance of + .008 inch.

As shown in Figure k-42, the total offset due to tolerance
stack-up is .027 inch. This possible maximum offset requires an additional 5
minutes of gimballing arc for the most severe design case in which the cenﬁer
of gravity is located at x = 31l. Ten minutes of additional arc has heen provided

in the nozzle analysis to meet this requirement.
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h.5.h DEVELOPMENT STATUS AND POSSIBLE IMPROVEMENT

The gimbal nozzle design presented herein mskes use of com-
ponents the design principles of which have been wellaproven in several

s0lid rocket nozzle developments.

4.5.h.1 BETLOWS SEAT,

The bellows seal has been demonstrated repeatedly in swavel
and gimballed nozzle use. Internally pressurized units have been successfully
designed and tested by Aerojet and Allison Division of General Motors up 4o
16-in-dis size. Seversl commercial manufacturers are qualified to produce
bellows for this service. Bach application usually regquires a new design, how-
ever, and qualification of the part. The most fully developed application was
the Skybolt second svage nozzle bellows seal, 10 in. in diameter. This seal
was flight qualified. One bellows failure was observed in the R & D test
program. This was attributed to inadequate acceptance criteria permitting
acceptance of a faulty part.

Many bellows design approaches are available. Depending on the
design, spring torques for the bellows may vary by factors of more than 2 to 1.
Actual values are hard to predict anelytiecally, and must usually be determined

in test.

L.5.h,2 GIMBAT RING

Several ginballed nozzles have been tested, all of which were of
conventional, box section design. Again the most fully developed unit was used
on the Skybolt nozzle., This ring was constructed of 4130 steel, the mean diam-
eter was approximately 12 inches, and deflection was as predicted under load
gt dbout .070 inch. The ring designed for the present application is constructed
of titanium to allow lighter weight and avoid use of magnetic materials. The
applicability of titanium as 3 structural material in so0lid rocket spplications
is well established through its extensive use on flight rated second stage,

i

Minuteman Wing II and Wing VI chambers and nozzle structures.
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The gimbal ring flexures are a departure from test experience
on solid rockebts, but are used to support 16,000 1b thrust loads in the Titan
ITT Transtage motor. Similar, double flexure pivots have been manufactured
and tested to support loads in excess of 100,000 1bg. These items are

considersad commercially available,
bh.5.%.3 WOZZLE STRUCTURE

The major struchbural component with the exception of the
gimbal ring ig the nozzle shell. This titanium wnit is designed to buckling
criteria in the buried portion. The Minubemsn second stage Wing VI nozzle
slso Incorporates s buried titanium suwpport shell. The design crifteria are

thus well-proven.
Lhs.h k THERMAT, PROTECTION

The nozzle components exposed to hot gas are identical bo
Mincteman second stage Wing VI desiegn with an adjustment in thickness to
allow for changes in duration and scale. The design criteria precludes
Temperature rise in any primary structural component. The materials and
congtruction used are all identical to those gualified in the Minmteman

Wing VI fixed buried nozzle design.
h5.h.5 SEAT, PROTECGTION

As mentioned previocusly, seal protection is simplified in
this design relative to the Skybolld gimballed nozzle, because the split line
is placed in a quiescent gas region. The feasibility of a submerged gimbal
nozzle has been demonstrated by the Air Force Rocket Prcpulsion Leboratory

in a nozzle using an O-ring seal.
h.5.4,6 ACTUATORS

The rotary actuators and servo-valve systems are considered
commercially available. However, some welght and storability advantages may
be obtained by development of new items. The components are all well within

e

the range of presenily qualified equipment.
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L.s5 4.7 DEVELOPMENT PROGRAM

The development program for a nozzle of this type should
closely parallel the one required to develop the Skybholit gimballed nozzle.
In that program, 13 R & D and 18 PFRT firings were made. These tests
included motor development, so all firings cannot be charged to nozzle
development. Three nozzle failures occcurred, all in the R & D phase. The
lagt failure occurred on the 12th test, but the component that failed had
been previously eliminasted from the PFRT design because of marginal performance

in earlier testing.

Based on the Skybolt nozzle experience, and results of the
buried gimbal nozzle test conducted by the Air FPorce, it is recommended that
10 R & D and 10 P¥RY tests showld be sufficient to qualify the proposed design.

L.5.4.8 POSSIBLE IMPROVEMENTS

The gimbal nozzle weight and actuation regquirements can both
be reduced considerably by a reduction in seal diameter. This could be
accorplished b& conbouring the nozzles and thus maintsining performance with
a shorier submerged section which would allow a smaller diameter at the nozzie
athach flange. .

A reduction in frequency response requirements would considerably
reduce' actuation system weights. Further analysis of reguirements in this area

is needed,

The use of foldable and/or radiation cooled exit cone extensions
may be considered to improve overall motor performance. Although application of
these concepts has not yet been made, feasibility has been proven, and R & D

is confinuing for both solid and ligquid propellant rocket motors.
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Appendix A

TVC STUDY CONSTRAINTS PROVIDED BY JPL

1.0 DEFINTTIONS
1.1 Spacedrafs Consists of:

Propulsion system
Payload

1.2 Propulsion System Consists of:

Motor
TVC system

1.3 Motor Consists of':
Case
lozzle

Insulabion - Liner
Propellans

Igniter

Case Attachments

See Figure A-l
1.4 TVC System Consishs of:

Valves, Actuators, seals, injectant, tankage, regulators,
indicators, etc., reguired to provide TVC during motor
firing. The TVC system extends to the electrical actuation
signal interface, It does not include the conbrol system

(autopilot, computers, ebe.)

1.5 Seady-state TVC requirements are those needed to correct for
the displacement of the thrust vector from the $/C C.G. Steady-

state TVC requirements do not include dynamic or initial-transient
requirements

sac 88L.FR1 : ——— Page A-1
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2.0 IVC SYSTEMS TO BE CONSIDERED

2.1 Gimballed nozzle for pitch and yaw. Roll control to be ignored.

Two moment arms 0 be considered.

2.2 ¥Fluid injection for pitch and yaw. Roll control to be ignored.

Two moment arms 0 be congidered.

2.3 Auxiliary System for pitch, roll, and yaw. Two types of systems

1o be considered.
2.3.1 Cold gas at very large moment arm

2.3.2 Hot gas (N2H4, or solid-prop gas generator) at medium

moment arm,

3.0 WEIGHTS
3.1 Payload 1500 1bs
3.2 Motor, Tobal 2750 1lbs
Propellant Weight 2500 1hs
Nozzle Wsight (without TVC) 60 1bs¥*
Case, Iumsulation, Igniter, Attachments,
Welght Togal 190 1bs
3.3 Propulsion System, Total

Total propulsion sysbem weight = Motor Wi. + TVC System Weight,
TVC System weighi o be determined by Contractor.

* This weight was preliminary; nozzle design weight given in section 4.23
was used., “

8¢ 88L.Fm1 Page 4-3



450

k.1

5.0
5.1

5.3

6.0

SGC B88k-FR1

LOCATION OF AUXILIARY SYSTEMS

Cold Gas System

Thrusbers locabted 100" along the y-axis from the motor
cenberline at x = 45, Panks locabtzd 60" from thrushers.

(See Pigure A-1),

Hot Gas System

Thrusters located 40" along the y-axis from the motor centerline

at x ¥ 45, The x position is constrained by possible exhaust

impingement on main motor. Additional constraint is that thruster

exit plare be locabed at xS 66.

NOMINAL C.G., LOCATTION ATONGH!'X! AXTS
For Fluid Injection

Two casges $0 be considered:

1. Nominal S/C C.G. constant at x
2, Nominal §/C C.G. constant at x

For Gimballed Nozzle

Two cases vo be considered:

1. Nominal 8/C C.G. constant at x
2. TNominal S/C C.G. constant at x

i}

For Auxiliary Systems
One case to be considered:
Nominal §/C C. G. constant at x = 31

MOMENTS OF INERYIA

31
16

31
16

Moments of inertia are referenced to the S/C C. G.

Ix
Mohor Igniticn 1000
Motor Burn Out, 800

Iy = Tz (slug-£t<)

700
600
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T.0 INPUT DATA FOR DETERMINING DISPIACEMENT OF THRUST VECTOR
FROM 8/C C.G.

T.1 Payload
The radial error in C.G. measursment of the payload is 0.25".

T.2 Propulsior System

The following input data shall be determined by the contractor.

Ta2.1 Distance bebween motor cenberline and propulsion system C.G.
T.2.2 Error in C.G. measurement of the propulsion sysbtem.

7.2.3 Thrust offset of the motor at the nominal §/C C.G.

7.2.L Thrust Malalignment of the motor

8.0 MOTOR PERTORMANCE

8.1 Propellantk, Vacuum Specific Impulse is 304 1bf-sec/ibm.

8.2 Propellant C¥ is 5400 £%/sec.

8.3 Mobtor thrust as a function of time is given in Figure A-2.

9.0 TVC FLUID (AUXTILIARY SYSTEM PROPELTANT OR FLUID INJECTANT) FOR

DYNAMIC AWD TRANSTENT REQUIREMENTS

The steady-state TVC fluid requirement is the mainimum amount of:
TVC fluid required to correct for the displacement of the thrust vector from
the §/C C.G. The tokal TVC fluid requirement includes fluid for the initial
brarsient and for dynamics.

Total amount of TVC fluid = {1.2)(steady-state TVC fluid)

10.0 STDE FORCE REQUIREMENT FOR THE INITTAT:, TRANSTENT

The initial $ransient side force capability required at motor
ignition will be 2 times the initial steady-state value. The system shall be
capable of supplying the initial transient side force for 3 sec. after motor<

ignition.
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11.0 DUMP PROGRAM FOR TVC FLUID (FLUID INJECTANT OR AUXILIARY SYSTEM
PROPELIANT)

The TVC fluid is to be used or dumped in such a manner that the
net mwmeervainby in TVC flvad weight expended at any time during the motor burn is
0.3% of the total (main motor propellant + TVC fiuid) weight expended.
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Appendix B
ACTUATION FORCE AND SYSTEM REQUIREMENTS AMNALYSIS

As mentioned in Section 4,3.1.17'Table 4-6 shows the Sysbems
analyzed to assist in selection of a combined movable nozzle - actuation system
for final analysis, The nomenclature established in Table L4-6 is;referredito

in this section to 1dentify the nozzle and power syshbem being discussed.
1.0 ACTUATTION FORCE REQUIREMENTS

i.1 Case I -~ Major gimballed nozzle actuation torque requirements
are set primarily by bellows seal torque, inertia torque, and pressure induced
torque due to misslignment between the axis of rotation and the ejection force\
centerline., Other torques include friction and jet damping. These were not

calculated for this agpplication, bubt gome reserve was provided to allow for them.

Maximum nozzle deflection was caleulated for the upsetting moments
specified in Reference 2. Maximum moment per wait thrust occurs at £ = 0,
Thrust is 9000 1lb at this time, and the required TVC moment is 192 ft-1b.
The offset distance from center of rotation to the C.G., is 1L4". Calculated
nozzle deflection is thus B = arctan %ggo’—(%j’ = 1.05° . In addition, the
estimated thrust misalignment is 28 min or .1466° based on assumed 10' angular
migalignment increase over that of the fixed nozzle-aft closure combination.

Total deflection was thus + 1.516%; + 1.5° was taken as the design level.

Bellows torgue requirements were based on experimental dabta shown
in Figure B~l. As can he seen, a wide latitude exists in bellows spring rabe
depending,on the bellows design. A reasonable value was selected at 2200 innlb/
degree deflection, Bellows torgue was thus (1.5) (2200) or 3300 in-1b.

Inertia torque was based on acceleration requirements to-dither
abt + lO% full deflection {.00262 radians) in a sine wave profile at 30 cps.
Rotational moment of inertia about the Y or Z axis was calculated to be 3.6 ft-

L].b-secE. Angular acceleration was thus

| Preceding page blank ,
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(2 1 30)%(.00262) = 91.5 rad/sec®

a=(2me) o

(3.6)(91.5) = 330 ft-1b

Torque, T =T O
or 3960 in-1b

Direction from JPL sbated that the system should be
capable of responding as a second order system with a natural frequency of
30 cps and a damping ratio of .7. Under these conditions, the time required

to reach full deflection is defined by the relation Jpw t = 2.3. Time
n
2.3 _ L0175
1.7522 1 305 2
Average acceleration over this time to rotate 1.5° is 172 rad/sec?. requiring

required to Tirst reach full deflection is t = sec.

an gverage torgue of
T =1TIqg= (3.6)(172)(12) = 7430 in-1b

Misalignment torque is defined by the rotation axis offset
from the nozzle radial center of pressure location times the ejection force.
Ejection force was calculated to be 60,000 1bf as shown in Section 4.5.3.

Estimated rotation axis misalignment was .0l inch.
Misalignment torgue = (60,000)(.0L) = 600 in~1lb.

A summary of the torque requirements for Case I is given in the following table:

Condation
]
Torque Component : 30 c¢ps ' o
+ 10% deflection, mull at 1.5
deflection

Bellows spring torgue 3300 in-1b
Inertia torque 3960 in-1b
Misalignment torque 600 in-1b

7860 in-1b
Bstimated friction torque 100

7960
Reserve at 5% 400

8360 in-lb
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Inertial actuation forces for + 10% deflection, So = .1 Sma.x =
(.0256 in or ,00213 f%) at 30 cps is defined F;, = ma

o8.4/32.2 ~ 3.05 slugs,
(2 m£)? (5,) = (60 m)? (.00213) = Th.7 b /sect

a =
F, = (3.05)(7h.7) = 228 1bf
Friction force is defined by
+ 7
Fe * T b
where:
ey = ejection force {60,000 1b)
My = friction coefficient (assumed= ,05)
Fp = (60,000)(.05) = 3000 1b
Total acbuation force is thus estimated as
Fi = 229
Ff = 3000
3228
Regerve @5% 161
¥ =
L 3389 1b
2.0 ACTUATTON FLUID CAPACITY AND PUJER REQUIREMENTS

Actuation power required was arbitrarily defined as that which
permibted three full deflection cycles followed by 85 seconds of sinmsoidal
operation at + 10% deflectior and 30 cycles/second.

Por Cases I and II, actuabor displacement per degree rotation is

defined as

AV _ Zmax 2T
B 360 Pact
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Pact was assumed 2000 psi. (3000 psi delivery pressure with 1000 psi pressure
drop across the servo valve).

AV/B = (.837)(107)

. Potal rotation {B) is equal to} B = (3)(4)( Bma.x) -

(85(30)(k)(.1 B max) in accordance with the assumed duty cycle.

ZB for Cage I = ZL53O0
Y B for Case IT = 1305°
Displacement/plane is thus

Case I, AV = (.873)(10"5)(8360)(1530) =112 ind
Case II, AV = (.873)(10"5)(7050)(1305) = 80.3 in3

Assuming movement in the k5° plane, Total Displacement =

Case T AV = 112/.707 = 158 in>
Case II AV = 80.3/.707 = 114 in

In accordance with Appendix A, 20% reserve is required:, thus total displacement is

(1.2)(158) = 190 503
(1.2)(11k4) = 137 ind

Case T AV
Case II AV

Case IIT displacement under the same ground rules is

AV = %i; (ys,) L8, = (3)(4)(.256) + (85)(30)(1)(.0250)
= 3,08 + 261 = 263 in

&V = -%g—g% 263 = 4h5 in3 per plane

in the 45° plane, MV = LU5/.707 = 632 in>

with 20% reserve

AV = (1.2)(632) = 758 a3
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Appendix C

PERFORMANCE OF CONTICAIL AND CONTOURED NOZZILES FOR MOTORS
WITH ALUMINIZED SOLID PROPELLANTS

A comprehensive study of the comparative performance of contoured

and conical nozzles vas made as part of a development program at Aerojet in 1959
and 1960. The study congisted of the firing of approximately 75 motors in an
altitude facility of the AEDC in Tullahoma, Tennessee. Nozzle designs evaluated
consisted of conical and contoured expansion sections of 18, 20.4, and 24 to 1
expansion ratio at various parametric values of length, initial expansion angle
and throat wall radii. Propellants used were formulated of 2, 10, 17, and 19
Ppercent aluminum by weight. The results of this program are comprehensively

presented in Reference (a).

The range of parameters evaluabed generally encompassed the
geometrical deseription of the reference nozzle except that the expansion ratios
did not extend beyond 2h:1. Nevertheless, definite performance relationships
were established, as a function of geomebry, that allow reasonabl extrapolation
to reference nozzle application. Representative nozzles are compared to the

reference nozzle geometry for a 17.5o cone in Figure C-1,

Extrapolations of nozzle expansion ratio and nozzle length are
showm in Figures C~1 and C-2. Neither of these figures stands alone ag a valid'
extrapolation, but when considered together indicate an advantage of the contoured
nozzle of slightly less than 0.5 in IS. These data were obbained for the propellant
with 19 aluminum by weight and represent only a small portion of the data obtained

in the experimental program.

The primary advanbtage of a vwonboured nozzle is in the ability to
achieve the performance of a standard conical designh in a substantlally smaller
geometric envelope. Thus, in an unlimited envelope, the performance gain can often
be considered negligible, particularly for small nozzles and highly aluminized
propellant. However, in comparison with the reference nozzle envelope, the da?a

of FiguresC-2 and C-3 indicate that equivalent performance be be obtained usiné

1

| Preceding page blank |
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a cornbtoured nozzle of approximately 24:1 expansion ratio and substantially
reduced length ratio (from 16.5 to 15). For the same length and expansion

ratio as the reference nogzle, there can still be a slight performance gain
anticipated.

Reference (a): "Minuteman Nozzle Contour Development Program,” Confidential
Technical Memorandum No. 158 SRP by M. J. Datore and W. S.
Haigh, 27 February 1961, Aerojet-General Corporation, Solid
Rocket Plant
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Appendix D

PRELIMINARY STRESS AND DEFLECITON ANATYSTS

The following analyses present the methods and resulis of a
preliminary study of gimbal ring stresses and deflections,
and buckling loads in the nozzle support shell.

ijfeceding page blank
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1.0 DESIGN CRITERIA

1.1 *¥PESIGY YIBID LOADS

Ejection Load, P= 6O,OOO:I'.b"in

Torque per Acbuator Pair, 27 = 8 ,80011'1—1’0
1.2 GECMETRY

™~ \@
c Max. Gimbal Angulation = 1.5°
Figure 1

1.3 MATERTAT. PROPERTIES

Titanium GAL-UV Heabreated

FT = 155000 psi Tensile Yld

¥

2]

]

93500 psi  Bhear

m

16.h x 106 psi Flastic Modulus#
6.2 x 10° psi Shear Modulus®

G
I

¥WH1 BE'DB'K 5
¥¥*Supplied by N. Mittermaier

SGC 88h FR-1
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2.0 STRESS ANATLYSTS

2.1 GIMBAL SECTION PROHEERTIES

L
]
Fagure 2 -3175 B 5.0n
J .
f —o Ja— 175
R -—— -R ‘
2-75

1, 35—t

. |

L

X-Section Area: A = 2,75 x 1.35 ~ 1 x 2 - 1.71 in° '
Moment of Tnertia
Iy = 1.35 x 2,755 - 1 x 23 _28.k - 8.0
12 12
= 29.—'_8-. = 1.73 1n]+
12

L o275x1.35° -2x13 675 - 2.0
LL 12 12

= .)ll'.:z.?. = .395 inll-

12

Torsion Area
Ay = 1.175 (2.375) = 2.80 in®

st . .
17" moment of inertia

Qg = A2 _1.35 (.375)(1.1875) + 2(.5)(.175)(1.0)
A 5 (1.71)

6+ 175 _ .775
855 855

= .905 in3
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2.2

SGC 884 FR-1

BENDING at section A-A (Reference Figure I pg. D-2) normal

to plane of curvature

LOP+C

Figure 3

Mo - J5R EjP-l—CJ

R = 8.9 Reference Pg D~2

P = 60,000 =°
¢ =L 8800 o b
2R 2(8.9)

PR In Plane of Curvatbure o
Assume the Gimbal is Angulated 1.5

(.5 P+ @) sin 1.50
34,950 (.0262) + 9121b

HJ
fl

I
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= ,16 P R Reference: German Ring Report Case 2

o=

.16 (912) (8.9)
n~1lh

1300%

end

* Iy

- 1300 (.€ = 2030 psi
«395
Total Bending Stress Reference Pgs. Del and 5

£4Y

SH =5 tH
1 m

2230 :' 123,000 = 125,230 psi

FT = 155,000 ps1 Tensile Yield, Reference Pg D=2
M.S.=l 200 -1=+,23
: 125,230 =
2.3 SHEAR AND TORSION
Section B-B Reference Figure I Pg D-2
fs -¥8 Shear Stress, Max
2 It
V=(5P+C) .5=
= .5(30,000 + 4950) = 17425'® Ref. Pg D-4
L
= 1,73 in - Ref. Pg D=3
t = 175 in Ref. Pg D-3
Qg = +905 in3

17425 (.99 = 26200 psi

i 2(.175)(1.73)


http:2(.175)(1.73

masd

fst = e Max Torsional Stress
24, %
t = .175 Ref. Pg. D-3
Ay = 2.80 in® Ref. Pg. D-3
T ooy = <107 M = 293 (.5)R(.5 P + C) Ref: Roark Pg. 153
M = 155,000 7P Ref. Pg. D-L
R = 8.9 Ref. Pg. D-2
(.52 +¢) = 34,950 1p Ref. Pg. D-k
Ty = -707 (155,000)-8.9(.5)(.293)(3%,950)
= 110,000 ~ 45500
= 64,500 inwlb
fst = éﬂzﬁf&l____ = 65,600 psi
.35 (2.80)
Total Shear Stress
j:fs =f Ff Ref. Pg. D~5 and 6

26,200 + 65,600

91,800 psi.

FS = 93,500 psi Ref,

SGC 88h-FR1
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DEFLECTTON
Wormal +to Plane of Curvature

_ (.5 P+ Q)RS EI
LT VAR - E I I} TR .28KCT

L BT,

2/b~i (2 .
=2 ttl La—t) ( tll Torsional Stiffness Parameter

K
5T
at + bh, =" -
£7 = (.375)% = .1k Ref. Pg. D-3
ti = (.175)° = 0.1538 Ref. Pg. D-3
a=2.75 Ref. Pg. D-3
b = .375 Ref. Pg. D-3

r = 2.0:375)(.175)(2.375)% (1.175)°

= ,935
(2.75)(.375) + 1.35(.175) - .155
E =16.U x 106 psi Ref. Pg. D-2
G=6.2x 106 ps1 Ref. Pg. D-2
(5P +C)=34,95010 Ref. Pg. D~k
B = (8.9)3 = 710 in>
IRR = 1.73 inlL Ref., Pg. D=3
A = 3%350(710) - 1.1 4 .28 x 16.4 x 1.73
4(16.4)(1.73)10 .935 x 6.2

6

ll

.22 x 10"6 [}ulh ¥ 1.3%} = .22 x 2.50 x 10~

LI}

.55 in

S rmpra

¥Ref: Machine Design 11/14/57, "Deflection of Circular Ring: Loaded Normal
to Plane of Curvature', N. D. Tabackman

saC 88Lk-FR1 Page D-7



ok BUCKLING OF SUBMERGED NOZZLE SHEII,

The submerged portion of the nozzle is that portion projecting
inside the pressure vessel, This section is subjected during firing to high
external pressures and must, therefore, be checked for its ability to resist
buckling instability collapse. All charred plastic components were ignored
in this solution, and only those layers which are predicted to be unaffected
by heat were used as structure. A chamber pressure of 500 psia (MEOP) was

also used with an effective differential pressure approximated at 480 psa.

For ease of calculavion, the truncated cone was approximated

by a cone with variable wall thickness given by the expression:

b = B¢

=l

where tl is the actual shell thickness of 0.156 in., and Rl is the large erd

1

normal radivs (7.2 in.)}, The cone angle (o) is 750, and from Taimoshenko's

"Theory of Elastic Stability", we have:

9 = 9 a N
ti s

K, = =% = 3.8x10
12R]

From Figure 11-31 of the same reference, we obtain from this

value of Kl

above equation we obbain:

a value of (ql) of 1073, Substitubing this value into the

dop = 396 psi

86¢ 884-FR1 Page D-8



Surrcunding this titanium core are two layers of partially
uncharred ingulation, the inside layer 0.125-in., thick, the oubside layer
0.250~in., Using the same analytical techniques, the eritical individual

buckling pressures are found:

% nside 30 psi

qout31de = 200 psi

A compressive modulus of 2.7 x 106 psi and a Poigson's Ratio
of 0.25 were usged for these values. The total collapsing pressure may now

conservatively be determined by summing the individual layer's resistance.

Pog = (396 + 30 + 200) = 626 psi

The caleulated margin of safely against collapse:

626 . _0.30
480

M.S5. =

The actval margin will be considerably higher due to the end rings, the

constant thickness, and the infgractién of the composite layers.

SGC 88k FR-1 Page D~9



Appendix E

RELTABILITY ANATYSTS

1.0 INTRCDUCTION

For each of the seventeen system combinations considered,~a
mathematical model of system reliability was formulabed. In this appendix
the models used are stated below and an example calculation is included for
one system. In addition, the results of the calculations are tabulated in
Tables E2 to Ell. '

2.0 MATHEMATTCAT, RELTABILITY MODELS

LITVC - Cold Gas Pressurized

_ - t.FR ‘
Bo= [l - ORprna ) - By Q.D.)] e T LU Rpress. * Rcompon.

Valve(Leakage) (Leakage) fRegulator: from
(Operational) MM-LITVC
Test Data
x prrotechnics
TR = =
where ) 4.FR =4 FR) . 10 sec + t.,FR) .+t FR, . t,FR + %) FR _
Boost St St Interplan, Transit
8- Al Injection
+ t5FR
Retro
A sample calculation for thig system is shown in Table E-1
LITVC - Hot Gas Pressurized
R=e -E:t'FR ¥ RTyrotechnics * RComponents
from MM~I.ITVC
Test Data
Cold Gas Reaction Jep ACS "E:t FR
R= [l - (- RExplosive) - RFill Q.D.)} € x RPressure x RPyrotechnics
Fill Valve (Leakage) Regulator
(Leakage) (Operational)
SGC 884 FR-1 Page E-1
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Solid Propellant Gas Generator Reachtion Jet ACS

- ) t.FR

R =e x E?yro{,ec:lmics x RComponents
from MM-LITVC

Test Data

Monopropellant Reaction Jet ACS

-3 t.FR

a L

R = [1 - (l-RExplosive)(l - RF:Lll Q.D.)J € x RPI‘ESSU.I‘E xR Thrush
Fill Valve (Leakage) Regulator Chamber
(Lieakage) (Operational)

x BPyTotechnics x R('Jomponen’c;s
from MM~LITVC
Teat Data

Bi-Propellant Reaction Jet ACS

2 Yt.r
R = [1- (A-Be 1 osive) TBpiry Q_D.)][ 1- (1-RFuel,0xid.)(l-RFuel,Oxid.)} © -

Fill Valve (Leakage) Ck. Valve Inlet Burst
(Leakage) Diaphragm
!
x x Rl} x R
RPressure RPyro hechnics Thrust Chamber™ ~Component:
Regulator Solencid from
(Operat ional) MM~LITVC

Test Data

Trarslating Nozzle TVC~Cold Gas Pressurized, Hydra.u.‘l_lc
Servo-Actuation Systenm

' “3 t.FR
R = e x BPressure * RBurst * RHydrau.‘Lic * RPyrotechnics
Regulator Diaphragm Fluid i
(Operational) Bladder !

SGC 88LsTR-1 Page E-2



Pranslating Nozzle TVC-Hot Gas Pressurized, Hydraulic
Servo-Actuation System

-3 £.FR

x RGas Generator R.Burst * RBurst Diaph, x RHydr. x RCompon.
and Igniter Daaphragm.- Hydr. Tank Fluid from MM-
Hydr . Tank In. Out Bladder LITVC
Test Datba

Translating Nozzle TVC-Recirculation Hydraulic
Servo-Actvation, with Electric Motor/Pump

-} t.FR

% RByvaraulic Tluid
Bladder

Translating Nozzle TVC~Recirculabing Hydraulic
Servo-fActunation, with Turbine-driven Pump

~) t.FR
x RHydra,ulic Fluid © RGas Generator RCompon.
Bladder and Igniter from MM-LITVC
Test Daba

Tranglating Nozzle TVC-Electro-Mechanical
Servo-Actuation System

~) t.FR

Gimballed Wozzle TVC-Cold Gas Pressurized,
Hydraulic Servo-Actuation System

-Yt.FR

[l ) (l"RNozzle) (l"RBellows) ] © X Ry essure X Rpurst

Seal Regulator Diaphragm
(Operationzl)

s
it

i
x RHydraulic x RIﬁrrotech:nics
Fluid Bladder

SGC 884 FR-1 Page E-3
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Ginballed Nozzle TVC~Hot Gas Pressurized,
Hydraulic Bervo-Actuallon System

e ] -2 t.FR
,R B [l (1 RNozzle)(l PBellDWs)] € X RGa.S Generator x RBurst Diaph.

Seal and Igniter Hydr. Tank In.
x R‘Burst Diaph,. X BHydra.ulic x RCompon.
Hydr. Tank Out Fluid Bladder from MM-LITVC
Test Daba

Ginballed Nozzle TVC~Reclrculating Hydraulic
Servo-Actuation, with Electrie Motor/Pump

]e -Y&.FR

R =[l - (l'RNozzle)(l-R.BellOWs) x R}[yd_-r-a.ulic Tank Bladder

Seal

Gimballed Nozzle TVC-Recirculating Hydraulic
Servo-~Actuation, with Turbine-driven Pump

-3 %.FR

R = [l '-'(l"RNozzle)(l“PBellows)] € x RHydr x RGas Generator RCompon.
Seal Fluyid and Igniter from MM-LITV

Bladder Test Data

Gimballed Wozzle TVC-Elechro-Mechanical Servo-
Actuation System

-Y t.FR
e

R = [l - (l“Rmozzle)(l"RBellows)]
Seal

gGC 884 FR-1 Page BE-h
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Ta
RELTABILITY CAILs
COLD «

t F.R.
- -1 +
- [ 1st 10 sees,
Ramve system, [1 (-Rpr wi11) (Rpsna QD)] % o Boost

Cold Gas Vzlve Ieakage ~Leakag

Pressurized

tl F

From Table &,

~ [.002777(33-6) +.052777(3.36)+ .093333(2.52) + .083333(2.5¢

Rpoi. w. Fil1 e

Valve (Leakage) e -0003660 _ .999633
- [.002777(1112.) +.052777(111.2)+ .083333(83.%) + .083333(83.4) + ¢
Bpi11 qp ©  =.0122k5
(teakage) - = 9370

For a 6 month Transit Period:

- [.002777(hh78.2) +.052777(331.2) + .
Brreve syst., = |t "(l--999633)(l--98775)} x e

Cold Gas

Press. - [827.008 + 4380 (1.395L) ] 10 6
= -9999955} X e (.991000)
- 0069388
= (.9909955) x e = (.9909955)(.9930612) = .98k12

For an 8 month transit pericd:
ks

- {827-008 + 5840 (1.395h)} 107
Rprve syst, - (-9909955) x e

Celd Gas

Press.

- .008976 .
= (.9909955) x e = (.9909955)(.99102k4} = .98210

E-6-A
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Table E-1

CALCUTATIONS FOR LITVC SYSTEM,
JLD GAS PRESSURIZED

5, T.R. b, F.R. t, F.R. +t, F.R.  + 4. F.R x Bpr, xR

1 N + n ) R, ess. Compon. from
6 72 Tona ¥ 3 IntwPit, Tramsit 2 Retro Regulator MI-LTVC
Ste. Stge. Inj. B

(Cperationsl) Test Data

x ¥ ,
q?yrotecl’mlcs

(2.52) + 8760 (.ok17) + 022222 (3.36)] 10'6

) + 8760 (1.395) + .022222 (111.2)] 1076

) + .083333(138.2) + .083333(99.45) + 4380 (1.3954) + .022222 (3l+978-)] 1070
x (.9999956) (.990)(.9916)(.99985) "

E-b -B Page E-6



For a 10-month Transit Period:

- [827.008 + 730D (1.395&)] 10"6
Rryrve gyss. = (-9909955) x e
Colé Gas
Press.
- .0110134
= (.9909955) x e = (.9909955)(.9889866) = .98003

For a l2-month Transit Period:

) [827'008 + 8760 (1-3954)] 1076
Rireve Syst. (.9909955) x e .

Cold Gas
Press. - 013C507 anr
= (.9909955) x e = (.9909955)(.9869493} = .9TE-0
E-T-1
3 Pre_c_:gding page blank
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‘ roduced from
Eggt available copy

LIQUID INJECTION TVC v - .

COMPONEI\}T Ff\l -

L

vl

.-a

W

N
1 2 3 b > 6 7 8 ! 1
c rR Env. Strees -
ompon , .R.
Failure | Adjuste iath.’r’Kl& j
. pplica-
Rate, ment; tion stress Env,
Source Lab. to K Failure O Ay,
& Bench Factor, 2; Rate, Sire PR SRR
at tress Test Lst Stage Ist Stage | Facior | Hate
b Level Tevel Boost Boost, 2rd 1+ oL 5
TVC System in & 6 7 g = ¢
Gomponent, syst. | 7/10° mrs. | 7/10° mrs.| B0 2 | #/10° Hrs. | B 710
TVC Gas Gen. Ig- 1 1/Test I
niter (incl.squibs) Fire
TVC Gas Generator 1 1/Test
Fire
TYC Hot Ges 1 1/
Mznifold Assembly '
3
Gas Generator Mani- 7 8/Lab. 1.2 5-t 3 hoet .2 .1 L
X 1-1 1-1
fold Joint Seals .02 -
.2-.hl 0168 'tl
Relief Valve 1 8/Lab 9f0per. |U-ti-, [.1 | 15H0 ) .| .25 2577
32.5 3850. _
.2 tl 7 tl
Injectant Tank 1 8/1ab. 86.k Tty 4 | 3 5.54 % 1| .85 . .19{
l.l-l-ll- 2.61-1- 3 % 237 + '
00k Leak~ L : 1
age Tail.
mode
Injectant Bladder 1 8/Lab. 5.4 56, 4 |3 8.1 L .2 N I =4
-09 Teak 3t 486 %
fail, 1 1 .
mode t
Burst Diaphragm 1
Hot Gas, Tank Inlet
Burst Diaphragm b 2/15.4ir- | 6.h42 T-by 4 | -3 53.9 %) | -2 S s
Injectant Bladder craft bt 3.08 %
Outlet (.107 Ieb) MRS . 1
(Leakage
fom.)

3GC 884 FR-1
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'~ GAS PRESSURIZATION
- - v IABILITY DATA

aduced {rom
g:gtr avallable copy

] 11 12 13 a5 16 17 18 | 1ig 20 21
Env. &Appl..
v, & Stresa
Appl. 41 Env, Factors, [Fall- Relis
Stress g:.:;eure & Appl., [(Fail- Cpera~ [ure Relia- bzligy
Factors, [p.. e::'- Sress ure tional {Rate, bility Compon
o Interpl, |[po. Factors, |Rate, (During {Retro- Pyro- from
Le, Trajectory i, ' Transit |[Transit | Retro-~ [Thrust
. Jes . N . Technic | MM~LITVC
Jtace | Injection é Period  [Period, | Thrust) [Perjed, Compon- | Test
sl & Ky |F/207 Hrs.[E T, rcdms) B | Ko e /1Phrs. | ents Data
- 99971
99895
.999952

18 .15 ! .126 .03 | .1 { .0o00k2 |12 .9 90.72

LT .15 1| 57.75 05 | L1 L1625 7 .6 16170.

193 25 | .3} .198 .2 | .2 ] .00176 {10 | .5 432, 1‘/1/990
(Burst
fail mode)

e Y

wt 15 .3 .2h3 .2 .2 | .216 1/.9916
Y
1/8
.968
(Burst
fail
mode)

"o a5 | .3 | 1.155 1| .15] L0064 1/ 90985 /2
Burst
fail mode)

Page E-S"‘B




Yable E-~2 Cont,

1 2 3 L 5 6 7 g )
Injectant Tank 1 8/Lab 35. bt G 785.2¢% .2 .5
Support Ascy. .55 1-1 1=l

‘2 tl 3.90 t
1
2.2, Suonors Assy i Bégab 33. L ty.4 | -6 79.2 4y 4 .2 .5
2 %) 3.56 4,
Injectant Manifoll L 8/Lab 121.2 h 1|3 |58L¢ .2 .2
2.02 - -1
3% L3.6 t,
Inject. Mamf. 8 8/Lab Q| k.8 6 4 .2 1
Seals .02 1.2 5 tl—-l
192 ¢
.? Ty
Tniector Servo L l6.21 3/Bench b, . 1.1 [596.6¢, .2 .1
Va%.ves (1ab) Test 1-1 1-1
372.88 3y Yl 7k )
Servo Valve 1 3727, bty |2 2981t 20
rydravlie System
3% 223.6 )
Manifold Assy. 1 8/1ab
k 85 291, Nobte:
i Cirewlabory type Hydvraulic Pouer Sys
North American Spec. 5-15594 for Min
28 VDC Motor 1 L/A1reres
183.6 78.
Audio Noise Filter 1 8/Lsb
.3b5 20.7
Hydrauiic Fittings 2 2.02 oho L
Hydr. Q.D. 2 9/0ger. 2g2.L
1hé6.2
iydr, Filter 1 8/1.62 97. Total F.R:—5933.5 g Total F.R—
fiydr Check Vaive 1 9/337.3 337.3 during t,_, | k0L.0 ¢77" | during t,
Press. Transducer 1 9/860. 860. & b '
Press Switch 1 5/Aircft 35.8 e :
8L,
Tnermister Mer.Fla.| 1 8/ .6 36.
lhotor-Pumy Shaft 1 .35 21.
Counling-Snlined 1 .025 1.5
pVPg



E-2 Cont.

] 10 11 12 13 ih [ 315 16 17 118 19
L .2 .5 3.3 .17 5 2.80 .06 |.15 | .och9s 6 7 138.6
: 2 | -5 3-3 A7 5| 2.8 W06 |15 | .oTh95 | 5 -7 115.5
.2 19.39 A7 1 8,24 .03 1.1 .o2h2h 10 8 3878
.2 l J192 .15 .1 L1kl .03 {.1 .000k8 |12 .8 92.16
.2 .1 29,83 .15 1] 22.37 1 .15 1 L3726 o 5 7Ls7.
2 1 ~7h.5h .15 1| 55.9 A2 |.1 .7Ths2 6 .95} 212hk3.
J1c Power System is based on
15594 for Minuteman, Stages I-~IT.
| Total F.R~— 190.53 [fotal F.R.-—{151.72 {Total F.R—|[1.535 Total F.R,—] 49617.
during during during t during +
2 S '3 8 5
Total TVC System Failure Rates

Reproduced trom

bhest avallable sopy.
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Reproduced frem
best available copy

.
—————

!
1 2 3 b 5 Lo

i

Punp Shaft Seal 1 18/2.9 17h. .
nyd, Reservolir 1 " 3.37 202.2 !
QO-ring Seal L .035 2.1 ;
Elec, Connector 2h5 14,7 i
tiydraulyic Pumd '
i
i
Pump pistons 9 .35 189, i
Caan Drive 1 . OOk o i
Press. Compensiting 1| 6.6 396. }
Valve 1 ;
Pump Valve Plate 1]l .2 12. ;
Bearings - Pum 2 v 3.6 Lok, :
Shaft & iotor Sheft ]
62.1 ] 3727. ‘

E-10-A



ey

v B-2 Cont.

in

10

11

1z

Repra
223t avajjd

13

from
lo ccpy.

1k

1o

16

17

18

19

* b e ot i
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Table E-3
SOLTD PROPELLANT GAS GENERATOL
ACS TOR PITCH, YAW OR R
COMPONENT FATLURE RATE AND REL

i 3 L 5 6 7 8 9 10
R.C. System
Component
R.C. Gas Gen. 1/ Test
Igniter (anclude Fare
squibs !
R.C. Gas Generator 1/ Test
Faire
R.C. Hot Gas 1/
Manifold Assembly
Gas Gen. Manif. 8/ Ieb 1.2 5% 1 L2+ .2 ] .168
Joint Seal 02 -1 1-1 !
Y BeaLs . 2t .168 % .
1 1
R.C. Valve Assy. 2/ 5/ 10.2 h ¢ .1 L.08 % .15 1 .153
. A 1.1 1=l
{Solenoid) Aircft 5%
2l | .204 By
(.48 Lab)
@.G. Suppt. Assy. 8/ Tab 33. h 4 b [79.2 ¢ .2 .5 13.30,
55 1-1 1-1
2% 3.96 5
R.C. lozzle SésLa.b 3. LR b8t 7| 5 1 .18
2t 2L 5y
R.C. Nozzle Seals 8/ Lab 1.2 5% A 2.4 % .2 1 095,
oo 1-1 1-1 |
25 096
Total F.R:—94.68 by Total F.2.— 3.8%
during ¢ during t2
-1 4 w7 s
&t : 1
1
o Tot

SGC 88L FR-1

Reproduced from
best available copy.




3
RATOR REACTION JET

OR ROLL
D RELIABILITY DATA

10 11 12 13 1 15 16 17 18 19 20 21
.99971
.9972
.999952
.168 .15 1 126 .03 .1 .000k2| 14 | .9 105.8
.153 .5 .1 .153 1 1 .00L8 30 | .7 21k, 2 1/ .999958
(Siow
Response)
3.30 g .5 12.80 .06 [.15 |.00495 5 115.5
.18 .15 A .18 .03 (.1 . 0006 10 | .5 60
.096 .15 1 .072 .03 [.1 L0002k 14 | .8 53.7
3.897 Total F.R~3.331 Total F,R+.0110 | Total F.R={ 5h.92
during & during & during t
3 b 5
- Total R.C. System Failure Rates &
i | | I
[BeE e Page E-11-5




Eeproduced from
best availabie copy

LIQUID INJECTION TVC SYSTEM WITH COLL
COMPONENT FAILURE BATE AND RELIABIL

1 3 L 5 | 6 7 8 9 10
U Bystem
Comonent
2 plosive Valve, 8/ Lab .56 (redund- |2 by g 5 33.6 b 15 |5 2,52
¥, F1il, H.0. Ieskare ant) ot 3.36 %
fa1l mode 33.6ao\| *C 1 o 1
Quick Disconnect 9/ 31 185k 2%, . |3 | mat, 15 1.3 |83k
valve N, Fall (Lab) 2% 1.2 %,
' zh Press. W, 8/ Iab, 4.8 b % .5 9.6 %. 15 | .5 .36
Tan' 08 -1 -1
rant .
(%eﬁge 2 tl .48 'ﬁl
ii. Lines & 8/ Lab. 426 2% 4 12 1596t 5 1.5 .1 L Ly
Fattings .T1 g
.05 2ty 5.9 Ty
(na351ve)
E.plosive Valve, 7/ Oper.
1. T. 8/ 1eb. 13.4 2t 1 | 2.68% 1 la .134
a2k 1-1 1-1
: dt 13k %
Leak f.m. 1 1l
Sressure Regu- 3/ F1t. Test, Final
lator Valve Stg. Boost to Orbit
L.ly per cycle of i
Oper. !
2/ Alreft k2.6 kg A 17.0 % A5 | A 6l '
100, 1-1 i-1
.71 Iab. 2 852 5y
Injcébant Tank Same as 5.54 % .198 ;
Table 2 ° i -1
237 £
rjectant Bladder 8 8.1 324
T?;iea; tl 2 ’
186 ¢,
i
~wrst Dia_hrazm- Same as 53.9 t 1.54
2~ zztant Bladaer Table 2 — 1-1
Cullet 3.08 1Y
A |

c

£iz-A

I Reproduced from
best available copy.




e E-bt

STEM WITH COLD GAS PRESSURIZATTION
E AND RELIABILITY DATA

10 11 12 i3 1 |15 16 17 |18 19 20 21
2.52 .15 .5 2,52 15 | .5 .Oh17 .2 | .5 3.36 REXpl
Valve
{Leak-
age
.999633
83.h .15 .3 | 83.k 15 1.3 [1.395 .2 | .3 { l1L.2 R
(leak-
age)
98775
.36 .15 .5 .36 .15 | .5 .006 5 .5 12.0
b 4y .15 .1 4. Ly .03 |.1 L0005 | 6 .9 1610,
-—ﬁa-999996
13k 1 .1 a3s |1 .1 | L0022y
b h/cye o
* R = 2956
6L .15 .1 Bl I T I ) L0071
198 .198 .00L76 k32, Y/ 990
{Burst
 fail mods)
324 .23 .216 l/_9916
1.5k 1,155 , 006k 1199985/
BD
(Burst
fail
mode)
_ _ //%E;> Page E-128
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Table E-L C.

1 2 3 | b 5 6 7 8 |9 16
Injectant Tank 1 Same as 79.2 %, 4 3.3
Suppt. Assy. Table 2 o 3.96 &,
I(Dre§sure Tank 1 Bame as - 9.2 tl—l 3.3
N ) Suppt Assy. Table 2 '
3.96 By
Injectant b Same as - 581. B 1 19.3
Manifold Table 2 43.6 % '
: 1
Injectant 8 Same as 4.8 By .19
Manifold Sesls Table 2 = 192 &
- 1
Injector Servo b Same as - 59.6 t,_; 3.
Valves Table 2 T bl 7h ty
Servo~Valve 1 Same as - 2981. t1 7h.5
Hydraulic Syst. Table 2 223.6 tl
L9
Total F.R.M78.2 4, . Total F.R, 138.2
-g.urlnégc . 331.2 tl during t2
l-1 1
1 ] 1
E-I3-4

soc 888k FR-1

| [Reproauced from
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able E-4 Cont.

a 10 11 | 12 13 1k {15 16 17 |18 19 20 21
3.3 2.8 L00kg5 138.6
3.3 2.8 .00lgs 115.5
19.39 8.2h .02hok 3878.
.192 L ,00048 92.16
29.83 22.37 .3726 Th57.
7h 5L 55.9 LThs2 21243,
1. [138.2 Total ¥F.R. | 99.145 Total F.R.1.3954 {Tobal F,R. | 34978,
5 during ¢ during during +
- 3 t 5
i
I ] |

i [ Reproduced from
best avallable capy.

1
i
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Table E-5
COLD CAS (NITROGEN) PITCH OR YAW AT®I7
CONFIGURATION 1A-COMPONENT FALLURE RATE .

1 2 3 b 5 6 7 8 9 10
Configuration 1A
Component;
Explosive Valve, 1=y Same as -
Fall, W.O. Table b =
Redundant
Tieakage
Quick Discomnect l?—J Same as
N, F1l Peble & T =
Nitrogen Press. i | 8/ Iab, 4.8 bty .15 9.6%, 5, |.12 (.3 .173
Tank .08 2t 8 %
(Leakage 1 1
f.m.)
N. Tank Support | 1 8/ Iab. 33. he, .6 | 79.2%,, |35 |B | 198
Assy. .95
2% 3.96 R
Nitrogen 5 8/ Lab. 42.6 2%, 1|2 | k26, (25 |1 3.192
Lines & Fittings LTL ot h.o6 ©
.05 R | : 1
(Passive)
Explosive Valve 1 7/Opex
N.c. 8/ Iab. 13.4 2% 4|2 2.68 ta |2 .1 L13k
.22k,
Leak f.m. 'Lty 134 %y
Pressure Regu- 3/ Flt Test, Final Stg. Boost to Orbat:
lator Valve 1 4.4 per 106 cycles of operation
2/ Aareft ho.6 L By fel | 2T, a5 | .6l
100 2% 852 ¢
.71, Lab. 1 1
3-Position 1 2/ 5/ 10.2 bt .1 4086, 5 |15 |2 153
Solenoild Valve Aireft 2% o0 ¢
oL R : 1
(.48 Tab)
Nozzles 2 8/ Leb 3. he 1.1 2he o |15 |2 -09
05
2% 12 %)
Nozzle Seals 2 8/ Lab. 1.2 5t 4] L 128, |2 |1 .08
.02 - -
25, .048 t 4
Total F.R .
= Lt Potal F.R. | 6,413
during 158.76 %1.1 | during 8,
'b g
-1 &t 10.06 ¢
/l i 1 ] 1 i
SGC 884 FR-1 - - - E-14-4A
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{ ATTITUDE CONTEOL SYSTEM
3 RATE AND RELTABILITY DATA

10 11 12 13 i a5 16 17 { 18 19 20 21
I}EXVlv
(Teak-
age)
.999633
Rep (Teak)
.98775
173 12 .3 A7 Jd2 1.3 00288 | 4 5 9.6
1.98 .15 4,98 .03 |.15 | .o00247 | 5 7| 115.5
f
3.195 .15 A1 B9 .03 |.1 L00075 | 6 7| 89k.5
%=, 999996
LIz 1 1 ,13h .1 1 .0024
RReg. .
= 5.956
Kan 15 | .1 | .6k A |.n | .oom i
.153 .15 .1 .153 1 la .0oh8 8 7 57.12
]
.09 .15 .1 .09 .03 1.1 .0003 5 5 15.0 ,
© 048 15 | .1 ] .036 03 .1 |.ooo2l s | .7 8.4
e e pmar——
6.113 Total F.R. 6,401 Total ¥.R. .02082 |Fotel ¥.R. 1100.12
during + during t; during t
3 I 5
I 1 L |
L S Page E-1b - F
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CONFIGURATION 1IB~COMPONENT FATILURE R

COLD GAS (NTITROGEN) PITCH OR YAW A"

’

Reproduced from
best availahle copy.

1 3 b 5 6 7 8 9 0
Configuration 1B
Component
Explosave Valve Same as
i, Fill, M,0. Table L = %
i
{-ﬁedundant in Ieakage |
gaarck Disconnect Same as .
M. Fall Table L o i
i'itrogen Press. Same as 9.6 % L 173 .
Tan Table 5 =T8T |
If._\Tank Suppt Same as o 792 % 1.98 °
Assy Tahle 5 3.96 t}_ |
“.2trogen Ianes 8/ Lab " 2t 4 6.7 by 4 :
Pilt nss Nk 2. el - 15| .2 | 5.75
.05 .2 ‘bl 7.67 tl
(Passive)
Diploswve Valve Same as
I.c. Table 5
Same as 2.68 5 134
Tahle 5 13k t"
3% By
1
Pressure Regu- 3/ Same as Table 5 '
lator Valve :
2/ Aircft bo.6 i Byq fo2 3k, ty 4 A5 1 .1 | .28 !
100 - - :
ab. 71 2% ! |
L 1
e-Fositive 2/ 5/ 28.6 he 4l 22.88 ¢, | 25| -1 .858 |
Soicnoid Valve Adreft . 1 1k 'i:.-
67 2%y . 1
(.18 1ab) ,
Lozies 8/ ILab 3. LR Pt b8t 5| -5 | -1 .18
.05 . -
2 %y .2k ty
ovrie Seals 8/ Tab 1.2 5%, |1 2.4t .2 5 095 ;
.02 - N
2t 096t !
f= — = ——— ]
Total F.R. 232.2% Potal F.R. 10.451
during Lol during t '
£, &t 1147 t s e .
... 1 1 1 | - [
53¢ 88l FR-1, E-IS-4) S



', OR YAW ATTITUDE CONIROL SYSTEM
FATLURE RATE AND RELIABILITY DATA

10 1L 12 13 1 125 16 {17 |18 19 20 al
R Vv
(Leak-
age)
.999633
RQD(Leak)
.S8775
173 173 .00288 9.6
1.98 1.98 .002h7 115.5
5.75 .15 1 5.5 03 | .1 00135 | 6 | .7 |1610.3 ]
.99999%
13k .13h 002k
i 5
q e 056 per
L Regulator
i 1.8 25 .1 |1.28 a |1 | Louke
l
! 358 .15 1 .858 I I .0096 3 LT 150.16 !
i
I
i hl
| 23 J5 | .1 | .18 03 1.1 | 0006 {5 [.5] 30.0
E
R .15 .1 .072 03 }.1 .0002ls | 5 7 16.8
.' = e ——ras ——r—
N | Total F.R. 210,427 Total F.R. .0337hk |[Total F.R. 1942.3 ¢
during % during £ during ¢
3 i 5
— | | ! I - .

Page E-15 —[3
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~ MONOPROPELTANT (N2H4) REACTIC
COMPONENT FATLURE RATE f.

1 2 3 L 5 6 7 8 9 [+ 1
Monopropellant
ACS Component
Explosive Valve 17 || Seme as Table b 33.6 tl-l 2.5.
E. Fill, H.O. 3.36 &
—Redundant in Leakage : 1
Quick Disconnect 1__ || Same as Table 4 11112, %, 5 83.:
Valve N, Fall 111.2 & ’
1
Kitrozen Press. 1 Same as Table 5 = 9.6 tya L1t
Tank 1}8 %
* 1
N. Tank Suppt. 1 fame as Table 5 - 70, 2 tl-l 1.¢
Assy ' 3.96 4,
Natrogen Innes 6 8/ Lab 42,6 2% 4 |41 5L.lty 5 |-15 |1 3.8,
& Fabbings 7L 5t 5.11 % ‘
(.05 AR | : 1 .
passive
Explosive Valve 1 7/ Same as Table 5
N.C. 8/ Same as Table 5 — 2,68 1 iy
| 13k %
) |
Pressure 1 3/ Same as Table 5
Regulator Valve 2/ Same as Table 5 —- 17. % o LB
.852"(}1
Propellant Tank 1 6.3 2/ Hydra-|6 ty g [+3 |1995. by .25 | .3 |66.L5
(Lab) zine) % £ »
886 . 3%, 79.7
Propellant Tank i 8/ Lab 33. Y tl 2 .6 79.2 & .2 .5 3.3
Suppt. Assembly .55 2%, 3.96 %‘
Propellant Pos. 1 8/ Iab 5.4 5 tl—l .3 8.1 tl— .2 3 -3=
Displ. Bladder .09 3% 486 ©
{Leak f.m.) R | :
Burst Diephragm 1
Tank Inlet
Burst Diaphragm 1 2/ aireft. | 6.42 7% .3 13.48 t.91.2 .3 .37
Propellant .15 L -t T 6
Bladder Outlet 207 Lab. L 1
(Leakage
£.m.)
SGC 88k FR-1 E b~ A

Reproduced from
best avaitable copy.




JRE RATE AﬁD RELTABILITY DATA

1 %
] 10 11 | 12 13 b {35 16 ) 17 )18 19 20 2
.0k17 336 | oot vy,
e " (Leakagze)
. 999633
R
A 1.395 111.2 D
2 ” (Leakage)
L9875
73 273 .00288 9.6
1,95 1.98 00247 115.5
3,33 15 .1 3.83 03 .1 .0125_ 6 7 (10734
) B . 999996
13k .13k .02k
= 5956
T Bl L0071
L5 .25 .3 { 66.bs 2 1.2 .252 6 .5 | 2658,
i 3.3 27 | s | 2.8 06 |25 Lo0kgs | 6 | .7 | 138.6
]
i .9916
2k A5 ) .3 243 1 1 J.2 | .108 1/ .99
Y848
(Burst
—_— f.m. )
B 235 -15 .3 .289 A W15 | Loo6 1(99985
(Burst
17 f.m )
—————— A
Page E—l6:5
T g@é’{’gg?ﬁ;ﬂ;f{gg'py . O — S — .



Table E-7

1 2 3 b 5 6 7 8 9
Propetlant 12 | 8/ Lab. 121,2 bt 4|3 Tk, b, 4 1.2 | .2 5%
Iines & Fittinss 2,02 .
3% 130.
1 1 !
! i
N H) Servo L %Iﬁ%) 3/ Oper.| bt 4 |2 597. %112 | -1 2:
Control Valves 373. 3t 448 .8 ty
Thrust Chamber ] .1 2/ Oper -l (at~20 cye/chamber,
& Cakalyst 52/cyc L tl—-l 1 9.6 tlwl .15 1
2 %y .48 By [
!
Expansion L 8/ 1ab 3. bt i 4.8 ¢ a5 | .2
1-1 1-1
NoZzle .05 ot o4
et o —
Total F.R. 4210.%, , |[; Total F.R 165
during & " . durinz ©
1-1 2718, 2
& 5 l
1
E-17-8
SGC 884 FR-1 _ -
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-7 Cont.

59,17 A7 A k.72 .03 | .1 L0727 7 .8 81hk,

20,83 .15 1 | 22.37

-
|_.l

.15 | .3726 w5 10kkk, —

-20(50)106
.36 .15 1 .36 .05 .1 | .00z e = ,999/TC
.18 15 A f .18 | .03 .1 |.0005 0| .7 8h.
55.75 Total F.R. 124.17 |[Total F.R. .8kOL Total F.R. 22667.
during t3 during th during t5

|| | |

Reproduced from
best available copy
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BI~PROPELTANT (NQHl-Ngou) REACTION JET A
COMPONENT FATTURE RATE AND RELIAT

1 2 3 L 5 6 7 8 9 10
Bi~Propellant
ACS Component
}E{x_pl;si{e Ea.éve, 1 Same as Table U4 33.6 tl—-l 2.52
C, 1 3 e I 3.36 _tl
+4— (Redundant in Leakage)
Quick Disconnect l—l Same as Table b 1112.6 83.k
Valve He, Fill -
? 111.2‘!;1
Fuel CHeck 1 2/ Airceft.| 98 7t 2 0| 137. % A5 .2 2,94
Val 230 1-1 1-1
alve Rl By 7.84 5
- (Redumdant in Fuel Leakage)
Burst Diaphragm 1——i 2/ Aircft Tty 13.48 Ty
Fuel Tank Inie} 15. 6.42 .3 .2 .3 .385
Aty ST %)
(Leakage f.m.)
Oxid. Check Valve 1 (Same as Fuel C.V.) =
- (Redundant in Oxad. Leskage)
Burst Diaphragm - l—l (Same as Fuel BD) —————tm
Oxid. Tank Inlet
Helium Press. 1 8/ Lab. 7.56 ly, tl—l .5 15.1 % A2 1.3 .0k5
Tank 126 5% 7565
= Tr : 1
He. Tank Suppt 1| {rable 5) - 79.2 %1 4 1.98
Assy. 3.96 t}_
He. Lines & 13 8/ Tab | ke T 2% 1 | wo7, |15 1.1 | 8.30
Fitings aal -1 11.0 't-
(‘05 -2 tl . 7 l
passive)
Explosive Valve, 1 7/ Sane as Table 5
y.c. 8/ Same as Table 5 emmemws» 2.68 b, .13k
A3k
P
Pressure Regu 1 3/ Same as Table 5
lat
ator Valve 2/ Sgme as Table 5 —=»l17. tl—l -6k
I 852 tl
l I
SGC 884 FR-1 E-lg-A

Reproduced from

best available copy.




-8
SUION JET ACS (PITCH & YAW)
AND RELTABILITY DATA

10 11 |12 13 14 {15 16 {17 |18 19 20 21
2.52 2.52 .ot 3.36 Rmpl
Viv.
(Leakage }
.999633
83.% 83.k 1.395 11,2 Bop
(Leakage)
98775
2.94 15 2 | 2.94 .05 (.1 ) b9 Ry
(Leakage)
»995703
.385 15 .3 .289 .1 |.15 | .0963 1 Rgp
(Leakage)
.999156
Rey
(Leakage)
995703
- Rep
{Leakage)
.999156
.0b5 A2 | .3 | .obs 2.3 | .ooks53 [ L |.5 15.12
1.98 1.98 ) .002k7 115.5
8.30 a5 | .1 {8.30 .03].1 | w0195 |7 |.7 |2713.
e L 5'96
134 134 002l
_z’
.956
.6l 6L Roleyal
i
4
- Page E-18~5
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Table E-8 Cont.

ﬂeproducedfronl
best avallable copy

1 2 3 b 5 6 7 8 9 10
1 opellant Tank 2 6.3 2/ 886, | 6 tl_l 3 319. b, .25 1.3 132.9
3% 159.4 ¢
1
ropallant 2 8/ Lab 33. L. b 1 6 159. b, 4 2 .5 6.6
gt Suppt. .55 -
LY. 2 tl 7.9 tl
1opellant 2 8/ Iab 5.t 3 6.2t 5 (.2 |3 .648
~.1l.Displ. .09 97 t
ladder (Leakage 5% : 1
f.m.) 1-1
.3 tl
arsi Diaphragn 2
ropell, Tank
nlet
vrst Diaphragn 2 2/ Aircft 6.42 Tt.1 {3 26.9 6.4 |2 .3 77
vonellant 15 L ‘t“ 1,54 +
lLadder Outlet 107 Lab * 1 5 1
{Leakage
f.m.)
ropeilant Laines | 30 8/ Lab 121.2 b tl 1 3 4363. tl-l 2 .2
ttings 2.02 - ’
3t 327. & 1hs Lo,
_-nropellant L 9/ Oper. 870. bty o [ 1392 % 2 |.1 | 69.6
nlre ?_70' 3% 10k b
5 1 1
(Lab)
:lenoid 8 5/ Aireft | 3/ Sat. | 7 bty g 2 185, 64 {35 | .1 6.6
33 Opex. g 10.5 %
24 (Tab) 7.6/cye 1
iero-switeh b 2/ Aircft Tt A 36.h % 25 | .1 1.3
Jor 0:id. Lead) 13, -3 P
.093(Tab) 5% 0%
ruo% Charber b | 2/ Aireft | 86. ko, o |1 | 137.6%, 15 | | 5.16
FoIseer 200 2% 6.88 %
1.5 TLab 1 1
sansion 4 8/ Iab 3. bty |W1 .8t 5 |25 | .1 .18
azzle .05 = -
.2 'bl .2k tl
Total F.R. 6864.5 t 1 Total F,R. 380.25 I
during %,  g38, ty during t, ¢
& tl
, 1 l |
53L FR-1 E-19-1



8 Cont.

10 11 12 13 ik 115 16 | 17 |18 19 20 21
132.9 25 | .3 | 1329 | .2 f.2 | .s04 6 |.5 5316.
6.6 A7 | .5 5.6 | .06 |.15 | .0099 | 6 | .7 277.2
648 | 15 .3 IR ITCTS% U T - .216 149916/
BRldr.
1/
8 968/
BD.
(Buxst
f.m. )
77 .15 .3 578 .1 (.15 | .0032 l/.99985/
BD (Burst
fom. )
17 .1 £1.8 03 4.1 L1818 7 .8 20361.
A
3.6 .15 .1 52.2 07 | .1 e 12 .5 20880
6.6 .2 1 5.28 .05 [.1 L0096 | At 20 cyc/chamber x 2 Sol/Chamber,
e-20(7.6)(2)1o'6 = ,9996/Chamber
1.3 .2 .1 1.0k .05 |.1 L00186 | 10 | .9 LE8.
5.16 .15 .1 5,16 .05 i.1 .03 10 | .5 1720.
.18 .15 .1 .18 .03 |.1 L0006 12 | .7 100.8
30.25 | Total F.R.276.32 Total F.R.1.395% | Total F.R. 51966.
during © during © during t
3 It 5
| | | |

Reproduced from
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TRANSLATING NOZZLE LVC - COLD GAS 1
HYDRAULIC SERVO-AQTUATIO.
COMPENENT FATTURE EATE AMD RELIAR®

1 3 L 5 6 7 8 9 10 1
+C Systenm
» mponent
1 1.656 il
renslating 2/ Lab 55.2 1 tl..l -2 1546 t’]_-l 15 2
ozzle Sliding .92 .5 6y 11.0k 6,
zal
~Ring Seal .6 (Lab) 2/ 35 2% 515 26.3 LT R IR 33
3t 1.58 5y
sbyranth A (Tep) 2/ 20 i3 tl—-l .1 8. tl--l 15 1 .30
spal e tl A By
. .38
.orzle Flange 8/ .he 25.2 5 tl.-J_ -1 126 tl—l 15 = 3
dearing Surface 2%, 5ty
Translating Nozzle F.R. - 189. ty g 2.87
13.5 tl
. .8k
ictuator, 8.8 (Lab) 3/ Adreftih typ oL 8ho. ¢y 5 1.5 .1 4 31
P&Y 531 2%y ko .5 by
Ariuator 8/ Tab 33. h' tl_l .6 316.8 tl-'l 2 -5 13.2
Support 25 -2 53 15.8
.35Y.
sctuator 8/ Teb o1 385,42 50.4 YR .1 1.68
Cenneting Rod .35 2% 3.36
i. Yoke Assy 1 1
Servo Valve 23.5 (Lab) 2/ pirers|h ¢y o 1.1 |26328, 5 (.1 | .1 | 65.8
3290 2 %, 131.6 &,
Feodback 5 2/ Aires(6 4, o |1 | 360.%, , |52 | 9.0
Transducer (rab) 300 3t 18. %
Lozzle Posibion 1 1
. .28
ydvaulic Fluid 1.k 2/ Aircfs|6 t 5 | -3 150.8 %, 1125 | .3 6.2
Zank (Lab) 83.8 3 tl 7,55 tl
“séraulic Tank 8/ Lab 33 b, ;16 79.2% 5.2 |.5 3-3
cupport Assy {\ .05 5 tl 3.96 tl

e 88'!; FR-1 // ‘

Reproduced from
best available copy.




VC ~ COLD GAS PRESSURIZED
SERVO-ACTUATION SYSTEM
ATE AND RELIABILITY DATA

10 11 l2 13 1 i1s 16 17 | 18 19 20 21
1,656 .15 .1 | 1.656 05 .1 L0092 | 10 | .6 662.4
.53 a5 | .53 .03 |.1 | .0018 h | .6 8k.
.30 .15 2 .30 .03 |.1 .0012 | & .5 Lo,
.38 A5 A .38 05 .1 .0021 |10 .6 ‘151.2
287 2.87 .01k3 _EE§F]§A“
31.8k .15 .1 | 3184 .03 [.1 .1056 6| .5 |6372
13.2 A7 | .5 [11.2 .06 | .15 L.0198 6 | .7 |55k !
1.68 1 il 1.68 .03 1.1 0084 L .5 336.
65.8 i .1 165.8 03 (.1 | .1 L | .5 [L3160.
9.0 .15 A g 03 1.1 .03 b .5 1200, :
6.28 .25 .3 | 6.28 2 |.2 .056 7 7 4310.6
3.3 .17 S| 2.8 J06| .15 .o0kg5 | 6 7 138.6
X
Page E-20-R
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Table E-9 Cont.

1 3 L 5 6 T 8 9 10
Hydr Tank 8/ Lab 33 IR .6 79.2 t 2 5 3.3
Suppt. Assy 52 -1 1-1
2 %, 3.96 b
Hydraulic Tank 8/ Lab 3/ Oper
Positive Displ. .09 200/106 | 5 £ |3 8.1t 2 |.3 .324
Bladder (lreakage cye . " 486 & )
f.m.) (Leakage -3 1 * 1
f.m.)
Burst Diaphragm 2/ Aareft T tl—l 13.5 tl-—l
Hydraulic Tank 15 6.42 b4 3 77 b .2 .3 .385
Outlet A07 Tab 1 * 1
(Leekage
f.m.)
. Pressure 3/ Flt. Test, Final Stage Boost to Orbit:
Regulator L.k per 10° cycles of operation
Valve
s }
2/ Aireft | k2.6 he, 12 17 594 A5 |1 .6l
100 2% 85 %
LTl Tab ‘ 1 * 1
Explosive Valve, 7/ Oper.
H.C. 8/ Lab. 13.% 2% 2 2.68 & 1 1 .13k
i-1 1-1
22k 14 134 +
(Leakage | - i
f.m. )
Kitrogen 8/ Lab 4.8 bt |5 9.6t | 12 |.3 173
Pressure Tank .08 N %" 18 &
(Leakage e : 1
f.m.)
i1, Tank Suppt 8/ Iab 33 bt b1 T79.2 % A5 | W ] 1.98
Assy 55 P i'-l 6 %-l
2 5y 3-96 %,
‘T"*ti%nes & 8/ Lab 42.6 2ty |2 Sl | .25 |.1} 3.83
Fitlings Kol o % 5.11 &
(.05 il ) 1
pa.ssive)
Total F.R. L1868, t Total F.R. 142.3
during -1 during &
by, &% B25 2
S | ]
. - - 2. -
> 88k FR-1 _ E-21-A

best avallable copy.
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ble E-GQ Conk.

9 10 11 a2 13 ik | 15 16 17 118 19 20 21
5 3.3 17 .5 2.8 .06 |.15 j.oohos i .6 .7 138.6
. &
L” 10 { .95 | 1900/10 Rp1adder
3 J ..324 .15 .3 -2h3 21 .2 .08 e o=+ 0019
] - .98
3 .385 .15 .3 .289 1 .15 | .0016 1499985
(Burst
f.m. )
-6
=1%o
& RReg. '-56
= ,956
L .6l Rl ] 6L Ao L0071,
o |5
.96

- .13k .1 .1 .13k N L0020
i 173 I .3 173 A2 1.3 00288 | 6 .7 20.1

1,98 .15 4ot1.98 .03 |.15 |.oo2k7 | 5 .7 115.5

3.83 a5 | .1 3.83 03].1 l.0128 | 6 7 | 1073.4

N
k2.3 Total F.R. 139.6 Total F.R. .6688 |Total F.R.3L0OLk,
during © during tlt during t5
3 .

o | | | ! L L

Reproduced from
best available copy
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Table E-10

TRANSIATING NOZZLE TVC - HOT GAS GENER
HYDRAULIC SERVO-ACTUATION S¥:

COMPONENT FATIURE RATE AND RELTIA:

S 2 3 b 5 6 7 8 9 10
VG System
Component
Gas Generator J l/Test
Igniter (inel. Fire
squibs)
Gas Generator 1 1/Test
Fire .
Hot Gas Menifold | 1 1/
Assembly
Gas Cenerator 7 8/1ab 1.2 5% |1 %2ty .2 A 168
Manifold Joint .02 5 t— 168 +
Seals = * 1
Relief Valve 1 2/Aireft be o [1 |15 t4 A5 1| 5.655
317 2t 7.5k &)
Burst Diaphragm 1
Hydraulie Tank
Inlet
Gas Generator 1 33 bty [0 192 %, 2 | .5{ 3.3
Suppt. Assy.
2 tl 3.96 6y
Hydraulic Fluid 1 (Table 9) e [150.8 &, _, 6.28
Tank To5h t,
Hydraulie Tank 1 (Table 9} e | 79-2 ty 4 3.3
Suppt. Assy. 3.96 ©
' 1
Hydraulic Ianes 25 (Teble 9) o= | 60.6 5 1 .86
& Fittings 5.5 ¢
IR
Serva Valve 2 (Table 9) o= 12632, .1 65.8
131.6 ¢
Teedback Trans- 2 (Table 9) o= | 360 5y 4 9.
drcer-liozzle Pog, N
18. tl
I [
n 23% FR-1 N —— E-22-A

1/’ N

i
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. E-10

" GAS GENERATOR PRESSURIZED
TUATION SYSTEM

, AND RELIABILITY DATA

10 11 |12 13 il Jas5 16 | 17 218 19 20 21
. 99971
99895
.999952
.168 A5 | . 126 03] .1 |.o00k2 |12 |{.9 90.72
5.655 15 | .| 5.655 051 .1 {.0315 7 1.6 |158k,
8 968
{Burst
f.n.)
3.3 A7 | 5] 2.8 061 .15 | .o0kgs 5 | .7 115.5
25 6.28 .056 Lioc.g | —
3.3 2.8 .00h95 138.6
i -~
i .86 .86 1515 9695.
|
5.8 65.8 Rl ' 13160.
|
& 9. .03 1200,

Reproduced from
best available copy.
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Table E-10 Cont

SGC 884 FR-1

Reproduced from
{ best availahle copy

— i ee———

1 L 5 6 T 8 ]9 10
Hydraulic Tank {Table 9) | 8.1 LY .32h
Posit. Displ. 486 +
Bladder * i}

Burst Diaphragm (Table 9) e 13.5 t, 4 .385
Hydr. Tank Outlet 7T b
' iR
Actuator P&Y (Table 9) < 849. ty 4 31.8k4
he .5 'bl N
Actuator (Table 9) | 316.8 £, . 13.2
Suppt. Assy.
15.8 Ty
Actuator Cont. (Tsble 9) | 50.4 51 1.68
Rod-Yoke Assy. g 3 —
3.36 ¢ L835. +, 5
T eabkh. 4
Translating (Table 9) e| 189. % 2.87
Hozz. Assy. )
13.5 'ﬁl
Total F.R.  (4963. t, 7 | Total F.R. 24k.65
during tlc-l o5k, t]_ during t2
and &
1
| i |
E-23-8



-10 Cont.

10 11 |22 13 14 15 16 |17 |18 19 20 21
.32k .23 .108 1900/106 0019
eve =.9981
.385 .289 .0016 | 1/.99985
(Burst
fom.)
1.84 31.8k L1056 6372,
3.2 | 1.2 .0198 554 4
L.68 1.68 .008k | 3.
z—rz» 143.16 $-139.85 £ 668 2 ~=34043.
|
)87 2,87 ' L0143 937.6
4,65 Totzl F.R. 1h41.hh Total F.R..678 Total F.K. 34595.
during t3 during tl!» during 'I:5
1 L] { ]

Reproduced from

' | pest avatlable copY
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Table E-11,
TRANSIATING NOZZLE TVC ~ HYDRAULT
RECIRCULATING SYSTEM ~ ELECTRIC :
COMPONENT FAILURE RATE AWD R

1 2 3 b 5 7 8 9 10
TVC System
Component
ilydraulic Fluid 1 | (Table 9) = 150.8 1, _; 6.28
Tank
& 7.54 %,
Hydr. Tank ;| (Table 9) o 8.1 % .32k
Posit. Displ. 186 %
Bladder 1
Hydr. Tank
Suppt. Assy. 1 (Table 9) = 79.2 &, 5 3.3
3.96 by
lyéraulic Lines & {36 8/ 1ab 87.2 t, 4
Fittings 2.02 121.2 LAY 6.5k t A7 1 1.236
236y
Electric 1 |28, 3/ ICBM {3 %, 4 178, 6 o |27 |2 | 66.79
1 lotor-Pump (1ab) 3929 2k, 78.58 t
Hydr. 1 12 3/ ICBM |36, 496.5 4, _, '
Accumalator (Lab) 1655 2% 33.1 %, 5 |1 oli.82
Relief Valve 1 16. 2/ Airess|h b 38.56 t,_, | .15 | .1 1.Lk6
Fydr, (Tab) 96.4 o1 1.93
1 1
Cneck Valve 1 2/ Aireft | 98 7%y 1376, |15 |.2 2.94
230 R 7.8% t
Servo Valve 2 (Table 9) 2632 bz 65.8
13L.6 t
Feedback X-ducer | 2 (Table 9) 360 &, -. 9-
sozz, Pos. 18, &
1
‘sbuator, P& Y L (Table 9) 849, 6 4 31.8k
\ l k2.5 4
>0 284 FR-1 - ) £-2u-A

P

BEproduced from
best available copy.




able E-11

- HYDRAULIC SERVO-ACTUATION
~ ELECTRIC MOTOR DRIVEN PUMP
RATE AND RELTABILITY DATA

10 1 |12 13 1k 15 16 | 17 | 18 19 20 21
6.28 6.28 056 10,6
.32k 243 .108 1900/106 eye = ~,0019
= © .9081
3.3 2.8 .00kgs 138.6
1.236 17 .1 1.236 .03 1.1 L0181 ] .8 13962.
66.79 A7 .1 |66.79 05 (.1 140 N .5 7858
2k 82 .15 .1 2,82 .05 |.1 .06 b .5 3310
1446 A5 .1 1.8:6 |.05 |.1 .08 T .6 Lok.,9
2.9k 15 .2 2.9h .02 |.1 .196 7 .6 L31.6
€5.8 65.8 b1 13160,
a. 9. 03 1200
31.84 31,84 L1056 6372.

Heprodiceq fro
2st avallahjg Copy,

)
o |
, |
1
!
S
AT

% Page E-2443




Table E-11 Cont.

1 3 5 6 7 8 9 10
Actuator Suppt. (Table 9) 316.8 %, _, 13.2
Assy. =

15.8 %,
Act. Cnnt. Rod (Table 9) —>50.4 5y 1.68
Yoke Assy. 3.36 tl
Translating (Table 9) =189. % 2.87
Nozzle Assy -1
' 13.5 & .
!
| H::.m: R
Total F.R. 6572. t, ; [ Total F.R. 231.5
during during .t
t, . &t 3647 &y '
1-1 % "1 :
: | | 1
E-25-A

A

23 FR-1

rﬂeproduced from

best available copy.




511 Cont.

10 i1 |12 13 1k | 15 16 {17 {18 19 20 oL
13.2 .2 .0198 . 554 .4
1.68 1.68 L0084 336.
2.87 2.87 L0143 937.6
—————— = _——m—n— . b
R. 231.5 Total F.R. 228.9 Total F.R.1.182 | Total F.R.L9055.
5 during t3 during th during t5
L i l | ! l ]

Reproduced from
‘[ best avaifable copy.
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RECIRCUIATING SYSTEM - C45 GEW,

Tat:e E-12
TRANSLATING NOZZIE TVe - [YDRAULIC T

TURZ"

COMPONENT FATLURE R;7Z AND RELL'.

R
best available copy.

eproduced from

1 2 3 L 5 6 7 8 9 10
TWE System
Component
Gas Generator 1 1/ Test
Igniter (Incl. Fire
squibs )
Gas Generator 1 1/ Test .
Fire
Gas Generator 1 1/
to Turbine Manif,
Assy.
Gas Gen Manif. 7 (Table 2) k.2 R L1653
Joint Seals 268 f'-l .
Relief Valve, 1 (Table 10) =151, by 5 5.655
Hot Gas
T7.54 t;
Gas Gen. Supph. i (Pable 2) <2 79.2 %, 5 3.3
Assy 3.9 )
Turbine & Pump 17 (Zab) 3/ ICBM A 75 by 5 | ) 5.8
2386 1 3%, ¥7.7 % '
.2 tl
Hydraulic Fluia | 1 (Table 11) “ﬁl50.8 6.1 6.23
Cank
7.54 t) ‘
ypdr. Tank 1 (Table 11} —e» 8.1 %, ) 32k
Posit. Displ,
31adder 186 ¢
svdr. Tank 1 (Table 11) 79.2 % 3.3
CTuppt Assy. 1-1
3.9 )
:.L;-%:n.:‘\;nes 36 (Ta.ble 11) o 87.2 tl_l 1 236
6.54 5y
i 1
<



~12

RAULIC SERVO-ACTUATION
TN, TURBINE IRIVEN PUMP
.0 RELIABILITY DATA

10 11 12 13 14115 16 17 | 18 1§ 20

.99971

99895

.999952

168 .126 .aooke 90.72
355 5.655 .0315 158k,
3 2.8 .00L95 115.5
8 .15 .1 135.8 05 | .1 . 085 L T 6680,
28 6.28 056 410.6
324 .23 .108 1900/106 cye = e~ 0019

= ,9981
3 2.8 .00495 138.6
236 1.236 .2181 13962.

Page E-26—[3
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Table E-12 Con

1 2 3 b 5 6 7 8 9 10
Hydraulic 1 (Table 11) 496.5 &, 24.82
Accumulator

33.1 tl
Relief Valve 1 (Table 11) = 38.56 ty 14L&
Hydr. 1.93 1,
Check Valve L (Table 11) 137. ' 2.4
7.84 %,
Servo Valve 2 (Tavle 11) e 2632 T 65.8
131.6 5
Feedback 2 (Table 11) e 360 t 9.
X-ducer Nozz. - 18.
Pos. Y ‘
Actuator P & Y L (Table 11) =8l9 t, . 31.8k
ko5 5
Actuator Suppt. 3 (fable 11) 316.8 tyg 13.2
Assy. -
Sy 15.8 t,
Act, Cnnt. Rod- 8 (Table 11) o= 50.4 5y 1.68
Yol -
oke Assy. 3.36 tl
Translating 1 (Table 11) 189. ' : 2.87
—0zzle Assy. 13.5 tl
Total F.R. 6343. t,_, [fotal F.R. 235.48
during &, ; & %, 3k5.5 %) during t,
| ] H ] |
et T E-27-A

237 884 FRo1 Reproduced from
’ bast available copy.




2 Conti.

10 1 1z 13 1k 1215 16 17 | 18 19 20 21
4.82 24,82 .06 3310
1.4h46 1.4h6 .08 Lok, 9
2,94 2.94 .196 k13,6
5.8 65.8 L4 13160,
y 9. .03 1200
it 31.8L .1056 6372
e 1.2 .0198 55 .4
uZ 1.68 . 008k 336.
=7 2.87 .01k3 937.6 f
242 FL.R. 206,53 | Total F.R.1.166 |Total F.R. 149668, |
cur.ng t3 during tll; during t
5
I 1 ] |
best available copy. Page E_‘?T"ﬁ
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Table E~13

TRANSIATING NOZZLE TVC - ELECTRO-
COMPONENT FATLURE RATE AND |

R o T T >

1 2 3 L 5 6 7 8 9 1
TVC Sys‘l;em
Component
Electro-mechanieal | & 81.68 5059. Il Ty .15 123h0, tl-l A7 4.1 34l
Servo-Actuator o & €07.
Assy. 1 1
Gear Train(3 gears {Lab) F QXF
to CW Clutch 3 8/ .98 58.8 L76.4
Gear Train(ly gears
to CCW Clutch b 8/ 1.8 108. (432
Gear Train(2 gears
to each end of 4 8/ 1.8 108. 32
worm gear shaft)
Worm Drive Gear 2/airefy(ac)
& Sector 1 2.8 167.5 f67.5
5/AC (302.4)%,
Screwjack 1 2.1 126 126, (15.1) 5y (8.
Feedback Trans- 1 5. 2/ AC
ducer, nozzle DOS. 300 300
(screwjack) 5/ AC
Rotary Solenoid L.05 2h3 186
Mechanical Clutch; | 2 2.5 2/ 150 [300
(Tapered Coi1l
spring end to
conical clubth face
& mandrel-CW,CCW )
Clutch Interlock 1 8/ 1.8 108, h08.
Bearing, & Solenoid
Adjstt.
Clukeh Shaft 8/ .62 37, 37.
Worm Drive Shaft 8/ .62 37. 37.
Bearings, Ball 1.0 8/ 3.53 2l2, [2120,
3/Space [Envir,
Synchronous Motor |1 3. 337 337
H
i
81.68 5059
Translating 1 (Table 9) 189. ty 1 2.587
Neczzle Assy. -
Y 13.5 5,
12329. by 346.57
{\ 620.5 £y
SGC 884 FR-1 f)\ E-28-A
— TN -~ =



e E~13
ELECTRO~-MECHANTCAT, SERVO=-ACTUATION
TE AND RETLTABILITY DATA

10 1 | 12 13 1 (15 16 |17 | 18 19 20 2t

3hk, A7 | . ] 3hy 03 [.1 4 9801 |3 7 Lokgs

(8.57) .(8.57) (.025) (1058)
2.87 2.87 L0Lh3 937.
346.87 346.87 .99l h3l32

L
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Table -.:n
GIMBALLED NOZZIZ »:: oolD GAS
BYDRAULIC §i, g 2oURTI0H

Reproduced from
best available copYy.

COMPONENT FATLUEZ :,-r AND REL
1 2 3 h 5 6 7 8 | 10
-—.._,___g__.,--—-———'i
TVC Sysbem ?
Component !
N
gzzile Sliding 1 Eéglna'b 55.2 7t (-2 2%, |15 .. .328
5 by 5.5 ¥y
~1 (Redundant ) i )
Bellows h 8/ 2.237 | 13t.22 |6 ty.q -2 161 %5 .15 | . f 2003 |
-3 g 8. By
Flexure Pivot b 8/ lLab 12.6 7% .1 3.2t A7 | .857
Bearing 21 -1 -1
= ‘ L % 2.0L %
Aty 01 %,
0O-Ring Seal L .6 2/ 35 (Table 9) = 26.3 &, _; .53 )
(Lad) i g
1.58 ¢
l 1
I
Gimbelled Nogzzle F.R.  61.5 %y 1.387
3.59 ;
Rotery Hydr. L 2.9 5/ Aircft| b t.q |1 228.8 4, _, |15 | [ 8.58
Actuator P&Y 1h3 - 1- '
2% 11.4h ¢
1 1 t
Actuator § . L X -3
Aotua or Suppt (Table 9) T3l6.8 By 3.2
15.8 ¢,
Servo Valve 2 (Tavle 9) —w |2632. 2y 5.8
131.6 %, :
I
Feedback Trans- P (Table 9) | 360. % 9.0
ducer (rotary) 1=t
18 %
1
Hydraulic Lines 25 | (Table 9) o 60.6 % .86
& Fitbings =1
L5t
1
Hydrauls ; 6.28
Hydr aulic Fluid | 1 (Table 9) : ~—r 150.8 ;3 28
7.54 6
Eydr. Tenk Suppt.| 1 (Table 9) $ 79.2 7 1 3.3
S5Y.
.96 %
1 B B
SGC 884 FR-1 h £-29-A

'THeproduced from
best available copy-




PRESSURIZED Reproduced from

best available copy.

~
A

., =1 SYSTEM
., ~IuIABILITY DATA

"" 11 |12 13 1 |15 16 |17 |18 19 | 20 o1
Tl s .828 .05 1.1 L00k6 |10 6 331.2 | 951
- A5 | .1 | 2.013 .05 |.1 | .01138 | 7 |.6 563.7 3.9888
7 .15 .1 756 03 1.1 .0025 10 |.6 302.4
o .53 .0018 8h.
T 1.286 .0oh3 386.4
.3 .15 .1 | 8.58 .03 .1 [-0o3k8 [6 .5 | 1716.
: 1.2 .0198 55k .4
. 65.8 l A | 13160.
’ 9.0 .03 1200.
% . ‘ .86 1515 9696. ;.
._._2_5—"_ 6.28 ) .056 410.6
—_— ]
.2 2.8 .00hos5 i138.6

Page E-29—-13
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Table E-1l4 Coni.

1 3 5 6 7 8 9 10
Hydr. Tank {(Tavle 9) 8.1 2Ry .32L
Pos. Displ. L86 %
Bladder 1
Burst Diaphragm (Table 9) 13.5 5q_5 .385
Hydr. Tank Oub- 77 %
let * 1
N. Pressure
Regulator Valve (Table 9) ~g= 17. £y o 6l
Explosave Valve
.C. 2.68 5, _; 134
A3k By
Nitrogen (Table 9) —e 3.6 %y .173
Press Tank 48 .
. 1
N. Tank (Table 9) —79.2 1y _; 1.98
Suppt. Assy. 3.96 &
. 1
N. Lines & (Table 9) SL.L %y _y 3.83
Fittings i
5.11 &
) 1
1
Totel F.R. HOT1. %, , |[Total F%R. 215.87 ‘g
gurmg 5 208.2 b, during T, !
1-1 7 71
L | l
£-30-P

> 88 wR.1



1L Cont.

10 11 | 12 13 1 |15 16 |17 | 18 19 20 21
32k .2u3 .108 {Table 9} [~ G081
385 .289 .0016 1(99985
(Bu.rst
f.m)
(Table 9) —-—w-s.956
.64 Bl L0071
(Table 9) ———— o= 5 6
134 .13k .002k -3
173 173 .00288 20.1
.58 1.98 00247 115.5
33 3.83 .0128 1073.4
37 Total F.R.113.09 Totel F.R. .5796 |Total 28U7L. B j
during 'b3 F.R. .
during
£
—— L 1 5
Page E-30 “B
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APPEIIDIX F

LMENCLAYURE

ALPHABETIC SYMBOLS

H o H 0 ;% o] U.ﬁ” @

H
m
o

Tot

b =2 5 ©

= = g < 3

N L

acceleration, ft/sece

area, :i.n2

thrust coefficient

diameter, in.

thrust, force, 1b

failure rate

gravitational constant, 32.2 ft/sec2
inertia, ft—lb-secg

specific impulse, Ibf-sec/lbm
total impulse, lbf-sec

length, in.

mass, slugs

mass, slugs

pressure, lb/:'m2

power, hp

uncertainty in c.g. location, in.
radaus, in.

gas constant, £t 1b/1b °R
reliability

stress, lb/in2
stroke, in.

deflection, in.

time, sec . [Reproduced from
hest available copy

thickness, in. ]

o - T =
temperature, "R N

torque, in-1b

volume
weight flow, 1lb/sec
weight, 1b

natural frequency, rad/sec
distance parallel to motor centerline, in.
distance normal to motor centerline, an.

compressibility factor

3/ 8

GREEK SYMBEOLS

o4 - th
- an,
B no’
7 ST
€ no”
z da:
'?f 1z
3 de:
SUBSCRIPTS
. pe
o - in
-~ nc
1 nc
ne
ay
act ac
b he]
c - ¢
- c'
f
g
i
/) 1
TN T
P -
- I
FT I
PS 1
r X
Treq 1
res :
8
% -




APPEIDIX F

NOMENCLATURE
GREEK SYMBOLS
a4 - thrust vector angular misalignment, degrees
- angular acceleration, rad/sec2
B nozzle rotation, degrees
7 specifac heat ratio
€ nozzle expanzion ratis
z damping ratio
&y 52,2-ft/sec2 %? line efficiency
b] density, lb/in3
:sec/lbm SUBSCRIPTS
L peak amplitude
o - initial
- nozzle bellows flange
nozzle inlet station
nozzle exit station
seation, in. a axial
act actuation
y %R b pressurization tank
c - component
- chamber o o
£ sl [T,
g gas : o
i initial -
Ji line
N normal to roll axis
P - parallel to roll axis
- propellant
FT propellant tank
5 vressurizabion system
/see T response
otor centerline, 1n. req required, pressurlzétion gas
or centerline, in, . res residual, pressurlzation gas
s side (injectant)
t -throat 7
-~-tank materzal )
T tank



